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skin of the user. An illumination detector may detect electromagnetic radi-
ation reflected of the skin of the user. A compensation module may be con-
figured to determine the position of the skin of the user relative to the illu-
mination detector. A processor may be configured to determine a heart rate
of the user by analyzing information corresponding to an amount of the elec-
tromagnetic radiation detected by the illumination detector. The processor
may also determine the heart rate of the user by compensating for the posi-
tion of the skin of the user as determined by the compensation module.
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ATHLETIC PERFORMANCE MONITORING SYSTEM UTILIZING HEART RATE
INFORMATION
CROSS-REVERENCE TO RELATED APPLICATION
{6601} This application claims the benefit of US. Provisional Patent Application No.
61/719,172 entitled “Athletic Performavce Monitoring  Systern Utilizing  Heart Raie
information” and filed on October 26, 2012, which 18 incorporated by reference herein in its

entirety.
TECHNICAL FirLD

{8662} The invention relates generally to athletic performance monitoring systems, and

maore particularly, to such systerms that utilize heart rate information.
BACKGROUND

[8063]  Accurate heart rate measurements may maprove the utility of wrist-worn devices
that measure the movements and activities of a user and provide activity points in response.
For some work outs, the activity may involve substantially static movements that work
mainly against gravity but are nonetheless strenuous. Examples include yoga, weight lifting,
and other isometric exercises. Utilizing an accelerometer as the sole sensing clement for these
types of activities may result in an underestimating of the activity if the recorded movement
is minimal compared to other activities that invelve larger movements such as running or
dancing in which the heart rate 1s strongly associated with the intensity of the movement. The
addition of heart rate to the activity estimation algorithms greatly improves the range of

activities 1o which an accurate estinate of activity occurs.

[8604] When measuaring heart rate for sports-related activities and other types of activities,
it 15 desirable that the heart rate sensor is portable and non-invasive. Existing technologies
that may be used to weasure heart rate, such as electrocardiography (ECG), may not be suited
for some types of activities. Although some existing technologies to measure heart rate have
been ncorporated into devices that may be worn by a user, these existing technologies may
require a user to actively select a button at the device to inttiate the heart rate measurement.
Moreover, cxisting device that may be worn by a user may require the device to be in
intimate contact with the skin of the user in order to perform an accurate heart rate
racasurcracnt. Such requirernents may not be feasible in order to mceasure the heart rate of a
user contemporancous with performance of an activity by the user. In addition, existing

devices that may be worn by users, such as a chest strap may be uncomfortable.
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{G0605] A full discussion of the features and advantages of the present invention is deferred
to the following detailed description, which proceeds with reference to the accompanying

drawings.
SUMMARY

16606] The following presents a general summary of aspects of the invention in order to
provide a basic understanding of at least some of its aspects. This summary is not an
extensive overview of the mvention. It 18 not mtended to identity key or critical elements of
the invention or to delineate the scope of the mvention. The following summary merely
presents some concepts of the invention in a general form as a prelude to the more detailed

description provided below.,

{B067] A first aspect described herein provides a method of determining heart rate. The
skin of a user may be tlluminated with an illurnination source. An illamination detector may
detect electromagnetic radiation reflected off the skin of the user. The position of the skin
refative to tch illumination detector may be determined based on the eclectromagnetic
radiation reflected. A processor may determine a heart rate of the user by analyzing
information corresponding to the clectromagnetic radiation reflected and compensating for

the position of the skin of the user.

[G008] A second aspect described herein provides a heart rate deterroination systern. An
ithumination source may be configured to illuminate the skin of the user. An illumination
detector may detect clectrornagonetic radiation reflected of the skin of the user. A
compensation module may be configured to determine the position of the skin of the user
relative to the illumination detector. A processor roay be configured to determine a heart rate
of the user by analyzing information corresponding to an amount of the electromagnetic
radiation detected by the tHurmnation detector. The processor may also determine the heart
rate of the user by compensating for the position of the skin of the user as determined by the

compensation module.

[G009] A third aspect described hercin provides an optical detector. The optical detector
may include two illumination modules positioned orthogonally relative to one another. Bach
ithomination module may include a near-ficld LED and a far-field LED. The LEDs may be
configured to provide infrared iHumination. An tlumination detector may include a
photodiode that is configured to detect an amount of IR radiation reflected of the skin of a

uscr. The photodiode way be offset from at least one of the ceoterlines of the optical
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detection module. An interface may be configured to provide information corresponding to
the arnount of IR illomunation reflected off the skin of the user.

{8016} These aspects and additional aspects will be appreciated with the benefit of the

detailed described provided below.
BRIFF DESCRIPTION OF THE DRAWINGS

{8011} Some example implementations are illustrated by way of example, and not by way
of Himitation, in the figures of the accompanying drawings and in which like reference

numerals refer to similar elernenis.

[G612] FIG. | is a block diagram of an exawmple of an implementation of a heart rate

monitor in accordance with various aspects of the present disclosure,

166131 FIG. 2 15 a block diagram of an cxample of an implementation of a detection

module of a heart rate monitor in accordance with various aspects of the present disclosure.

18014} FIG. 3A 1s a plan view of an example of an implementation of a detection module

of a heart rate monitor,
[6015] FIG. 3B is a front side view of the detection module of FIG. 3A.
{8816} FIG. 3C is a lateral side view of the detection module of FIG. 3A.

{0017} FIG. 4A is a lateral side view of the detection module of FIG. 3A positioned relative

to the skin of an mdividual.

{B018] FIG. 4B 18 another lateral side view of the detection modale of FIG. 3A posttioned

relative to the skin of an individual.

{B019]  FIG. 5 15 a flowchart of example rcthod steps for deterrmining a heart rate using a

heart rate monitor.

{6628] FIG. 6 1s another flowchart of example method steps for determining a heart rate

using a heart rate monitor.

{86211 FIG. 7A 18 a perspective view of avother example of an implementation of a

detection module of a heart rate monitor.
180221 FIG. 7B is another perspective view of the detection module of FIG. 7A.

{8023] FIG. 7C 15 an additional perspective view of the detection module of FIG. 7A.

[o™)
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{6024] FIG. 8 is a perspective view of an example of an implementation of a device that

roay incorporate a heart rate monitor,

{80258] FIG. 9 13 block diagram of an example of an implementation of a system for

monitoring the moveraents of a user.

[8026] FIG. 10 15 a block diagram of an cxample of an implementation of a computer of the

system of FIG. 9.

{6627} FIG. 11 is an illustration of example locations on the body of the user where sensors

roay be located to measure the movemeuts of the user.
DETAILED DESCRIPTION

{BG328] A heart rate monitor s provided that may be worn by an individual, and the heart
rate monitor may, m operation, determine g heart rate for the individual, According to some
aspects of the disclosure, the heart rate wonttor may be an optical heart rate monitor that
measures heart rate based on the scattering of hight through the skin of the individual as blood
flows beneath the skin. The scattering of hight through the skin of the ndividual roay depend
on whether blood is or is not present beneath the skin. Accordingly, the scattering of light
through the skin of the individual may change as blood flows beueath the skin due to the
heart beat of the individual. The optical heart rate monitor may detect the change in the
scattering of light and determine a heart rate for the individual based on this change. The
optical heart rate monitor may function over a broad range of illumination intensities and in a

varicty of ambient lighting conditions.

180291 It will be appreciated, bowever, that the posttion of the skin of the wdividual may
change beneath an optical heart rate monitor worn by that individual as the individual moves.
As a result, the position of the skin relative to the optical heart rate monitor may affect the
optical input recetved at the optical heart rate monitor. Accordingly, accurate heart rate
racasurcracnts may be obtained by corapensating for the skin position of the individual when
obtaining optical input with which to determine a heart rate for the individual. Compensating
for the skin position of the individual may be achieved by obtaining optical feedback from
the heart rate monttor.

{6338] The heart rate monitor uses photoplethysmographic techniques to determine the
heart rate of an mdividual. The advantage of photoplethysmography (PPG) 1s that it does not

require an clectro-potential measarement on opposing sides of the heart (body). It thus can be
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placed in the more desirable locations other than the chest such as, for example, on the upper

or lower arm or wrist even within the device on the wrist,

{8031} PPG may, however, come with its own set of challenges. The first challenge may
relate to providing a device, such as a wrist-worn device, that 18 not uncomfortable to the
wearer. A user way prefer a looser fit for a device around the wrist. As a result, the spacing
between the sensor of the device and the surface of the skin may vary, e.g., as the wearer
rmoves. Where the device mcludes au optical sensor, the variation 1o spacing between the
device and the skin of the user may modulate the reflected light in mamner simtlar to the
spectral scattering that modulates the hight due to the heart beat of the wearer. To address this
chalienge, a device may be designed such that the sensor is held firmly against the skin of the

wearer when the device 1s wormn.

{8632] The secound challenge way relate to the variation caused by the movernent of the
wearer. Even with the sensor held firmly against the skin, variations unrelated to heart rate
may appear in the measurement. This vartation may result from the relative angle changes
between the impinging light and the skin surface as the muscles underlying Hft and twist the
device. Mecan changes i blood pressure may also shift the signal with motion. Local
variation in skin pigimentation can move in and out of the field of view of the sensor during
activity. All of these movement-induced sources of neise may require compensation in order

to identify the variation in hght that 1s solely the result of the heartbeat of the wearer,

{#633] The heart rate monitor described below performs motion compensation in order to
lower the movement-induced noise and provide an accurate determination of heart rate. The
heart rate monitor described below may also be configured such that it may be used with a
“comfort fit” (as most people wear their watches), which may be preferable to an “clastic
band” fit, which may hold the a seusor tight against the skin of the wearer as in exiting

technologics.

