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(57) ABSTRACT

Apparatuses and methods are disclosed for monitoring and
evaluating exercise-related activities performed by a subject.
A health monitor comprising an accelerometer, at least one
physiological sensor, and digital processor is configured to be
supported by a subject and identify an activity type (e.g.,
running, biking, swimming) from among a plurality of dif-
ferent activities. The health monitor is further configured to
determine from motion data and/or cardiac data levels of
health benefits received from the exercise. The health benefits
may be based on standards established by recognizable health
entities, so that the reported health benefits are less suscep-
tible to errors associated with conventional step counting.
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HEALTH MONITOR

RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 13/840,098, titled “Versatile Sensors
with Data Fusion Functionality,” filed on Mar. 15, 2013,
which is a continuation-in-part of U.S. application Ser. No.
13/690,313, titled “Intelligent Activity Monitoring,” filed on
Nov. 30, 2012, which claims the benefit of U.S. provisional
Application Ser. No. 61/566,528, titled “Intelligent Activity
Monitoring,” filed on Dec. 2, 2011. The entire disclosures of
the foregoing applications are incorporated herein by refer-
ence.

FIELD

[0002] This disclosure relates generally to apparatuses and
methods for monitoring physical activity of a subject and
determining a level of health benefit from the detected activ-

ity.
BACKGROUND

[0003] There currently exist small sensors that can be worn
by a user to monitor a physical activity performed by the user
or two similar types of user activity. As an example, the
FitLinxx® ActiPed+(available from FitLinxx, Shelton,
Conn., USA) is a small device that can be clipped to a shoe
and used to monitor walking and running activities by the
user. When a user walks or runs, an on-board accelerometer
outputs data that is stored on the device for subsequent trans-
mission to a computer system. The computer system can
analyze the data to determine activity type, and calculate
various activity parameters (e.g.,, duration of activity, total
steps, distance traveled, and calories burned). Results of the
data analysis may be presented on the computer’s display, so
that a user may review details ofhis or her activity. The results
may be stored, so that the user can maintain a record of
exercise regimens and track progress toward exercise goals or
so that the data may be used by medical personnel to track
recovery from an illness or injury. Other modern activity
monitors perform similar functions with varying degrees of
accuracy.

[0004] Currently, vendors and users of pedometers and
activity monitors consider 10,000 steps per day to be a health-
ful amount of activity. This data has been amassed over time,
but has been based in part on incorrect step counting through-
out a subject’s day. The literature frequently reports inaccu-
racies in step counting by various pedometers and algorithms
used. Although manufacturers continually try to improve the
accuracy of their devices, many devices can be highly inac-
curate depending on a user’s activity patterns. For example,
activity monitors detect and count steps differently. Some
activity monitors pick up “steps” from activities that include
driving, swiveling in a chair, restless leg syndrome, eating
(for some wrist worn devices), and riding on a train or bus.
These add to a baseline of inaccurate step counts during a day.
To make an all-day activity monitor correctly count steps and
ignore all other motions may require multiple inputs and may
require more expensive, more sophisticated, and more power
hungry devices. Such devices, although they may be highly
accurate, may be too expensive for many consumers.
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SUMMARY OF EXAMPLE EMBODIMENTS

[0005] The inventors have appreciated that although a
record of steps, distance traveled, duration of activity, or
calories burned are useful to many users for maintaining alog
of physical activities, the usefulness of the data can be further
improved by computing, from data representative of the
activity, levels or units of health benefits received by the user
as a result of the activity. For example, two people taking the
same number of steps in a day, traveling the same distance,
and taking the same amount of time to do so may receive
markedly different health benefits from their physical activi-
ties. For example, an overweight, aged individual may receive
more health benefit from the activity than a young, fit indi-
vidual. The inventors have recognized that in some settings
(e.g., medical diagnosis and treatment), it may be more rel-
evant to assess the quality, or health benefit level, of activity
performed rather than a raw number of steps, distance trav-
eled, calories burned, or duration of activity. In some imple-
mentations, units of health benefits may be standardized to
provide more accurate analysis of fitness benefits across
populations and across fitness devices.

[0006] The inventors have developed methods and appara-
tus that may be used to determine levels of health benefits
from activities detected by wearable activity or health moni-
tors. The determination of health benefits may be tied to
recognizable health standards established by a health entity,
the Center for Disease Control or World Health Organization
for example. According to some embodiments, health benefit
levels of performed activities may be determined from a
combination of data that may include, but not be limited to,
activity type, continuous time in the activity, vigorousness of
the activity, and exercise guidelines established by the health
entity. By linking the health benefits to recognizable health
standards and using certain criteria for establishing health-
creditable activity, the inventors have developed a system that
more accurately reflects the efficacy of exercise detected by
wearable health monitors.

[0007] In some implementations, accuracy of a health
monitor may be improved using cardia data from a subject in
addition to motion data representative of an activity per-
formed by the subject. For example, heart rate data in com-
bination with motion data may be used to improve the accu-
racy of caloric burn for an activity over a time interval, and
thereby improve the accuracy of vigorousness level for the
activity. The type of activity may, or may not, be identified by
the health monitor.

[0008] According to some embodiments, a health monitor
1s configured to be supported by a subject and may comprise
an accelerometer configured to generate motion data in
response to a first activity performed by the subject, a cardiac
sensor configured to detect at least a heart rate of the subject
during performance of the first activity, an on-board power
source configured to provide power to the accelerometer and
the cardiac sensor, and a processor configured to calculate a
first caloric burn rate for the first activity performed by the
subject according to a first method based upon data from both
the accelerometer and the cardiac sensor.

[0009] Insome aspects, the processor is further configured
to determine at least one power conservation mode of the
health monitor based upon data received from the cardiac
sensor. The at least one power conservation mode may, for
example, comprise a mode in which power is reduced to at
least the cardiac sensor for an interval between T-wave and
P-wave portions of successive cardiac cycles.
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[0010] In some implementations, the processor is config-
ured to calculate the first caloric burn rate using values of
heart rate and speed of the subject, or includes values of heart
rate and foot contact time of the subject. According to some
aspects, the processor is configured to calculate the first
caloric burn rate using values of heart rate and a VO, max
value computed for the subject.

[0011] In some aspects, a health monitor’s processor may
further be configured to calibrate a second method for deter-
mining caloric burn for a subject performing an activity,
wherein the calibration is based upon results obtained from
the first method. The second method may, for example, com-
prise determining caloric burn based upon heart rate and not
based upon data from the accelerometer.

[0012] According to some implementations, a health moni-
tor may further comprise a timer, and be configured to calcu-
late a second caloric burn rate for a second activity performed
by the subject for a first time interval of a sequence of first
time intervals, and determine whether the second caloric burn
rate falls within at least one recommended range of values
proscribed by a health entity for the duration of the first time
interval. The health entity may be the Center for Disease
Control or the World Health Organization. In some aspects,
the health entity may be a physician, a qualified medical
personnel, or a professional trainer.

[0013] According to some aspects, a processor of a health
monitor may be configured to verify performance of the sec-
ond activity from a power spectrum of the motion data. Addi-
tionally, or alternatively the processor may be configured to
determine the intensity level of the second activity from a
heart rate and/or respiratory rate of the subject.

[0014] In some aspects, the processor of a health monitor
may be further configured to record a first credit value for
each first time interval that the caloric burn rate falls within a
first recommended range of the at least one recommended
range for the duration of the first time interval, and record a
second credit value for each first time interval that the caloric
burn rate falls within a second recommended range of the at
least one recommended range for the duration of the first time
interval. In some implementations, the first recommended
range of the at least one recommended range may be between
approximately 3.5 kilocalories per minute and approximately
7 kilocalories per minute and the second recommended range
ofthe at least one recommended range includes values greater
than approximately 7 kilocalories per minute. In some
aspects, the processor may be further configured to identify a
type of the second activity performed by the subject from
among a plurality of activity types for which the health moni-
tor is configured to recognize, and may identify non-human
activities.

[0015] According to some implementations, a processor of
a health monitor may be further configured to determine,
from data received from the accelerometer, a period of
increased activity performed by the subject, and determine a
heart-rate recovery time following cessation of the activity. In
some aspects, the processor may be further configured to
calculate heart rate variability ora LF/HF spectral power ratio
from data received from the cardiac sensor.

[0016] Insomeimplementations, a health monitor includes
two electrodes configured to be electrically connected to the
subject using a removable adhesive. In some aspects, an
accelerometer of a health monitor comprises a three-axis
accelerometer.
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[0017] The foregoing aspects, features, and implementa-
tions may be used in any suitable combination in one or more
embodiments of a health monitor.

[0018] Also contemplated are methods for operating a
health monitor. According to some embodiments, a method
for determining fitness metrics for a subject by a health moni-
tor configured to be supported by the subject may comprise
acts of receiving, by a processor, motion data that was gen-
erated by the health monitor in response to a first activity
performed by the subject. A method may further include
receiving, from a cardiac sensor in communication with the
processor, cardiac data for the subject detected during perfor-
mance of the first activity, and calculating a first caloric burn
rate for the first activity performed by the subject according to
a first algorithm based upon information in both the motion
data and cardiac data.

[0019] According to some implementations, a method may
further comprise executing a power conservation mode of the
health monitor based upon data received from the cardiac
sensor. In some aspects, a method may further comprise
reducing power to at least the cardiac sensor for an interval
between T-wave and P-wave portions of successive cardiac
cycles.

[0020] In some aspects, the calculation of the first caloric
burn rate includes values of heart rate and speed of the subject
or values of heart rate and foot contact time of the subject. In
some implementations, the calculation of the first caloric burn
rate includes values of heart rate and a VO, max value com-
puted for the subject.

[0021] According to some aspects, a method may further
comprise calibrating a second algorithm for determining
caloric burn for a subject performing an activity, wherein the
calibration is based upon results obtained from the first algo-
rithm. Insome aspects, the second algorithm comprises deter-
mining caloric burn based upon cardiac data and not based
upon motion data.

[0022] Insome implementations, a method for operating a
health monitor comprises calculating a second caloric burn
rate for a second activity performed by the subject for a first
time interval of a sequence of first time intervals, and deter-
mining whether the second caloric burn rate falls within at
least one recommended range of values proscribed by a health
entity for the duration of the first time interval. In some
aspects, the health entity is the Center for Disease Control or
the World Health Organization.

[0023] According to some implementations, a method may
further comprise determining a power spectrum for the
motion data, and verifying performance of the second activity
from the power spectrum. In some aspects, a method further
comprises recording a first credit value for each first time
interval that the second caloric burn rate falls within a first
recommended range of the at least one recommended range
for the duration of the first time interval, and recording a
second credit value for each first time interval that the second
caloric burn rate falls within a second recommended range of
the at least one recommended range for the duration of the
first time interval. In some aspects, the first recommended
range of the at least one recommended range is between
approximately 3.5 kilocalories per minute and approximately
7 kilocalories per minute and the second recommended range
ofthe at least one recommended range includes values greater
than approximately 7 kilocalories per minute. A method may
further comprise identifying a type of the second activity
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performed by the subject from among a plurality of activity
types for which the health monitor is configured to recognize.
[0024] According to some implementations, a method for
operating a health monitor may further comprise determin-
ing, from the motion data, a period of increased activity
performed by the subject, and determining a heart-rate recov-
ery time following cessation of the activity. In some imple-
mentations, a method further comprises calculating heart rate
variability or a LF/HF spectral power ratio from the cardiac
data.

[0025] The foregoing aspects and implementations of vari-
ous acts and features may be combined in any suitable manner
in one or more embodiments of operating a health monitor.
[0026] Also contemplated are tangible storage devices or
computer-readable medium that include machine-readable
instructions that, when executed by at least one processor of
a health monitor that includes a cardiac sensor and acceler-
ometer, adapt the health monitor to execute any one or com-
bination of the aforementioned acts of operating a health
monitor. For example, a storage device may include machine-
readable instructions that adapt the health monitor to receive,
by the processor, motion data that was generated by the accel-
erometer in response to a first activity performed by a subject,
receive cardiac data for the subject detected during perfor-
mance of the first activity, and calculate a first caloric burn
rate for the first activity performed by the subject according to
a first algorithm based upon information in both the motion
data and cardiac data. In some aspects, the instructions may
further adapt the health monitor to

calculate a second caloric burn rate for a second activity
performed by the subject for a first time interval of a sequence
of first time intervals, and determine whether the second
caloric burn rate falls within at least one recommended range
of values proscribed by a health entity for the duration of the
first time interval. In some implementations, the instructions
may further adapt the health monitor to record a first credit
value for each first time interval that the second caloric burn
rate falls within a first recommended range of the at least one
recommended range for the duration of the first time interval,
and record a second credit value for each first time interval
that the second caloric burn rate falls within a second recom-
mended range of the at least one recommended range for the
duration of the first time interval.

[0027] Theterms “sensor” or “monitor” as used herein may
refer to a small electronic device configured to sense at least
oneparameter of a subject to which the sensor or monitor may
be attached. A sensor may have limited processing power. A
sensor may be configured to transmit data wirelessly or via a
wired link to a second device. “Sensor” or “monitor” may also
be used as shorthand when referring to a health monitor or
intelligent health monitor, the intended meaning being appar-
ent from the context.

[0028] The terms “intelligent sensor,” “intelligent activity
monitor,” “activity monitor,” or “intelligent monitor” as used
herein may refer to a small electronic device configured to
sense at least one parameter of a subject, and to process data
representative of a detected activity. Such a device has greater
processing power than a sensor, and may include at least one
digital processor. An intelligent sensor may be configured to
transmit and/or receive data wirelessly or via a wired link to
and/or from a second device. “Health monitor” may also be
used as shorthand when referring to an intelligent health
monitor, the intended meaning being apparent from the con-
text.

29 <
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[0029] The term “digital processor” or “processor” as used
herein may refer to at least one microcontroller, microproces-
sor, digital signal processor (DSP), application-specific inte-
grated circuit (ASIC), or field-programmable gate array
(FPGA). “Digital processor” may also be used to refer to any
combination of the foregoing digital processing devices,
including more than one of a particular device.

[0030] The terms “versatile sensor” or “versatile monitor”
as used herein may refer to a small electronic device config-
ured to sense at least one parameter of an entity, to process
received data, and to flexibly participate in a small-area net-
work. A versatile sensor may be configured to transmit data
wirelessly or via a wired link to a plurality of devices.
[0031] The term “health monitor” as used herein may refer
to a single intelligent sensor or a sensing system that may
include at least one intelligent sensor. A health monitor may
include one or more versatile sensors in some embodiments,
and may include one or more sensors in some embodiments.
[0032] The foregoing and other aspects, embodiments, and
features ofthe present teachings can be more fully understood
from the following description in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The skilled artisan will understand that the figures,
described herein, are for illustration purposes only. It is to be
understood that in some instances various aspects of the
invention may be shown exaggerated or enlarged to facilitate
an understanding of the invention. In the drawings, like ref-
erence characters generally refer to like features, functionally
similar and/or structurally similar elements throughout the
various figures. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles
of the teachings. The drawings are not intended to limit the
scope of the present teachings in any way.

[0034] FIG. 1A depicts examples of components that may
be included in a health monitor, according to some embodi-
ments;

[0035] FIG. 1B is a block diagram illustrating examples of
selected electrical components that may be included in a
health monitor, in some implementations;

[0036] FIGS. 1C-1F depict various embodiments of health
monitors that are configured to be attached to a subject, and
that include an LED display for communicating information
to a user;

[0037] FIG. 1G depicts elements of a patch-type health
monitor that includes activity sensing and heart-rate sensing,
in some embodiments;

[0038] FIG. 2A is anillustrative example of a state diagram
for low-energy operation of a health monitor, according to
some embodiments;

[0039] FIG. 2B is an illustrative example of a state diagram
for low-energy operation of a health monitor, according to
some embodiments;

[0040] FIG. 2C depicts an illustrative example of an
energy-conserving method for operating a health monitor, in
some implementations;

[0041] FIG. 2D depicts an illustrative example of an
energy-conserving method for operating a health monitor, in
some implementations;

[0042] FIG. 2E illustrates a PQRST cardiac waveform,
according to some embodiments;
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[0043] FIG. 2F illustrates types of data that can be detected
with a health monitor and fitness metrics that can be com-
puted, according to some implementations;

[0044] FIG. 3 depicts an example architecture of a data
processing system of a health monitor, according to some
embodiments;

[0045] FIG. 4A depicts an illustrative example of multi-
axis accelerometer data and combined acceleration-deriva-
tive data for one type of activity data, according to some
embodiments;

[0046] FIG. 4B depicts an illustrative example of multi-
axis accelerometer data and combined acceleration-deriva-
tive data for another type of activity data, according to some
embodiments;

[0047] FIG.5Aillustrates an example of membership func-
tions that may be used in fuzzy-logic identification of differ-
ent types of activities, according to some embodiments;
[0048] FIG.5B illustrates an example of membership func-
tions that may be used in fuzzy-logic identification of differ-
ent types of activities, according to some embodiments;
[0049] FIG.5C illustrates an example of membership func-
tions that may be used in fuzzy-logic identification of differ-
ent types of activities, according to some embodiments;
[0050] FIG. 6 depicts acts of a method 600 for processing
activity data, according to some embodiments;

[0051] FIG. 7A illustrates acts associated with a sub-pro-
cess for determining activity types and intensity levels,
according to some embodiments;

[0052] FIG. 7B illustrates acts associated with a sub-pro-
cess for determining health credits, according to some
embodiments;

[0053] FIG. 7C illustrates acts associated with a sub-pro-
cess for determining health credits, according to some
embodiments;

[0054] FIG. 8A represents an example of a metabolic
equivalents (METs) look-up table, according to some imple-
mentations;

[0055] FIG. 8B represents an example of a health-credit
data stream that may be produced by a health monitor, accord-
ing to some implementations;

[0056] FIG. 8C represents an example of compressed
health credit data that may be stored on board a health moni-
tor, according to some implementations;

[0057] FIG. 9A represents an example of health credit data
that may be stored on board a health monitor in a temporary
activity buffer, according to some implementations;

[0058] FIG. 9B represents examples of compressed health
credit data and activity carry data that may be produced and
stored on board a health monitor, according to some imple-
mentations; and

[0059] FIG. 10A depicts an illustrative example of multi-
axis accelerometer data and combined acceleration-deriva-
tive data for an activity with the health monitor attached to a
subject at a first location, according to some embodiments.
[0060] FIG. 10B depicts an illustrative example of multi-
axis accelerometer data and combined acceleration-deriva-
tive data for an activity with the health monitor attached to a
subject at a second location, according to some embodiments.
[0061] FIG. 10C depicts an illustrative example of multi-
axis accelerometer data and combined acceleration-deriva-
tive data for an activity with the health monitor attached to a
subject at a third location, according to some embodiments.
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[0062] The features and advantages ofthe present invention
will become more apparent from the detailed description set
forth below when taken in conjunction with the drawings.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

[0063] I.Overview

[0064] As described above, the inventors have appreciated
that conventional methods of using pedometers and activity
monitors are primarily based on step counts, and that many of
such conventional devices inaccurately record step counts
during a day of use. For example, the inventors have observed
that pedometers manufactured by different commercial enti-
ties have widely varying degrees of accuracy in reporting
steps. Two activity monitors attached to the same subject can
report a number of steps taken by the subject that differ as
much as 25%, and number of calories burned that can differ
by more than 50%.

[0065] With such variability among different activity moni-
tors, the inventors have recognized that their use in a clinical
setting as a diagnostic tool is compromised. For example, a
physician prescribing an exercise regimen for an individual
may not know with reasonable certainty whether the prescrip-
tion is being fulfilled by the individual, or being filled in a way
that the individual derives health benefits from the activity.
Accordingly, exercise regimens designed for fitness condi-
tioning or medical purposes (e.g., disease treatment or health
recovery from an incident) may not be reliably formulated
and/or monitored based upon step counts.

[0066] The inventors have recognized that activity moni-
tors can be improved in terms of data acquisition and data
analyses by computing health benefit levels or units, or
“health credits” for activities performed by a user and
detected by the activity monitor. Evaluation of health credits
may be tied to recognizable health standards, and can be a
more meaningful and universal evaluation of an activity than
raw numbers relating to other parameters such as number of
steps, distance traveled, calories burned, and duration of an
activity. Health credits may be based in part upon parameters
detected by conventional activity monitors, but the data may
be processed further to better assess a quality of the activity
performed.

[0067] The inventors have developed apparatus and meth-
ods that may be used to determine health credits of an activity
performed by a subject. According to some embodiments, a
health monitor system is configured to detect an activity
performed by a subject, identify an activity type, and deter-
mine an intensity level of the performance of that activity. A
health monitor may be configured to determine, at fine time
resolution, continuous duration intervals for which the activ-
ity is performed, and compute a health credit amount based
upon the continuous duration intervals, the intensity levels,
and guidelines established by a health entity.

