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CONTEXT DISCRIMINATION USING AMBIENT LIGHT SIGNAL

CROSS-REFERENCE TO RELATED APPLICATION

{8001} This application claims priosity to U.S. Patent Application No. 14/332,5%4,
filed July 16, 2014, which is hereby tncorporated by reference in its cntirety.

BACKGROUND

(8802} Unless otherwise indicaied herein, the materials deseribed in this scetion are
not prior art to the claims in this application and are not admitted to be prior art by inclusion
in this section.

8063} Artificial fluorescent or imcandescent highting is typically moduolated by the
mains frequency of the alternating current (AC) electrical power from the grid. Thus, in the
US, lighting is typically modulated at 120 Hertz (due to 60 Hertz utility waveform reaching
maximum voltage difference twice per cycle), and in Europe, lighting is typically moduolated
at 100 Hertz (due to the 50 Hertz utility waveform). Other Hght sources may be inteosity
modudated at other frequencics. For example, lighting on an aireraft 18 modulated by the 400
Hz AC power source used in aircraft. Light from a projoction movie screen is modulated at
about 24 Hz or 4% Hz, depending on the frame rate. Similarly, television and computer
monitors emit light with a characteristic flicker that depends on the refresh rate of the display
panel. Natoral Hght environments (i.e., from the Sun) may thus be characterized by steady
light - an absence of flicker modulation

8004 Optical pulse meters operate by detecting optical signatures of pulsing bleod
flow through body tissue. A typical optical pulse meter inchides a light source and a Hght
sensor that is positioned to detect light emitted by the lght source that is either reflocted from
the body tissue or transmitied through the body tissue. The optical signals provide
mdications of pulsing blood flow due to periodic vadiations in the amoumt of
reflected/transmitted Hght due to the time-variant amount of blood in the vasculature structure.
The intensity of measored light depends on the amount of blood in the body tissue (e.g.,
vasculature structure) during a given measurement.  Periodic variations in the intoosity of
measured light are due to pulsing of the blood. Thus, the pulse rate can be determined based
on the intensity modulation frequency of 8 set of light sensor measurements. In addition, the
oxygenation level of the arterial blood can be detormined based on the sirength of the
reflectedfransmitted light signal. Hemoglobin-countaining blood is more transnussive to red

light than to infrared Hight. Thus, one example may involve luminating body fissue with
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both red light and infrared light and osing the difference in the light reflected/transmitied at
the two wavclengths to isolate effects from pulsing arterial blood as opposed to other body
fissue and/or venous blood. For instance, by observing differences in the relative amount of
light reflected and/or transmitted at moultiple wavelengths, such as red and infrared Hght
ranges, the time-variant amount of blood can be evaluated, and the oxygenation level and/or
pulse rate can be determingd.

SUMMARY
{8065} A system is configured to discriminate amongst different enviromments based
in part on characteristics of ambient light. Ambicnt light intensity is measured using a light-
scusttive clement configured o generate an output sigonal indicative of an intensity of light
meident on the Hight-sensitive element. A controller is configured to obtain a set of ambient
light measurements using the light-sensitive clement, and determine that the measurements
correspond to a particuiar ambicnt light profile. The particular ambient light profile can be
one of mukltiple ambient light profiles that cach correspond to a different environments and/or
contexts.
{8886} Some embodiments of the present disclosare provide a system including a
light-sensitive element and a contreller. The light-sensitive element can be configured to
generate an output signal indicative of an intensity of Hght incident on the lght-sensitive
element. The controller can be configured to: (1) obtain a set of ambient light measurements
using the light-sensitive cloment; (i) detormine that the obtained sct of ambiont light
measurcments correspounds to a particular one of multiple ambient hight profiles; and (1Y) in
response to determining that the obtained set of ambient light measurements corresponds to
the particular one of the multiple ambicnt light profiles, gencrate an indication that the
obtained set of ambicnt light mcasuremenis corresponds to the particular one of the multiple
ambicnt light profiles. The set of ambient light measurements can inchide data values
mdicative of ambient light intensitics.
16607 Some embediments of the present disclosure provide a method. The method
can include obtaining a set of ambient light measurements using a light-scusitive element
configured to generate an output signal indicative of an intensity of light incident on the light-
sensitive clement. The set of ambient light measurements can include data values indicative
of ambient light intensities. The method can also include determining that the obiained set of
ambicnt light measurements corresponds 1o a particular one of multiple ambient light profiles.
The method can also inclode generating an indication that the obtained set of ambient light