{#034] The tunctional details of the heart rate momtor, inchuding details directed towards
compensating for the skin position of the individual, are provided below. Stated generally,
some example implementations of the heart rate monitor may provide one or more light
emitting diodes, photodiodes, amphfiers, miegrating analog-to-digital converters (ADCs),
accumuilators, clocks, buffers, comparators, a state machine, and a bus interface. The
photodiode may be responsive to clectromagnetic radiation such as, e.g., 1ofrared hight. An

integrating ADC may convert an amplified photodiode current into a digital signal. Upon

h
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completion of a conversion cycle, the conversion result may be transferred to a data register.
The result may thus represent an amount of electromagnetic radiation reflected oft the skin of
the user and detected at the photodiode. The digital output may be read by a microprocessor
through which motion compensation may be applied resulting in an approxiroate heart rate

for an individual.

{¢0635] In the following description of various cxample implementations, reference is made
to the accompanying drawings, which forma a part hereof, and v which are shown by way of
ilfustration varions cxample devices, systemns, and environments in which aspects of the
disclosure mway be practiced. It 1s to be vonderstood that other specific arrangements of parts,
example devices, systems, and environments may be utilized and that structural and

functional modifications may be made without departing from the scope of the present

oy o

disclosure. Alse, while the terms "top,” "bottom,” "front,” "hack,” "side,” and the like may be
used in this specification to describe various example features and elernents, these terms are
used herein as a roatter of convenience, ¢.g., based on the example orientations shown i the
figures. Nothing in this specification should be construed as requiring a specific three
dimensional onentation of structures i order to fall within the scope of the disclosure.
Moreover, varigus aspects of the disclosure may be implemented using instructions stored on
computer-readable media. As used in this disclosure, computer-readable media meludes sll

computer-readable media with the sole exception being a transitory propagating signal.

{6636} In FIG. 1 a block diagram of an example of an mmplementation of a heart rate
roonitor 00 1 accordance with various aspects of the present disclosure is shown. The heart
rate monitor 100, in this example, includes a detection module 102; a compensation module
104; a heart rate deterranation module 106; a compensation factor lookup table 108; and
memory storing device calibration information 110, The detection module 102, in this
example, includes a detector 112 and a source module 114, The source module 114, in this
example, inchudes a near-field source 116 and a far-field source 118. As discussed in further
detail below, a detection module of a heart rate monitor may include roultiple source modules

where each source module respectively includes a near-tield source and a far-field source.

{60371  The near-field source 116 and the far-ficld source 118 may he, in some example
implementations, hght-cmitting diodes. In other exaroplc implementations, the ncar-field
source 116 and the far-field source 118 may be implemented using alternative types devices
that generate clectromagnet radiation. The clectromagnetic radiation may be, for example, in

the visible or wfrared (IR} spectrurn. In further exaruple implementations, the near-field

6
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source 116 and the far-field source 118 may be implemented using devices that generate
acoustic waves or other forms of energy suitable to monitor heart rate or determine a distance
of a device from a surface, such as the distance between a wrist-worn device and the wrist of

an individual wearing the wrist-worm device.

{6038] The compensation mwodule 104 may identify a compensation factor to use when
determining a heart rate for an individual. As described in further detail below, the
compensation module 104 roay identify a cornpensation factor based upon one or more ratios
calculated from the output of the detector 112 of the detection mwodule 102, The
compensation factor lookup table 108 may store the compensation factors. The compensation
factors stored in the compensation factor lookup table 10K may respectively correspond to a
particular position of the skin of the user wearing the heart rate monttor 100, As described in
further detail below, the compensation factors of the compensation factor lookup table 108
may be associated with one or more count value ratios. The corapensation module 104 rmay
perform a lookup of the compeusation factor lookup table 108 using one or more count value
ratios. The compensation module 104 may thus retrieve the compensation factor of the
compensation factor lookup table 108 that is associated with the one or more count value

ratios provided. Count value ratios will be discussed in further detail below.

18039} The compensation factor may be applied when determining a heart rate in order to
compensate for the skin position of an individual wearing the heart rate monitor 100, In soroe
example implementations, the compensation meodule 104 may apply the compensation factor
to the output of the detector 112 of the detection moedule 102, Alternatively, w other example
implementations, the compensation module 104 may provide the compensation factor to the
heart rate determination module 106, and the heart rate determunation module may process
the output received from the detector 112 using the compensation factor in order to accurately
determine a heart rate for the individusl. The heart rate determination moedule 106 and the
compensation module 104 may be implemented using hardware, software, or a combination
of hardware and software. In sormc example embodiments, the heart rate determination
maodule 106 and the cornpensation module 104 may be iroplemented using a yoicroprocessor
programmed to perform one or more of the functions described below. The heart rate monitor
100 may also include a controller (vot shown) such as, ¢.g., a ricroprocessor. As discussed

further below, the microprocessor may be used to determine the heart rate of the individual.

3046] In FIG. 2, a block diagram of an example of an implementation of a detection
g P p

maodule 200 of a heart rate monitor {e.g., heart rate roonitor 100 of FIG. 1) in accordance with
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various aspects of the present disclosure is shown. The detection module 200, in this
example, inchudes a detector 202 and two source modules 204a and 204b. The detector 202,
in this example, inchudes an illumination sensor 206, a gain control 208, an analog-to-digital
converter 210, a data register 212, a memory 214, and a bus interface 216. The source
modules 204a and 204b may cach inchude two llumination sources, a near-field illumination
source and a far-ficld illurnination source. In FIG. 2, for example, the source module 204s
includes a near-field iHlumination source 2182 and a far-field tllumination source 220a, and
the source module 204b mcludes 8 near-ficld illumination source 218b and a far-ficld

illumination source 220b.

{6341] In some example implementations, the near-field iHumination sources 2{8a-b and
far-field illumination sources 220a—b may be light-emitting diodes (LEDs). Accordingly, the
near-field Humination sources 218a-b may be referred to as near-field LEDs, and the far-
field illumination sources 220a—b may be reforred to as far-ficld LEDs. The near-field LEDs
218a-b roay be utihized o dlurninate the skin of an individual wearing the device when the
skin is positioned relatively close to the detector 202, e.g., when the skin of the individual is
in the near-field region. The far-ficld LEDs 220a—b way be utilized to tuminate the skin of
the individual when the skin is positioned relatively far from the detector 202, e.g., when the
skin of the mdividual is in the far-ficld region. The near-ficld LEDs 218a—b and the far-ficld

LEDs 220a-b may be configured to emit IR illumination.

{#042] 'The anodes of the LEDs 218a-b and 220a-b may be individually connected to a
voltage source such that each LED s individually drivable from us respective voltage source
{not shown}. The cathodes of the LEDs 218a-b and 220a-b may be commonly connected to a
current sink (not shown), and the anodes of the LEDs may be mdividually connected to
general purpose input/output pins of a microprocessor {not shown), which may individually

drive the LEDs.

{8043] The illumination sensor such as the illumination sensor 206 may, o some example
implementations, be a photodiode that detects illumination from the near-field LEDs 218a-b
and far-ficld LEDs 220a—b. The illumination detected by the photodiode 206 may include
ithumination that reflects off the skin of an individual. As the near-field LEDs 21Ra-b and far-
ficld LEDs 220a-b may be configured to emut IR iHumination, the photodiode 206 may be
contfigured to detect the IR illumination. The photodiode 206, due to tis construction, may be
responsive to both IR illumination and illumination in the wavelength range of visible light. It

has been observed that arnbient visible light supetimposed with IR illumination may include

S
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frequency spectra similar to that of the bulk scatter of light during a heartbeat. In order to
combat this effect, the detector 202 way wchide an optical filter that blocks turnnation in
the wavelength range of visible light. As a result, the photodiode 206 may receive the IR
ilumination and not receive the wisible light. The photodiode 206 may convert the IR
ithumination received into an analog current signal. The photodiode 206 may provide the

analog current signal to the ADC 210

{8644] The ADC 210 may be an integrating ADC that converts the analog current signal
received from the photodiode 206 into a digital output. When the LEDs 218a-b or 220a-b are
illuminated, the wtegration may be wnttiated. upon completion of the conversion cycle, the
output of the ADC may be stored in the data register 212, and the LEDs may be deactivated.
The analog current signal received from the photodiode 206 may be amphificd before
converting the analog signal into a digital output. The data register 212 may store the value of
the digital output. To ensure data integrity, transters to the data register 212 may be double-

buffered.

{6045]  The digital output value may be read from the data register 212 via the bus interface
216 and provided to, ¢.g., 8 microprocessor of the heart rate monttor. The photodiode 206
may be referred to as a channel, and the output of the photodiode may be referred to as a
channel count. The analog current signal provided by the photodiode 206 may correspond to
the chanuvel count, and the analog current signal may be converted into a digital value by the

ADC 210 and stored at the data register 212.

16046] The ADC 210 roay provide digital output having up to 16 bits of resolution, and the
integration time may impact both the resolution and the seunsitivity of the reading from the
photodiode 206. The integration time for onc integration cycle may be 136 microscconds

us). Additionally, the ADC 210 may be configured to perform up to 256 ntegration cveles.
} 3 ¥ £ p P g 3

{6647} The gain control 208 may control the amount of gain of the current signal from the
photodiode 206. The gain control 208 may be programmed to provide gain of, c.g., 1%, X,
t6x, or 120%. The memory 214 may be, e.g., flash memory and store manufacturing
information and calibration information such as the device calibration information 110
discussed above with reference to FIG. 1. A ruicroprocessor may access the juformation

stored at the memory 214 via the bus interface 216.

[6048] The bus interface 216 may be, e.g., an I°C scrial-compatible interface, standard or

fast mode that access a set of registers (not shown} of the heart rate roonitor. The I'C bus may
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be available from NXP Semiconductors N.V. headquartered in Eindhoven, The Netherlands.

Additional and aliernative types of busses and protocols may be selectively employed.