[0068] The inventors have also recognized that in some
embodiments, the accuracy of calculations of health credits
may be improved using cardiac data (e.g., heart-rate data from
a cardiac sensor attached to a subject) in combination with
motion data (e.g., motion data from an accelerometer sup-
ported by the subject) to compute caloric burn for various
activities performed by the subject. Accordingly, embodi-
ments of the apparatus may capture and analyze cardiac
waveform data in addition to motion data. Additionally, the
inventors have realized that a variety of different fitness met-
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rics may be determined from cardiac data used alone or in
combination with motion data.

[0069] Determining health benefit levels for performed
activities and determining fitness metrics using the methods
described herein can provide more accurate and useful diag-
nostic tools to evaluate exercise regimens and fitness levels of
subjects. By evaluating physical activity in terms of health
benefit, the individual or physician may have a more accurate
representation of monitored exercise than step counts. Addi-
tionally, the individual or physician may readily determine
whether the individual is receiving any health benefits from
the exercise.

[0070] Various embodiments of apparatuses, methods, and
systems for a health monitor are described in further detail in
the following sections of the specification.

[0071] II. Example Apparatus

[0072] With reference to FIG. 1A, a health monitor 100
may comprise a small electronic device that can be attached to
or supported by a subject, and that may be configured to
identify a type of activity from among a plurality of different
activity types that may be performed by the subject. Activity
data (e.g., data including motion data and/or physiological
data) produced by a health monitor during exercise performed
by the subject may be processed on-board, in some embodi-
ments, to determine “health credits” that quantitatively rep-
resent health benefits received from the activity. The health
credits may be based at least upon activity duration, intensity
level of the activity, and health standards established by a
health entity. In some embodiments, health credits may fur-
ther be based in part on activity type. In some implementa-
tions, the health monitor 100 may be configured to distinguish
between different types of activities as well as detect non-
human activities (e.g., falsified activities such as strapping a
health monitor to a wheel or fan), so that health credits are not
awarded for such detected activities.

[0073] In some embodiments, a health monitor 100 may
comprise an intelligent activity monitor, as depicted in the
exploded view of FIG. 1A. A health monitor 100 may, for
example, comprise an enclosure that includes a first cover 170
and second cover 172. The first and second covers may be
formed from any suitable materials including, but not limited
to, metals and plastics or combinations thereof. As one
example, the first cover 170 may be a molded plastic and the
second cover 172 a corrosion-resistant metal. The first and
second covers may be fastened together by any suitable
means and may form a water-tight seal enclosing a power
source 105 and electronic circuitry 180 of the health monitor.
A cliporstrap 174 may be disposed onor attached to a surface
of one of the covers so that the health monitor 100 may be
attached to, or supported by, a subject or machine (e.g.,
strapped to a wrist, ankle, or appendage, clipped to an article
of clothing, strapped or clipped to a movable portion of a
machine, such as an exercise machine or wheelchair.)
[0074] As shown, the electronic circuitry 180 may, for
example, comprise a combination of circuit elements 182
disposed on a printed circuit board. In various embodiments,
the circuit elements 182 may, for example, include a selected
combination of integrated circuit (IC) chips, application-spe-
cific integrated circuit (ASIC) chips, at least one digital pro-
cessor, micro-electrical-mechanical system (MEMS)
devices, resistors, capacitors, inductors, diodes, light-emit-
ting diodes, transistors, and/or conductive circuit traces, etc.
A microcontroller or microprocessor may, for example, coor-
dinate and manage operation of the intelligent monitor’s elec-
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tronic circuitry and process activity data, in some embodi-
ments. In some embodiments, the electronic circuitry 180
may further include at least one radio-frequency (RF) antenna
185 for use in sending and receiving RF communication
signals.

[0075] FIG. 1B depicts in further detail internal circuitry
102 that may be used in a health monitor 100, according to
some embodiments. As shown, the health monitor’s circuitry
may, for example, comprise a source of power 105, e.g., at
least one battery or energy-scavenging chip and a wake-up
and power-management circuit 150, that provide and manage
power to an accelerometer 130, a digital processor 110,
memory 120, and a transceiver 140. The processor 110 may
be coupled to the wake-up circuit, the accelerometer,
memory, and the transceiver. The processor may be config-
ured to receive and process acceleration data from the accel-
erometer 130, to read and write data to memory 120, and to
send and receive data from transceiver 140. The wake-up
circuit 150 may be adapted to sense when the health monitor
100 is not in use, and in response, reduce power consumption
ofthe internal circuitry 102, according to some embodiments.
The wake-up circuit may be further adapted to sense when the
health monitor 100 is placed in use, and in response, activate
one or more elements of the internal circuitry 102.

[0076] In some embodiments, the processor 110 may, for
example, comprise a low-power, 8-bit processor configured
to draw low power in sleep-mode operation, and capable of
operating at multiple millions of instructions per second
(MIPS) when activated. One example of a suitable processor
is the 8051F931 processor available from Silicon Laborato-
ries Inc. of Austin, Tex. Another example of a processor is the
nRF51822 processor available from Nordic Semiconductor
of Oslo, Norway, though any other suitable processor or
microprocessor may alternatively be employed in other
embodiments. In some implementations, the processor 110
may support radio-frequency communications with other
devices. A balun (e.g., BAL-NRF02D3 available from ST
Microelectronics of Geneva, Switzerland) may be used to
match RF signals between an antenna and the processor,
according to some embodiments.

[0077] The processor 110 may, for example, include vari-
ous types of on-board memory (e.g., flash memory, SRAM,
and XRAM) for storing data and/or machine-readable
instructions, and may be clocked by an internal oscillator or
external oscillator. In some embodiments, the processor may,
for example, be clocked by an internal high-frequency oscil-
lator (e.g., an oscillator operating at about 25 MHz or higher)
when the processor is active and processing data, and alter-
natively clocked by a low-frequency oscillator (external or
internal to the processor) when the processor is substantially
inactive and in sleep mode. The clocking of the processor at
low frequency may, for example, reduce power consumption
by the processor during sleep mode. The low-frequency
clocking may be at a frequency that is less than 50% of the
high-frequency clocking in some embodiments, less than
20% of the high-frequency clocking in some embodiments,
less than 10% of the high-frequency clocking in some
embodiments, less than 5% of the high-frequency clocking in
some embodiments, less than 2% of the high-frequency
clocking in some embodiments, less than 1% of the high-
frequency clocking in some embodiments, and yet less than
0.1% in some embodiments.

[0078] In various embodiments, the processor 110 may be
configured to receive acceleration data from accelerometer
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130 and process the received data according to pre-pro-
grammed machine-readable instructions that are loaded onto
and execute on the processor. The processor 110 may, for
example, be configured to receive analog and/or digital input
data, and may include on-board analog-to-digital and digital-
to-analog converters and on-board timers or clocks. Accord-
ing to some embodiments, the processor may also be config-
ured to receive and analyze cardiac waveform data. In some
embodiments, the processor may be further configured to
receive power through wake-up and power management cir-
cuitry 150. The processor may, in some embodiments, coop-
eratively operate with or comprise a pottion or all of power
management circuitry 150, and facilitate in the activating and
deactivating of one or more circuit elements within the health
monitor.

[0079] In some embodiments, the processor 110 may be
configured to be operable at a number of different clock
frequencies. When operating at a low clock frequency, the
processor will typically consume less power than when oper-
ating at a high clock frequency. In some embodiments, the
processor may, for example, be configured to be in a “sleep”
mode and operating at a low clock frequency when there is no
motion of health monitor 100, and to be cycled through sev-
eral operating states when motion of the health monitor 100 is
detected. An example of how a processor may be cycled in
such manner will be described below in reference to FIG. 2A.
As one example, when in sleep mode, the processor may
sample data at a rate less than 10 Hz and draw less than about
30 microamps.

[0080] In some embodiments, accelerometer 130 may, for
example, comprise a multi-axis accelerometer configured to
sense acceleration along at least two substantially orthogonal
spatial directions. The accelerometer 130 may, for example,
comprise a three-axis accelerometer based on micro-electro-
mechanical systems (MEMS) technology. In some imple-
mentations, one or more single-axis accelerometers may
additionally or alternatively be used. In some embodiments,
the accelerometer 130 may be configured to provide one or
more analog data-stream outputs (e.g., X, Y, 7 data outputs
corresponding to each axis of the accelerometer) that are each
representative of a magnitude and direction of acceleration
along a respective axis. One example of a suitable acceler-
ometer is the Kionix model KXSC7 accelerometer available
from Kionix Inc., Ithaca, N.Y. Another example of a suitable
accelerometer is the LIS2DH accelerometer available from
ST Microelectronics of Geneva, Switzerland. The accelerom-
eter 130 may, for example, provide analog output data, that
may later be converted to digital data, or may provide digital
output data representative of acceleration values.

[0081] The accelerometer 130 may be characterized by
several parameters. Among these parameters may, for
example, be a sensitivity value and a sampling rate value. As
examples, the accelerometer’s analog sensitivity may be
between about 100 millivolts (mV) per gravitational value
(100 mV/G) and about 200 mV/G in some embodiments,
between about 200 mV/G and about 400 mV/G in some
embodiments, between about 400 mV/G and about 800
mV/G in some embodiments, and yet between about 800
mV/G and about 1600 mV/G in some embodiments. When
configured to provide a digital output, the sampling rate of the
accelerometer may, for example, be between about 10
samples per second per axis (10 S/sec-A) and about 20
S/sec-A in some embodiments, between about 20 S/sec-A
and about 40 S/sec-A in some embodiments, between about
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40 S/sec-A and about 80 S/sec-A in some embodiments,
between about 80 S/sec-A and about 160 S/sec-A in some
embodiments, between about 160 S/sec-A and about 320
S/sec-A in some embodiments, and yet between about 320
S/sec-A and about 640 S/sec-A in some embodiments. Tt will
be appreciated that in some embodiments the higher sampling
rates may improve the quality of the measured accelerations.

[0082] Ttwill be appreciated that, in some embodiments, an
accelerometer 130 may be combined with one or more ana-
log-to-digital converters to provide digital output data repre-
sentative of acceleration values at sampling rates described
above. When digital output data is provided by an accelerom-
eter, the accelerometer’s sensitivity may be expressed in units
of bits per gravitational constant (b/G). As examples, an
accelerometer providing digital output data may have a sen-
sitivity of more than about 2 b/G in some embodiments, more
than about 4 b/G in some embodiments, more than about 6
b/G in some embodiments, more than about 8 b/G in some
embodiments, more than about 10 b/G in some embodiments,
more than about 12 b/G in some embodiments, or even higher
values in some embodiments.

[0083] According to some embodiments, a health monitor
100 may include one or more sensors in addition to motion
sensor 152 and accelerometer 130. For example, a health
monitor may include at least one physiological sensor 154
(e.g., cardiac sensor, temperature sensor, blood glucose sen-
sor, blood oxygenation sensor, etc.) configured to sense at
least one physiological parameter of a subject. Examples of
physiological parameters that may be sensed in some
embodiments include, but are not limited to, cardiac wave-
form, skin temperature, core temperature, respiration rate,
plethysmography waveform, EKG waveform, blood oxygen-
ation level, blood glucose level, hydration, blood pressure,
etc. One illustrative example of a physiological sensor com-
prises the AD8232 ECG chip available from Analog Devices,
Inc. of Norwood, Mass. Such a chip may be combined with
electrodes arranged to contact the skin of a subject. A physi-
ological sensor 154 may be disposed in a same package with
a health monitor in some implementations, or may be formed
as a separate monitor to be attached to the subject at a separate
location and wirelessly, or via a wired link, transmit data to
the health monitor according to a predetermined communi-
cation protocol.

[0084] In some embodiments, a health monitor 100 may
include memory 120 that is external to and accessible to the
processor 110. The memory 120 may be any one of or com-
bination of the following types of memory: RAM, SRAM,
DRAM, ROM, flash memory. The memory 120 may, for
example, be used to store and/or buffer raw data from accel-
erometer 130 and/or physiological sensor 154, machine-read-
able instructions for processor 110, program data used by the
processor for processing accelerometer data and/or physi-
ological data, and/or activity data representative of an activ-
ity. In some embodiments, the memory 120 may additionally
or alternatively be used to store diagnostic information about
the health of the health monitor, e.g., battery life, error status,
etc., and/or physical parameters about the device, e.g,
memory size, gravitational sensitivity, weight, battery model,
processor speed, version of operating software, user interface
requirements, etc. In some embodiments, the memory may
also be used to store information pertinent to a user, e.g., user
weight, height, gender, age, training goals, specific workout
plans, activity-specific data for a user that may be used to
identify an activity performed by the user or process data
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representative of an identified activity. According to some
embodiments, the memory 120 may store tables of metabolic
equivalents (METs), calibration values, and health guideline
data that is used to determine health benefit levels for various
activities.

[0085] In some embodiments, the memory 120 may addi-
tionally or alternatively be used to store data structures and/or
code received from an external device, e.g., via a wired or
wireless link. The data structures and/or code may, for
example, be used to update one or more data processing
applications used by the health monitor. For example, one
type of data structure may be data representative of an activity
data pattern that may be used to identify a specific type of
activity not previously recognized by the health monitor, e.g.,
a new activity or an activity that is specific to an individual
user of the health monitor. As another example, a data struc-
ture may comprise a membership function, described below,
defined for a new activity or redefined for an identifiable
activity. According to some embodiments, the data structure
may, for example, include one or more sample accelerometer
traces and physiological data obtained during performance of
the activity and/or may comprise identification data (e.g.,
membership functions) resulting from the processing of the
accelerometer traces that may be used in an algorithm
executed by the health monitor 100 to identify the activity.
Further, in some embodiments, the memory 120 may be used
to store updates and/or replacements to algorithms executed
by the health monitor. The stored data structures and algo-
rithms may, for example, be used to reprogram and/or expand
the functionality of the health monitor 100 to identify new
activities or activities not previously recognized by the health
monitor and/or improve the accuracy or confidence of results
calculated for identified activities.

[0086] Insome embodiments, the memory 120 may also be
used to store calibration and/or conversion data that is used by
the processor 110 to characterize detected activities. Calibra-
tion data may, for example, be used to improve the accuracy
of detected activity parameters (e.g., stride length, speed),
and/or improve the accuracy of fitness metrics computed
from detected activities. Conversion data may, for example,
be used to convert a detected activity into an amount of
expended human energy, e.g., calories burned, metabolic
equivalents, etc.

[0087] According to some embodiments, a health monitor
100 may include a transceiver 140 and/or one or more data
communication ports (e.g., a USB port, an RF communica-
tion port, a Bluetooth port) for communicating data between
the health monitor and one or more external devices such as a
computer, tablet, cell phone, portable communication device,
data processor, a sensor, another intelligent sensor, or a ver-
satile sensor, any of which may be configured to communi-
cate with other similar devices in a network such as the
world-wide web or a local area network. A health monitor 100
may, for example, be configured to communicate via the
transceiver 140 through a wired or wireless port to any device
or combination or devices selected from the following list: a
personal computer, laptop computer, tablet computer, PDA, a
watch, an MP3 player, an iPod, a mobile phone, a medical
device such as a blood glucose meter, blood pressure monitor,
or InR meter, an electronic interactive gaming apparatus,
intelligent training equipment, and an automobile system.
Data retrieved from the memory 120 or to be stored in
memory 120 may, for example, be communicated between
the health monitor 100 and an external device via the trans-
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ceiver 140. In some embodiments, data transmitted from the
health monitor 100 may be configured for routing to a data
service device adapted to process data received from a health
monitor.

[0088] In some embodiments, power for the internal elec-
tronics of a health monitor 100 may be provided by at least
one battery 105 and managed by a wake-up and power-man-
agement circuit 150. The battery may be small, e.g, a button-
cell type, and may, for example, comprise one or more
lithium-type batteries that may be rechargeable or replace-
able. As just one example, a single lithium coin or button-cell,
3-volt battery having a capacity of about 230 mAh may be
used (model CR2032 available from Renata SA of Itingen,
Switzerland). Another embodiment of a health monitor may
include one or more model CR1616 batteries, though any
suitable type of battery may alternatively be used in various
embodiments. In some embodiments, a health monitor may
include power-generation or energy-harvesting hardware
(e.g., a piezo-electric material or electric generator config-
ured to convert mechanical motion into electric current, a
solar cell, an RF or thermal converter). Power that is gener-
ated on board may be stored in a battery or charge storage
component such as a super capacitor. In some implementa-
tions, generated electrical current may be provided to a stor-
age component via a diode bridge. One example of a suitable
energy harvesting device is a microenergy cell MEC225
available from Infinite Power Solutions, Inc. of Littleton,
Colo. In some embodiments, power generation components
may be used in combination with a rechargeable battery as a
source of power for a health monitor 100. A voltage regulator
chip (e.g., TPS78001 available from Texas Instruments of
Dallas, Tex.) may be used to condition power from at least one
power source before delivering the power to components ofa
health monitor, according to some embodiments.

[0089] Insome implementations, wake-up and power-man-
agement circuitry 150 may include a motion sensor 152 that,
in combination with the wake-up and power-management
circuitry 150, identifies when a health monitor 100 is being
moved in a manner that may be representative of an activity to
be monitored. The wake-up and power-management circuitry
150 may, for example, comprise logic and control circuitry to
enable, disable, reduce and/or increase power to various cir-
cuit elements shown in FIG. 1B. Logic and control circuitry
for the wake-up and power-management circuitry may, for
example, comprise machine-readable instructions and uti-
lized hardware of the processor 110, or may comprise
machine-readable instructions and utilized hardware of an
application specific integrated circuit.

[0090] In some embodiments, the motion sensor 152 may
comprise one or more force sensitive switches, e.g., a piezo
element configured to generate an electric signal representa-
tive of an amount of acceleration that a health monitor expe-
riences. In other embodiments, the motion sensor 152 may
additionally or alternatively comprise one or more contact
switches that close a circuit, or open a circuit, when the health
monitor is subjected to an acceleration, e.g., a “ball-in-tube”
switch. Wake-up may, for example, be initiated when a fre-
quency of switch closures exceeds a pre-selected value. In
other embodiments, the sensor 152 may additionally or alter-
natively comprise one or more force-sensitive contact
switches that close only when a health monitor undergoes
acceleration in excess of a pre-selected value.

[0091] FIGS.1C-1D illustrate an example embodiment ofa
health monitor 103 that includes light-emitting diodes
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(LEDs) 184 for communicating information to a user. The
illustrations show a packaged device in plan view (FIG. 1C)
and elevation view (FIG. 1D). A health monitor may be sub-
stantially round, rectangular, square, elliptical, or be in the
form of a multi-sided polygon. A health monitor may have a
largest dimension D that is between about S mm and about 40
mm in some embodiments, and a thickness T that is between
about 1 mm and about 10 mm in some embodiments. The size
of the health monitor 103 may be largely determined by its
power source, e.g., the size of its battery. A health monitor
may have a form factor that substantially matches a form of
the power source. For example, a health monitor may have a
shape similar to the shape of a power source, and have a
volume that is up to 20% larger than the volume of the power
source in some embodiments, up to 50% larger than the
volume of the power source in some embodiments, up to
100% larger than the volume of the power source in some
embodiments, and yet up to 200% larger than the volume of
the power source in some embodiments. The LEDs may be
disposed in a line, a circle, an ellipse, or any other shape. A
first cover 170a and second cover 172a may snap or be
screwed together, so as to form a seal with a polymer gasket
171a. In some embodiments, a clip or strap may include the
polymer gasket 171a, so that the device could be easily
changed from a clip-on device to a strap-on device. In some
implementations, a clip or strap may removably attach to the
first or second covers. In yet other embodiments, a clip or
strap may cradle the health monitor.

[0092] According to some embodiments, a health monitor
103 may be configured to recognize one or more tapping
sequences and/or motion gestures (e.g., moving the device in
a FIG. 8 pattern, a circle pattern, a back-and-forth linear
pattern), and activate the LEDs to communicate information
responsive to the detected tapping sequence or gesture. A
tapping sequence or gesture may correspond to a particular
information query, to which the health monitor may respond
with the appropriate information. According to one embodi-
ment, the health monitor may be tapped in a particular man-
ner, and in response activate a number of LEDs to indicate
that a user has reached an approximate percentage of an
activity goal (e.g., 8 of 10 LEDs to signal approximately
80%). Information about progress toward one or more activ-
ity goals can be communicated by the device (e.g.. walked
30% of a goal of 3 miles, ran 60% of a goal of 8 miles, swam
90% of a goal of 60 laps, achieved 70% of creditable health-
beneficial activity for the day, achieved 50% of a recom-
mended number of health credits for a week, etc.) The LEDs
may also be used to communicate other information respon-
sive to particular tapping sequences or gestures, e.g., battery
life, pace comparison (ahead of, or behind, best pace for an
activity), heart rate, calories burned, etc. Although LEDs may
be used to communicate information to a user, a small liquid-
crystal display may be used in some embodiments instead of,
or in addition to, LEDs.