measurements corresponds fo the particular onc of the muitiple ambient Light profiles in
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response to determining that the obtained set of ambient Hght measurements corresponds to a
particular onc of multiple ambient light profiles.
8008 Some crobodiments of the present disclosure provide a body-mountable device
meluding a housing, a light-sensitive element, and a controller. The housing can include a
body-mountable surface. The Hght-sensitive element can be mounted to the housing. The
light-sensitive cloment can be configured to gencrate an ouiput sigoal indicative of an
mtensity of incident light. The Hght-sensitive element can be situated such that, while the
body-mountable surface 15 mounted over body tissae, at least a portion of light incident on
the hight-sensitive clomont passes through the body tissue. The controller can be contigured
to: (1) obtain 2 sct of ambicnt hight measurersents using the light-sensitive clement; (1)
determine that the obtained set of ambient light measurements corresponds 1o a particular one
of multiple ambient lght profiles; and (#1) in response to determining that the obtained set of
ambicnt light measurcments corresponds to the particular one of the multipic ambicnt light
profiles, generate an indication that the obtained set of ambient light measuroments
corresponds to the particular one of the multiple ambient light profiles. The sct of ambient
Light measurements can inclode data vahies indicative of ambient light intensities.
18009 Sorae crubodiments of the present disclosure provide means for obtaining a sct
of ambient light measurements using a light-sensitive clement configuwred to generate an
cutput signal indicative of an intensity of light incident on the light-sensitive clement. Some
embodiments of the present disclosure provide means for detormining that the obtained set of
ambient light meagurements corresponds to a particular one of nmultiple ambient light profiles.
Some embodiments of the present disclosure provide means for generating an indication that
the obtained set of smbient light measurements corresponds to the particular one of the
multiple ambient light profiles in response to determining that the obtained set of ambicnt
light measarements corresponds to a particular one of multiple ambient hight profiles.
8618} These as well as other aspects, advantages, and alternatives, will become
apparcut to those of ordinary skill in the art by reading the following detailed description,
with reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
{8811} Figure 1A shows an example wearable device.
(8612} Figure 1B is a side cross-sectional view of the example wearable device
shown in Figure 1A when worn on a wrist,
{8813} Figure 2A is a top view of an example device worn on a wrist.

8014} Figure 2B is a roverse view of the example device shown in Figure ZA when
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wOorn on a wrist.

[8015] Figure 3A is a simplificd cross-sectional view of an example body-mountable
device that measures light reflected or transmitied through tissue to sensc blood tlow.

8016} Figure 3B is a simplified cross-sectional view of the example body-mountable
device shown in Figure 3A when measoring ambient light intensity.

{8017 Figwre 4 is a simpiified block diagram of an example system that can

discrivninate amongst environments based on characteristics of ambient hight.

{8018} Figure S is a flow chart of an example process.
[8019] Figure 6 is a functional block diagram of an example wearable device.
18026{ Figure 7 is a functional block diagram of wearable devices communicatively

hinked via a network, according to an example embodiment.

DBETAILED DESCRIPTION

[B8021] In the following detailed description, reference is made to the accompanying
figures, which form a part hereof. In the figures, similar symbols typically identify shmilar
components, unless context dictates otherwise. The illustrative embodiments described in the
detailed description, figures, and claims are not meant to be Hmiting. Other embodiments
may be utilized, and other changes may be made, without departing from the scope of the
subject matter presented herein. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and lustrated in the figures, can be arranged,
substituted, combined, separated, and designed m a wide variety of different configurations,

all of which are explicitly contemplated herein.