{3049] The registers may provide access to control functions and output data of the heart
rate monttor. Some cxamples of the various registers that the heart rate monitor may provide
include a command register; an coable register; an integration time register; a wait time
register; a configuration register; a gain control register; an identification register; a status
register; one or more data registers. The command register may specify the address of a target
register for read or write operations. The enable register may be utilized to power the heart
rate mordtor on and off and coable various functions of the heart rate monttor. The enable
register may, for example, be utilized to power on (PON)} the heart rate monitor, enable the
ADC 210 (AEN) of the heart rate monitor, and cnable a wait timer (WEN) of the heart rate
monitor that put the heart rate monitor into a wait state. The integration time register may be
used to control the integration time of the ADC 210, ¢.g., in 136 us increments. Accordingly,
the integration time register roay store a value corresponding to a desired nurnber of
integration cycles. The wait time register may store a wait time alse in 136 ps increments,
and the watt time regisier roay store a value cotresponding to a desired number of wait time

ncrements.

18058] The configuration register may store information used to scale the gain level and the
watt time. Depending on the value stored in the configuration register, the gain level may, for
example, be scaled by a factor of 0.16 or by a factor of 1. Also depending on the value stored
in the configuration vegister, the wait fime incrernent may be scaled by a factor of 12. The
gain control register may provide a selected amount of gain to the ADC 210 of the heart rate
monitor. The identification register may provide one or more values corresponding to a part
number of the heart rate monitor. The status register may provide information regarding the
mternal status of the heart rate monitor. The status register may, for example, store a value
corresponding to a cyclic redundancy check, which may be compared when writing
information to mersory of the heart rate monitor i order to determine validity of the
information. The status register may also store a value that indicates the ADC 210 of the
heart ratc monttor has completed an integration cycle. The data register of the heart rate
monitor, ¢.g., data register 212, may store the digital output from the ADC 210 as described
above. The digital output provided by the ADC 210 may be stored in a data register as a 16-
bit value. In some cxample implementations, multiple data registers may be employed, c.g.,

two data registers that store the digital output as two 16-bit values.

i¢
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{60651} The heart ratc monitor may support low-power modes including a sleep state, a wait
state, and an active state. To the slecp state, only the resources used to detect a start condition
at the bus interface 216 and used to check the enable register may be utilized. When the
power managernont feature is enabled, a state machine of the heart rate montior may
transition to the wait state. The wait time may be determined by the values of the wait time
register and the configuration register as described above. In the active state, the LEDs 218a—
n and 228a-b may be activated to provide illomination. Also in the active state, the
photodiode 206 may provide an analog current signal in response to illumination detected at
the photodiode. Accordingly, the ADC 210 may also be activated in the active state in order
to convert the analog current signal provided by the photodiode 206 to a digital output as
described above. When the heart rate roonitor is enabled, the state wachine may transition
through an initialization process to the active state. The time the heart rate monitor is in the

active state may depend on the value stored 1o the infegration time register.

[B052]  An internal state machine may be utilized to control the active and wait features of
the heart rate monitor. At power up, an internal power-on-resct may iitialize the heart rate
roonitor and place the heart rate monitor in the low-power sleep state. When a start condition
is detected at the bus mterface 216, the heart rate monitor may transition to an idle state and
check the enable register. If cnable register indicates the heart rate monitor 1s disabled, the
heart rate mounitor may return fo the sleep state to save power. Otherwise, the heart rate
roonitor may remain in the idle state until the enable register indicates the heart rate monitor
is enabled. Ouce enabled, the heart rate monitor may carry out the wait states and active
states in sequence as described above. Upon completion of a cycle and return to the wdle state,
the heart rate monttor may antomatically begin a new wait-active cycle as long as the device

remains powered on and cnabled.

{B683]  Referring now to FIGS. 3A-B, aun illustration of another exaraple implementation of
a detection modude 300 of a heart rate monttor is shown. In FIG. 3A, a plan view of the
detection module 300 of 1s shown. In FIG. 3B, a front side view of the detection module 300
is shown, and in FIG. 3C, a lateral side view of the detection module 300 is shown. In FIG.
38 and FI1G. 3C, a cut-out of the detection module 300 is illustrated via respective dashed
lines in order to ilkustrate various components of the detection module. It will be appreciated
that the terms front side and lateral side arc simply used for convenience and should not be

construed to wdentify any particular side of the detection ruodule 300,
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{G054] The detection module 300 1n FIGS. 3A-C may be similar to the detection module
200 described above with refereuce to FIG. 2. Accordingly, the detection modale 300, in this
example, includes an tllumination sensor 302 having a photodiode 304 and two illumination
source modules 306a and 306b. The lumunation source module 306a way wchide a vear-
field LED 308a and a far-field LED 310a. The ilhwmination source module 306b may
itkewise include a near-field LED 308b and a far-ficld LED 310b. The detection module 3060
may also inchude respective lens clements that cover the LEDs 308a-b and 310a-b as well as
the photodiode 304. The detection module 300, in this exaraple, may include a lens clement
312a that covers LED 308a, a lens element 312b that covers LED 3104, a lens element 312¢
that covers LED 308b, and a lens clement 312d that covers LED 310b. The detection module
300 way also include a lens element 314 that covers the photodiode 304. In addition, the
detection module 300, in this example, may include a window 316 across the face of the
detection wodule that protects the various coroponents of the detection module. Lens

elements will be discussed in further detail below.

{G085]  As also shown by way of example in FIG. 3A, a centerline 318 of the photodiode
304 along the Y-axis way be offset from the centerline 320 of the detection wodule 300 along
the Y-axis. The centerline 322 of the photodiode 304 along the X-axis, however, nay be
collincar with the centerline 324 of the detection module 300 along the X-axis in this
example. As also shown by way of example in FHG. 3A, the LEDs 308a-b and the LEDs
310a—b arc positioncd at an oblique angle relative to the centerlines 318 and 322 of the
photodiode 304. The LEDs 308a-b and 310a-b, in this example, are positioned at about a 45°
angle relative to the centerlines 318 and 322 of the photodiode 304. It will thus be
appreciated that a Hue extending through LEDs 308a and 3102 and a hoe extending through
LEDs 308b and 310b and intersecting at the center of the photodiode 304 may be orthogonal

relative to one another.

{8056] As seen in FIG. 3B and FIG. 3C, the detection module may have a width, w, a
fength, /, and a thickness, 7. In some cxample impleracntations, the width, w, of the detection
module 300 may be about 10 mun; the length, /, of the detection wodule may be about 12
mm; and the thickness, ¢, of the detection module may be about 5 mm. It will be appreciated
that the dimensions of the detection module 300 mway depend on varnous design coustraiots
that arise during various implementations of the detection module. Accordingly, alternative

implementations of the detection module may cxhibit alternative dimensions.
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{6057} The face of the detection module 300 may be positioned against the skin of an
individual when the wdividual wears a heart rate monitor that incorporates the detection
module. The position of the skin relative to the face of the detection module 300 may be
described 1n terms of a transiation, AZ, along the Z-axis; a rotation, 8y, of a surface of the
skin about the X-axis; and a rotation, Oy, of the surface skin about the Y-axis. The translation,
AZ, may represent the distance between the face of the detection module 300 and the surface
of the skin of the individual wearing the heart rate monitor. When the face of the detection
module 300 is flat against the surface of the skin of the individual, the skin position may be
referred to as the origin skin position and described as AZ =0, 8¢ = (°, and 8y = . When
compensating for the skin position during the heart rate determination process, the skin
position may be described relative to this origin skiv position. The range of translation of the
surface of the skin along the Z-axis (the “Z range”) may, in some circumstances, range
between about § mm (Fy,) and about 8.6 mm {(Zga). In addition, the rotation of the surface
of the skin about the X-axis, 8x, may range between about -19.6° and about +19.6° and the
rotation of the surface of the skin about the Y-axis, 8v, may range between shout -31.4° and

about +31.4°,

{B0S8]  As described above, an accurate heart rate may be determined by compensating for
the changes i illumination caused by the changes in the position of the skin of an mdividual
as the individual moves while wearing the heart rate monitor. The heart rate montior may
compensate for the position of the skin of the individual by obtaining spatial feedback
regarding the position of the skin of the individual. The spatial feedback may be obtained by
measuring the ratio of the respective count values obtained when a near-ficld LED and a far-
field LED of an illumination source module are iHuminated, ¢.g., a count value, N, for the
near-ficld LED 308a and a count value, F, for the far-ficld LED 310a of illumination source
module 306a. A count value ratio, N/F, may be obtained for each of the source modules of a

detection module, ¢.g., the source modules 306a and 306b of the detection module 300

{6039] It will be appreciated that the count value for an LED may depend on the position of
the surface of the skin of an wdividual wearing the heart rate monitor. Referring to FIGS.
4A-B, a lateral side view of the detection module 300 relative to the skin 400 of an individual
is shown. In FIG. 4A the skin 400 of the individual 1s relatively close to the detection module
300. Stated differently, the translation of the skin 400 along the Z-axis, AZ,, is relatively
srall in FIG. 4A. In FIG. 4B the skin 400 of the individual 1s relatively far frorn the detection
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module 300. Stated differently, the transiation of the skin 400 along the Z-axis, AZ;, is

relatively large in FIG. 4B.

18660G] As scen in FIGS, 4A-B, the amount of tllumination from the LEDs 308h and 310b
that s detected by the photodiode 304 may depend on the position of the skin 400 relative to
the detection meodule 300, As seen 1o FIG. 4A, for example, illamination from the vear-
field LED 308t may fall within the ficld-of-view (FOV) 402 of the photodiode 304 when the
skin 400 is relatively close to the detection module 300, e.g., when AZy is relatively small. As
also seen in FIG. 4A, most or all of the illumination from the far-ficld LED 310b may fall
outside of the FOV 402 of the photodiode 304 when the skin 400 is relatively close to the

detection module.

{0061} As a result, the photodiode 304 may detect tlumination from the near-field LED
30KDb that falls within the FOV 402 and s reflected off the skin 400 when the slan is
relatively close to the detection module 300, The photodiede 304 might not, however, detect
most or all of the tlumination from the far-field LED 310b that falls outside of the FOV 402
when the skin 400 is relatively close to the detection module 300. i will thus be appreciated
that the count value, N, for the near-ticld LED 308b may be relatively high and the count
value, F, for the far-field LED 310 may be relatively low (e.g., close to zero) when the skin
400 18 relatively close to the detection module 300. Accordingly, the count value ratio, N/F,
may approach mfiruty (N — co) as the distance, AZy, between the detection module 300 and

the skin 400 decreases and the count value, F, for the far-ficld LED 310b approaches zero.