[0093] FIGS. 1E-1G illustrate example embodiments of
health monitors 104, 160 according to some embodiments. A
health monitor 104 may be formed in the shape of a band
having a central compartment 112 and fastening features 114.
The central compartment 112 may, for example, be attached
to a flexible band 106 that can be strapped around a limb of a
subject or attached to a subject in any suitable manner (e.g.,
strapped around an ankle region, a wrist, or an arm). The
central compartment may house electronic components 180,
185, 182 (see FIG. 1A) of the health monitor. In some
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embodiments, the health monitor 104 may include one or
more LEDs 184 for conveying information to a user, as
described above. In some embodiments, the central compart-
ment may be flexible (e.g., formed of a polymer or elastomer),
and electronic components of the monitor may be mounted on
a flexible substrate having flexible interconnects. In some
embodiments, the central compartment 112 and band 106 are
semi-rigid, and the fastening features 114 attach to flexible
bands that are used to strap the device to a limb. The fastening
features may be holes, button snaps, a buckle, clasps, or any
other suitable fastening feature. The health monitor 104 may,
for example, have a length L between about 10 mm and about
250 mm or longer, a width W between about 5 mm and about
30 mm, and a thickness T between about 1 mm, and about 10
mm. In some embodiments, the health monitor 104 may have
a curved profile along its length so that is may better conform
to the contour of a limb.

[0094] According to some embodiments, a health monitor
104 may include at least one light source 186 and at least one
photodetector 187. The at least one light source and photo-
detector may be used, for example, for sensing one or more
physiological parameters of a subject, e.g., blood oxygen-
ation level, plethysmography waveforms, blood glucose
level, etc. In some embodiments, the light source 186 may
comprise a high-brightness infrared (IR) photodiode and a
shorter wavelength photodiode. In recent years, progress in
indium-gallium-nitride LED technology has yielded devices
with both lowered junction voltage and increased radiated
intensity. Using InGaN technology, and applying power man-
agement techniques described below, may provide a health
monitor capable of measuring heart rate that can run for
multiple months on small silver-oxide batteries, having a
form-factor such as that of a typical bandage or wristwatch.
The photodetector 187 may be any suitable photodetector,
and may be mounted to detect light from the light source that
is scattered or reflected from the subject.

[0095] FIG. 1G depicts a patch-type health monitor 160,
according to some embodiments. A patch-type health moni-
tor may be flexible, thin, and in the form of an adhesive patch,
and may include some disposable parts in some implementa-
tions. For example, a patch-type health monitor may com-
prise a flexible cover 160-1, which may be formed ofsilicone.
The health monitor 160 may include a first flexible printed
circuit board (PCB) 160-3 to which at least one monitor
(accelerometer and/or cardiac sensor) may be connected.
Power may be provided by one or more batteries (e.g., coin
cell batteries such as CR1616 batteries). A patch-type health
monitor may include multi-component electrodes for electri-
cally contacting a subject to sense cardiac waveforms. For
example, the electrodes may comprise first conductive pads
160-4 (e.g., copper pads) having a diameter between approxi-
mately 2 mm and approximately 6 mm and a thickness
between approximately 0.1 mm and approximately 1 mm,
according to some embodiments. The first conductive pads
may adhere to a second flexible PCB 160-7, which may have
a thickness less than 1 mm. Conductive tape 160-6 may be
used to adhere the first conductive pads 160-4 to the second
flexible PCB 160-7. In some embodiments, second conduc-
tive pads 160-8 (e.g., silver chloride pads) may contact the
second flexible PCB and further contact adhesive hydro-gel
pads 160-10 (e.g., adhesive material 9880 available from 3M
Corporation of St. Paul, Minn.) that are arranged to contact
the subject at separated locations. In some implementations,
a first adhesive layer 160-5 (e.g., LSE adhesive 96042 avail-
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able from 3M Corporation of St. Paul, Minn.) may be used to
adhere the first flexible PCB layer 160-3 to the second flexible
PCB layer 160-7 and an intervening hydrocolloid layer 160-9
(e.g., hydrocolloid 9943 available from 3M Corporation of St.
Paul, Minn.). In some embodiments, a second biocompatible
adhesive layer 160-11 (e.g., adhesive 2475P available from
3M Corporation of St. Paul, Minn.) may be used to adhere the
patch-type health monitor 160 to a subject. Cardiac signals
may be conveyed to an ECG chip located on the first flexible
PCB 160-3 by circuit paths extending through the hydro-gel
pads 160-10, second conductive pads 160-8, second flexible
PCB 160-7, conductive tape 160-6, and first conductive pads
160-4.

[0096] In some embodiments, a patch-type health monitor
160 may have a thickness between approximately 1 mm and
approximately 4 mm and a length between approximately 30
mm and approximately 100 mm. The width of the monitor
may be between approximately 10 mm and approximately 30
mm. According to some embodiments, the patch-type moni-
tor may be configured to be adhered to the torso of a subject
near the heart, e.g., in the vicinity of the second to fourth rib
of asubject. The device may be waterproof, and configured to
adhere to a subject for a period of one or more days. In some
implementations, the device’s biocompatible adhesive may
allow adhesion for a period of time greater than four days or
more. In some embodiments, the two hydro-gel pads 160-10
may be separated a distance between approximately 15 mm
and approximately 50 mm. In some implementations, the
separation distance may be between 20 mm and 30 mm.
[0097] According to some aspects, a the hydro-gel pads
160-10 and second biocompatible adhesive layer 160-11 may
be replaceable when the health monitor is removed from a
subject and re-adhered. For example, a subject may remove
the health monitor 160 at any time and re-adhere it at a later
time. Although the health monitor may be configured to be
worn continuously, a subject may wish to remove it daily in
some cases, weekly in some cases, monthly in some cases, or
at any suitable interval. After removal, the hydro-gel pads
160-10 and second biocompatible adhesive layer 160-11 may
be removed from the health monitor and replaced with fresh
pads and adhesive.

[0098] In some implementations, a cardiac monitor of a
health monitor 160, as depicted in FIG. 1G, may be config-
ured to capture cardiac waveform data continuously in some
modes of operation and intermittently in some modes of
operation. The types of information that may be determined
by a health monitor 160 from cardiac waveforms may include
heart rate, inter-beat interval (IBI), heart rate variability
(HRV), PQRST waveform profile, and respiration rate.
[0099] Although the health monitors are depicted as a
single packaged device in FIGS. 1E-1G, in some embodi-
ments a health monitor may comptrise two or more separate
sensors attached to or supported by a subject that are config-
ured to communicate over a small-area network or body
local-area network (body LAN). One or more of the sensors
may be configured as a versatile sensor, as described in U.S.
patent application Ser. No. 13/840,098 titled “Versatile Sen-
sors with Data Fusion Functionality,” filed Mar. 15, 2013, and
incorporated herein by reference in its entirety. In some
embodiments, additional sensors may detect other physi-
ological data and communicate representative data to health
monitor 104.

[0100] Referring now to FIGS. 2A-2B, in some embodi-
ments, the wake-up and power-management circuitry 150 for
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a health monitor may be configured to cycle the device
through a plurality of operational states, as depicted in the
drawings. The operational state to which the health monitor is
cycled may, for example, depend upon motion detected by the
wake-up and power-management circuitry, or data received
from another sensor in a body LAN. Some of the operational
states may, for example, be power-conserving, low-power, or
no-power states.

[0101] According to some embodiments, there may be one
low-power or no-power state 210 and one or more powered
operational states 230, 250, 270. The powered operational
states may, for example, include various power-conserving
states. As illustrated, a health monitor may move from any
one state to any other state along paths 220, 240, 260, 280,
215. In some embodiments, there may be paths in addition to
or in lieu of those shown in FIGS. 2A-2B, e.g., directly from
step detect state 270 to wake qualify state 230.

[0102] In some embodiments, when a subject is inactive
(e.g., the health monitor is exhibiting no motion or motion
less than a first pre-selected limit or threshold), the monitor
may operate in a sleep mode 210. In some embodiments,
sleep mode may consume no power. In other implementa-
tions, however, sleep mode may consume low power, e.g.,
draw about 1 microamp or less. The low power may, for
example, be provided to the motion sensor 152 for detecting
a motion of a health monitor 100. In some embodiments, no
power is provided to any combination of or all of the motion
sensor 152, physiological sensor 154, the processor 110,
memory 120, and transceiver 140 while in sleep mode.
According to some embodiments, when sufficient motion has
been detected via the motion sensor 152, the health monitor
may be moved to a wake qualify state 230.

[0103] Insomeembodiments, sufficient motion for moving
the health monitor out of the sleep state 210 may be detected
via motion sensor 152 according to an amplitude and/or fre-
quency of a signal from the motion sensor. For example, when
the motion sensor comprises one or more piezo-electric ele-
ments, a signal greater than a pre-defined signal value may be
used to identify sufficient motion of the health monitor and
move the monitor to wake qualify state 230. In another
example, the motion sensor 152 may comprise one or more
contact switches, and a pre-defined number of switch open-
ings, or closings, per pre-defined time interval may be used to
identify sufficient motion of the health monitor and move the
health monitor to wake qualify state 230.

[0104] In some embodiments, when in the wake qualify
state 230, low levels of current (e.g., less than about 30 micro-
amps) may be consumed by a health monitor 100 in the
system. Power may, for example, be provided to the acceler-
ometer and to the systems processor so that data from the
accelerometer may be processed while in the wake qualify
state 230. Power may, in some embodiments, also be provided
to memory 120 while in the wake qualify state. In some
implementations, power may be provided to one or more
physiological sensors in a wake qualify state.

[0105] In some embodiments, when in the wake qualify
state 230, the system may be clocked at a low rate to conserve
power. For example, the processor 110 may be clocked at a
low frequency and/or the accelerometer sampled at a low
frequency (e.g., less than about 10 Hz) to obtain and process
data from the accelerometer. The data may, for example, be
processed to determine whether a predefined second thresh-
old has been exceeded. In some embodiments, the second
threshold may comprise a pre-defined amount of force or



US 2015/0119728 Al

acceleration that a health monitor 100 is subjected to, and
may include a further parameter, e.g., a frequency of occur-
rence of measured values exceeding the pre-defined amount
of acceleration, a heart rate. When the second threshold is
crossed, the health monitor may, for example, be moved to an
activity qualify or step qualify state 250. If the second thresh-
old is not crossed within a pre-defined period of time, the
health monitor may, for example, return to sleep mode 210.

[0106] In some embodiments, when in a step qualify state
250, more power is provided to the accelerometer 130 and/or
processor 110, so that a greater amount of data processing of
motion data can occur. The accelerometer and/or processor
may, for example, may be operated at a higher clock fre-
quency so that a greater amount of data may be obtained from
the accelerometer and processed by the processor for a given
time interval, as compared with the wake qualify state 230.
The current consumed by a health monitor in step qualify
mode may be on the order of a few hundred microamps, e.g.
between about 100 microamps and about 500 microamps in
some embodiments. The data-collection rate may, for
example, be increased to a normal operating rate in step
qualify mode 250. The accelerometer data may, for example,
be sampled at several hundred Hertz (e.g., 256 Hz) or higher
values. In some implementations, a greater amount of physi-
ological data may be obtained and processed in a step qualify
state.

[0107] In some embodiments, when in the step qualify
mode 250, a health monitor 100 may analyze detected accel-
eration data to determine whether the data is representative of
an activity that may be a recognizable activity for the monitor
110, e.g., walking, running, swimming, jumping rope, etc. In
some embodiments, if it is determined by the processor that
the activity may be recognizable, the health monitor may be
moved to a step detect state 270. In some embodiments, if it is
determined that there is insufficient activity in a pre-defined
amount of time to be recognizable by the processor, then the
health monitor may return to wake qualify mode 230.

[0108] According to some embodiments, when the step
detect mode 270 is executed, a health monitor may be placed
in full operation. In this mode, power may, for example, be
provided to transceiver 140, in addition to the other opera-
tional components so that communications with an external
device or additional sensors may be carried out. In some
embodiments, normal operating clock frequencies and sam-
pling rates may be used for operating the accelerometer, one
or more physiological sensors, and processor, so that activity
detection and full data processing may be carried out. Physi-
ological sensors may, or may not, be fully powered in a step
detect mode 270. Current consumption in step detect mode
270 may, for example, be several hundred microamps, e.g.,
between about 200 microamps and about 600 microamps.

[0109] In some embodiments, each operational state other
than sleep mode 210 may include a provision for returning a
health monitor directly to sleep mode, e.g., along state paths
215 as indicated in FI1G. 2A. For example, each operational
state 230, 250, 270 may be configured to return a health
monitor to sleep mode 210 if there is a termination of incom-
ing data or of processed data parameters associated with
incoming data. In some embodiments, a health monitor may
additionally or alternatively be configured to return to sleep
mode upon a system glitch or crash, e.g., a freezing of the
processor. A return to sleep mode may, for example, be used
to reset a health monitor.
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[0110] According to some implementations, power conser-
vation for the health monitor may additionally or alternatively
be based on cardiac data, as depicted in FIG. 2B. Power
conservation methods based on cardiac data may run in par-
allel with or in combination with power conservation meth-
ods based on motion data. As just one illustrative example,
motion data may be analyzed by a system processor to deter-
mine that a subject is in an inactive state (e.g., sitting, lying,
ridingina vehicle, etc.). A health monitor may then determine
that at least power to a motion detector and physiological
sensor may be reduced. In some embodiments, a motion
sensor may enter a sleep mode 210, and a cardiac sensor
configured to sense a subject’s cardiac waveform may also
enter a sleep mode 212, as shown in FIGS. 2A-2B. To extend
battery life, the cardiac sensor may cycle through one or more
low-power operational modes from a sleep state, as depicted
in FIG. 2B while the subject is inactive.

[0111] Forexample and referring to FIG. 2B, in a first mode
(mode A), a cardiac sensor may “sleep” (sleep state 212) for
a period of time between each heartbeat of a subject and
“awake” intimeto capture a waveform (QRS detect state 232)
of aheart beat (e.g., a QRS complex) for subsequent analysis.
The QRS waveform may, for example, be analyzed for
arrhythmia, heart rate variability, and/or respiration rate,
according to some implementations. In some embodiments,
respiration rate may be determined from an envelope of the
R-wave over multiple cardiac cycles. In a first mode, full
waveform capturing circuitry may be utilized to sample and
analyze the cardiac waveform during only the QRS complex.
[0112] In a second mode of operation (mode B), a heart
monitor may sleep for a period of time between each heart-
beat of a subject and awake in time only to determine a point
or timing of an R wave (R detect state 252). In some imple-
mentations, the cardiac signal may be fed to a comparator
configured to detect a threshold crossing or change in slope of
the R wave. The comparator may require less power to oper-
ate than circuitry needed to capture and analyze a portion of
the cardiac waveform.

[0113] Inathird mode of operation (not shown in FIG. 2B),
a heart monitor may operate continuously to capture a full
cardiac waveform for multiple beats. A continuous mode of
operation may be executed periodically to ascertain the tim-
ing of P waves, in some embodiments, and determine an
interval of sleep between heartbeats. In some implementa-
tions, a continuous mode of operation may be executed when
a subject becomes active, or may be executed when a sub-
ject’s activity is found to be moderate and/or vigorous. In
some implementations, a user may command continuous
monitoring of a cardiac waveform irrespective of the user’s
activity by a tapping sequence on the patch or motion sensor
that can be detected by the motion sensor, processed, and
recognized by the health monitor’s processor.

[0114] In further detail, FIGS. 2C-2D are illustrative
examples of methods of capturing and processing cardiac
signals which a health monitor may be configured to imple-
ment. For reference, an example of a cardiac waveform is
depicted in FIG. 2E, which illustrates the P, Q, R, S, and T
portions of a cardiac cycle.

[0115] According to some embodiments and referring to
FIG. 2C, a method 204 of cardiac-waveform-based power
conservation implemented on a health monitor may comprise
receiving 226 an ECG signal for a period of time and analyz-
ing the data to determine 228 a timing of PQRST waveforms
for a subject. According to some embodiments, a health
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monitor may awaken 232-1 a heart monitor before a P-wave,
record 232-3 a QRS complex, and process 232-5 the QRS
complex to obtain cardiac data (e.g., arrhythmia, heart rate
variability, and/or respiration rate). The health monitor may
awaken the heart monitor while keeping the motion sensor in
a sleep mode, according to some embodiments. The heart
monitor may be activated between approximately 1 ms and
approximately 100 ms before a P-wave, according to some
embodiments. In other embodiments, the heart monitor may
be activated later or sooner. The health monitor may deter-
mine 232-7 whether the recorded QRS waveform was valid
(e.g., not clipped or missing a portion due to incorrect time
gating). If the QRS wave is valid, the health monitor may
enter a sleep mode 232-9 during which power to the heart
monitor is reduced or shut off until a next P-wave. If it is
determined that the QRS waveform is not valid, the health
monitor may power up the heart monitor and associated elec-
tronics to receive 226 a full ECG signal for a period of time so
thatan appropriate sleep or awake interval can be determined.

[0116] Insome implementations and referring to FIG. 2D,
a method 206 of cardiac-waveform-based power conserva-
tion implemented by a health monitor may comprise receiv-
ing 226 an ECG signal for a period of time and analyzing the
data to determine 228 a timing of PQRST waveforms for a
subject. A health monitor may awaken 252-1 the heart moni-
tor before an R wave (e.g., between approximately 1 ms and
approximately 100 ms before the R-wave, according to some
embodiments, though other times may be used in other
embodiments). In this mode, a comparator may be awakened
and used to process an input cardiac signal rather than using
A/D circuitry and digital processing of a QRS complex. By
detecting a threshold crossing point or change from positive
to negative slope of the R-wave, the health monitor’s proces-
sor may determine 252-3 an R-R interval between heartbeats.
This data may be used to evaluate inter-beat interval (heart
rate) and/or heart-rate variability. The health monitor may
assess 252-5 whether the determined R-wave point is valid
(e.g., occurring within an expected window of time). If it is
determined that the determined R-wave point is valid, the
heart monitor may enter a sleep mode 232-9. If it is deter-
mined that the R-wave point is not valid, the health monitor
may power up the heart monitor and associated electronics to
receive 226 a full ECG signal for a period of time.

[0117] FIG. 2F depicts types of data that may be obtained
from a motion sensor and cardiac waveform sensor of a health
monitor, according to some embodiments. For example, a
motion sensor (e.g., accelerometer) may be used for various
activity measurements to obtain motion waveforms corre-
sponding to a type of activity performed by a subject, as will
be described in further detail below. Analogously, a cardiac
sensor may be used to obtain cardiac waveforms for a subject
during different levels of activity and during inactive periods.
In some embodiments, data from the different sensor types
may be used separately in some instances and may be com-
bined in other instances to determine different fitness metrics
for an individual, some of which are depicted in the drawing.

[0118] As just one example, motion waveforms may be
analyzed to determine a body position of a subject to which a
health monitor is attached. The motion waveforms may indi-
cate that the subject is in a prone position. Analysis of cardiac
waveforms or of R-R interval data obtained during the same
period may indicate, for example, a lower than normal heart
rate, which may be determined by the health monitor to be a
resting heart rate (RHR). In some embodiments, the com-
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bined motion and cardiac data may indicate that the subject is
asleep, and may be used, for example, to determine a basal
metabolic rate (BMR) for the subject. Further, heart rate
variability (HRV) data along with motion data from a motion
sensor may be used to assess a quality of the subject’s sleep.
For example, low heart rate variability for a subject may
indicate increased stress for the subject. In some embodi-
ments, low HRV may be determined from a ratio of low-
frequency (LF) and high-frequency (HF) spectral powers of a
cardiac waveform. Spectral powers of a cardiac waveform
may be determined from a Fourier transform or FFT of car-
diac cycles. LF spectral power may be in a range between
about 0 and 150 Hz, and HF spectral power may be in a range
betweenabout 150 Hz and about 400 Hz. An increased LF/HF
ratio for a subject over an average value during a sleeping
state may indicate an increased level of stress for the subject
and a reduced quality of sleep. Additionally or alternatively,
excessive motion during sleep may indicate a reduced quality
of sleep. Other fitness metrics that may be determined from
cardiac and motion data are described below.

[0119]

[0120] This section provides an overview of data handling
and data processing paradigms that may be implemented with
various embodiments of a health monitor. In some implemen-
tations, the processing of activity data may be carried out on
one or more processors of a health monitor. With reference to
the block diagram of FIG. 3, an illustrative example of a data
handling architecture 300 for a health monitor is shown,
according to some embodiments. In some embodiments, the
data handling architecture may be implemented at least in
part on a processor 110 that is specially adapted with appro-
priate machine-readable instructions.

[0121] Data handling architecture 300 for a health monitor
may comprise a data preprocessor 305, a feature generator
310, a buffer 325, an inference engine 320, and at least one
activity engine 340-1, according to some embodiments. In
some embodiments, data handling architecture may further
include a multiplexor 330 and a data service 360. In some
implementations, any of the preprocessor 305, feature gen-
erator 310, inference engine 320, multiplexor 330, and activ-
ity engines 340-1-340-» may be embodied in whole or in part
as machine-readable instructions operable on processor 110
that, when executed, adapt the processor to perform a respec-
tive functionality as described below, or as implemented in
alternative embodiments. Further, any of the preprocessor
305, feature generator 310, inference engine 320, multiplexor
330, and activity engines 340-1-340-2 may additionally or
alternatively be embodied in whole or in part as hardware
configured to perform a respective functionality or a portion
of the respective functionality.