L Ohverview
{8022} A gystem is configured to discriminate amongst differcnt environmenis based

m part on chavacteristics of ambicnt light. Ambient light intensity is measured using a light-
sensitive element configured to generate an output signal indicative of an intensity of light
ncident on the light-sensitive clement. A controller is configured to obtain a set of ambient
light measurements using the light-sensitive clement, and determine that the measurements
correspond to a particalar ambient light profile. The particular ambient light profile can be
one of multiple ambient light profiles that each correspond to a different environment and/or
context,

18023} The ambient Hght sensor roay be mounted on a wearable device, and used to
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analyze an environmental comtext of the wearer of the device. For instance, a health-
monitoring wearable device may include a variety of sensors, ncluding one or more light
scusors.  Such a health-monitoring wearable device may be used to coliect measurements
related to health states of the wearer of the device. Such measurements may nclude, for
example, indications of an analyte concentration, a pulse rate, a temperature, and other
ndicators useful for health monitoring and/or diagnosis. A wearable device may also include
a light-sensitive clement that can be used to obtain measurcraents of ambiend light intensity.
A set of ambient light measurements can then be analyzed and a determination can be made
regarding which of multiple ambient light profiles the measurements correspond to.

180244 For instance, the device may include an optical puise oximetry systom that
measures hight reflected or transmitied by body tissue and uses such measurements to
determine characteristics of bloed flow (e.g., arterial blood flow) in the tissue. The sensing
system may ioclude both a light source that emits light into the tissue and s light-sensitive
element that detocts the light that is transmitted or reflected by the tissue. To accound for
variations in ambient Light, the sensing system may also obtain measurements of ambient
hight, such as by measuring light intensity while the light source is tirned off. In addition to
being used for calibration of the pulse oximetry systom, such ambient light measurements can
also be used to determine a corresponding ambient light profile, and thus an environmental
context of the device.

18625] A control system can analyze the measurements to characterize the
environment in which the device is located. In practice, the analysis can include determining
an extent of correspondence between the set of ambient light measurements and multiple
ambient light profiles, and identifving a particelar profile with the greatest extent of
correspondence and/or which exceeds a threshold extent of correspondence. For example,
the ambient hght profiles may include information indicating an intensity modulation
frequency and/or intensity modidation amplhitude. Extents of correspondence may then be
determined by determining intensity modulation frequencies and/or amplitudes for the set of
ambicnt light measurcments and computing values based on degrees of agreement between
the profiles and the measured frequencies and/or amplitudes. For example, ambient intensity
mododation of 120 Hz or 100 Hz may be associated with artificial Light flicker due to 60 Hz
or $0 Hz AC power. In another example, ambient intensity modulation of 800 Hz may be
associated with artificial light flicker aboard an aerial vehicle that uses 400 Hz AC power. In
another example, ambient intensity modulation may correspond to a refresh frequency of a

computer monttor. In another example, stable (ie., not flickering) ambicot hight may be
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associated with npatoral {(solary lighting. In still another example, ambient intensity
modalation at about 24 Hz or 48 Hz that varies in infensity over time may be associated with
a movie theater projection display or television display. Other examples of charactoristic
light profiles associated with various environments are also possible.

{8026} The control system can operate the ambient light sensor to periodically obtain
measurcments of the intensity of incident light. The ambient light scusor may include, for
examiple, a photodiode, a photovoltaic cell, or another elersent configured 1o generate ag
clectrical signal (e.g., a current or voltage) that relates to the intensity of incident light during
a given integration period. Analog electrical signals generated by the ambient Hght sensor
may be converted to digital values using an avalog to digital converter and/or other signal
conditioning components such as filters, amplifiers, trans impedance amplifiers, ete. The
digital vahies from a series of such measurements can then be analyzed by a computing
system to identify characteristics of the measured ambient light, such as intensity modulation
frequency and/or amplitude.  For cxample, the computing system may wdentify a periodic
hight flicker with a certain frequency. The computing system can then determine that the
measurements correspond to one of multiple predetermined profiles, and responsively
generate an indication that the ambiend hight measurements correspond to the determined one
of the predetermined profiles.