{0062] When the skin 400 is relatively far from the detection meoedule 300, however, the
ittomination from the far-field LED 310b may fall within the FOV 402 of the photodiode 304
and illumination from the near-field LED 308a may fall outside the FOV 402 of the
photodiode. As seen in FIG. 4B, for example, Humination from the far-ficld LED 310b may
fall within the FOV 402 of the photodiode 304 when the skin 400 is relatively far from the
detection module 300, ¢.g., when AZ, 1s relatively large. As also seen in FIG. 4B, roost or all
of the itlumination from the near-ficld LED 308b may fall outside of the FOV 402 of the
photodiode 304 when the skin 400 is relatively far frorm the detection module.

{66631  As a rosult, the photodiode 304 wmay detect thurivation from the far-ficld LED
310b that falls within the FOV 402 and is reflected off the skin 400 when the skin i
relatively far from the detection module 300, The photodiode 304 might not, however, detect

most or all of the illumination from the near-field LED 308b that falls outside of the FOV
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402 when the skin 400 is relatively far from the detection module 300. It will thus be
appreciated that the count value, N, for the near-field LED 308b may be relatively low {(e.g.,
close to zero) and the count value, F, for the far-ficld LED 310 may be relatively high when
the skin 400 is relatively far from the detection module 300, Accordingly, the count value
ratio, N/F, may approach zero (N/F — (3} as the distance, AZ;, between the detection module
300 and the skin 400 increases and the count value, N, for the near-ficld LED 308b

approaches zero.

18064] A count value ratio, N/F, may be calculated for each illumination source module of
a detection module, With reference to the detection module 300 described above, a first count
valae ratio, N,/F;, may be calculated for the source module 306a based on a count value, N,
obtained for illumination from the near-ficld LED 308a and a count value, £, obtamed for
illumination from the far-field LED 310a. Similarly, a second count value ratio, N,/F2, may
be calculated for the source module 306b based on a count value, N, obtained for
ilurnination from the near-ficld LED 308b and a count value, #), obtained for ilomination
from the far-ficid LED 310b. The compensation module {¢.g., compensation module 104)
ray thus use this pair of count value ratios, N/F; and Ny/¥F5, to identity a skin position by
performing a lookup in a compensation factor lookup table such as the compensation factor

ipokup table 108 described above with reference to FIG. L

{6065] The optical design of the detection module 300 creates a rodulation of the
photocurrent that depends on the spatial orientation of the detection module with respect to
the surface of the skin of the tadividual. When the surface of the skin 1s vear the window 316,
the tllumination from the far-field LEDs 310a-b 18 mostly or entirely outside the FOV 402 of
the photodiode304. The photocurrent provided by the photodiode 304 would therefore be
near zero when the surface of the skin is near the window 316. In contrast, the illumination
from the near-ficld LEDs 308a—b would result inn a relatively high value of photocurrent from
the photodiode 304 when the surface of the skin is near the window 316 since the

illurination from the near-field LEDs would fall within the FOV 402 of the photodiode.

{8066] The photocurrent provided by a photodiode may also depend on the rotation of the
detection module with respect to the surface of the skin of the mdividual. In example
implementations having a source module parallel to the X-axis, the amount of illumination
detected at a photodiode from this source moduole may remain constant as the detection
module 1s rotated about the X-axis, The amount of ilumination detected by the photodiode

from the other source module, which may be positioned orthogonal to the X-axis, way
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decling rapidly as the rotation about the X-axis increases in magnitude. When the detection
roodule is rotated about the Y-axis as similar effect may be observed for a source modale
positioned paralle!l with the Y-axis and a source module positioned orthogonal to the Y-axis.
Compound rotation about the X-axis and the Y-axis may produce a response that is a
convolution of the illumination from both source modules. Example implementations that
mclude respective source rnodules parallel to the X-axis and Y-axis arc discussed further

below with reference to FIGS. TA-C.

180671 A heart rate monitor may obtain spatial feedback by measuring the ratio of the
current values obtained using the near-field LED and far-field LED of cach source wodule, in
other words, by Hluminating the LEDs of the left spurce module and the right source module.
The near-field LED and the far-ficld LED of a source module may tlluminated one at a tirose.
The ADC provides a count value corresponding to the current provided by the photodiode.
The count values may then be stored for further processing and analysis. Hach of the
measured values moay be divided by a reference value to obtain a normalized ratio. The
denominator of the normalized ratio may be the count value resulting from itlumination by
any one of the LEDs. The reference value may, m some example implementations, be the
photocurrent measured when two or more of the LEDs are tlluminated. The reference value
may, for example, be the current measured when both near-ficld LEDs are simultancously
ithuminated, N; and N, Using this example, the ratios may be NN +N2), NJ/(Ni+N,,
FyiNi+Nb, Fy{Ni+Ny. Since the relationship between intensity of the iHumination may be
linear with respect to photocurrent, the ratio may be unaffected by the absolute level of

intensity of cach LED.

{0068] The spatial feedback corresponding to the orientation of a detection module with
respect to the skin may be determined by comparing the calculated ratio to ratios contained in
a corapensation lookup table as described above. The ratios contained in the compensation
lookup table may be equated directly to a kunown orientation. The sum of the least square
difference between the calculated ratio and the ratios contained in the compensation lookup
table may be used to identify the orientation of the compensation lookuap table that best
matches the present orientation of the detection module.

16669] The raw signal for determining heart rate may come from two sources: the
photocurrent with each near-field LED tluminated {the “near signal”y and the photocurrent
with cach far-field LED illuminated (the ““far signal”). For cach orientation contained in the
compensation lookup table, there may be a scaling factor for the near signal and the far
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signals. The scaling factors may be derived by characterizing the average signal magnitude at
a particular ovientation and dividing it by the average signal magnitude at a nownal

orientation such as, e.g., AZ = 2.8mm, 8y =0, and 8¢ = 0.

[B078] With the actual orientation of the detection module determined, the count value
measured for the vear signal may be multiplied by a near-field scaling factor and then stored
as a spatially-compensated raw data value. Likewise the count value for the far signal may be
roultiphied by a far-field scaling factor and then also stored as the spatially-compeunsated raw

value.

{0078} The entire data sampling sequence of Ny Ny Ny and Ny i1 Fo; and Fy and F5 may
repeated about 30-128 times per second. To save power, the spatial cornpensation may only
be applied at a much lower sample interval with only N, V), £, and £ being illuminated

singularly once every four measurements of the samples from N; and N, and Fr and Fo.

{8072} The spatial compensation may depend on spatial feedback from the detection
module and may represent only one aspect of the entire compensation process for motion.
Additional feedback provided by ancillary sensors such as accelerometers or gyrometers may

also be incorporated to further cancel motion-induced noise in the raw signals.

{§073] The particular positiomng of the near-field LEDs and far-field LEDs within a
detection module may affect the sensitivity of the N/ ratio as well as the Z range over which
ilfumination from the LEDs falls within the FOV of a photodiode. It will be appreciated that
the avgle of jucidence of the iHlomination from the LEDs 1ncreases as the LEDs move farther
out from the photodiode. As the LEDs move farther out from the photodiode, the sensitivity
of the N/F ration may fucrease, but the Z range may decrease. A suitable position for the
near-field LEDs and far-field LEDs relative to the photodiode may be one in which
illuraination 1s provided over an identified 2 range while retaining a response for the N/F
ratio.

{0074} The lens clements that cover the [LEDs of the detection module may focus the
ithamination provided by the LEDs such that the maxivouro amount of reflected iHurnination
is achieved at a particular distance, AZ, along the Z-axis. In some implementations, for
example, a lens clement for a near-ficld LED may focus tHlumination from the near-field LED
such that the maximum amount of reflected iHumination is achicved when AZ = 2.8 mm,
By =0 and 8y=0° In some implementations, as another exarmple, a lens clement for a far-

field LED may focus tHumination from the far field LED such that the wmaximuom aroount of
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reflected illumination is achieved when AZ = 5.6 mm, 8y = 0°, and 8y = {°. Furthermore, the
near-field LEDs and far-ficld LEDs may be positioned off-center relative to their respective
lens elements to produce an tllumination distribution in which peak illumination occurs non-
orthogonal relative to the face of the detection wodule. Additional and alternative

configurations will be appreciated with the benefit of this disclosure.

{6675} It will also be appreciated with the benefit of this disclosure that various tolerances
for the components of a detection module may lead to slightly different N/ ratios from
individual detection modules. As an example, the placement tolerances of the LEDs, and the
molding and positioning tolerances of the lens elements may coniribute to variations i the
N/F ratio at given distances, AZ,, along the Z-axis. To compensate for these variations across
mdividual detection modules, a heart rate monitor may have s response measured during
testing in order to determine unique calibration information for the heart rate monttor. The
calibration inforration may be stored at the heart rate roounitor {e.g., a8 device calibration
information 110} and utilized when determining the heart rate of an individual wearing the

heart rate monitor.

{0076} In some example mmplementations, more than one detector or photodiode. For
example, multiple detectors may be positioned around a wrist-worn device, and one of the
detectors may be selected for measuring heart rate at a given time based upon the N/F ratio
associated with that detector. For example, the detector associated with an N/ ratio
indicating that detector is the closest detector to the skin may be used to obtain the
compensation factor used when determining the heart rate. Stated more generally, the
detector associated with an N/F ratio indicating that detector is positioned such that it is hikely
to produce a signal corresponding to the most accurate heart rate may be used. The detector

selected may vary over time as the device moves.