[0122] It should be appreciated that other embodiments
may include fewer, additional, or different data-processing
elements than those shown in FIG. 3. For example, a data
post-processor may be added before or after data service 360.
Moreover, it should be appreciated that, in some embodi-
ments, one or more depicted elements may be combined into
a single unit providing equivalent functionality of both units
depicted separately. One or more of the components depicted
in FIG. 3 may be implemented in hardware (e.g., as field
programmable gate arrays, digital signal processor, and/or an
application-specific integrated circuit) and/or a combination
of hardware and machine-readable instructions (e.g., soft-
ware) that may be executed on a digital processor.

III. Data Processing
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[0123] As illustrated in FIG. 3, in some embodiments, an
accelerometer 130 may be configured to output a motion data
stream 133 of values representative of acceleration detected
by the accelerometer along at least one direction of motion.
The motion data stream 133 may, for example, comprise
acceleration values representative of acceleration measured
along respective X-, Y-, and Z-axes of motion defined at the
accelerometer 130. In some embodiments, the data stream
133 of acceleration values may be provided to both a feature
generator 310 and a preprocessor 305. In some implementa-
tions, supplemental data 302 (e.g., physiological data such as
any one or combination of cardiac data, respiratory data,
blood oxygenation or blood glucose data, etc.) received from
one or more physiological sensors, may be provided to the
processor 110, and may be provided to the feature generator
310 and/or preprocessor 305. According to some embodi-
ments, the preprocessor 305 may, for example, pre-process at
least the motion data stream 133 from the accelerometer to
produce a stream of acceleration-derivative values that is
provided to the feature generator 310. In some embodiments,
acceleration-derivative values may not be computed. Any of
the data may be filtered, for example, to reduce noise com-
ponents or select specific frequency components for analysis.

[0124] In some implementations, supplemental data 302
may be provided to one or more processing devices of the
processor 110. For example, supplemental data 302 may be
provided to any one or combination of preprocessor 305,
feature generator 310, and inference engine 320. In some
implementations, the preprocessor 305 may, for example,
pre-process a plethysmography waveform or cardiac wave-
form to generate data characteristic of a subject’s heart beat,
which may be provided to the feature generator 310. Supple-
mental data 302 may also be provided to buffer 325, in some
embodiments. Supplemental data 302 may be analyzed to
provide additional information about an activity (e.g., the
processor 110 may be configured to analyze cardiac data to
determine a pulse rate, for example, from which an intensity
level at which an activity was performed may be estimated)
and/or to verify a type of activity performed (e.g., distinguish-
ing between riding an exercise cycle, riding a bicycle on flat
terrain, or riding a bicycle up a hill).

[0125] In certain embodiments, the feature generator 310
may process the received data stream 133 of acceleration
values, received supplemental data, and received prepro-
cessed data (e.g., a stream of acceleration-derivative values)
to produce one or more characteristic features 312 that may be
provided to an inference engine 320 and optionally to a buffer
325. The characteristic features may, for example, be used by
the inference engine 320 to identify a type of activity sensed
by the sensors from among a plurality of types of activities. In
some embodiments, upon the identification of an activity
type, the inference engine 320 may provide a control signal
322 to a multiplexor 330 to route the characteristic features
312 to an appropriate activity engine 340-1, 340-2, . ..,340-
for further data processing. Each activity engine may, for
example, be configured to process received characteristic fea-
tures according to activity-specific algorithms (e.g., algo-
rithms for running, walking, swimming, biking, etc.) to cal-
culate one or more parameters descriptive of the activity.
Illustrative examples of the one or more parameters include,
but are not limited to, a measure of intensity or pace of the
activity, a calculation of energy expended during the activity,
an estimation of distance traveled during the activity, and a
duration of the activity.
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[0126] Insomeembodiments, the buffer 325 may be used to
temporarily retain data representative of an activity while
inference engine 320 identifies an activity. For example, once
an activity has been identified, data may be routed from the
buffer to the appropriate activity engine or engines. Such
temporary buffering of data prevents loss of activity data
during initial identification of an activity or transitions from
one activity to another.

[0127] According to some embodiments, once an activity
has been identified, data from the feature generator 310,
which may include raw accelerometer data, may be routed to
an appropriate activity engine 340-m (m corresponding to the
value of a selected engine 1, 2, 3, n). Each of the activity-
specific data processing engines may, for example, use any
instance or combination of acceleration-derivative data D,,,
one or more accelerometer trace data, physiological data, and
characteristic feature data to determine a value of one or more
parameters associated with the activity (e.g., speed, distance,
intensity, number of steps, etc.). In some embodiments,
physiological data may be used in combination with motion
data to determine an intensity of the activity and/or other
parameters associated with an activity.

[0128] In some embodiments, a selected activity engine,
inference engine, or post-processing element (not shown)
may additionally or alternatively determine an energy expen-
diture (e.g., calorie burning rate) for the activity. According to
some embodiments, the energy expenditure may, for
example, be determined at least in part from a look-up table of
metabolic equivalents (METs) for the activity. The look-up
table may, for example, comprise a list of metabolic equiva-
lents where each entry may be associated with one or more
activity intensity parameters, e.g., step rate, speed, heart rate,
etc. A METs look-up table for each activity that may be
performed by a human may, for example, be stored in
memory 120 of the health monitor. In some embodiments,
look-up tables for METs may be user-specific, e.g., specific to
a user’s sex, weight, age, and/or height. In some embodi-
ments, over the course of an activity session, a health monitor
may determine and record caloric burn rates as a function of
time and may also compute a total number of calories burned
as a function of time of the activity. In some embodiments, a
health monitor may additionally or alternatively compute
and/or store other data, e.g., activity type, maximum speed,
average speed, distance traveled, number of steps, maximum
caloric burn rate, average caloric burn rate, time of day etc.
[0129] As one example of processing motion data and
referring to FIG. 4A, an inference engine 320 may identify an
activity represented by the data in the figure as walking.
Accordingly, the multiplexor may, for example, be config-
ured to forward acceleration-derivative data D, to a walking
activity engine 340-1. Walking activity engine 340-1 may, for
example, be configured to determine a distance T . in the data
between a large peak 410, which corresponds to a heel strike,
and a successive smaller peak 420, which corresponds to a
toe-off in a step. The distance T_may, for example, represent
the contact time of the foot with the ground, from which a
walking speed can be determined. An example of a method of
determining walking speed from foot contact time is dis-
closed in U.S. Pat. No. 4,578,769, which is hereby incorpo-
rated by reference in its entirety.

[0130] In various embodiments, the preprocessor 305 and
feature generator 310 may preprocess raw data from the
accelerometer and/or received supplemental data 302 in any
suitable manner, e.g., filter the data, compute derivative val-
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ues, compress the data, generate data sets, packetize the data,
etc. Some examples of data preprocessing by the preproces-
sor 305 and feature generator 310 are described in U.S. patent
application Ser. No. 13/840,098 titled “Versatile Sensors with
Data Fusion Functionality,” referenced and incorporated by
reference above. In various embodiments, the preprocessor
and feature generator process received raw data to reduce the
processing burden on the inference engine 320 and activity
engines 340.

[0131] According to some implementations, inference
engine 320 may additionally or alternatively be configured to
identify activities as non-recognizable (e.g., activities that
may be performed by a subject but for which the health
monitor is not programmed to recognize), as well as identify
activities that are not performed by a human (e.g., non-human
activities that might be performed by a machine or animal).
The inference engine 320 may identify activities based upon
data received from one or more of the preprocessor 305,
feature generator 310, and activity engines 340. In some
embodiments, raw acceleration data may additionally or
alternatively be provided to inference engine 320 for identi-
fication of detected activities. In some embodiments, a health
monitor may classify activities into two or more classifica-
tions, e.g., (i) recognizable activities, (ii) non-recognizable
activities that are likely performed by the subject, and (iii)
non-human or non-animate activities (e.g., activities per-
formed by a machine or animal). A health monitor may be
configured to subsequently present an activity identified as
non-recognizable to a user for identification by the user, in
some embodiments, and the health monitor may be modified
for subsequent recognition of the activity (e.g., the health
monitor learns or constructs one or more membership func-
tions encompassing characteristic features for the activity).

[0132] In some embodiments, an inference engine may
receive a set of characteristic features 312 (representative of a
non-recognizable activity) that cannot be identified as corre-
sponding to any one of a plurality of activity types recogniz-
able by the inference engine. In this case, the data-handling
architecture may, for example, be configured to provide the
characteristic feature set data 312 directly to data service 360
for subsequent analysis and determination of a type of activity
associated with the feature set (e.g., identifying the activity by
user-assistance, or by comparing with on-line libraries of
identified activities having similar feature sets). The feature
set data 312 may be routed by the multiplexor 330 from the
buffer 325 to data service 360. Further, the data-handling
architecture may be additionally or alternatively configured
to receive machine-readable instructions and reconfiguration
data 362 back from data service 360 suitable to reconfigure
inference engine 320 and/or add or modify an activity engine
340 to subsequently identify a type of activity corresponding
to the previously non-recognizable feature set. In this manner,
activity recognition by the health monitor may, for example,
be upgraded or reconfigured at any time.

[0133] In some embodiments, a non-recognizable activity
may be reported to a user for subsequent identification by the
user at a time well after completion of the activity. For
example, anon-recognized activity may be reported when the
user is reviewing a record of monitored activities via a com-
puter. The user may, for example, be notified that a non-
recognizable activity occurred at a specific date and time and
for a duration, and then the user may be queried to identify the
activity. In some embodiments, the user may then identify the
activity, which will in turn associate a set of characteristic
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features 312 with the previously non-recognized activity.
According to some embodiments, a list of possible activities
having a similar caloric burn rate may be presented to a user,
so that the user may select an activity from the list. The list
may comprise activities listed in the “2011 Compendium of
Physical Activities: A Second Update of Codes and MET
Values,” by Barbara E. Ainsworth et al., published by the
American College of Sports Medicine, the entire contents of
which are incorporated herein by reference. The upgrading of
the inference engine 320 and/or activity engine 340 may, for
example, comprise transmitting new data structures and/or
code to the processor 110 for use in recognizing the new
activity.

[0134] In some implementations, an inference engine 320
may be configured to recognize one or more activities that are
not performed by a human. Such non-human activities might
be associated with mechanical motion of a machine, for
example. One example of such an activity might be cyclic
motion of a fan, wherein an health monitor may be strapped to
the blade of a fan. Another example might be motion of an
automobile, motorized vehicle, or motorized ride (e.g., riding
in a vehicle over rough terrain, a carnival ride, riding on a
train). Another example might be motion of a bicycle wheel,
e.g., monitor attached to spokes of a wheel. Other examples of
activities not performed by a human might be motion in a
clothes drying or clothes washing machine. Another example
may include walking or running motion of a dog or horse. In
some cases, the activities not performed by a human may, for
example, be recognized to prevent erroneous crediting of
physical activity to a subject, e.g., in connection with health
insurance incentive programs or prescribed physical exercise.
The inference engine may recognize non-human activities as
having characteristics not capable of being achieved by a
human, e.g., precise repetitive motion or excessive accelera-
tion values.

[0135] According to some embodiments, the inference
engine 320 is configured to further receive error signal indi-
cations 345 from each activity engine 340-1 . . . 340-n. An
error signal may, for example, represent a confidence level of
an activity processed by an activity engine. For example, a
first activity engine 340-1 may be an activity engine for walk-
ing, and a second engine 340-2 an engine for running. When
the user is walking, for example, a step cadence may be below
a threshold criterion for running, and an output error signal
from the running activity engine 340-2 might be high or a
confidence level may be low. The output error signals may, for
example, be used by inference engine 320 to aid in identifying
an activity and/or transitions between activities. In some
instances, all activity engines may substantially simulta-
neously process feature data, whereas in other instances only
one activity engine or a selected number of activity engines
may be selected to process feature data. According to some
embodiments, the presence of a large error signal for a cur-
rently identified activity may, for example, cause inference
engine 320 to re-identify an activity for newly received data.

[0136] Insome embodiments, parameters characteristic of
an activity including any data computed by an activity engine
340-m may be provided to and handled by data service 360 for
subsequent presentation to the user, on-board storage, on
board analysis, and/or storage in a remote storage device.
Additional data (e.g., date, time, and duration of activity) may
be provided to the data service 360. The data may be format-
ted or packetized by the data service in any suitable format,
and may be formatted to include header information. The data
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service 360 may, for example, comprise an on-board data
store, e.g., memory 120, and a transceiver 140 for transmit-
ting the data to a remote device, such as a computer. In some
implementations, data service 360 may comprise a temporary
buffer that is sized to hold activity data for a time interval
between about 5 minutes and about 30 minutes or longer
periods. In some embodiments, data service may additionally
or alternatively include an application in operation on a
remote computer or a remote server configured to receive data
from the health monitor and record and/or further process the
received data. In some implementations, data 362 from the
data service 360 may be retrieved by the processor 110 for
further processing, e.g., to determine health benefit levels
from the recorded data.

[0137] In some embodiments, a health monitor 100 may
additionally or alternatively be configured to store in memory
user goals (e.g., number of steps per day, distance traveled, an
exercise duration for a specific activity, a number of health
credits for a period of time, etc.). The processor 110 may be
configured to determine a progress toward the user’s goal or
goals based on output from the activity engines, according to
some embodiments. The health monitor may, for example, be
further configured to provide an audible, visible, or tactile
indication to the user to indicate a progress toward goals
and/or indicate when a goal is reached. For example, a health
monitor may flash LEDs, beep or vibrate when a user has
reached a goal of awarded health credits for an interval of a
day.

[0138] Because a health monitor may include an acceler-
ometer and components for processing motion data, in some
embodiments, a health monitor 100 may additionally be con-
figured to recognize specific motion gestures that a user may
execute (e.g., shaking the health monitor, moving it in a circle
with the hand, spinning the health monitor). A health monitor
may, for example, include one or more activity engines
adapted to recognize such gestures. The recognized gestures
may, for example, be used as an interface method for execut-
ing specific functions on the health monitor (e.g., power up,
power down, clear data, set a goal, display progress toward
one or more goals, etc.).

[0139] 1V. Identification of Activity Types

[0140] Identification of activity types, according to some
embodiments, will be described in further detail. In some
embodiments, data generated by an accelerometer 130 and/or
one or more physiological sensors may be processed to pro-
duce characteristic features f, that are provided to the infer-
ence engine 320 for activity type identification. The inference
engine 320 may, for example, be configured to receive pro-
cessed data, and in some cases raw data, and further process
the received data to identify and/or classify a detected activ-
ity. In some embodiments, an activity that is identified may be
oneactivity from among a plurality of different activity types
that are performed by a human and that the health monitor is
programmed to recognize.

[0141] According to some embodiments, the inference
engine 320 may classify activities into different categories.
The categories may include, for example, non-human activi-
ties, recognizable human activities, and non-recognizable
human activities. The classification may occur as the infer-
ence engine attempts to identify an activity type. According to
some embodiments, data for each classification may be
handled differently to determine health credits for a subject,
as described further below.
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[0142] In some embodiments, the inference engine 320
may process received activity data to identify an activity type
in any suitable manner. In some implementations, the infer-
ence engine 320 may identify an activity based on accelera-
tion-derivative data D, only (as described in U.S. patent appli-
cation Ser. No. 13/840,098 titled “Versatile Sensors with Data
Fusion Functionality,” referenced above), or a combination of
raw acceleration-derivative data and physiological data and/
or a limited set of characteristic features. In some embodi-
ments, the inference engine 320 may identify an activity
using one or more raw accelerometer traces and/or character-
istic features generated from the one or more raw traces. In
some cases, raw data or acceleration-derivative data may be
used in combination, or in combination with physiological
data, to identify or classify an activity. Further, in some
embodiments, the inference engine may additionally or alter-
natively qualify the activity data (e.g., identify a level of
quality of the recognized activity’s data or identify an aspect
of the recognized activity such as a location of the health
monitor on the subject) using any combination of accelera-
tion-derivative data D,, raw accelerometer data, physiologi-
cal data, and related characteristic features.

[0143] According to some implementations, the inference
engine 320 may employ one ormore identification algorithms
to identify or distinguish activities. For example, in some
embodiments, the inference engine 320 may employ a pattern
recognition algorithm to recognize an activity based upon a
waveform defined by acceleration-derivative data D, and/or
one or more raw accelerometer traces. In some embodiments,
the inference engine 320 may additionally or alternatively
employ fuzzy logic to identify an activity based upon a num-
ber of values in characteristic feature sets F,={f;, f,, .. . f,}.
The inference engine 320 may thus, in some embodiments,
employ a combination of pattern recognition and fuzzy logic
to identify an activity. In some embodiments, for fuzzy logic
recognition, membership functions specific to different
activities may be defined and downloaded to the health moni-
tor. It should be appreciated that other “recognition” algo-
rithms or combinations of such algorithms may additionally
or alternatively be used.

[0144] As just one example of activity recognition, data
received by inference engine 320 that has a predetermined
number of values falling within a membership function range
may be identified by inference engine as an activity associ-
ated with that membership function. For some implementa-
tions, fuzzy logic may be suitable for recognizing a large
variety of different activities without placing a heavy data-
processing burden on processor 110. For example, fuzzy
logic may, in some embodiments, require only determining
whether a plurality of characteristic features from feature data
F, fall within certain ranges of values. In other embodiments,
fuzzy logic may additionally or alternatively evaluate a cost
factor for each candidate activity and identify an activity
based upon an evaluation of the cost factor.

[0145] For purposes of understanding only, and without
limiting the invention, one example of activity identification
is described with reference to FIGS. 4A-4B. FIG. 4A repre-
sents three traces (X, v, z: top three) of raw acceleration data
from a first type of activity (walking in this example). The
lower trace D in FIG. 4A represents acceleration-derivative
data computed from the upper traces. FIG. 4B represents
corresponding traces of data obtained from a second type of
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activity (biking in this example). For the data shown in FIGS.
4A-4B a health monitor 100 was supported below the sub-
ject’s shin.

[0146] As can be seen from the traces of FIGS. 4A-4B,
there are a number of differences in the traces. The differ-
ences include maximum and minimum values of accelera-
tion, periodicity of the traces, number and shapes of peaks in
the traces, width of peaks, and distances between peaks,
among other things. The differences may, for example, be
captured in characteristic feature sets F,, for each trace.
[0147] Although FIGS. 4A-4B depict only motion data
derived from an accelerometer, it will be appreciated that
additional data from one or more physiological sensors may
be processed in a similar manner to generate feature sets for
physiological data. A health monitor may process the physi-
ological data in combination with the activity data to enhance
information about a subject or activity performed by the
subject. For example, the physiological data may provide an
indication of an intensity level of an activity.

[0148] Continuing with the above example, in some
embodiments, a characteristic feature set F, for each trace
within a measurement interval T,, may be constructed with
the following entries:

F,={max value of trace (max); min value of trace
(min); number of peaks with a width less than m,
samples (N,,); number of valleys with a width
less than m, samples (N,); average rate of change
of the trace at half-maximum of peaks (R »);
average distance between peaks (AP)}.

[0149] Itshould be appreciated that a wide variety of char-
acteristic features may be generated and used to identify the
different activities. As can be understood from this example,
the differences in the traces of FIGS. 4A-4B may, for
example, be captured as numerical differences in the charac-
teristic feature sets. In some embodiments, the inference
engine 320 may then distinguish between the activities based
upon such numerical differences, e.g., by comparing numeri-
cal values for various features against corresponding values
for recognizable activity types. A judicious choice of values
to include in feature sets may, in some embodiments, reduce
the computational burden on inference engine 320 and enable
rapid identification of different types of activities.

[0150] According to some embodiments, a membership
function for each of the activities may, for example, be
defined as follows:

(max,,, —dmax) < max < (max,,, +dmax); oY1
(min,, —Omin) < min < (max,,, +Jdmax);
(Npavg —ONp) < N < (Np gy +ON,);

(

Maciviy = (Nyqug = ON,) < Ny < (Ny g + INY);

Ri —3R1)<R1<( avg+[)R1)

5av8

(AP, — OAP) < AP < (RAP,, +0AP)

where the subscript “avg” designates an average or expected
value, and the quantities +3[ | identify a pre-defined range
within which a measured value would be considered to
qualify as belonging to the membership function. In some
embodiments, when characteristic features are received by an
inference engine 320, for which all values qualify as belong-
ing to the membership function, then the detected activity
may be identified by the inference engine. The inference
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engine may then, for example, route the data from the feature
generator, using multiplexor 330 to an appropriate activity
engine for further analysis.

[0151] Insome implementations, by sampling a large num-
ber of trials for each activity, variations in each of the char-
acteristic feature values may be observed and statistics
regarding the variations may be determined. The statistical
results may, for example, be used to help construct member-
ship functions for fuzzy-logic activity identification. For
example, it may be observed that a maximum value of accel-
eration-derivative trace D for running has a 2-sigma variation
of 5 measurement units. A membership function for running
may, for example, include the specification {(120-5)<max
value of D<(120+5)}, where 120 measurement units is deter-
mined to be an average of the maximum value for trace D for
the running activity.