{80271 The indication that the ambient Hght measurements correspond to one of the
ambient light profiles may then be used, at least in part, {o determine the environment and/or
context of the wearable device, and by extension the wearer of the body-mountable device.
Such environmental/contextual information can then be analyzed to identify behavorial
patterns and/or metrics uscful for a variety of purposes. For example, the information may be
used i combination with other information to determine the length of time that the wearer
spends outside versus indoors {in the presence of artificial light), or may be used to determine
the length of time the wearer is in the presence of a computer monitor and/or television.
Morgover, the environmental/contextual indication may be used as a basis to modify a user
mterface setting of the wearable device or another device communicatively Hinked with the
wearable device. For instance, upon determining a wearer 18 n a cinema, the wearer’s cell
phone may be automatically set to vibrate. Or, upon determining the wearer is aboard an
aircraft, the wearer’s wireless commumnication device(s) may be set to airplane mode. Other

examples are also possible.
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ii Example Wearable Device

[6028] Figure 1A shows an example wearable device 100, The wearable device 100
can automatically measure a plurality of physiological parameters of a person wearing the
device., The term “wearable device,” as used in this disclosure, refers to any device that is
capable of being worn at, on or in proximity to a body surface, such as a wrist, ankle, waist,
chest, or other body part. In some examples, the wearable device(s) described herein may be
configured to be removably mounted to a body surface and may include body-mounting
surfaces. In order to take in vivo measurcmenis in a non-invasive manner from outside of the
body, the wearable device 100 may be positioned on a portion of the body where subsurface
vasculature or other clements of the body of the wearer may be detected, which depends in
part on the type of detection system used and s sensitivity. The wearable device 100 may be
placed o close proximity to the skin or tissue. Depending on the mounting location of the
device 100, the device may accordingly be implemented in a variety of different form factors
that are configured to be mounted to a variety of different body surfaces. Une such exanple
is a wrist-mountable device that is shown in Figare 1A, As shown in Figure 1A, the example
wrist-mounted device 100 inclodes a sensor housing 110, 2 mounting band 120, a user
mterface modele 130.
A, Sensor{s)

18629] The seosor housing 110 15 disposed on the mount 120 to facilitate contact
between the body surface and the sensor housing 110 when the device 100 15 worn. For
imstance, Figure 1B shows the example device 1 in a side cross-sectional view when the
device 100 18 mounted to a wrist.  As shown in Figure 18, the sensor housing 110 is situated
over the body surface (e.g., the anterior side, or palmar side, of the wrist above the ulnar
artery). The sensor housing 110 may include at least one sensor for detecting at least one
physiological property of the body of the wearer, which could include any paramecters that
may relate to the health of the person wearing the wearable device. For exanpie, the seusor
housing 110 mcludes a pulse rate sensor and/or pulse oximetry sensor having two light-
sensitive elements 112, 116, and a light emitter 114, While the device 10{)} is mounted over a
wrist (as in Figure 1B}, the light emitter 114 can emit light into the body tissue. Some of the
emitted lght is then reflected by the tissue and received by the light-sensitive elements 112,
116. The tissue of the arm 150 includes a variety of materials with different degrees of
reflectivity, such as skin, muscle, boue, connective tissues, vascolature 152, etc., and so the

mtensity of reflected hHght during a given measurement depends on the composition of the
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tissue over the sensor. Over timescales of a fow seconds the tissue composition remains
fairly constant with the exception of arterial blood that traverses the vasculature 152 in a non-
continmuous, pulsing manner related to the wearer’s heartbeat. Totensity modulations in the
reflected hight can be attributed to the pulsing arterial blood in the vasculature 152 {e.g.,
through the ulnar artery), and so the frequency of such intensity modulations can be used o
determine the wearer’s pulse rale.
16038) (Other sensors may additionally or alternatively be included in the sensor
housing 110. The sensor housing 110 could be configured to with sensors for measoring
blood pressure, galvanic skin respounse, skin temperature, analyte levels, cte. In a non-
exhaustive Hst, the sensor housing 110 may inchude any one of an optical (e.g., CMOS, CCD,
photodiode), acoustic  {c.g., piezoclectric, piezoceramic), electrochemical  (voltage,
impedance), thermal, mechanical {e.g., pressure, sirain), magnetic, or electromagnetic {e.g.,
magnetic resonance) sensor.  Additionally, sensors and other components disposed in or
within the housing 110 may be miniaturized so that the wearable device 100 may be worn on
the body without significantly interfering with the wearer’s activities and/or use of her arm.