{6677} For the purposes of illustration, two pairs of LEDs representing near-field and far-
field sources are shown. Additional LEDs way also be used as near-ficld and far-field
sources. In some example implementations, a single pair of LEDs may be used as the near-
field and far-ficld source. In some cxample fmplementations, the near-field and far-ficld
sources may be associated with multiple detectors. For example, a single pair of near-ficld
and far-ficld sources may be positioned between nwultiple detectors and used with those
detectors simultancously or independently. Alternative implementations of the heart rate
monitor may include other types of scnsors for determining skin position {e.g., distance}

relative to the device. For exarople, a temperature sensor may be used in sorne example
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implementations. Accelerometers, gyrometers, and other types of sensors may be used to

sense various parameters that roay be used to obtain compensation factors,

{8078] In FIG. 3, a flowchart 500 of example method steps for determining a heart rate
using a heart rate monitor 18 shown. The heart rate determination process may be initiated
{block 502), and the near-field LED may be activated (block 504). A count value, &, for the
near-field LED may be obtained (block 506}, e.g., using a photodiode and an ADC as
described above. The far-field LED way then be activated (block 508), and a count value, F,
for the far-field LED may also be obtained (block 510), ¢.g., using the photodiode and the
ADC as also described above. The ratio of NV to F, the N/ ratio, may be calculated (block
5123, and a lookup may be performed using the N/F ratio (block 514), e.g., at a compensation
factor lookup table as described above. The compensation factor may be provided to a heart
rate determination module using the compensation factor (block 516} in order to account for
the position of the skin of the user. It will be appreciated that steps 504-512 may be

performed for cach source module of the detection module of a heart rate monitor.

{B679]  In [IG. 6, another flowchart 600 of example method steps for determining a heart
rate using s heart ratc monitor 1s shown. As noted above, various tolerances in the
manufacturing of the heart rate monttor may result in variable N/ ratios across individual
heart ratc monitors. Accordingly, a calibration process may identify calibration information
that cach heart rate monttor may utilize when determining a heart vate for an judividual. The
calibration process may be initiated (block 602) for a heart rate monitor, and the response
from the detector of the detection module of the heart rate monitor may be measured (block
604). Based on the measured response from the detector, calibration information may be
obtained for the heart rate monitor (block 606). The calibration information may be stored in
non-volatile memory of the heart rate monttor (block 608}, and the heart rate determination
rnodule of the heart rate monttor may apply the calibration mformation when determining a

heart rate for an individual (block 618}

1808¢] In FIGS. 7TA-C, a perspective view of another example of an implementation of a
detection module 700 of a heart rate momtor 15 shown. The detection module 700 may
include features similar to that of the detection module 300 described above with reference to
FIGS, 3A-C. The detection module 700 in this cxample, however, illustrates an alfernative
configuration for the illumination detector 702 and the source modules 704a and 704b. The
source modules 704a and 704b may hikewise inchide a respective near-field illumination

source 706a and 706b and a respective far-hield ihumivation source 7084 and 708b. As shown
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by way of example in FIG. 7A, the illumination detector 702 may be a photodiode, and the
ithamination sources 706a—b and 708a~b may be LEDs. The detection module 700 may also
include a controller 710, e.g., a microprocessor. The photodiode 702 and the LEDs 706a-b
and 708a—b may be connected to the wicroprocessor 710 as described above., Additionally,
the microprocessor 710, photodiode 702, and LEDs 706a-b and 70R8a-b may be positioned on

a substrate 712 of the detection module 700.

{80811  Asseenin FIG. 7A, the photodiode 702 1s positioned off-center of the substrate 712
proximate to one of the corners of the substrate. The source modules 704a and 704b, in this
example, are positioned in hine with the photodiode 702 and orthogonal relative to one
another. As shown in FIG. 7A, a centerline 714 passing through the source module 704a
mtersects a centerline 716 passing through the source module 704b at the center of the
photodiode 702 such that the centerlines 714 and 716 are perpendicular relative to one
another. As noted above, the LEDs may be configured to provide IR illunination or visible
light illumination. Accordingly, in some example implernentatious, the LEDs may exhibit a
peak wavelength of around 590 nanometers (nm), which corresponds to amber-colored
visible hight. In other example implementations, the LEDs may exhibit other wavelengths

such as, ¢.g., around 560 nim, which corresponds to green-colored visible light.

180821  As noted above, respective lens elements may cover the tllumination detector and
the illumination sources. Referning to FIG. 7B, the detection meoedule 700 may melude
multiple lens components 718 and 720a-b. The lens component 718 may cover the
photodiode 702 and ioclude a lens cleroent 722, The lens coruponent 720a way cover the

~y
Ji
i

ilfumination source module 704a and include lens clements 724a and 724b.The lens clement
724a may cover the near-field LED 7064, and the lons clement 724b may cover the far-ficld
LED 708a. Similarly, the lens component 720b may cover the source module 704h and
mclude lens clemaents 724¢ and 724d. The lens clement 724¢ may cover the near-field LED

706b, and the lens element 724d may cover the far-field LED 70&b.

180831  As shown by way of example in FIG. 7B, the lens clements 724a-d may exhibit a
hemispherical shape. The lens clernents 724a—d may thus focus the ithumination respectively
provided by the LEDs 706a-b and 708a-b on the skin of an individual wear a heart rate
roonitor that incorporates the detection module. As an cxample, the lens elements 724a and
724¢ may focus the illumination from the respective near-ficld EEDs 706a and 706b such that
the amount of illumination reflected of the skin of the individual and returned to the

photodiode 702 1s maximized when the skin 1s at a distance of about 2.8 rom from the face of
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the detection module 700. As another example, the lens elements 724b and 724d may focus
the tllumination frow the respective far-field LEDs 708a and 708b such that the amount of
illumination reflected of the skin of the individual and returned to the photodiede 702 1s
maximized when the skin is at a distance of about 5.6 mm from the face of the detection
meodule 700. As also shown by way of example in FIG. 7B, the lens element 722 may exhibit
a cylindrical shape. The lens element 722 may thus scrve as a light pipe utilizing total internal
reflection to capture illumination reflected off the skin of an mdividual and returned to the

photodiode 702 even when the tlumination may be off-center relative to the lens element.

{6084] The lens elements 722 and 724a—d may be formed of thermoplastic epoxy in a
transfer mold process. Slots 726 may separate the respective areas around the illumination
detector 702, the source modules 7044 and 704b, and the microprocessor 710, The slots 726
function to provide a space into which an optically opaque thermoplastic elastomer covering
can be formed. In FIG. 7C, the detection module 700 is shown with an optically opaque
thermoplastic clastomer covering 728 attached. The covermng 728 includes opeuings to

expose the lens clements 722 and 724a-d.

{§085] The heart rate monitor provided in this disclosure may be well-suited for use in
wrist~worn portable devices such as sport watches, activity monitors, portable media players,
and other types of device worn by an individual, The optical heart rate monitor may also be
well-suited for devices where low power cousumption is desired and where a determination

of heart rate via electrocardiography is unavailable or otherwise not desired.

{3086] One such device for which the heart rate monitor 1s well suited includes the wrist-
worn device 800 shown in FIG. 8. A heart rate monitor such as those described above may be
incorporated inte the wrist-worn device 800. The heart ratc monitor may be located in the
wrist-worn device 800 such that the face of the detection module of the heart rate monitor
faces the skin of an individual when the individual is wearing the wrist-worn device. In some
example iroplementations, the heart rate onitor may be located at the underside 802 of the
wrist-worn device 800 ncar the top of the wrist-worn device such that the face of the
detection module faces downward toward the top of the wrist of the individual. Other

locations for the heart rate monttor may be selectively employed.

(G087} The wrist-worn device 800 may mchude an input mechanism, such as a depressible
fnput button 804 fo assist in operation of the device. The uput button 804 may be operably

connected to a controller 806 or other clectronic components, such as one or more of the
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clements discussed below with reference to FIGS. 9-11. The controller 806 may be
embedded or otherwise part of housing 808. The bousing 808 may be forrued of one or more
materials, including clastomeric components and comprise one or more displays, such as
display 810. The display 810 may be cousidered an dlumuinable portion of the wrist~-worn
device 8O, The display 810 may inchude a series of individual lighting elements or light
raembers such as LED lights. The lights may be formed in an array and operably connected
to the controller 836, The wrist-worn device 800 may include an indicator system 812, which
may also be counsidered a portion or component of the overall display 810, The indicator
systern 812 may operate and illuminate in conjunction with the display 810 (which may have
multiple pixel members 814} or completely separate from the display 810. The mdicator
system 812 may also include a plarality of additional lighting elements or lighting members
8§16, which may also take the form of LED lights in onc example implementation. In some
example implementations, the imdicator system 812 may provide a visual indication of goals,
such as by illuminating a portion of lighting members 816 to represent accomplishment

towards one or more goals.

[BO88] A fasiening mechanism 818 can be disengaged wherein the wrist-worn device 800
can be positioned around a wrist or other portion of an individual. Once positioned on the
individual, the fastening mechanism 818 may be subsequently placed o an engaged position.
In some example implementations, the fastening mechanism 818 may comprise an interface,
mcluding but not hmited to g USB port, for operative interaction with a computer or other
devices, such as devices. In some example implementations, the fastening member may
comprise one or more magnets. In some example froplementations, the fastening member

may be devoid of moving parts aud rely entirely on magnetic forces.

{G389]  In some example implementations, the wrist-worn device K00 way comprise a
sensor asserubly (not shown). The scusor assembly may comprise a plurality of different
sensors, inchading those disclosed herein or known in the art. In an example mplementation,
the scusor assembly may comprise or permit operative connection to any sensor disclosed
herein or known n the art. The wrist~-worn device 800 may be configured to receive data
obtained from one or more external sensors as well. The wrist-wormn device 800 may be
configured to display data expressed iu terros of achivity points or currency earned by an
individual based on the activity of the individual.