[0152] In some instances, there may be partial overlap of
membership functions. For example, one or more ranges for
characteristic features in one membership function may over-
lap or be coincident with corresponding ranges in a second
membership function, which may or may not belong to the
same activity type. Even though there may be partial overlap
of membership functions, in some implementations, an activ-
ity type may be identified based on evaluating a plurality of
characteristic features and their locations within membership
functions for the activity types. For example, each activity
may receive a score (e.g., a value between 0 and 1) for each
feature that falls within a membership function for that activ-
ity. In some embodiments, after scores have been tallied for
each activity, the one receiving the highest score may be
selected as the identified activity.

[0153] In some embodiments, scores based on the
described membership functions may be all-or-nothing, e.g.,
eithera feature f, is measured and determined to be within the
bounds of its corresponding membership function and con-
tribute a score, or may be outside the bounds and contribute
nothing. Other embodiments may additionally or alterna-
tively employ membership functions such as those as
depicted in FIGS. 5A-5C. The graphs depict membership
functions that have been constructed for n characteristic fea-
tures (denoted by the “§” subscript) and for two activities
(denoted by the “1” subscript). The membership functions
may, for example, be constructed from statistical analysis of
many measurements, as described above. Though the mem-
bership functions are shown as trapezoidal, they may take any
suitable shape, e.g., round top, semi-circular, semi-ellipse,
Gaussian, parabolic, distributions representative of measured
statistical values, multi-modal distributions, etc.

[0154] Insomeimplementations, when a characteristic fea-
ture is determined, e.g., f; 510-1, a corresponding value for
each activity’s membership function for that feature may be
determined. For the case shown in FIG. 5A, for example, the
second activity’s membership function M, ; contributes a
value 512 where the first activity’s membership function con-
tributes no value. The values may be normalized, as depicted
in the graphs. For a second measured feature 510-2 shown in
FIG. 5B, both membership functions may, for example, con-
tribute different values 522, 524. In this case, the membership
functions overlap. For another measured feature 510-z shown
in FIG. 5C, both membership functions may, for example,
contribute identical values.

[0155] Insome embodiments, a cost factor C, may be com-
puted for each candidate activity (denoted by the *“i” sub-
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script) based upon detected feature values 510-1, 510-2, . . .
510-» and the predetermined membership functions accord-
ing to the following relation:

[0156] where W, represents a weighting factor for the t
feature of the i” activity. The weighting factor may, for
example, be selected to emphasize some features and de-
emphasize other features for purposes of identifying an activ-
ity. In some embodiments, an activity with the highest cost
factor C, may be selected as the identified activity type. For
example, with reference to FIGS. 5A-5C and considering
only the membership functions shown and the measured fea-
ture characteristics 510-1, 510-2, . . . 510-», depicted as open
circles, the second activity M, would be selected as the iden-
tified activity, according to some embodiments.

[0157] ForEQ. 2,if the membership functions M, ; are each
normalized, as depicted in FIGS. 5A-5B, the value of the cost
function will range between 0 and 1. Multiplying the cost
function by 100 can express a degree of matching as a percent
confidence level PC..

PC=100xC; 3

For example, a feature set that has each feature value falling
under the peaks of the membership functions for a particular
activity will yield a 100% confidence in the match and iden-
tification of the activity type.

[0158] In some cases, membership functions may overlap
entirely, such that it would not be possible for the inference
engine 320 to identify an activity between the two member-
ship functions. This situation might occur, for example, when
a new membership function is added to the inference engine
320 for recognition of a new activity not previously recog-
nizable by the inference engine. For example, if the health
monitor 100 is configured to identify biking and is later
updated to identify elliptical training activity, a new member-
ship function for identifying elliptical training may entirely
overlap with the pre-defined membership function for biking
since the two activities are similar.

[0159] In some embodiments, membership functions and
characteristic features used by the inference engine 320 may
be expandable, so that additional characteristic features and
associated membership functions can be added to the system
for the activities recognizable by the health monitor. The
additional characteristic features and revised membership
functions may, for example, be added to distinguish two
activities that previously had substantially overlapping mem-
bership functions. The addition and updating of membership
functions and features can be accomplished, for example, via
communication between a health monitor with an external
device, e.g., a personal computer or computer connected to
the internet.

[0160] Through the use of membership functions and/or
pattern recognition, a health monitor may identify activity
types. In some implementations, a health monitor may addi-
tionally classify detected activities into several categories.
The categories may include, for example: (i) recognizable
activities, (ii) non-recognizable activities that are likely per-
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formed by the subject, and (iii) non-human or non-animate
activities (e.g., activities performed by a machine). Recog-
nizable activities would correspond to activity types (e.g.,
running, walking, biking, swimming, etc.) that the health
monitor has been programmed to recognize (e.g., the monitor
includes at least membership functions for these activity
types). In various embodiments, activities falling within this
first classification can be analyzed to identify a specific activ-
ity type, and would be candidate activities that may be further
evaluated by the health monitor to determine a level of health
benefit or health credit for the subject based on the identified
activity. For recognizable activities, activity type may be
determined by finding a high confidence of matching of char-
acteristic features to membership functions for a particular
activity. In some embodiments, the level of confidence may
be expressed as a percentage of a maximum value obtainable
for a best match.

[0161] Activities that fall with the second classification
(non-recognizable activities that are likely performed by the
subject) may or may not be further evaluated by the health
monitor to determine a level of health benefit for the activity.
In some embodiments, a health monitor may be configured to
admit or reject a non-recognizable activity for health-benefit
analysis based upon the activities similarity with a recogniz-
able activity. For example, a health monitor may be config-
ured to distinguish between non-recognizable activities that
are similar to recognizable activity types (for which the health
monitor is programmed to recognize) and non-recognizable
activities that are not similar to recognizable activity types. In
some embodiments, non-recognizable activities that are simi-
lar to recognizable activity types may be given a weighting
value and evaluated according to metrics for the most similar
recognizable activity. Non-recognizable activities that are
determined to be not similar to recognizable activity types
may or may not be given credit towards health benefits. Meth-
ods of health-benefit analysis are explained in further detail
below for various categories of activities.

[0162] As a practical example of assessing similarity of
activities, some exercise regimens that are set to music
include a variety of repetitive body motions in the form of
dance moves where new movements are created on a regular
basis. Although an health monitor may be programmed to
recognize some movement sequences, it may fail to recognize
newly introduced movements. In some instances, motion and/
or physiological data generated by a new movement may
produce characteristic features f, that are similar to another
activity recognized by the health monitor. The other activity
may be a recognized dance movement, a recognized exercise
(e.g., jumping rope), or a movement executed on a specific
exercise machine.

[0163] A determination of similarity or non-similarity of a
detected activity as compared with a recognizable activity
type may be based upon a value of the cost function C, or a
value of a confidence in the match PC;. For example, a thresh-
old value may be selected for either of these quantities, and
match evaluations yielding results greater than the threshold
value and less than a matching value may be determined to be
similar activities. Match evaluations yielding results less than
the threshold value may be determined to be non-similar
activities. As a further example that is not intended to limit the
threshold and matching values, a threshold value of about
50% may be selected for determining similarity, and a match-
ing value of about 80% may be selected for determining a
positive match. Values of PC,; that are 80 or greater would be
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considered a positive match, according to this embodiment.
Values of PC, that are at least 50 but less than 80 would be
considered similar, and values falling below 50 would be
considered non-similar to recognizable activity types.
[0164] As noted above, in some implementations, feature
sets for non-recognizable activities may be stored by a health
monitor for subsequent identification by a user. For example,
after downloading data from the health monitor to a comput-
ing device, the user may be prompted to identify an activity
type associated with a feature set for which the health monitor
was unable to recognize the activity. The identification may
be based upon the time at which the activity was performed.
In some embodiments, once identified by a user, stored data
for the activity may be analyzed for health benefits. The
health monitor may be subsequently updated to recognize the
newly-identified activity type. In some implementations,
there may be insufficient stored data for analysis of health
benefits, and the health monitor is updated to recognize the
activity during future use.

[0165] Insome instances, e.g., in an aerobics class or train-
ing camp where there may be various new motions, it may be
inconvenient for a user of the health monitor to recall and
identify each new movement. In such instances, a user may
prefer to have the health monitor automatically associate
activities with similar activities as described above, rather
than store feature sets and prompt the user to identify each
activity. According to some embodiments, a health monitor
may be configurable by the user to either store feature sets for
new non-recognizable activities for subsequent identification
by the user and analysis, or automatically associate non-
recognizable activities with similar activities as described
above. A software setting may be provided to the user for
configuring the health monitor’s handling of non-recogniz-
able activities.

[0166] In some embodiments, a health monitor may be
configured to identify specific non-human activities, e.g., pre-
cise repetitive circular motion representative of strapping a
health monitor to a rotating object, repetitive back-and-forth
motion representative of strapping a health monitor to a recip-
rocating object, etc. Non-human or non-animate activities
may correspond to activities that exhibit features that could
notbe performed by a human. For example, the accelerometer
data exhibits too high a degree of precision of repetitive
motion over extended periods of time or excessive speeds,
accelerations, or motions not sustainable by a human. Insome
implementations, a health monitor may detect such features,
identify or classify the activity as non-human, and then tet-
minate further processing of the activity data. Activities fall-
ing within the third classification (non-human activities) may
be excluded from further analyses to determine a level of
health benefit for the subject.

[0167] V. Health Benefit Analyses

[0168] In various embodiments, a health monitor may be
configured to determine one or more levels of health benefit
for at least some activities performed by the subject and
detected by the health monitor. The inventors have recognized
that some activity monitors can be adapted to produce “health
credit data” that conforms to recognizable health standards,
and that such adaptation can reduce inaccuracies and wide
variability associated with step counting across different
activity monitors. Health credits may, in some embodiments,
be determined based upon activity type, and at least upon
activity duration, intensity level of the activity, and standards
established by a health entity. According to some embodi-
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ments, health credits may be determined from caloric burn
rates, and caloric burn rates may be estimated more accu-
rately using a combination of cardiac data and motion data
rather than being based on cardiac data alone or motion data
alone. Determination of health credits may provide a more
reliable figure of merit for assessing health benefits derived
from a subject’s exercise program than conventional metrics
such as number of steps taken, number of miles ran, number
of minutes of exercise.

[0169] In some embodiments, health credits computed
from exercise may be formulated as a point system, which can
be used across all types of activities. For example, a subject
may be given some portion or multiple of a health credit point,
also referred to herein as a “health credit,” for each minimum
creditable time unit (MCTU) during which an activity is
performed continuously at a particular intensity level. The
number of points may depend upon the intensity level, and the
intensity level and MCTU may be established by a recognized
health organization. As one example, a subject may be given
one health credit for each MCTU during which an activity is
performed continuously at or above a first intensity level, and
two points for each MCTU during which the activity is per-
formed continuously at or above a second intensity level for
the MCTU. In some implementations, a subject may be given
a fractional point for each MCTU during which an activity is
performed at a level below the first intensity level, e.g., as an
incentive to perform at least some activity.

[0170] In some implementations, computed health credits
may be converted to total step counts using a standardized
conversion formula, e.g., to provide a comparison with legacy
step-counting devices. Converting health credits, which may
be computed more accurately than conventional step counts,
to step counts may provide a more reliable comparison of
step-count totals between different health monitoring
devices.

[0171] The levels of demarcation for intensity and the
MCTU may correspond with guidelines established by a rec-
ognized health organization. For example, the MCTU may be
a one-minute interval, and the first intensity level may be a
caloric burn rate that falls within a range between about 3.5
kilocalories (kecals/min) and about 7 keals/min (a range iden-
tified as “moderate” activity by the Center for Disease Con-
trol (CDC) and World Health Organization (WHO)). The
second intensity level may be a caloric burn rate that is at or
exceeds about 7 keal/min (a range identified as “vigorous”
activity by the CDC and WHO). Other ranges and values may
be used in other embodiments.

[0172] Health credits may be accumulated during a day or
week, stored, and subsequently provided to a subject or phy-
sician as a record of the subject’s exercise achievements for
the time period. For example, a subject may perform activity
in a day and be awarded 40 health credits for 40 minutes of
moderate activity effort and 10 health credits for five minutes
of vigorous activity effort, according to some embodiments.
In some implementations, the same number of health credits
may be awarded for same time intervals of moderate and
vigorous activity, though the credits may be separated into
“moderate” and “vigorous” bins. A record of health credits
may provide a more convenient and accurate indicator of a
subject’s exercise and fitness level than arecord of steps taken
as calculated by different health monitors using different
algorithms, for example.

[0173] In some embodiments, a health monitor may be
configured to determine and record enhanced health credits
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(EHCs) for a subject. For example, the CDC and WHO have
found that additional health benefits are obtained when an
activity is performed continuously at a moderate or vigorous
activity level for time intervals greater than about 10 minutes.
In some implementations, a health monitor may determine
when a subject performs one or more activities at moderate or
vigorous activity levels for periods exceeding about 10 min-
utes and award EHCs to the subject. Further aspects and
features will be described in association with the following
methods and systems for determining health credits.

[0174] Referring now to FIG. 6, an illustrative example of a
method 600 for determining health credits, according to some
embodiments, is depicted as acts arranged in a flow chart.
Embodiments of the method 600 may, for example, be imple-
mented on a wearable health monitor, and may be used to
determine health credits for a subject from one or more activi-
ties performed by the subject and detected by the health
monitor. The flow chart provides an overview of some acts of
just one example of a method 600, according to some imple-
mentations, and there may be more or fewer acts than illus-
trated in the figure in various embodiments.

[0175] According to some embodiments, activity data may
be received from at least an accelerometer of a health monitor,
and the health monitor may be configured to identify 610 an
activity type from the data. In some embodiments, the activity
data may comprise only motion data. In some implementa-
tions, activity data may further include physiological data
received from one or more physiological sensors (e.g., a
cardiac waveform sensor). Once the system has identified 610
the activity, the system may determine 630 whether the iden-
tified activity has been continued for a minimum creditable
time unit. If it is determined that the activity has been contin-
ued for a minimal creditable time, the system may determine
660 a health credit value for the activity and add a correspond-
ing health credit value to an activity buffer. If the system
determines 630 that an activity has not been continued for a
minimum creditable time unit, the system may add 640 a null
value to the activity buffer.

[0176] Invarious embodiments, the system may determine
670 whether the activity buffer is full. If it is determined that
the activity buffer is not full, the system may return to a state
of receiving activity data and identifying 610 an activity
associated with the received activity data. If the system deter-
mines 670 that the activity buffer is full, the system may copy
680 the data from the activity buffer to another location and
analyze the data. According to some embodiments the system
may store 690 a summary of the activity that occurred during
the filling of the activity buffer.

[0177] FIG. 7A depicts a sub-process for identifying an
activity 610, according to some embodiments. The sub-pro-
cess for identifying an activity 610 may comprise receiving
612 activity data. For example, the received activity data may
comprise motion data received from an accelerometer of the
health monitor. In some embodiments, the received data may
further comprise physiological data that may be received
from one or more physiological sensors attached to a subject.
The received activity data may include data that has been
processed by a preprocessor 305 and feature generator 310,
and may also include raw data, according to some embodi-
ments. In some embodiments, the sub-process for identifying
an activity 610 may further include processing 614 the activ-
ity data. The processing 614 of the activity data may be
carried out as described above in connection with FIG. 3.
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[0178] During processing of the activity data, an activity
type may be identified, for example, as described above in
connection with FIGS. 5A-5C. According to some embodi-
ments, a detected activity may fall broadly into one of three
classifications. For example an activity may be arecognizable
activity that results in data produced by an accelerometer
and/or physiological sensor having at least one associated
feature set for which the health monitor is programmed to
recognize. Examples of recognizable activities may be run-
ning, walking, biking, or swimming, though recognizable
activities may not be limited to only these activities. Other
recognizable activities may include different types of team
sport activities. In some embodiments, the health monitor
may detect an activity that is non-recognizable but has char-
acteristics indicating that the activity was likely performed by
a human subject. In some implementations, a health monitor
may detect an activity that has nonhuman characteristics, for
example, precise repetitive motion or excessive forces that are
not likely sustainable by a human subject.

[0179] Insome embodiments, a health monitor may deter-
mine 616 whether a detected activity is nonhuman. If it is
determined that the detective activity is nonhuman, the health
monitor may return to a state of receiving 612 activity data
and processing 614 the activity data. According to some
implementations, nonhuman activities may be ignored for
further data processing. In some implementations, certain
types of nonhuman activities may be identified by the health
monitor (e.g., motion in a washing machine, circular or recip-
rocating motion indicative of a machine). In either case,
detected nonhuman activities would be recognized by the
health monitor, so that no health credits would be awarded to
a subject.

[0180] Ifitis determined that the detected activity may be
associated with a human activity, the health monitor may
attempt recognition 618 of the activity. In some embodi-
ments, determining whether the activity is recognizable com-
prises an attempt by an inference engine 320 to determine an
activity type. If the activity is recognizable, the system may
identify 620 an activity type associated with the received
activity data. In some embodiments, the system may further
determine 625 an intensity value associated with the identi-
fied activity type. The system may then proceed to the step
630 of determining whether the activity is continued for a
minimum creditable amount of time.

[0181] According to some embodiments, if a detected
activity is not recognizable but exhibits characteristics indi-
cating that it may be performed by a human subject, the
system may determine 619 whether the activity is similarto a
recognizable activity (i.e., an activity for which the health
monitor is programmed to recognize). If it is determined 619
that the activity is similar to a recognizable activity, the health
monitor may identify 620 an activity type to associate with
the detected activity, and determine 626 an intensity value for
the detected activity. As just one example, received activity
data may be determined to be most similar to a running
activity, but does not include the requisite features for a defi-
nite identification of running.

[0182] Referring again to FIG. 7A, according to some
embodiments, the similarity of an activity to a recognizable
activity may be based at least in part on features and/or
characteristics of motion data received from the accelerom-
eter. In some cases, physiological data may be used in com-
bination with motion data to determine 619 similarity of a
non-recognizable activity to a recognizable activity. As an
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example, motion data, and in some cases physiological data,
may be processed to generate feature sets as described above
in connection with FIGS. 5A-5C. According to some embodi-
ments, an activity that is determined to be similar to a recog-
nizable activity may have a feature set for which at least some
of the feature data falls within one or more membership
functions for one or more recognizable activities. The data
that falls within the one or more membership functions may
not provide a high enough confidence level for making a
definite match with any one recognizable activity. However, a
non-recognizable activity may be determined as similar to a
recognizable activity based upon the “nearness” of the mea-
sured features to a definite match for one of the recognizable
activities. For example, an activity such as skipping may
generate a feature set having values that are nearer to, or
partially within, membership functions for running than to
other membership functions, such as those for walking or
biking. The activity of skipping may then be evaluated as
being similar to a running activity.

[0183] An example of determining similarity is depicted
graphically in FIGS. 5A through 5C. In this example, features
530-1, 530-2. . . . 530-n represent a set of features measured
by the health monitor for an activity thatis non-recognizable.
The activity may be determined to be non-recognizable,
because the measured features do not provide a percent con-
fidence level that would give a definite match to either of the
activities represented by the membership functions M, or M,.
In this example, feature 530-1 does not fall within a member-
ship function M, ; or M, ;. Measured feature $30-2 does fall
within a membership function M, , for the first activity,
although the confidence level of featured 530-2 is low within
this membership function. Measured feature 530-7 does lie
well within the membership function M, ,,, but the combined
confidence of all the features for this activity may remain too
low to provide a definite match fo either activity M, or M,.
According to some embodiments, a health monitor may
determine that the measured features 530-1, 530-2, . .. 530-n,
as depicted in the example, are most similar to an activity
represented by the membership functions M, ;, M, ,, and
M, ,,. As can be seen from the graphs, these measured features
are nearer to the membership functions for the first activity
than they are to the membership functions for the second
activity.

[0184] In other embodiments, a health monitor may calcu-
late a distance between one or more measured features, for
example, 540-1, and the nearest membership functions. The
health monitor may determine which membership functions
for an activity are closest to the measured features for the
non-recognizable activity. If it is found that the measured
features are nearer to membership functions for one activity
than any other activity, then the health monitor may determine
that the non-recognizable activity is similar to a recognizable
activity for which the membership functions are nearest to the
measured features for the non-recognizable activity.

[0185] According to some embodiments, an activity which
is determined to be non-similar to any other activity may have
a feature set for which the data does not fall within any
membership function of any recognizable activity, or falls
below a predetermined threshold value. An example of a
non-similar activity is also depicted in FIGS. 5A through 5C.
In this depiction features 540-1, 540-2, . . . 540-n represent
measured features for an activity that may be determined 619
to be non-similar to any recognizable activity. In this case, the
measured features all fall outside of membership functions
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for recognizable activities. For example, none of the mea-
sured features 540-1, 540-2, . . . 540-» fall within a membet-
ship function for a recognizable activity. According to some
embodiments, a health monitor may determine such an activ-
ity to be non-recognizable and non-similar to a recognizable
activity.