B, Power System
18031} The wearable device 100 additionally includes a power system for operating
the electromics components therein. The power system may inchide a conductive coil {not
shown) for recetving electromagnetic energy from a wireless charging system. The coil could
be enclosed within the sensor housing 110 proximate the boundary of the sensor housing 110
such that the cotl could ctficiently receive clectromagnetic energy emitted by a wireless
charger (not shown) when the wearable device 100 is disposed on such a wireless charger.
The wearable device 100 can additionally include a rechargeable battery (not shown)
configured to power clectronics within the wearable device 100, A recharger (oot shown) of
the wearable device 100 is configured 1o recharge the rechargeable battery using
electromagnetic energy received osing the coil.  For instance, the recharger may rectify
and/or regulate voltage fluctuations across the coil caused by the wireless charger, and use the
rectificd voltage to charge the rechargeable battery.

. Mount
{6632} The mounting band 120 can be used to mount the device 1006 at, on ¢r in
proximity to the body surface. The mount 120 may prevent the wearable device 100 from
moving relative 10 the body to reduce measorement error and noise.  In one example, as
shown in Figure 1A, the mouont 120 may take the form of a strap or band that can be wom

around a part of the body, such as a wrist, ankle, arm, leg, waist, and/or chest. In some
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examples, the device 100 may additionally or alternatively include an adhesive substrate for
mounting the wearable device 100 to a body surface.
. User Interface

{8833 The wearable device 100 may also include a8 user interface 130 via which the
wearer of the device may receive cutputs and provide inputs to the device 100, Outputs may
include, for example, recommendations or alerts based on physiological measurements
obtained using the wearable device and/or other information related to the device, such as
battery condition or status information. Inputs may inclode adjustments to scttings on the
device {e.g., measurement interval, data reporting format, ete.). As shown in Figure 1A, the
user interface 130 can include a display 132 for providing outputs, and buttons 134 for
receiving user inputs. As shown in Figure 1A, the display can include text that indicates a
heart rate of 76 beats per minute and no alerts {e.g., “BPM: 76 ALERTS: NONE”).
Although the user interface 130 may include a variety of other components to provide and/or
receive information via visual component(s) {(c.g., a display and/or a camera), auditory
component(s) (e.g., an audio loudspeaker and/or a microphone), and/or factile component{s)
{c.g., a vibration generator and/or an accelerometer),

18034} In some examples, the user imterface 130 may additionally or alternatively be
mplemented via communication between the wearable device 100 and other device(s). For
mstance, a wearer may receive outputs (e.g., alerts) via their cell phone, computer, or other
device. The weargr may also provide inputs {c.g., to adjust settings of the device) via such
other device, Accordingly, the wearable device 100 can be configured to comumunicate with
such other devices via wireless signals, for example. In addition, the wearable device 100
may communicaic with other devices, which may be used to store and/or process data related
to the physiological measurements alone or in coordination with the processing performed
locally by the device 100, For instance, a communicatively coupled computing system may
receive data indicating a set of ambient lght measurements from the wearable device 100,
anafyze the measurcments, and determine covresponding cnvironments/contexts.  Such a
computing system may also store indications of the wearer’s contexts over time, and provide
reports on the same {¢.g., cumulative time spent near a computer monitor In a given day or
weelk),

E. Example Wrist-Mounuted Device

[B035] Figure 2A is a top view of an example wrist-mounted device 200 worn on a
wrist. Figure 2B is a reverse view of the example wrist-mounted device 200 shown in Figure

2A.  The wrist-mounted device 200 may be mounted to the wrist, similar to a watch or
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bracelet. Figures 2A and 2B show opposing views of the wrist-mounted device 200 being
worn on the wrist. Figure 2A shows a perspective in which a posterior side 240 of the wrist is
visible; Figure 2B shows a perspective in which an anterior side 2472 of the wrist is visible,
[8836] The wrist mounted device 200 can include a wristband 214, a sensor housing
220, and 2 user interface 230. As shown in Figures 2ZA and 2B, when the device 200 is
mounted to the wrist, the sensor housing 220 can be positioned over the anterior side 242 of
the wearer’s wrist, and the user interface 230 can be positioned on the posierior side 240 of
the wearer’s wrist. The wearer of the device 200 may receive, via the user interface 230, ong
or more reconumendations or alerts related to physiological measurements obtained using the
wrist-mounted device 200, Such s configuration may be perceived as natural for the wearer
of the device 200 in that it is common for the posterior side 240 of the wrist to be observed,
such as during the act of checking a wrist-watch, Accordingly, the wearer may easily view a
display 232 of the user interface 23{. Further, the sensor housing 220 may be located on the
anterior side 242 of the wearer’s wrist where the subsurface vasculature or other eloments of
the wearer’s body (e.g., carpal tunnel, ulnar artery, etc.} may be readily observable via the
physiclogical sensors within the sensor housing 220. However, other implementations may
have other configurations.