18098] Reforing now to FIG. 9, an example of a personal training system 900. The system
900 may 1oclude one or more electronic devices, such as computer 902, The computer 902
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may comprise a mobile terminal, such as a telephone, music player, tablet, netbook or any
portable device. In some example implementations, the computer 902 voay comprise a media
player or recorder, desktop computer, server{s}), a gaming console, such as for exanple, a
Microsofi® XBOX, Sony® Playstation, or a Nintendo® Wit gaming consoles. It will be
appreciated that these are merely exampie devices for descriptive purposes and this disclosure

is not limited to any particular console or type of computing device.

{86911  Tuormning briefly to FIG. 10, the computer 902 may include a computing unit 904,
which may comprise at least one processor unit 906, Processor unit 906 may be any type of
processing device configured to execute software instructions, such as for example, a
microprocessor device. The computer 902 may inchide a variety of non-transitory computer
readable media, such as memory 908, The memory 908 may include, but is not limuted to,
random access memory (RAM) such as RAM 910 or read only memory (ROM), such as
ROM 912, The mersory 908 may include any one or more oft clectronically erasable
programnmable read only memwory (EEPROM), solid-state memory, optical or maguetic disk

storage, or any other non-transitory medium that can be used to store clectronic mformation.

16692] The processor unit 906 and the memory 208 may be connected, cither directly or
indirectly, through a bus 914 or alternate communication structure to one or more peripheral
devices. For example, the processor unit 906 or memory 908 may be directly or indirectly
connected to additional memory storage, such as hard disk drive 916, optical drive 918 or any
other memory. The processor unit 906 and memory 908 also may be directly or indirectly
counected to one or wore input devices 920 and one or more output devices 922, The oufput
devices 922 may include, for example, a display device 936 (FIG. 9), audio-visual equipment,
tactile teedback racchanisms or other devices. In some example implementations, one or
more display devices may be incorporated into eyewear and optionally configured to provide
feedback to users. The input devices 920 may include, for example, a keyboard, touch screen,
remote control pad, pointing device (such as a mouse, touchpad, stylus, trackball, or
joystick), scanner, a camera, a microphone or any sensor disclosed herein. Example sensors
and Hustrative uses thereof are provided below. In this regard, input devices 920 may
comprise on¢ or more sensors configured to sense, detect, or measure athletic movement
from a user, such as user 924, shown n FIG. 9.

{8093} Looking again to FIG. 8, image-capturing device 926 or sensor 928 may be utilized
in detecting or measuring athletic movements of user 924, In some example implementations,
data obtamed from 1mage-capturing device 926 or other sensors, such as sensor 928, may
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detect athletic movements, either directly {e.z., data may be directly correlated to a motion
parameter) or indivectly (data may be utilized 1 combination, either with each other or with
other sensors to detect or measure movements). Thus, certain measurcments may be
deterrmined from combining data obtained from two or more devices. The computer 902 may
also use touch screens or image capturing device to determine where a user is pointing to
rnake selections from a graphical user interface. The image-capturing deviee 926 or sensor
928 may melude or be operatively connected to one or more sensors, including but not

Hmtted to those disclosed hercin,

[6694] The computer 902, the computing unit 904, or other clectronic devices may be
directly or indirectly connected to one or more network interfaces, such as example interface
930 {as shown in FIG. 10) configured to permut comrounication with a network, such as
network 932 (FIG. 9). In the example of FIG.10, the network interface 930, may comprise a
network adapter or network interface card (NIC) configured to translate data and control
siguals from the corputing unit 904 into network messages according to one or more
communication protocols, such as the Transmission Control Protocol (TCP), the Internet
Protocol (1P}, and the User Datagram Protocol (UDP). The network interface 930 may
employ any suitable connection agent for connecting to a network 932, The network 932,
however, may be any one or more information distribution network(s), of any type(s) or
topology(s), alone or in combination(s), such as internet(s), intranct(s}, cloud{s}, LAN(s). The
network 932 may be any one or more of cable, fiber, satellite, telephone, cellular, wireless,
gtc. and as such, be variously configured such as having one or more wired or wircless
communication channels (including but not hnuted to; WiFi®, Bluctooth®, or ANT
technologies) to connect one or more locatious (¢.g., schools, businesses, homes, consumer
dwellings, network resources, ¢te.), servers 934, or to other devices, which may be similar or
identical to the computer 902, Indeed, the system 900 may include more than one instance of

cach component {¢.g., more than one computer 902, more than one display 936, and so forth}.

{8095]  Regardless of whether the computer 902 {or other device within the network 932) 1s
portable or at a fixed location, it should be appreciated that, in addition to the 1oput, output
and storage peripheral devices specifically listed above, the computing device may be
counected, such as either directly, or through the network 932 to a variety of other peripheral
devices. In some cxample implementations, a single device may integrate one or more
components shown in FIG. 9. For example, a single device may include the computer 902,

image-capturing device 926, sensor 928, display 936 and additional components. In some
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example implementations, the sensor device 938 may comprise a mobile terminal having a
display 936, image-~capturing device 926, and one or more sensors 928, In other example
implementations, the image-capturing device 926 or sensor 928 may be peripherals
configured to be operatively connected to a media device, inchuding for example, a portable

gaming or media system.

{#0396] Sensors, such as sensors 926 and 928, may be configured to detect or monitor at
lcast one fitness parameter of a user 924, The seusors 926 and 928 may include, but are not
limited to: an accelerometer, a gyroscope, a location-determuning device {e.g., GPS), light
{inchuding von-visible light) sensor, temperature sensor (including arobient temperature or
body temperature), sleep pattern sensors, heart rate monitor, image-capturing Senset,
moisture sensor, force sensor, compass, angular rate scnsor, or combinations thereof, The
network 932 or the computer 902 may be in communication with one or more electronic
devices of system 900, mmcluding for exaraple, the display 936, an image capturing device 926
{e.g., one or muore video cameras), and scusor 928, which may be an infrared (IR} device. In
ong example impicmentation, the sensor 928 may comprise an IR transceiver. For example,
the sensors 926 and 928 may transmit wavetorms into the environment, including towards the
direction of the user 924 and receive a “reflection” or otherwise detect alterations of those
released waveforms, In some example mmplementations, sensors may be passive, such as
reflective materials that may be detected by image-capturing device 926 or sensor 928
{among others). In other example implemecntations, the image-capturing device 926 or sensor
928 may be configured to transmit or receive other wireless signals, such as radar, sonar, or
audible information. It will be appreciated that signals corresponding to & multitude of
different data spectrums may be utihized in accordance with various implementations. In this
regard, the sensors 926 and 92¥ may detect waveforms emitted from external sources other
than the system 900. For example, the sensors 926 and 928 may detect heat being emitted
from the user 924 or the surrounding environiment. Thus, the image-capturing device 926 and
the sensor 928 may comprise one or more thermal fmaging devices. In one example
implementation, the image-capturing device 926 and the sensor 928 may comprise an IR
device configured to perform range phenomenoclogy. As an example, image-capturing devices
contfigured to perform range phenomenology are commercially available from Flir Systems,
Inc. of Portland, Oregon. Although the image capturing device 926, the sensor 928, and the

display 936 are shown 1o divect {wirelessly or wired) communication with computer 902, it
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will be appreciated that these devices may directly commmunicate (wirclessly or wired) with

the network 932,

{80971 Detected movements or parameters from any sensor(s) disclosed herein may inchade
{or be used to form) a varicty of different parameters, metrics or physiological characteristics
including but not Himited to speed, acceleration, distance, steps taken, calories, heart rate,
sweat detection, cffort, oxygen consumed, oxygen kinetics, angular rate, pressure, direction,
rotational forces, impact forces, and corubivations thercof. Such pararscters may also be
expressed in terms of activity points or currency carned by the user based on the activity of

the user.

[B098]  As seen wn FIG. 9, the user 924 roay possess, carry, or wear any number of devices,
including sensory devices 938, 940, 942, or 944, One or more of the devices 938, 940, 942, or
944 ynay not be specially manufactured for fitness or athletic purposes. Indeed, aspects of this
disclosure relate to utilizing data from a plurality of devices, some of which are not fitness
devices, to collect, detect, or measure athletic data. In one example iraplementation, the
device 93K may comprise a portable electronic device, such as a telephone or digital music
player, including an IPOD®, IPAD®), or 1Phone®, brand devices available tfrom Apple, Inc.
of Cuperting, California or Zune® or Microsoft® Windows devices available from Microsoft
of Redmond, Washington. It will be recognized that digital media players can serve as an
output device, wmput device, or storage device for a cowputer. Iu some example
implementations, the device 93% may be the computer 902, yet in other cxample
implementations, the computer 902 may be entively distinct from the device 938, Regardless
of whether the device 938 is configured to provide certain output, it may serve as an input
device for receiving scusory information. The devices 938, 940, 942, or %44 roay include one

or more sensors, including but not Hmited to any sensor known in the art or disclosed herein.

(#0399} The devices 938944 may communicate with cach other, etther directly or through a
network, such as network 932, Communication between one or more of the devices 938-944
may take place via the computer 902. For example, two or more of the devices 938-944 may
be peripherals operatively connected to the bus 914 of the computer 902, In yet another
example implementation, a first device, such as the device 938 may communicate with a first
computer, such as the computer 902 as well as another device, such as the device 942,
however, the device 942 may not be configured to connect to computer 902 but may

conmmmunicate with the device 938, It will be appreciated that other configurations are
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possibie. Also, the components shown in FIG. 10 may be included in the server 934, other

computers, apparatuses, and so forth.