[0186] According to some embodiments, when a non-rec-
ognizable activity is found to be not similar to a recognizable
activity, then a health monitor may assign 622 an unknown
activity type forthe activity. In some embodiments, a reserved
character designation or bit sequence may be used for
unknown activity types. For example, a bit sequence of all
zeros (0000) may be assigned for an unknown activity type,
though any other designation may be used. The reserved
designation may later be used by the health monitor to iden-
tify periods of time in which unknown activities were per-
formed, e.g., for subsequently prompting the user to identify
the activity for that period of time.

[0187] Referring again to FIG. 7A, after recognizing an
activity or determining whether an activity is similar to a
recognizable activity or is not similar to a recognizable activ-
ity, the health monitor may determine an intensity value for
the activity. The determination 625, 626 of an intensity value
may be done in any suitable manner, as described above for
example. In some embodiments, motion data may be used to
determine an intensity value for an activity. For example,
motion data may be processed to determine a speed or rate at
which an exercise is being performed, and an intensity value
may be based upon or proportional to the determined speed or
rate. In some embodiments, a motion waveform characteristic
of an activity may be Fourier transformed to determine spec-
tral power for the waveform. In some implementations, raw
acceleration data may be squared and integrated, for example,
to provide a value of spectral power. An intensity value for the
activity may be based upon (e.g., proportional to) the mea-
sured spectral power. Additionally or alternatively, in some
embodiments, determination of an intensity value may be
based at least in part upon physiological data. For example,
heart rate data (e.g., R-R interval) and/or respiratory rate data
(e.g., encoded on R-waves over multiple beats) may be used
to determine an intensity value for an activity. As just one
example, based upon a repetition rate and/or physiological
data (e.g., heart rate, respiratory rate), a health monitor may
associate or assign running at a pace having an equivalent
heart rate and respiratory rate to the activity.

[0188] According to some embodiments, for non-recogniz-
able activities, determination 626 of an intensity value for the
non-recognizable activity may further comprise, for example,
multiplying an intensity value determined for a similar activ-
ity based upon physiological data by a scaling factor. This
may be implemented, for example, because the activity is not
positively identified and is instead judged to be similar to a
recognizable activity and is assigned an intensity value based
upon the similarity and/or physiological data. The determi-
nation of an intensity value may be initially similar to or the
same as a process used for the corresponding recognizable
activity, but may then be scaled by a factor less than 1, accord-
ing to some embodiments. In some embodiments, the scaling
factor may be a constant value, or may be inversely propor-
tional to a level of confidence in a match between the non-
recognizable activity and associated recognizable activity. In
some embodiments, the intensity value may be a reduced
value compared to an intensity value for a recognizable simi-
lar activity. For example, the reduced value may comprise a
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scaling factor having a value of between about 50% and about
80% in some embodiments. In other embodiments, other
values may be used for the scaling factor. Scaling the intensity
value for a non-recognizable but similar activity can alter
whether or not the activity is eligible to receive health credits.
[0189] If it is determined 619 that the received activity is
not similar to a recognizable activity, the system may assign
622 an unknown activity type value to the detected activity.
The system may further assign 627 an intensity value to the
unknown activity type, in some embodiments. According to
some implementations, the intensity value may be deter-
mined from one or a combination of: repetition rate, heart
rate, and respiration rate. In some implementations, the
assignment may additionally or alternatively be based on
acceleration data, e.g., repetition rate, detected speed, and/or
power spectra of acceleration data. After concluding process-
ing of data for an activity that is not recognizable, the system
may proceed to the step of determining 630 whether the
similar activity or unknown activity type is continued for a
minimum creditable time unit.

[0190] Referring now to FIG. 7B, an example embodiment
of a sub-process of determining health credits 660 is depicted.
The example method may be used to determine health credits
using motion data only, e.g., in embodiments where a health
monitor may include motion detectors but lack physiological
sensors. As depicted, the sub-process 660 may comprise an
act of receiving 662 activity type data. The activity type data
may, for example, comprise an identifier for an identified
activity type and include an intensity level that was deter-
mined by the health monitor for the identified activity type.
The sub-process 660 may further include looking up 664
metabolic equivalents (METs) for the activity type based at
least in part on the determined intensity level at which the
activity was performed. According to some embodiments, the
METs may be determined from a lookup table as depicted in
FIG. 8A.

[0191] The METs may provide a measure of calories
burned per kilogram per unit time for the activity type and the
activity intensity. In various embodiments, the METs may be
obtained from a recognized compilation of metabolic equiva-
lents for various activity types and intensities. An example
compilation of METs can be found in “2011 Compendium of
Physical Activities: A Second Update of Codes and MET
Values,” by Barbara E. Ainsworth et al., published by the
American College of Sports Medicine, the entire contents of
which are incorporated herein by reference.

[0192] According to some embodiments, a lookup data
table 802 may comprise at least activity type data 810, inten-
sity data 812, and metabolic equivalents data 814. For the
example shown, the lookup table includes data for varying
intensity levels of running and aerobics. The lookup data table
may further comprise data for resting. In the example
depicted, the data is represented as binary data, though in
other embodiments any method to represent the data may be
used.

[0193] According to some embodiments, once the activity
type and intensity have been determined, they may be used to
look up the METs in the metabolic equivalents data table 8§02.
For example if the activity type is determined to be running,
it may be represented by the binary sequence (0110). If the
activity intensity is found to be representative of the subject
running between 6 to 8 mph, the intensity level may, for
example, be represented by a binary sequence (01000) rep-
resenting 8 mph. The health monitor may then, using the
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activity type (0110) and intensity level (01000), use these
values to search the metabolic equivalents data table 802 to
find the associated metabolic equivalents (01011) for the
activity. In this example, the number of METs for the identi-
fied activity would be 11 (METs). In some embodiments the
METs may be rounded off to the nearest integer in the data
table to reduce data storage space. In other embodiments
fractional values may be stored in the data table, though this
might require more memory on the health monitor.

[0194] Once the metabolic equivalents are determined, the
health monitor may calculate 665 a caloric burn rate for the
subject. The computation of caloric burn rate may, for
example, include multiplying the METs by the weight of the
subject. In some embodiments, the computation of caloric
burn rate may further include converting units of time to
minutes. Although FIG. 8A shows an illustrative example of
a lookup data table 802 that may be used to determine METs
and caloric burn for an activity according to some embodi-
ments, other methods may be used to determine caloric burn
and/or metabolic equivalents in other embodiments.

[0195] According to some embodiments, caloric burn may
be computed using a combination of cardiac data and motion
data. In some implementations, caloric burn rates may be
computed for a subject that is walking or running using car-
diac and motion data, and the obtained burn rates may be used
as calibration values to estimate caloric burn rates for other
activities.

[0196] For example, caloric burn may, in some embodi-
ments, be computed more accurately based upon a subject’s
VO, max level and heart rate, rather than estimating caloric
burn from heart rate data and a subject’s weight, age, and
exercise duration or from motion data and METs conversion.
For example, when a subject’s VO, max level is known,
caloric burn may be computed with improved accuracy from
the following expression.

Cal=14.34[C +C,HR+C;VO,+C,W+Cs/4]T 3)

where HR represents measured heart rate (in units of beats/
min) of the subject during the performed activity, VO, repre-
sents a VO, max value (in units of mL kg™' min™") for the
subject, W represents the subject’s weight in kilograms, A
represents the subject’s age in years, and T represents the
duration of the exercise in hours. The constants C, in EQ. 3
have been determined empirically for populations of subjects,
and differ for male and female subjects. According to some
embodiments, the constants C, may have values shown in
Table 1. In some embodiments, other values may be used for
the constants C,, that are more specific to the subject, e.g.,
determined from a population study for which the subject has
greater commonality with the studied population.

TABLE 1
constant male female
C, -95.7735 -59.3954
Cy 0.634 0.45
Cy 0.404 0.380
Cy 0.394 0.103
Cs 0.271 0.274

[0197] Insome cases, a user of a health monitor may enter
their VO, max value if they know its value. However, in most
cases, a user does not know their VO, max value. In some
cases, a value of VO, max for a subject may be determined
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from the following equation, for example, though other
expressions may be used to compute VO, max in other
embodiments.

Vo= -y p, )
HRXT,
[0198] EQ. 4 has been shown to provide an accurate esti-

mate of VO, max for a population of subjects. (See, Weyand,
P. G. et al., J. Appl. Physiol. 91: 451-458, 2001.) In this
expression, T, represents foot contact time during running
and the heart rate (HR) is determined during a period of time
during which the foot contact time is approximately constant.
A health monitor that includes an accelerometer located
below the knee may be able to determine foot contact time in
some embodiments. The quantities m; and b, may be gender
specific and have values shown in Table 2. In some embodi-
ments, other values of m, and b, may be used that are more
specific to the subject, e.g., determined from a population
study for which the subject has greater commonality with the
studied population.

TABLE 2
oy b
male 344 11.1
female 309 10.3

[0199] Insome implementations, foot contact time may be
determined from speed of a subject, for example, when an
accelerometer is located at a location other than below the
knee. It has been found that foot contact time T, and speed S
are linearly related according to the following expression.

S=myI~b, (©)

The values m, and b, depend upon whether the subject is
running or walking and may have values shown in Table 3. In
some embodiments, other values of m, and b, may be used
that are more specific to the subject, e.g., determined from a
population study for which the subject has greater common-
ality with the studied population.

TABLE 3
o, b,
walking 3.15 945
Tunning 2.58 258

[0200] Insome embodiments, a value for T, may be deter-
mined according to EQ. 5, for example, from accelerometer
data generated by a health monitor attached to a moving
subject. The health monitor may be configured to identify a
running activity of the subject as described above and the
subject’s speed. The health monitor may use the value of T,
computed according to EQ. 5 in EQ. 4, for example, and a
detected heart rate HR recorded during the activity interval of
the subject for which T_ was computed to compute a value of
VO, max according to EQ. 4 for the subject. The computed
value of VO, max may then be used in EQ. 3 to calculate a
caloric burn for the subject. Basing caloric burn on calculated
VO, max in this manner can improve the accuracy of com-
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puted health credits as compared to metrics based on only
heart rate or accelerometer data.

[0201] According to some embodiments, a value of VO,
max may be computed automatically by the health monitor
for a subject at regular intervals (e.g., daily, weekly,
bi-weekly, etc.), so that the accuracy of computed caloric burn
that is based upon VO, max (e.g., computed according to EQ.
3) is updated regularly. Caloric burn may, for example, be
computed using updated values of VO, max and EQ. 3 for
various types of activities, whether or not the activities are
recognizable, according to some embodiments.

[0202] Referring again to FIG. 7B, after caloric burn rates
have been computed, the sub-process 660 may further com-
prise determining 667 health credit for the activity. In various
embodiments, the health credit may be determined based
upon at least the caloric burn rate that was maintained during
a measured time interval for the activity. The health credit
may be further based upon guidelines established by a health
entity. For example, the Center for Disease Control and World
Health Organization have determined that an exercise level
vielding a caloric burn rate between about 3.5 kcal/minute
and about 7 kcal/minute is found to be a first level of health-
beneficial exercise. Accordingly, a health monitor may, for
example, be configured to measure and process activity data
in approximately one-minute time intervals, and give one
health credit for each one minute of exercise at which the
caloric burn rate falls within this range of caloric burn rates.
The CDC and WHO have also found that exercise yielding
caloric burn rates greater than about 7 kcal/minute provides a
second level of health-beneficial exercise. Accordingly, a
health monitor may, for example, be configured to give two
health credits for each minute of exercise during which the
caloric burn rate is equal to or greater than about 7.0 kcal/
minute. In some embodiments, activities yielding a caloric
burn rate below 3.5 keal/minute may be awarded no health
credits. In other embodiments, activities yielding a caloric
burn rate below 3.5 keal/minute may be awarded a partial
health credit, for example, one-half credit. Other credit
amounts and ranges of caloric burn rates may be used in other
embodiments.

[0203] As may be appreciated from EQ. 3, in some embodi-
ments it may not be necessary to identify an activity type to
determine caloric burn and health credits. For example, an
updated value of VO, max for a subject and a heart rate
measured during an activity may be used to determine caloric
burn rates for the subject for that activity. In some embodi-
ments, a health monitor may, for a subject’s convenience,
identify or attempt to identify the activity performed. FIG. 7C
is an illustrative example of an alternative method for deter-
mining health credits for a subject.

[0204] According to some embodiments, a method 660-a
for determining health credits may comprise receiving 662-a
activity data for running and analyzing the activity data to
determine 662-5 a current value of VO, max for a subject. The
value of VO, max may be determined using values of heart
rate and speed in EQS. 4 and 5, for example. A method 660-a
may further comprise subsequently receiving 664-a activity
data for a recognizable or non-recognizable activity per-
formed by the subject. The activity data may include R-R
intervals and/or cardiac waveform data from which a heart
rate of the subject during performance of the activity can be
determined. According to some embodiments, caloric burn
rates may be computed 665-a for the activity, for example,
using EQ. 3. In some implementations, a health monitor may
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also evaluate a power spectra of accelerometer data to verify
that the heart rate is associated with physical activity pet-
formed by the subject. Health credits may be determined 667
from the calculated caloric burn rates and added 669 to an
activity buffer, according to some embodiments.

[0205] Although VO, max may be computed from EQ. 4
based on running, in some embodiments, it may be computed
from a different equation or set of equations based on another
activity in other embodiments.

[0206] Equations other than EQ. 3 may be used, in some
embodiments, to compute caloric burn and health credits. For
example, the following equation may be used in some imple-
mentations.

Cal=14 34[C +CoHR+Cy W+ CyA]T (6)

For this expression, the values of the constants C,, may be as
shown in Table 4. According to some embodiments, EQ. 6
may be calibrated for a subject using EQ. 3 to adjust some of
the constants, e.g., C, and C;, so that the caloric burn is
approximately the same for the two equations. In some
embodiments, other values for the constants C, may be used
that are more specific to the subject, e.g., determined from a
population study for which the subject has greater common-
ality with the studied population.

TABLE 4
constant male female
C, -55.0969 -20.4022
C, 0.6309 0.4472
Cy 0.1988 -0.1263
Cy 0.2017 0.074

[0207] Asmay be appreciated, a health monitor may award,
or not award, health credits on a continual basis as exercise is
being performed. For example, activity data may be streamed
to the processor that analyzes the data on a continual basis to
compute health credits. In various embodiments, the deter-
mination 660 of health credits may be made on a minute-by-
minute basis, though any suitable time interval may be used.
[0208] As the activity data is produced and analyzed and as
the health credits are accumulated, the health monitor may
generate a stream of health credit data 805, as depicted in FIG.
8B. The health monitor may temporarily store 669 the health
credit data to an activity buffer. An example of an activity
buffer 910 is depicted in FIG. 9A. The health monitor may, in
some embodiments, further add 669 an indicator of activity
type associated with any awarded health credit to the health-
credit data stream 805.

[0209] The health-credit data stream 805 may, as just one
example, comprise aseries of bit sequences that are generated
by the processor 110 and stored to temporary memory. The bit
sequences may include at least two bit sequences having M
bits and N bits for each data entry 820 in the stream 850. In
some embodiments, each data entry §20 may contain infor-
mation about the awarded health credit for an activity per-
formed during the particular time interval, and may not
include an activity identifier. In the example shown, two bits
are used to represent the health credit value and four bits are
used to represent the activity type. Accordingly there may be
four values associated with health credit (e.g., 0, 1, 2, 3), and
eight values that may be used to identify different activity
types for the embodiment shown. For the example shown in
FIG. 8B, at least two activity types were identified during the
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generation of the health-credit data stream 805. The first
activity type is represented by the bit sequence 0110, which
corresponds to a running activity type according to the
example shown in FIG. 8A. A second activity type, having the
bit sequence 0001, corresponds to a resting state of the sub-
ject. During the filling of the buffer for two time intervals, the
subject is awarded one health credit for the running activity,
and during one time interval the subject is awarded two health
credits for the running activity. No health credits are awarded
during the resting interval. Other embodiments may use more
or fewer bits to represent health credit and activity type and
may include additional or less information in each data entry
820. In some embodiments, activity type may be identified
only at the start or conclusion of an extended time interval
over which the activity was performed.

[0210] After adding 669 health credits and activity type to
the activity buffer, the health monitor made determine 670
whether the activity buffer is full. The activity buffer may be
any suitable size and contain a plurality of data entries §20.
The activity buffer may, for example, be sized to contain
between 5 and 100 health-credit data entries 820. According
to some embodiments, the activity buffer contains at least 10
health-credit data entries, and in some implementations may
contain at least 20 data entries. FIG. 9A depicts an activity
buffer 805 that contains 20 data entries where each data entry
comprises a health credit value and an activity identifier,
according to some embodiments. When it is determined 670
that an activity buffer is full, the activity buffer may be copied
to additional storage, so that the copied contents of the activ-
ity buffer may be analyzed. In some embodiments, after the
activity buffer is copied, the activity buffer may be erased or
it may be overwritten with subsequent health-credit data.
[0211] In various embodiments, the size of the activity
buffer 910 is small, so that it does not consume significant
memory available at the health monitor, and so that the pro-
cessor can readily process and compile the data between each
refilling of the buffer. In some implementations, processing
the data comprises reducing the data into a summary, so that
the amount of memory required at the health monitor to store
health-credit data and a record of activity is less than would
otherwise be required to store data for every minute of opera-
tion of the health monitor.

[0212] Once the data from the activity buffer 910 has been
analyzed, the health monitor may store 690 a summary of the
activity buffer data. According to some embodiments, the
summary of the activity buffer data reduces the amount of
data represented in a filled activity buffer. The summary ofthe
activity buffer data may form an on-board stored data stream
860 as depicted in FIG. 8C, according to some embodiments.
The on-board stored data stream may comprise timing data
850, health-credit data 852, enhanced health-credit data 854,
and activity type data 856, according to some embodiments.
The on-board stored data stream 860 may comprise more,
fewer, or different types of informational data in other
embodiments. In some implementations, health-credit data
852, enhanced credits 854, and activity type data 856 may
correspond to the analysis of at least one filled activity buffer
910. As the activity buffer 910 is repeatedly filled and ana-
lyzed, additional health credit, enhanced credit, and activity
type data may be added to the on-board stored data stream
860.

[0213] In some implementations, timing data 850 may be
added only to the beginning and/or end of the on-board stored
data stream 860. In some cases, timing data 850 may be added
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at the beginning or end of each activity data summary corre-
sponding to the analysis of one filled activity buffer 910. The
timing data 850 may be used, for example, to keep track of
when, and for how long, an activity was performed. In some
embodiments, where the activity buffer 910 spans a fixed
duration of time, each activity summary entry in the on-board
stored data stream 860 represents a known duration of time. In
such embodiments, timing data 850 may not be needed
between each activity summary entry. Instead, the duration of
an activity may be determined by the number of sequential
entries in the on-board stored data stream 860. In some imple-
mentations, timing data 850 may be entered into the on-board
stored data stream after breaks in activity, for example, when
the health monitor is idle for a period of time or shutoff for a
period of time.

[0214] Referring again to FIG. 9A, one embodiment of a
filled activity buffer 910 is depicted. The example activity
buffer shown spans 20 time intervals, and a data entry for each
time interval includes two pieces of information (health credit
values and activity type). For the example shown, the first data
entry 912 indicates that a first activity type that is identified by
the bit sequence (0110) (e.g., running according to the
example of FIG. 8A) received a health credit value of 1
(represented by the bit sequence (01)). The filled activity
buffer 910 shows that the first type of activity was maintained
for five time intervals. In the third time interval, represented
as the third entry 914, the intensity level at which the subject
performed the activity was increased, so that the subject
received two health credits for the activity during that time
interval. Two health credits were also awarded during the
fourth timeinterval. In the sixth time interval, a second type of
activity, defined by the bit sequence (0011) was performed by
the subject. This activity (e.g., walking) received no health
credit. For example, the walking may have been at too slow a
pace or may not have lasted for the full time interval. In the
following time interval, the subject was in a resting state,
represented by the bit sequence (0001). In the following three
time intervals, the subject transitioned between a running
state at a slow speed, which received no health credit values,
and the walking state, which also received no health credits.
During the eleventh time interval, represented by the eleventh
data entry 918, the subject performed an activity which was
not recognized by the health monitor. In this example, a
non-recognized activity may be given a bit sequence of all
zeroes. During this time interval, the subject may have exhib-
ited some activity, such as stretching, but the health monitor
could not determine or identify the type of activity, and/or the
subject’s heart rate may have been insufficient to award health
credits.

[0215] During the fourteenth time interval, represented by
the data entry 920, the subject exhibited appreciable activity
that was not recognized by the health monitor. For example,
the motion data and/or physiological data may have indicated
that there was significant motion by the subject and an
increased heart rate indicative of a high caloric burn rate.
However, the health monitor could not determine identified
the activity type. For example, during this period the subject
may have been performing calisthenics or some type of
warming-up exercise. Because of the detected motion and
physiological data, the health monitor may be configured to
award the subject a partial health credit or more. In some
embodiments, a partial health credit may be indicated by the
bit sequence (11), or another special bit sequence. In some
cases, a partial health credit may be one half of a health credit.
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In the fifteenth time interval, the subject performed a different
activity type identified by the bit sequence (1001), e.g., bik-
ing. The subject then biked at a moderate activity level, and
subsequently increased to a vigorous activity level for the
following two time intervals. At the eighteenth time interval,
represented by the data entry 924, the subject stopped tem-
porarily receiving no health credits. During this time interval,
for example, the subject may have been stopped by a traffic
light. The subject then resumed biking for the remaining two
time intervals as recorded in the activity buffer 910.