8837} The display 233 may be configared to display a visual indication of an alert,
recommendation, and/or an indication of the measured physiclogical parameters, for instance,
the presence or concentrations of certain blood analytes being measured, a pulse rafe, an
oximetry measurement, cte. Further, the user jnterface 230 may include one or more buttons
234 for accepting inputs from the wearer. Additionally or alternatively, the sensor housing
220 may also mclhude one or more buttons 222 for accepting inputs from the wearer, The user
nputs may be used to adjust settings of the wearable device 200, such as user interface
scttings {¢.g., the manner of displaying mformation on the display 234), aspects of the data
collection system {(¢.g., measurement intervals, initiation of measurement, commaunication
settings, other aspects related to the functioning of the device 200, and/or or indications of the
wearer’s current health state (e, normal, migraine, shortness of breath, heart attack, fever,

“flu-tike” symptoms, food poisoning, etc.).

i Ontical Blood Flow Sensor

{6638} Figure 3A 15 a cross-sectional view of a wearable device for measuring

propertics of blood flow based on light that is reflected and/or transmitted by body tissue 350.
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For instance, the wearable device may detect a wearer’s pulse rate. The wearable device can
inchude a sensor housing 310 and a mount 320 that secures the sensor housing 310 against the
body fissuc 350 (e.g., against a skin surface). For example, the mount 320 may be =
wristband that can secure the sensor housing against a wearer’s wrist. The sensor housing
310 can include a light sensor 340 and light sources 342, 344 mounted along a tissue-facing
surface of the sensor housing 310, The light sensor 340 can be a photodiode, or another light-
sensitive device, and can have a light-receiving arca arranged to receive light from the body
tissue 350, The light sources 342, 344 may be light emissive diodes or other emissive
devices and can be arranged to emit light direcied into the body tissue 350. For example,
when the wearable device is moounted against body tissue, the light-cmissive arcas of the light
sources 342, 344 and the light-sensitive area of the light sensor 340 can be disposed along
skin of the body tissue 350,

8039} The light sensor 340 and light sources 342, 344 may optionally be mounted on
a flexible printed circutt beard (PCB).  Such a flexible PCB may be used to facilytate
conformance of the light sensor 340 and hight sources 342, 344 with the skin surface of the
body tissue 350, Other components of the sensor housing {e.g., amplifiers, filters, processors,
communications modules, etc.) may be mounied on one or more locations and conuected to
the components on the flexible PCB through traces on the flexible PCB. In some examples,
the sensor housing 310 may additionally or alternatively inclode one or more other sensors
and/or user interface components, such as the sensor(s) and user interface components
described above in comnmoction with Figores 1-2.

{8044} In practice, the light sources 342, 344 can emit light 362, 364 toward the body
fissuge 353, The cmitted light is transmitted through and/or reflected by various features
within the body tissuc 350 {c.g., skin, rouscle, boue, vasculature, connective tissues, cic.).
The emitted Hght 362, 364 may be at least partially reflected by the body tissue 350, The
tight sensor 340 can receive at least some of the Hght that is reflected by the body tissue 350
Thus, the intensity of detected light 360 may depend, at least in part, on the compuosition of
the body tissue 350 in the vicinity of the sensor housing 310 {c.g., near coough to influence
the detected Hght 360 via transmission and/or reflection). In addition, the light sensor 340
aiso recetves some hght that is transmitted and/or reflected through the body tissue 350 from
external sources, such as ambient Hght 304 from an artificial light source 302, The inteosity
of the detected fight 360 may therefore depend at least partially on the intensity of the emitted
light 362, 364, the mtensity of the ambient light 304, and the tendency of the body tissue 350