{8106} In some cxample implementations, the sensory devices 938, 940, 942 or 944 may be
formaed within or otherwise associated with the clothing of the user 924 or accessorics of the
user, inchuding a watch, armband, wristband, necklace, shirt, shoe, or the like. Examples of
wrist-worn devices {¢.g., wrist-worn device 800) were described above, however, these are
merely example implementations and this disclosure should not be himited to such. These
devices may be configured to monitor athictic movements of a user, including all-day activity
of the user 924. The devices may detect athletic movement when the user 924 interacts with
the computer 902 or operate independently of the computer 302, For example, each device
rnay be configured to function as an-all day activity monitor that measures activity regardless

of the proximity of the user 924 to or interactions with the computer 902,

18161} In somc cxample implementations, sensors, such as the sensors 944 shown in
FIG. 9, may be integrated into apparel, such as athletic clothing. For instance, the user 924
may wear one of more on-body sensors 944a-b. The seusors 944 may be incorporated into the
clothing of the user 924 or placed at any desired location of the body of user 924, The sernsors
944 may communicate {e.g., wirelessly) with the computer 902; the sensors 928, 93K, 940,
and 842; or the camera 926. Examples of interactive gaming apparel are described in U.S.
Pat. App. No. 10/286,396, filed October 30, 2002, and pubhshed as U.S. Pat. Pub, No.
2004/0087366, which is incorporated by reference herein in tts entirety. In some cxample
implementations, passive sensing surfaces may reflect waveforms, sach as infrared light,
emitted by the image-capturing device 926 or the semsor 928. In one c¢xample
implementation, passive sensors located on apparel of the user 924 may comyprise generally
spherical structures made of glass or other transparent or translucent surfaces which may
reflect wavetormms. Different classes of apparel may be utilized 1n which a given class of
apparel has specific sensors configured to be located proximate to a specific portion of the
body of the user 924 when properly worn, For cxample, golf apparel may inchude one or
more seusors positioned ou the apparel 1o a first configuration and yet soccer apparel wmay
include one or more sensors positioned on apparel in a second configuration.

16102] FIG. 11 shows illustrative locations for sensory input {¢.g., scusory locations 946a—
9460). In this regard, sensors may be physical sensors located on or in the clothing of a user
in some cxample implementations. In example implementations, the sensor locations 946a—
9460 may be based upou wdentification of relationships between two moving body parts. For
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example, sensor location 946a may be determined by identifying motions of the user 924
with an image-capturing device, such as image-capturing device 926, Thus, in some example
implementations, a sensor may not physically be located at a specific location (such as sensor
locations 946a-9460), but is configured to sense propertics of that location, such as with
image-capturing device 926 or other sensor data gathered from other locations. In this regard,
the overall shape or portion of the body of the user 924 may permut identification of certain
body parts. Regardless of whether an image-capturing device, such as camera 926, is utilized
or a physical sensor located on the user 924, or using data from other devices, the sensors
may sense a current location of a body part or track movement of the body part. In one
example implementation, sensory data relating fo location 946m may be utilized n a
determination of the center of gravity (1., center of wass) of the user 924, For example,
relationships between the sensor location 946a and the sensor locations 9461 or 9461 with
respect to one or more of the sensor locations 946m-9460 may be utilized to determune if the
center of gravity has been elevated along the vertical axis {(such as during a jump) or if a user
is atterapting to “fake” a jump by bending and flexing their knees. In one cxample
implementation, the sensor location 946n may be located at about the sternum of the user
924. Likewise, the scusor location 9460 may be located approximate to the naval of user 924.
In some cxample jmplementations, data from the sensor locations 946m-9460 may be
utilized (alone or in combination with other data) to determine the center of gravity for the
user 924, In some example implernentations, relationships between wmultiple several sensor
locations, such as sensor locations 246m-9460, may be utilized in determining orientation of
the user 924 or rotational forces, such as twisting of the torso of the user 924. Further, one or
more sensor locations may be utilized to determine a center of moment location. For
example, one or more of the sensor locations 946m—9460 may scrve as a point for a center of
moment location of the user 924, In another example implementations, one or more of the

scusor locations may scrve as a center of moment of specific body parts or regions.

{6183} Further aspects of this disclosure relate to determinations of when a user, such as
the user 924, is active or inactive. Some example implementations may relate to altering
clectronic outputs, such as rewards {e.g., rewarding or deducting virtnal or physical awards),
based upon activity levels. In this regard, determinations of activity or inactivity may be
utilized as an adjustment criterion. For example, cnergy expenditure values may be
deterroined and cuergy expenditure points may be deducted when the user 924 has been

inactive for a predetermined period of time or enhanced when certain criteria are met. This
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feature may be mcluded with all calculations or may be used in various games and
comnpetitions. For example, it may be determined whether an adjustment criterion has been
met. The adjustment criterion may inclade inactivity for a predetermined time period. In
some example implementations inactivity 18 not determuned by merely deterromning that an

amount of time has passed since with user was active.

{¢184] When an adjustment criterion has been met, a reward, such as for example, energy
expenditure pownts, may be adjusted. The adjustment may be a function of a property of the
detected inactivity {(c.g., duration, intensity, type, threshoid, specific biometric or
physiclogical parameter, etc.). In some example muplementations, a device or alarm may
inform the user 924 (or authorized groups/individuals) that the user: {(a) may be close to
receiving 4 reduction i an award, such as enecrgy expenditure points, to cncourage activity;
or {b) that user received a reduction of energy cxpenditure points. Thus, teammates or
competing uscrs may be notified of g reduction {or potential for reduction), and teachers,
trainers, or parents may more readily monitor the physical activity of others. Iu sore exarople
implementations, a device, such as device 800 (FIG. &), or any other device disclosed herein,
ray be coufigured to sense activity levels and detect that the user has been n a non-active
(e.g., low activity) state for a predetermined amount of time, and in response, transmit an

alert message to a local or reroote output device to remind the user to become more active.

{#185] The property of the detected nactivity {duration, intensity, etc.} may be conducted
at various intervals and allow for tracking points concurrently for different time periods, such
as days, weeks and years. The threshold levels of a low activity state and amount of inactive

tirne could also vary and be individually set by the user 924 or any other individual or group.

18106] In some arrangements, user non-activity or inactivity may also be detected and
affect progress toward completion of an activity goal. For example, inactivity may be
detected when a user does not exhibit movement of a particular level or a type of movement
for a specified amount of tirne, does not exbibit a heart vate of at least a threshold level, does
not move a sufficient amount of distance over an amount of time and the like or combinations
thercof. For arrangements in which a user accumulates activity points o reach an activity
point goal, points or a value may be deducted from the activity points or other activity metric
total when an amount of non-activity {e.g., mactivity or scdentary state) 18 detected. Various
conversion rates for converting inactivity to activity point deductions may be used. In one
example, 10 minutes of inactivity may correspond to a 5 point deduction. In another example,

30 munutes of inactivity may correspond to a 100 point deduction. Loss or deduction of
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activity points may be lincar or may be non-lincar, for cxample, exponential, parabolic and

the like.

{$167] Non-active time may include imactive time and sedentary time. Inactivity and
sedentary time may be defined by different movement, heart-rate {or other physiological
parameter), step or other thresholds or may be defined using the same thresholds. 1o one
example, sedentary time may have a higher threshold (c.g., requiring a higher level of
activity) than an mactivity threshold. That is, an individual may be considered sedentary but
not inactive. The non-active threshold may correspond to the sedentary threshold or a higher
threshold, if desired. Alternatively, an inactivity threshold may be greater than a sedentary
threshold. There may also be multiple sedentary threshelds, inactivity thresholds or non-
active thresholds {e.g., cach of the sedentary and inactivity thresholds may be a non-active
threshold). Different point deductions or rates of point deductions may also be defined
between the multiple thresholds and levels of hittle to no activity {e.g., non-activity). For
example, a user may lose 30 poiuts per hour for imactivity and 30 points per bour for
sedentary activity or vice versa. Further, activity point deduction may be triggered at different
times depending on if the user is inactive or sedentary. For instance, a user may begin losing
activity points after 30 minutes of inactivity or 45 minutes of being sedentary. Additional
thresholds {c.g., more than two thresholds) and corresponding rates of activity point loss may

also be defined.

{¢168] In some arrangoments, various sensors may be used to detect non-active periods of
time. As discussed, non~-activity fime periods may be defimed based on heart-rate, arnplitude
of a movement signal, step rate {e.g., < 10 steps per minute), or the like. Alternatively or
additionally, mactivity and sedentary tirac periods may be measured based on a physical
position, body position, body orientation, body posture of or type of activity being performed
by the individual. The detriracntal effects of various physical mactivity or sedentary body
positions or orientations may also differ. Accordingly, 30 minutes of reclining may introduce
the sarac health risks as 45 minwtes of sitting. The potential for health risks may also be time-
dependent. Accordingly, non-activity {c.g., sleeping) for a specified range of durations and
during a specified range of time might not introduce health risks. In one example, sleeping
for 7-9 hours between 9 PM and 9 AM mught not introduce detrimental health risks and thus,
nmiight not contribute to activity point or other activity metric value deduction. Indeed, in
sorue exaruple, a lack of mactivity {such as sleep) for a specified range of durations or during

a specified range of time may be considered detrimental to the health of a user. Thus, activity
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points may be deducted or activity points may be accumulated at a slower rate during these

times.

{8109} Additionally or alternatively, the amount by which a value of the activity metric
{e.g., an activity points} 1s decreased may be determined based on tirae of day, location of the
user, physical position of the user, level of nactivity and the hke. For example, a user may
lose greater value in an activity metric or at a faster rate during the afternoon than during the
evenings. In another example, if a user is at a gym, the user may lose fewer activity points or
other activity metric or lose value in the metric at a slower rate than if the user was located at

home.

{G118]  To account for the variances 1o types of non-active activity (¢.g., below a requisite
tevel of movement to be considered activity), a system may distinguish between physical
body positions or orientations including, for example, sleeping, reclining, sithug and
standing. Distinguishing between different physical body positions and orientations may be
deterrained from scusors at different locations of the body of the user {or sensors configured
to detect locations of certain body parts). The physical body posttion of the user may then be
determined based on the relative positions of the body parts to one another. For example,
when a knee location sensor is within a first threshold distance of a waist or chest sensor, the
systermn may determine that the user 18 sitting. If the knec location sensor is outside of the first
threshold distance, the system may determine that the user is standing. In other examples, an
angle formed by the various scnsors may be used to determine an individual's position.
Addiionally or alterpatively, the location of the various body parts of a user voay be
evaluated in conjunction with accelerometer or movement data to determine if the user is

exhibiting movement or {¢.g., at, above or below) g specified level of moveraent.