[0216] According to some embodiments, a filled activity
buffer 910 may be analyzed to determine a total number of
health credits received from the filling of the activity buffer, a
number of enhanced health credits (EHCs) received, and/or to
identify the predominant activity that occurred during the
filling of the buffer. In some cases more than one activity type
may be recorded with the analysis of the filled activity buffer
910. An analysis of a filled activity buffer 910 may result in an
activity summary data entry 930, as depicted in FIG. 9B, that
may be stored in longer term memory on the health monitor.
[0217] The activity summary data entry 930 may, for
example, be one entry thatis added to the on-board stored data
stream 860 depicted in F1G. 8C. As described above, the data
entry may include health credit data 852-x, enhanced health
credit data 854-», and activity type data 856-». The health
credits may be determined by summing the total number of
health credits received during the filling of the activity buffer
910. In the example shown, the total number of health credits
received during the 20 time intervals amounts to 15 health
credits, which is represented by the bit sequence (001111). In
the example shown, no enhanced credits were awarded.
[0218] In some embodiments, the health monitor may be
configured to determine a predominant activity that was per-
formed during the filling of the activity buffer. In some cases,
the predominant activity may be an activity that was per-
formed for the greatest number of time intervals within the
activity buffer 910. In some implementations, the predomi-
nant activity may be determined as the activity receiving the
most health credits during the filling of the activity buffer 910.
In the example shown, the predominant activity is selected to
be the activity for which the greatest number of health credits
were received, which is biking in this example.

[0219] By compiling the filled activity buffer 910 into an
activity summary data entry 930, the amount of data stored on
board the health monitor may be appreciably reduced. In the
example shown, one-hundred and twenty bits that are
required for the filled activity buffer 910 may be reduced to
fourteen bits for the activity summary data entry 930, repre-
senting abouta 10:1 data reduction. Accordingly, activity data
can be monitored and analyzed at a high resolution, e.g,,
every minute, and meaningful information about the activity
can be stored with significant data reduction. Additional data
compression algorithms may additionally or alternatively be
used to further compress the activity summary data entry in
some embodiments. Data compression may be desirable so
that longer intervals of time can be analyzed and recorded
between downloadings of data from a health monitor that may
require some manual interaction from the user.

[0220] Insome implementations, analysis of a filled activ-
ity buffer 910 may further comprise tabulating carry time data
952 and carry credit data 954 as depicted in FIG. 9B. The
carryover data 950 may be used, for example, for purposes of
determining enhanced health credits 854-n, as will be
explained in further detail below. As described above,
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enhanced health credits 854-r may be awarded when an activ-
ity is performed at or above a health-creditable intensity level
continuously for a duration of time that spans multiple time
intervals recorded in the activity buffer 910. For example,
enhanced health credits may be awarded when an activity
receiving health credits is performed continuously for at least
10 minutes in some embodiments, or at least 20 minutes
according to some embodiments. In other embodiments, a
time interval for receiving EHCs may be longer than or
shorter than 20 minutes.

[0221] The determination of enhanced health credits 850-»
may be carried out when the filled activity buffer 910 is
analyzed. According to some embodiments, the health moni-
tor may review each successive data entry in a filled activity
buffer 910 to determine a number of successive data entries
and time intervals that have received at least a partial or more
health credits. If the number of successive data entries receiv-
ing a partial or more health credits is greater than a threshold
number, then enhanced health credit may be awarded to the
subject. As an example, each data entry in a filled activity
buffer 910 may be representative of an activity performed for
a time duration of one minute. If the filled activity buffer
shows 20 data entries each receiving at least a partial health
credit or at least one credit, then an enhanced health credit
may be awarded to the subject. For the example and as shown
in FIG. 9A, some data entries received no current health
credits, and therefore an enhanced health credit is not
awarded in this example.

[0222] Enhanced health credits can provide an additional
piece of information about a subject’s exercise regimen. For
example, enhanced health credits can be used to readily deter-
mine whether the subject’s exercise is piecemeal or extensive.
Enhanced health credits can also provide a qualitative evalu-
ation of a subject’s overall fitness. For example, a subject that
can sustain a health-creditable activity for an extended period
of time would have a higher level of fitness than a subject who
cannot and receives no enhanced health credits.

[0223] The awarding of enhanced health credits can be
executed in any suitable manner. In some embodiments,
enhanced health credits are awarded for each extended time
interval that an activity is performed. For example, one EHC
may be awarded for each twenty-minute extended interval
that health-creditable exercise is continuously performed. In
other embodiments, enhance health credits 854-n may be
awarded for each health credit received during the extended
period of exercise. For example, if during a twenty minute
extended period of exercise a subject receives twenty four
health credits, then the subject may receive 24 enhanced
health credits. In some embodiments, separate point systems
may be used for health credits and enhanced health credits. In
yet other embodiments, the enhanced health credits 854-n
may be representative of a percentage of the total health
credits 852-n that received enhanced health credit. For
example, during a twenty minute exercise interval a subject
receives twenty eight health credits of which twenty one are
enhanced health credits, then the enhanced credit value 854-»
may represent a value of approximately 75%. In some
embodiments, a percentage value may be rounded to the
nearest 10’s value.

[0224] As may be appreciated, extended intervals of activ-
ity may span more than one filled activity buffer 910. In the
example shown in FIG. 9A the first activity, running, ended
during the filling of the activity buffer, and a second activity,
biking, began during the second half of filling of the activity
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buffer 910. For such cases, carry forward data 950 may be
stored and used by a health monitor to carry forward, to the
next filling of the activity buffer 910, information about an
activity that was performed for an extended period of time
during a previous filling of the activity buffer that could count
toward enhanced health credits.

[0225] For the example of FIG. 9A, an extended period of
time (from the sixth data entry 916 to the thirteenth data entry)
passed during which no health credits were received. Accord-
ingly analysis of the filled activity buffer 910 would yield no
enhanced health credits. However, at the fifteenth time inter-
val the subject began the activity identified as (1001), biking,
which persisted until the end of the filled activity buffer 910,
except for a brief interruption represented by the data entry
924. According to some embodiments, the health monitor
may be configured to ignore the brief interruption, so that the
biking activities may be carried forward as a continuous
sequence of time intervals during which health-creditable
activity was continuously performed. For this example, the
carry time data 952 would reflect five time intervals that
would count toward an extended time interval for the next
filling and analysis ofthe activity buffer. For example, the five
time intervals could be added to an extended time interval,
commencing from the beginning of the next filling of the
activity buffer, that could be eligible for receiving enhanced
health credits. Carry credit data 954 may also be recorded to
reflect the amount of health credits received during the carry
time. In this example, eight health credits were awarded dur-
ing the carry time.

[0226] The carry forward data 950 may be stored in a buffer
temporarily, or may be stored in longer-term memory accord-
ing to some embodiments. In some implementations, the
carry forward data 950 may be erased or overwritten for each
filling of the activity data buffer. The carry forward informa-
tion 950 may comprise fewer or more bits than shown in FIG.
9B, according to some embodiments.

[0227] According to some embodiments, the health moni-
tor may be tolerant of brief interruptions in exercise when
determining whether or not enhanced health credit should be
awarded to a subject. As described above in connection with
FIG. 9A, the data entry 924, representing an interruption in
biking activity (e.g., being stopped by a traffic light), may be
ignored by the health monitor when determining that the
sequence of time intervals extending from the fifteenth to the
twentieth time intervals were effectively continuously per-
formed as health-creditable activity. In some embodiments, a
health monitor may review the data entries in a filled activity
buffer to determine the number of sequential data entries
receiving no health credits. If the number of successive data
entries receiving no health credits are fewer than a threshold
number, then these data entries may be ignored when deter-
mining whether the activity surrounding these data entries
were performed effectively continuously as health-creditable
activity. According to various embodiments, the threshold
number may be any value between zero and six, though
higher numbers may be used depending on the time span of
each data entry 912. As just one example, and referring again
to FIG. 9A, the threshold number may be three. Accordingly,
the data entries for the six through thirteenth time intervals
represent a definite cessation of health-creditable activity.
Any carry time occurring before this cessation would be
nullified or not added to an extended interval occurring after
the cessation. However, the data entry 924 represents an inter-
ruption (less than three intervals) that can be ignored by the
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health monitor for purposes of determining enhanced health
credit. Any carry time and/or or extended time occurring
before the interruption can be added to an extended activity
interval occurring after the interruption for purposes of deter-
mining enhanced health credits.

[0228] In some embodiments, a time interval receiving a
partial health credit may be treated as a time interval that
receives no health credit for purposes of determining
enhanced health credit. For example, a time interval receiving
a partial health credit may count towards a cessation or inter-
ruption in activity. In other embodiments, a time interval
receiving a partial health credit may be treated as a time
interval receiving one or more health credits for purposes of
determining enhanced health credit. For example, a time
interval receiving a partial health credit may count towards an
extended time interval during which health-creditable activ-
ity is performed.

[0229] It will be appreciated that health credits may be
converted to step counts, in some embodiments, for compari-
son with legacy systems. For example, health credits that are
determined from caloric burn rates can be expressed in terms
of METs. From the METs value, a walking speed may be
determined for a subject, and from the walking speed and
subject’s gate (as may be determined with the motion sensor),
equivalent steps taken during an exerciseinterval to obtain the
same METs result may be determined. In some embodiments,
a health monitor may be configured to accumulate equivalent
steps for all activities performed by the subject that receive
health credits.

[0230] VI. Additional Aspects of Processing Activity Data
[0231] Determining parameters, such as distance and speed
of a walking or running person, that accurately represent a
detected activity may be difficult without proper calibration
techniques. Thus, in some embodiments, to ensure that a
health monitor 100 provides data that accurately reflects vari-
ous parameters associated with a detected activity, activity-
dependent calibration factors may be employed, e.g., such
factors may be used by an activity engine 340-m when com-
puting activity-related data from data received from motion
detection and preprocessing circuitry. Activity-dependent
calibration factors for each activity may, for example, be
maintained and updated in memory 120.

[0232] In some implementations, calibration factors may
be used in one or more equations used by an activity engine
340-m to compute a measure of intensity of the activity. An
example of such an implementation is disclosed, for example,
in U.S. Pat. No. 4,578,769 (incorporated by reference above)
which describes deducing a runner’s speed based upon foot
contact time that is detected by a sensor placed in footwear. In
some embodiments, there may be a number of different cali-
bration factors needed for a health monitor configured to
recognize a number of different activity types. Such calibra-
tion factors may, for example, be determined ahead of time,
e.g., through laboratory testing and experimentation, and then
loaded into memory 120 of a health monitor 100 prior to its
use.

[0233] In some embodiments, calibration may be per-
formed in conjunction with a user’s review of the data and
user input. For example, a user may jog for 2.0 miles and
record a time, 14 minutes, 0 seconds (14:00), that ittook tojog
the two miles. A health monitor may, for example, use a
pre-defined calibration technique to identify the activity as
running and the activity engine 340-» may compute a run-
ning pace of 6:50 minutes/mile. In such an implementation,
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the user may then, via a computer-based interface with the
health monitor, execute a calibration routine wherein the user
may first select the identified activity and computed pace, and
then enter a known pace for the activity. The system may then
adjust or replace an internal calibration factor used by the
health monitor 100 with a new calibration value for that
activity. In this manner, calibrations for various activities can
be made specific to individual users of the health monitor,
which may improve the accuracy of the device for each user.

[0234] Insome embodiments, a health monitor 100 may be
additionally or alternatively configured for automatic calibra-
tion or self-calibration for one or more activities. Such cali-
bration routines may be executed for one or more recogniz-
able activities. As just one example, self-calibration for
running will be described. When a health monitor includes an
accelerometer that is placed on the foot or ankle, the acceler-
ometer will temporarily come to rest along the direction of
running (taken as x-directed in this example) as the foot plants
on the ground. When the foot is planted, the x-directed veloc-
ity of the accelerometer is zero, and this can serve as a refer-
ence point for calibration. When the foot next plants, the
x-directed velocity returns again to zero. By integrating the
x-directed acceleration data twice, a distance between the two
suiccessive foot plants can be determined. The distance may
be corrected using y- and z-directed acceleration values, since
the orientation of the accelerometer changes as the foot
moves forward. Once the distance is determined, a time
between the foot plants may be determined from an internal
clock of the processor 110, for example. The time and dis-
tance may then be used to calculate a velocity ofthe runner, or
walker. The velocity may be determined from two successive
foot plants, or more to obtain an averaged value, and the
process of determining velocity may be repeated at separated
intervals of time. In some embodiments, the calculated veloc-
ity may be used to update or correct internal calibration values
used by a health monitor 100. For example, the calculated
velocity may be used to correct a calibration value used for
estimating running speed based on foot contact time.

[0235] Calibrations may additionally or alternatively be
used by the health monitor in a different manner, and such
calibrations may be referred to as location-dependent calibra-
tions. For example and with regard to running or walking
without being limited to only these activities, when a health
monitor 100 is placed on the ankle or foot, for example, a
more precise measurement can be made of the activity than if
the monitor were worn on the belt or placed in a trouser
pocket. This can be seen, for example, in the raw accelerom-
eter data traces of FIGS. 10A-10C. When the monitor is worn
on the ankle (FIG. 10A), the z and x waveforms are more
pronounced than when the monitor is worn on the belt (FIG.
10B). The timing of the foot strike and/or foot contact time
can be determined more accurately using the data from a
health monitor worn on the ankle or foot.

[0236] Invarious embodiments, a health monitor may addi-
tionally or alternatively be configured to recognize a type of
activity independent of the location of where the motion
sensor is worn, and is further configured to identify where the
motion sensor is worn for the activity. Just as the data traces
of FIG. 10A can be identified as walking by inference engine
320 as described above, the traces of FIG. 10B may be iden-
tified as walking where the motion sensor is worn on a belt,
and the traces of F1G. 10C may be identified as walking where
the motion sensor is located in a pocket. For example, the
traces of FIG. 10B may generate characteristic features f,
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belonging most closely to one or more membership functions
that would identify the activity as “walking, motion sensor on
belt”

[0237] Insome embodiments, when an activity is identified
where a health monitor includes an accelerometer mounted in
a non-optimal location, a different calibration or scaling
value, or values, may be used by activity engine 340-m to
compute one or more parameters associated with the activity,
according to some embodiments. For example, different cali-
bration values may be associated with each identifiable activ-
ity and motion sensor location. In other embodiments, when
an activity is identified where the motion sensor is mounted in
a non-optimal location, information that was gathered from
prior use of the health monitor, when the motion sensor was
mounted in a more optimal location, may additionally or
alternatively be used to infer or estimate parameters of the
activity with the motion sensor in the non-optimal location.
For example, walking data gathered when the motion sensor
is worn on an ankle may be used to determine stride lengths
that correspond to different walking step frequencies or
cadences. Then, when the motion sensor is worn at a non-
optimal location (e.g., a belt or pocket), a detected cyclic
frequency or cadence may, for example, be used in conjunc-
tion with the previously-obtained data to infer or estimate a
stride length for the activity. The estimated stride length may
be user-specific. In some implementations, different calibra-
tion techniques and/or calibration values may be associated
with each identifiable activity and motion sensor location.

[0238] Insomeembodiments, characteristics of an activity
may additionally or alternatively be inferred by a health
monitor from prior high quality data, and an intensity for the
activity may be computed accordingly. Returning again to the
example of FIGS. 10A-10C, the health monitor 100 may, for
example, store in memory 120 or provide for storage in an
external memory device one or more samples of high quality
data (FIG. 10A) when such data is collected and the motion
sensor is worn in an optimal or near-optimal location for
characterizing the activity. In some embodiments, when the
activity is repeated and the inference engine identifies the
activity but with the motion sensor worn in a non-optimal
location (FIG. 10B or 10C), the health monitor may recall
from memory, higher quality data with a cadence that
matches the currently sensed activity. The higher quality data
may, for example, be repeatedly provided to activity engine
340-m for subsequent processing. As the currently sensed
cadence changes, different samples may, for example, be
retrieved from storage. In some embodiments, the samples
retrieved from storage may depend on additional values of the
currently sensed signals other than cadence, e.g., peak values,
widths of peaks, minimum values.

[0239] In some embodiments, a health monitor may addi-
tionally or alternatively provide a measure of confidence
along with data output by an activity engine 340-m. For
example, the monitor may indicate a confidence level in the
recognition of the activity (e.g., >90% confidence, >75%
confidence, >95% confidence), and may also indicate a level
of quality of the data (e.g., best, fair, poor). Confidence may
be determined, for example, by how central each measured
feature characteristic falls within a membership function, or
based upon a calculated value of the cost factor (e.g., value
calculated in accordance with EQ. 2) for an activity, or how
well a measured pattern matches a reference pattern (e.g.,
using a least-means-squared difference algorithm). Quality
of the data may be determined, for example. based upon an
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identified location of the health monitor’s motion sensor
when worn by the user during the identified activity.

[0240] As described above, in some embodiments, the cali-
bration values, characteristic features, membership func-
tions, and/or computation algorithms used by a health moni-
tor 100 may be added and/or revised when the device is
interfaced with a computer via transceiver 140. It should thus
be appreciated that in such embodiments the health monitor
may be personalized to become more accurate for a given
activity, for a given location of sensors being worn, and/or for
aparticular user. For example, when the device detects activ-
ity data that cannot be recognized by the inference engine
320, the device can log the acceleration data, and optionally
physiological data, along with any related characteristic fea-
tures generated from the data, the time, and duration of the
non-recognized activity. In some embodiments, when subse-
quently in communication with an external device having a
user interface, such as a computer, smart phone, PDA, or
similar device, the system may, for example, present a query
to the user to identify the activity, intensity of effort, and/or
location ofthe motion sensor. In such embodiments, the infor-
mation may, for example, be returned to the device, and a new
membership function, features, and/or identification algo-
rithm may be defined for the activity. The membership func-
tion and/or identification algorithm may, in some embodi-
ments, be produced external to the health monitor and
downloaded. In some embodiments, one or more new activity
engines 340-m may additionally or alternatively be added for
the purpose of personalizing a health monitor 100.

[0241] Insome embodiments, a health monitor 100 may be
useful for broad community challenges, allowing for users to
be able to readily compare themselves to each other. A health
monitor may, for example, be used for more accurately handi-
capping users of different performance capabilities. Some
embodiments of the health monitor 100 may, for example,
allow healthcare providers, insurance companies and
employers to more accurately assess fitness levels, exercise
regimens, and health benefits from exercise for individuals,
and provide appropriate incentives accordingly.

[0242] According to some embodiments, a health monitor
may be configured to compute a fitness metric that is indica-
tive of a subject’s overall fitness and/or health level. For
example, a health monitor may collect activity data, which
may include physiological data (e.g., blood oxygenation data,
respiratory data, cardiac data) and health credit data, and
compute a fitness metric from the results using a standardized
algorithm. In some embodiments, the fitness metric may be
representative of a VO, max value for the subject or may bea
recognized or standardized fitness or health index (HI).
According to some embodiments, a fitness metric F,, may be
computed by a health monitor using the following formula.

Foopt 0
n =P R
[0243] In EQ.7, p represents a proportionality constant, P

may represent a pace, or equivalent pace calculated from a
different activity via metabolic equivalents, R may represent
a respiratory rate, and HR may represent a heart rate. The
fitness metric in EQ. 7 has been formulated such that a higher
number indicates a better level of fitness. For example, for a
given pace P, anindividual with a lower respiratory rate R, and
lower heart rate HR will be a healthier or more fit individual,
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since he is able to achieve a same pace more efficiently
(taxing the cardiovascular system by a lesser amount).
[0244] Other fitness metrics may be computed additionally
or alternatively. As just one example, an aerobic fitness metric
F, may be computed from the following equation for a sub-
ject.

F,=1/(T xHR) (3

In this expression, T, represents foot contact time, which may
be determined from running speed according to EQ. 5, and
HR represents heart rate.

[0245] Some embodiments may use other fitness metrics,
or a metric where a lower number, rather than a higher num-
ber, indicates a better level of fitness. Other factors (e.g., body
mass index, blood pressure, blood oxygenation, resting meta-
bolic rate, caloric burn rate, metabolic rate) may be used in
addition to, or alternative to, those shown in EQ. 7 to deter-
mine a fitness metric. In some embodiments, a fitness metric
may further include an assessment of a subjects health credits
and/or enhanced health credits accumulated over a period of
time (e.g., a week, month, several months, a year, etc.) A
fitness metric may comprise a weighted combination of sev-
eral fitness indicators. A fitness index such as that shown in
EQ. 7 or EQ. 8 may provide a snapshot of a subject’s fitness
level and/or health.

[0246] Other fitness metrics may also be determined with a
health monitor that is configured to provide cardiac and
motion data. As just one example, a health monitor may
process activity data to determine when a subject is sitting or
in a prone resting state, and process cardiac data during a
resting state to determine a subject’s resting heart rate (RHR).
[0247] In some embodiments, motion data may be pro-
cessed by the health monitor’s processor to determine when a
subject is in an active state and performing an activity at near
maximum capacity. Performance of an activity near maxi-
mum capacity may be determined, for example, from heart
rate, speed of the subject, and/or repetition rate corresponding
to the activity. In some implementations, a level of activity
near maximum capacity may be indicated by a detected heart
rate that is greater than 75% of'a maximum heart rate detected
for the subject, or greater than 85% of a maximum heart rate
detected for the subject in some embodiments, or greater than
90% of a maximum heart rate detected for the subject in other
embodiments. A health monitor may then be configured to
determine from motion data when the subject stops the activ-
ity and assumes a resting or recovery state. The health moni-
tor may then process cardiac data following the cessation of
the activity to determine a heart-rate recovery time for the
subject. A shorter recovery time may indicate a higher level of
fitness. According to some embodiments, determination of
heart-rate recovery times may be executed automatically by
the health monitor following any performance of an activity
near maximum capacity by the subject.

[0248] According to some embodiments, heart rate vari-
ability (HRV) may be determined by a health monitor during
periods of activities performed at different intensities to
assess levels of stress induced on a subject by the activity.
Less reduction in HRV for higher levels of effort in an activity
may be indicative of a more fit subject. In some implementa-
tions, a health monitor may be configured to record and
process cardiac waveforms for extended intervals of time
(e.g., greater than 30 second intervals) to determine low-
frequency and high-frequency spectral properties of the
waveforms. Low-frequency (LF) components may, for
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example, comprise frequencies between approximately 0 Hz
and approximately 0.15 Hz. High-frequency (HF) compo-
nents may, for example, comprise frequencies between
approximately 0.15 Hz and approximately 0.4 Hz. According
to some embodiments, a ratio of LF/HF spectral power may
be computed during periods of activities performed at differ-
ent intensities to assess levels of stress induced on a subject by
the activity.

[0249] In some implementations, a health monitor may be
configured to evaluate HRV and/or LF/HF spectral power to
assess a condition of a subject. As just one example, a health
monitor may evaluate LF/HF spectral power in the morning
when an athlete has awaken, but is still in a prone position. A
value of the LF/HF spectral power taken at this time may
indicate that the athlete has, or has not, fully recovered from
aprior day’s workout. In some embodiments, a ratio between
about 0 and 0.15 may indicate that an athlete has not fully
recovered from the previous day’s workout. The value may
also be used to indicate, for example, a level of activity that
can be performed by the athlete during the day at a lowered
risk of injury to the athlete.

[0250] As another example, a value of an LF/HF spectral
power ratio may indicate that an athlete has, or has not,
warmed up sufficiently before a more taxing workout. For
example, a LF/HF spectral power ratio calculated by the
health monitor to be greater than 0.4 may indicate that an
athlete has not warmed up sufficiently, and may further indi-
cate that a product of HR*T_ may not be accurate for assess-
ing various fitness parameters. In some implementations, a
value of LF/HF spectral power may be used to assess when
subjects having a particular ailment (e.g., CHF, COPD,
advanced stages of cancer or diabetes, etc.) is in a state of
stress. For example, a ratio between about 0 and 0.15 may
indicate that a patient is in a state of stress.

[0251] One or more fitness metrics or a health index value
may provide ways in which to monitor health conditions of
subjects. For example, certain ailments may adversely affect
a fitness index for an individual. Ailments that can adversely
affect a fitness index include, but are not limited to, COPD,
CHEF, arthritis, dementia, diabetes, depression, PAD, hyper-
tension, and obesity. In type two diabetes (12D) there have
been studies that indicate that an increase in a subject’s VO,
max level directly correlates to reduced dependency in medi-
cation. For COPD patients, a fitness index (e.g., VO, max)
may provide a diagnostic marker showing the stage and
progress of the disease.

[0252] Some studies have shown that physical activity may
help correct a disease state, reduce medication, or delay the
onset or progress of a disease state. The CDC/HHS recom-
mends moderate to vigorous activity about 150 minutes a
week for the normal population. Although some activity
monitors may monitor basic parameters of an activity, many
conventional monitors cannot provide an objective viewpoint
or metric as to how well a patient or athlete is progressing on
their fitness journey. A health monitor configured to compute
health credits and fitness metrics as described above may
provide a convement device for measuring and tracking a
subject’s fitness level on a daily basis.

[0253] There is currently little or no guidance for ailing
individuals as to what level of exercise is most effective for
their condition. Although workout tables have been generated
for various ages, e.g., listing maximum recommended heart
rates by age and gender, these tables do not take into account
disease states or medication regimens for individuals. Thus,
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with regard to exercise-based treatment of an ailments, one
does not know whether the level of exercise is too little to be
effective, or too much to pose an additional health risk. A
health monitor that can be networked can provide data for
large populations of users, from which guidelines for exercise
may be established based on age, gender, ailment, and stage
of ailment. Accumulated statistical data can be used to update
health monitors with recommended exercise guidelines, in
terms of health credits and enhanced health credits in some
embodiments, for various health conditions of a subject.
[0254] When treating an ailment, there may be times where
medication prescribed to treat a disease causes a detrimental
effect on the subject, e.g., lowering the body’s ability to
metabolize oxygen. Monitoring a fitness index that correlates
to blood oxygenation for a subject afflicted with one or more
of these ailments may provide a convenient way to assess
effectiveness of various types of treatment, including exercise
and pharmaceutical therapy, and to track recovery of the
subject. For example, a health monitor that summarizes exer-
cise interms of health credits and/or a fitness index may allow
a physician or individual to see, almost immediately, any
impact a prescribed treatment may have on the human engine
(heart-lung-circulatory system).

[0255] Although the above examples for determining
health benefits are framed primarily in terms of two activity
intensity levels (moderate and vigorous) for determining
health credits and enhanced health credits, other embodi-
ments may use additional or fewer activity intensity levels
and criteria for determining health credits, enhanced credits,
and fitness metrics. For example, a health entity may further
refine intensity levels and criteria standards for evaluating
health benefits from activities, so that the ranges and number
of intensity levels may be altered according to a health entity.
In various embodiments, a health monitor may be readily
reprogrammed to accommodate such changes. Additionally,
gradations of enhanced health credits may be implemented in
some embodiments. For example, different values or point
systems for enhanced health credits may be awarded based
upon one or both of activity intensity and length of extended
duration of the activity. As an example, an additional point
system may be used for health-creditable activities performed
continuously for 40 minutes, for example, so that a subject or
physician can better assess an endurance fitness metric for the
subject.

[0256] Allliterature and similar material cited in this appli-
cation, including, but not limited to, patents, patent applica-
tions, articles, books, treatises, and web pages, regardless of
the format of such literature and similar materials, are
expressly incorporated by reference in their entirety. In the
event that one or more of the incorporated literature and
similar materials differs from or contradicts this application,
including but not limited to defined terms, term usage,
described techniques, or the like, this application controls.
[0257] The section headings used herein are for organiza-
tional purposes only and are not to be construed as limiting
the subject matter described in any way.

[0258] While various inventive embodiments have been
described and illustrated herein, those of ordinary skill in the
art will readily envision a variety of other means and/or struc-
tures for performing the function and/or obtaining the results
and/or one or more of the advantages described herein, and
each of such variations and/or modifications is deemed to be
within the scope of the inventive embodiments described
herein. More generally, those skilled in the art will readily
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appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary
and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or
applications for which the inventive teachings is/are used.
Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, many equiva-
lents to the specific inventive embodiments described herein.
It is, therefore, to be understood that the foregoing embodi-
ments are presented by way of example only and that, within
the scope of the appended claims and equivalents thereto,
inventive embodiments may be practiced otherwise than as
specifically described and claimed. Inventive embodiments
of the present disclosure are directed to each individual fea-
ture, system, article, material, and/or method described
herein. In addition, any combination of two or more such
features, systems, articles, materials, and/or methods, if such
features, systems, articles, materials, and/or methods are not
mutually inconsistent, is included within the inventive scope
of the present disclosure.

[0259] The above-described embodiments of the invention
can be implemented in any of numerous ways. For example,
some embodiments may be implemented using hardware,
software or a combination thereof. When any aspect of an
embodiment is implemented at least in part in software, the
software code can be executed on any suitable processor or
collection of processors, whether provided in a single com-
puter or distributed among multiple computers.

[0260] Inthisrespect, various aspects of the invention, e.g.,
feature generator 310, preprocessor 305, inference engine
320, activity engines 340-m, and data service 360, and versa-
tile sensor networking functionality, may be embodied at
least in part as a computer readable storage medium (or mul-
tiple computer readable storage media) (e.g., a computer
memory, one or more floppy discs, compact discs, optical
discs, magnetic tapes, flash memories, circuit configurations
in Field Programmable Gate Arrays or other semiconductor
devices, or other tangible computer storage medium or non-
transitory medium) encoded with one or more programs that,
when executed on one or more computers or other processors,
perform methods that implement the various embodiments of
the technology discussed above. The computer readable
medium or media can be transportable, such that the program
or programs stored thereon can be loaded onto one or more
different computers or other processors to implement various
aspects of the present technology as discussed above.

[0261] Various aspects of a health monitor described above
may be implemented in hardware, software, firmware, or a
combination thereof. For example, any of the operational
aspects of a health monitor which involve processing data,
handling data, and/or communications may be implemented
as stored machine-readable instructions that are executable
by a microprocessor and embodied on at least one tangible,
computer-readable storage device. The instructions may be
executed or placed in operation on a digital processor of a
health monitor. In some implementations, instructions may
be placed in operation on a central hub or server that operates
in combination with operation of a health monitor.

[0262] The terms “program” or “software” are used herein
in a generic sense to refer to any type of computer code or set
of machine-executable instructions that can be employed to
program a computer or other processor to implement various
aspects of the present technology as discussed above. The
term “processor” may be used to refer to at least one micro-
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processor, microcontroller, or any suitable programmable
logic device including, but not limited to field programmable
gate arrays. Additionally, it should be appreciated that
according to one aspect of this embodiment, one or more
computer programs that when executed perform methods of
the present technology need not reside on a single computer,
processor, or microcontroller, but may be distributed in a
modular fashion amongst a number of different computers,
processors, or microcontrollers to implement various aspects
of the present technology.

[0263] Computer-executable instructions may be in many
forms, such as program modules, executed by one or more
computers or other devices. Generally, program modules
include routines, programs, objects, components, data struc-
tures, etc. that perform particular tasks or implement particu-
lar abstract data types. Typically the functionality of the pro-
gram modules may be combined or distributed as desired in
various embodiments.

[0264] Also, the technology described herein may be
embodied as a method, of which at least one example has been
provided. The acts performed as part of the method may be
ordered in any suitable way. Accordingly, embodiments may
be constructed in which acts are performed in an order dif-
ferent than illustrated, which may include performing some
acts simultaneously, even though shown as sequential acts in
illustrative embodiments.

[0265] All definitions, as defined and used herein, should
be understood to control over dictionary definitions, defini-
tions in documents incorporated by reference, and/or ordi-
nary meanings of the defined terms.

[0266] Theindefinitearticles “a” and “an,” as used herein in
the specification and in the claims, unless clearly indicated to
the contrary, may be used to mean “at least one.”

[0267] The phrase “and/or,” as used herein in the specifica-
tion and in the claims, should be understood to mean “either
or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present
in other cases. Multiple elements listed with “and/or” should
be construed in the same fashion, i.e., “one or more” of the
elements so conjoined. Other elements may optionally be
present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those ele-
ments specifically identified. Thus, as a non-limiting
example, a reference to “A and/or B”, when used in conjunc-
tion with open-ended language such as “comprising” can
refer, in one embodiment, to A only (optionally including
elements other than B); in another embodiment, to B only
(optionally including elements other than A); in yet another
embodiment, to both A and B (optionally including other
elements); etc.

[0268] As used herein in the specification and in the claims,
“or” should be understood to have the same meaning as
“and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being
inclusive, i.e., the inclusion of at least one, but also including
more than one, of a number or list of elements, and, option-
ally, additional unlisted items. Only terms clearly indicated to
the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the
inclusion of exactly one element of a number or list of ele-
ments. In general, the term “or” as used herein shall only be
interpreted as indicating exclusive alternatives (i.e. “one or
the other but not both”) when preceded by terms of exclusiv-
ity, such as “either,” “one of,” “only one of}” or “exactly one
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of.”“Consisting essentially of,” when used in the claims, shall
have its ordinary meaning as used in the field of patent law.
[0269] As used herein in the specification and in the claims,
the phrase “at least one,” in reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
elements, but not necessarily including at least one of each
and every element specifically listed within the list of ele-
ments and not excluding any combinations of elements in the
list of elements. This definition also allows that elements may
optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at
least one” refers, whether related or unrelated to those ele-
ments specifically identified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently “at least one of A and/or B”)
can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to
at least one, optionally including more than one, B, with no A
present (and optionally including elements other than A); in
yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.
[0270] The claims should not be read as limited to the
described order or elements unless stated to that effect. It
should be understood that various changes in form and detail
may be made by one of ordinary skill in the art without
departing from the spirit and scope of the appended claims.
All embodiments that come within the spirit and scope of the
following claims and equivalents thereto are claimed.

What is claimed is:

1. A health monitor configured to be supported by a subject,
the health monitor comprising:

an accelerometer configured to generate motion data in

response to a first activity performed by the subject;

a cardiac sensor configured to detect at least a heart rate of

the subject during performance of the first activity;

an on-board power source configured to provide power to

the accelerometer and the cardiac sensor; and

a processor configured to calculate a first caloric burn rate

for the first activity performed by the subject according
to a first method based upon data from both the acceler-
ometer and the cardiac sensor.

2. The health monitor of claim 1, wherein the processor is
further configured to determine at least one power conserva-
tion mode of the health monitor based upon data received
from the cardiac sensor.

3. The health monitor of claim 2, wherein the at least one
power conservation mode comprises a mode in which power
is reduced to at least the cardiac sensor for an interval between
T-wave and P-wave portions of successive cardiac cycles.

4. The health monitor of claim 1, wherein the processor is
configured to calculate the first caloric burn rate using values
of heart rate and speed of the subject or values of heart rate
and foot contact time of the subject.

5. The health monitor of claim 1, wherein the processor is
configured to calculate the first caloric burn rate using values
of heart rate and a VO, max value computed for the subject.

6. The health monitor of claim 1, wherein the processor is
further configured to calibrate a second method for determin-
ing caloric burn for a subject performing an activity, wherein
the calibration is based upon results obtained from the first
method.
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7. The health monitor of claim 6, wherein the second
method comprises determining caloric burn based upon heart
rate and not based upon data from the accelerometer.

8. The health monitor of claim 1, further comprising a
timer, wherein the processor is further configured to:

calculate a second caloric burn rate for a second activity

performed by the subject for a first time interval of a
sequence of first time intervals; and

determine whether the second caloric burn rate falls within

at least one recommended range of values proscribed by
a health entity for the duration of the first time interval.

9. The health monitor of claim 8, wherein the health entity
is the Center for Disease Control or the World Health Orga-
nization.

10. The health monitor of claim 8, wherein the health entity
is aphysician, a qualified medical personnel, or a professional
trainer.

11. The health monitor of claim 8, wherein the processor is
further configured to verify performance of the second activ-
ity from a power spectrum of the motion data.

12. The health monitor of claim 8, wherein the processor is
further configured to determine the intensity level of the sec-
ond activity from a heart rate and/or respiratory rate of the
subject.

13. The health monitor of claim 8, wherein the processor is
further configured to:

record a first credit value for each first time interval that the

caloric burn rate falls within a first recommended range
oftheat least one recommended range for the duration of
the first time interval; and

record a second credit value for each first time interval that

the caloric burn rate falls within a second recommended
range of the at least one recommended range for the
duration of the first time interval.

14. The health monitor of claim 13, wherein the first rec-
ommended range of the at least one recommended range is
between approximately 3.5 kilocalories per minute and
approximately 7 kilocalories per minute and the second rec-
ommended range of the at least one recommended range
includes values greater than approximately 7 kilocalories per
minute.

15. The health monitor of claim 13, wherein the processor
is further configured to:

identify a type of the second activity performed by the

subject from among a plurality of activity types for
which the health monitor is configured to recognize; and
identify non-human activities.

16. The health monitor of claim 1, wherein the processor is
further configured to:

determine, from data received from the accelerometer, a

period of increased activity performed by the subject;
and

determine a heart-rate recovery time following cessation of

the activity.

17. The health monitor of claim 1, wherein the processor is
further configured to calculate heart rate variability or a
LEF/HF spectral power ratio from data received from the car-
diac sensor.

18. The health monitor of claim 1, wherein the health
monitor includes two electrodes configured to be electrically
connected to the subject using a removable adhesive.

19. The health monitor of claim 1, wherein the accelerom-
eter comprises a three-axis accelerometer.
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20. A method for determining fitness metrics for a subject
by a health monitor configured to be supported by the subject,
the method comprising:

receiving, by a processor, motion data that was generated

by the health monitor in response to a first activity per-
formed by the subject;

receiving, from a cardiac sensor in communication with the

processor, cardiac data for the subject detected during
performance of the first activity; and

calculating a first caloric burn rate for the first activity

performed by the subject according to a first algorithm
based upon information in both the motion data and
cardiac data.

21. The method of claim 20, further comprising executing
a power conservation mode of the health monitor based upon
data received from the cardiac sensor.

22. The method of claim 21, further comprising reducing
power to at least the cardiac sensor for an interval between
T-wave and P-wave portions of successive cardiac cycles.

23. The method of claim 20, wherein the calculation of the
first caloric burn rate includes values of heart rate and speed of
the subject or values of heart rate and foot contact time of the
subject.

24. The method of claim 20, wherein the calculation of the
first caloric burn rate includes values of heart rate and a VO,
max value computed for the subject.

25. The method of claim 20, further comprising calibrating
a second algorithm for determining caloric burn for a subject
performing an activity, wherein the calibration is based upon
results obtained from the first algorithm.

26. The method of claim 25, wherein the second algorithm
comprises determining caloric burn based upon cardiac data
and not based upon motion data.

27. The method of claim 20, further comprising:

calculating a second caloric burn rate for a second activity

performed by the subject for a first time interval of a
sequence of first time intervals; and

determining whether the second caloric burn rate falls

within at least one recommended range of values pro-
scribed by a health entity for the duration of the first time
interval.

28. The method of claim 27, wherein the health entity is the
Center for Disease Control or the World Health Organization.

29. The method of claim 27, further comprising:

determining a powetr spectrum for the motion data; and

verifying performance of the second activity from the
power spectrum.

30. The method of claim 27, further comprising:

recording a first credit value for each first time interval that

the second caloric burn rate falls within a first recom-
mended range of the at least one recommended range for
the duration of the first time interval; and

recording a second credit value for each first time interval

that the second caloric burn rate falls within a second
recommended range of the at least one recommended
range for the duration of the first time interval.

31. The method of claim 30, wherein the first recom-
mended range of the at least one recommended range is
between approximately 3.5 kilocalories per minute and
approximately 7 kilocalories per minute and the second rec-
ommended range of the at least one recommended range
includes values greater than approximately 7 kilocalories per
minute.
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32. The method of claim 30, further comprising identifying
a type of the second activity performed by the subject from
among a plurality of activity types for which the health moni-
tor is configured to recognize.

33. The method of claim 20, further comprising:

determining, from the motion data, a period of increased

activity performed by the subject; and

determining a heart-rate recovery time following cessation

of the activity.

34. The method of claim 20, further comprising calculating
heart rate variability or a LF/HF spectral power ratio from the
cardiac data.

35. A computer-readable storage medium including
machine-readable instructions that, when executed by at least
one processor of a health monitor that includes a cardiac
sensor and accelerometer, adapt the health monitor to:

receive, by the processor, motion data that was generated

by the accelerometer in response to a first activity pet-
formed by a subject;

receive cardiac data for the subject detected during perfor-

mance of the first activity; and

calculate a first caloric burn rate for the first activity per-

formed by the subject according to a first algorithm
based upon information in both the motion data and
cardiac data.
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36. The computer-readable storage medium of claim 35,
further comprising machine-readable instructions that, when
executed by the at least one processor, adapt the health moni-
tor to:

calculate a second caloric burn rate for a second activity
performed by the subject for a first time interval of a
sequence of first time intervals; and

determine whether the second caloric burn rate falls within
at least one recommended range of values proscribed by
a health entity for the duration of the first time interval.

37. The computer-readable storage medium of claim 36,
further comprising machine-readable instructions that, when
executed by the at least one processor, adapt the health moni-
tor to:

record a first credit value for each first time interval that the
second caloric burn rate falls within a first recommended
range of the at least one recommended range for the
duration of the first time interval; and

record a second credit value for each first time interval that
the second caloric burn rate falls within a second recom-
mended range of the at least one recommended range for
the duration of the first time interval.
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