{6111} In addition to deductions in achivity points, the system roay alert a user to nactivity
to cncourage active lifestyles. In one cxample, the systern may alert the user (or authorized
rodividuals or groups) by displaving a message or indicator on a device, such as any device
described herein, after a specified amount of inactivity such as 2 minutes, 5 minutes, 30
minutes, | hour and the like. The aroount of imactivity time may be additive over non-
consecutive time periods. An amount of consecutive inactivity time may alternatively or
additionally be tracked. For example, if the user is mactive between 10:15 and 11:00 AM and
then again between 2:00 and 2:306 PM, the total amount of nos-active time may be T hour and
15 minutes. The message or indicator of inactivity may be provided as a warning prior o

deducting activity points. For example, the message may indicate that X amount of activity
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points will be deducted if the user does not extubit a sufficient level of activity within a
specified amount of time (e.g., 30 minutes, 5 minutes, 10 seconds, 30 seconds, T hour, 2
hours, ¢tc.}. Accordingly, the device may include a non-active timer to determine the amount
of user nov-activity. Additionally, the message may provide a suggestion as to a type of
activity the user should perform to counter any visks introduced by the inactivity. For
example, the systera may suggest that the user walk | hour at a 10 minute mile pace. When
the user has counteracted or accounted for the risks or negative effects of the detected amount

of tnactivity titae, a cclebratory message or other indication may be provided.

[G112]  Warniongs, point deductions, or other notifications may be provided if a user returns
to a sedentary or a non-active mode within a specified amount of time of exiting sedentary or
a non-active mode. For example, the user may excreise or exhibit a sufficient level of activity
to exit the sedentary or a non-active mode for a period of 10 minutes. However, the system or
device may require at least 30 nmumutes of activity to avoid additional warnings for 4 period of
tirae such as | hour, 2 hours, 3 hours, etc. For example, the warnings may indicate that the
user did not exhibit activity for a sufficient amount of time or a sufficient level of activity or a
combination thereof. Additionally, multiple sedentary periods within short arnounts of time
{e.g., a threshold amount of time) may require higher or additional levels of activity to
counteract potential scdentary effects including health risks and the like. In a particular
example, the user may be required to perform a higher level of activity to halt point

deduction.

{8113} The device or other system roay further advise a user as to an arount of non-active
tirne allowed before negative health effects may occur. In one example, the device or system
may include a countdown indicating & remaining amount of allowable non-active time before
potential health risks may begin taking effect. An amount of permissible non-active time may
be carned or accumulated based on an amount of activity performed. Accordingly, the device
may also provide suggestions or recommendations as {o a type or duration of activity that
may be performed to carn a specified amount of non-active fime (c.g., | hour of TV
watching). Different types of non-active or sedentary activitics may require different types or
amounts of activity. For example, 1 hour of reclining may require more strenuocus or longer
exercise thau b hour of sittimg. In another example, 1 hour of sitting while knitting may
require less strenuous or @ lower amount of exercise or activity than 1 hour of sitting while

watching television. According to one or more arrangements, recoromendations may be
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generated based on empirical data or predefined programming and data tables specifying a

type or daration of activity and a corresponding amount of permissible non-activity.

{8114} The device or activity tracking system may further recommend activities based on
historical records. For instance, the device or tracking system may detcrmine activity
performed by the user fu the past and generate recormrnendations based on those types of
activitics. Additionally or alternatively, the device or tracking systern may gencrate
recommendations for specific workouts performed by the user in the past. For example, a
user may nced to perform 500 calories worth of activity to counteract 2 hours of TV
watching. In such a case, the system way recoraroend a particular workout performed by the
user in the past in which the user bumed 500 calories. Combinations of historical activity
types and specific historical workouts may be used to generate recomumendations. In one
example, the system may recommend one of two workouts that the user has performed in the
past based on g type of workout that the user appears to prefer. The prefercuce may be
deterroined based on a number of times the user has performed each type of workout. A
workout or activity type nay also be recommended based on location and time. For exarple,
if a user previously performs a particalar type of activity or a particular workout routine at the
same location or at the same time, the system may recommend that type of activity or

workout routine. Other recommendations algorithros and factors may be used.

{G115]  The systern 900 (FIG. 9) may be configured to trausmit encrgy expenditure points to
a social networking website. The users may be ranked based on their total number of points

for a desired time interval {e.g., rank by day, week, month, year, etc.).

{3116} Aspects of the disclosure have been described in terms of illustrative embodiments
thereof. Numerous other embodiments, modifications and variations within the scope and
spinit of the appended claims will occur to persons of ordinary skill in the art from a review of
this disclosure. For example, one of ordinary skill in the art will appreciate that the steps
ithastrated in the illustrative figures may be perforred in other than the recited ovder, and that

one or more steps tiastrated may be optional in accordance with aspects of the disclosure.
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CLAIMS
What 1s claimed is;

1. A method of determining heart rate, the rocthod comprising:

{a) illuminating skin of a user with an Hhumination source;

(b} detecting electromagnetic radiation reflected off the skin of the user with an
iHumination detector;

(¢} determining a position of the skin of the user relative to the illumination detector
based on the electromagnetic radiation reflected; and

(d) determining, at a processor, a heart rate of the user by analyzing information
corresponding to the electromagnetic radiation reflected and compensating for the position of

the skin of the user.

2. The method of claim 1, wherein the illumination source comprises at least one light-

cmitting diode (LED).

3. The method of claim 2 wherein the at least one LED is configured to generate infrared (IR)

ilumination.
4. The method of claim | wherein the ilhimination detector comprises a photodiode.

S. The method of claim | wherein:

the illumination source is a near-ficld tlumination source;

step {(a) includes Humnnating the skin of the user with a far-field ilhumination source;

the clectromagnetic radiation reflected off the skin of the user and detected by the
ithumination detector includes a first aroount, IV, of clectromagnetic radiation provided by the
near-field iHumination source and a second amount, F, of electromagnetic radiation provided
by the far-field iHlumination source; and

step (¢} includes calculating a ratio of the first amount of electromagnetic radiation

reflected and the second amount of electromagnetic radiation reflected.
6. The method of claim 5 wherein the ratio is equal to NF.
7. The method of claim 1 wherein:

step {c} comprises accessing a lookup table that associates skin positions with

respective cotnpensation factors; and
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step {d} inctudes recetving a compensation factor associated with the position of the
skin of the user and utilizing the compensation factor when determining the beart rate of the

USET.

8. A heart rate determination system comprising:

an tHumination source configured to tHurmnate skin of g user;

an tluomination detector that detects electromagnetic radiation reflected off the skin of
the user;

a compensation module configured to determine a position of the skin of the user
relative to the itllumination detector; and

a processor configured to determine a heart rate of the user by analyzing information
corresponding to an amount of the electromagnetic radiation detected by the iltumination
detector and compensating for the position of the skin of the user determined by the

compensation module.

9. The heart rate determination system of claim 8 wherein the illumination source comprises

a near-tfield light-ermitting diode {(LED) and a far-ficld hght-emitting diode.

10, The heart rate determination sysiern of claim 9 further comprising:

a compensation module that determines a compensation factor based on a ratio of a
first amount of electromagnetic radiation, N, provided by the near-ficld LED that is reflected
off the skin of the user and detected by the illumination detector to a second amount of
electromagnetic radiation, F, provided by the far-ficld LED that is reflected of the skin of the

user and detected by the tHumination detector.

1}, The heart rate determination system of claim 10 further comprising:
a lookup table that associates skin positions with respective compensation factors; and
wherein the compensation module 1s configured to perform a lookup at the lookup
table using the ratio and provide a compensation factor associated with the ratio to the

PrOCeSsor.

12. The heart rate determination systern of claim 9 wherein the tHurmination source 1s a first
ilurnination source, the near-ficld LED is a first near-field LED, and the far-hicld LED 5 2
first tar-tield LED and further comprising:

a second tumination source that comprises a second wnear-field LED and a second

far-field LED,
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13. The heart rate determination system of claim 12 wherein the first illumination source and

the second illumination source are positioned substantially orthogonal to cach other.

{4, The heart rate determination system of claim {2 wherein:

the first near-field LED is positioned between the illumination detector and the first
far-field LED:; and

the second near-field LED is positioned between the illumination detector and the

second far-ficld LED.

1S, The heart rate determination systom of claim 12 further comprising:
a lens element that covers the tHumination detector; and
respective lens elements that cover cach of the first near-field LED, the second near-

field LED, the first far-field LED, and the second far-field LED.

16. The heart rate determination systern of claim 8 wherein the illumination detector

comprises a photodiode.

17. The heart rate determination system of claim 8 wherein the heart rate determination
systemt 18 meorporated into a wrist-worn device that 1s configured to measure movernents of

an individual wearing the wrist-worn device.
IX. An optical detector comprising:

a first Huroination source module that mcludes a first near-field light-emitting diode
(LED) configured to provide infrared (IR} illumination and a first far-field LED configured to

provide IR ilumination;

a second Humination source module positioned orthogonally relative to the first
ithumination source module that includes a second near-ficld LED configured to provide IR
ithamination and a second far-field LED configured to provide IR illumination;

an illumination detector comprising a photodiode positioned proximate to the first
near-ficld LED and the second ncar-ficld LED and configured to detect an arsount of IR
radiation reflected off skin of a user; and

an interface configured to provide information corresponding to the amount of IR
illumination refiected off the skin of the user;

wherein the photodiode 1s offset from at least one centerline of the optical detector.
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19. The optical detector of claim I8 wherein the optical detector is incorporated into a heart
rate determination systern that determines a heart rate of the user based, at least in part, on the

information corresponding to the amount of IR radiation reflected off the skin of the user.

20. The optical detector of claim 19 wherein the heart rate determination system is
incorporated into a wrist-worn device that is configured to measurc movements of an

mdividual wearing the wrist-worn device.
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