to transmit and/or reflect the ght to allow it to be received by the light sensor 340,
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{6841} Because artertal blood pulses through the vasculature structires within the
body tissuc 350, the amount and/or concentration of arierial blood influencing the detecied
tight 360 reaching the light sensor 340 during a given measurcruent infegration time is not
constant. Instead, the amount of arterdal blood may vary depending on the phase of the
cardiac pulse cycle during 3 given measurement. The pulsing of the arterial blood may
therefore be determined from a froguency of intensity moduiations of a set of measurcmoents.
Moreover, a variety of other propertics of the wearer’s blood and/or vasculature may be
determined based on a set of light intensity measurements. For instance, the amount of
reflected light and/or the differential reflectivity of light at different wavelengths may be
measured to provide indications of blood oxygenation {¢.g., hemoglobin concentration), such
as m blood oximetry. Further, the two hght sources 342, 344 may each enut Hght with a
different wavelength (e.g., visible hght and infrared light) to obtain measurements relating to
the differential reflection/transmission of the body tissue 350 at different wavelengths.

18042} To accurately identify the modulation due to differential reflection and/or
transmission of the pulsing arterial blood within the vasculature structure, it is desirable to
account for variations in ambient lighting conditions. Figure 3B is a cross-sectional view of
the wearable device shown in Figore 3A when measuring ambient light intensity, During the
ambicnt light measurement integration time, the Hight sources 342, 344 can be turned off, and
the Hght sensor 340 can detect meident light 370, The incident Hght 370 can be light that is
transmitted and/or reflected through the body tissae 350, such as the ambicnt light 304 from
the artificial hight source 302, The intensity of the ambient light {(c.g., Figure 3B) can be
compared with the ntensity of the detected lght (e.g., Figure 3A) to determine the
contribution of the detected light 360 duc to ambient light 304. For example, once the
ambicnt light is determrined, the ambierd light may be subtracted from the Hight measurements
obtained while the hight sources 342, 344 are twned on to thereby account for ambient
lighting conditions.

16643] In some examples, the disclosed wearable device may be configured to
alternate between oximetry/pulse measurcroents {e.g., as in Figure 3A) and ambient light

measurements {¢.g., as i Figure 3B). By alternating messurements, variations in ambient

light levels can be accounted for on a measurement-by-measurement basis,

for example. In
some cases, the wearable device may obtain samples at about 100 Hz to about 200 Hz

8844 Moreover, the ambient Hght 304 itself may not be constant.  For instance,
artificial light sources such as incandescent and fluorescent light sources emit light that is

modulated due to the AC power supply that powers such light sources with an AC voltage
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waveform. In an incandescent light source, a filament emits hight in response to a voltage
applied across the emissive element that heats the filament and causes it to radiate. The
intensity of croitted light increases at higher voltages. Awn incandescent light source powered
by an AC voltage supply thercfore reaches maximum voltage twice per cycle of the
waveform {the applied voltage peaks at cach maxima and minima of the AC waveform).
Similarly, the light source has two minima per cycle of the AC waveform (e.g., at each zero
crossing of the AC waveform), although the filament may continue to emit light through the
minima as well doe to the heat capacity of the filament. Similarly, a fluorescent Hght source
applies an AC voltage across electrodes in a fluorescent chamber to energize particles thercin
and thereby cause cnergy transitions that cmit visible light.  Therefore, an artificial light
source powered by a 60 Hz AC supply emits Light that is mtensity modulated at 120 Hz.
[B045] Other examples of characteristic ambient lighting characteristics are also
possible in other environments. For instance, an artificial light source powered by a 50 Hz
AC supply enits light that is intensity modulated at 100 Hz; and an artificial hight source
powered by a 400 Hz AC supply (e.g., aboard an aweraft) cmits hight that is mntensity
mododated at 830 Hz. Moreover, some environments have ambient light that s intensity
modulated with characteristic variations io frequency and/or amplitude. 1o another example,
a television display or projection movie theater display may emit light that is intensity
modlated at the frame rate or refresh rate of the display {(e.g., about 24 Hz or about 48 Hz).
While the frequency of iniensity modulation in such environmenis may be stable, the
amplitede mway vary over time {e.g., between dark scenes and light scenes in 2 movie). Io
another example, ambient light from a computer display may be intensity modulated at a
refresh rate of the display, but have relatively low variations in smplitude over Hime. For
example, computer displays may be used te display a user interface with substantially static
content {c.g., a word processing interface, a command/control interface, an email
conununication system}. In yet another example, natural lighting {e.g., solar lighting) may be
characterized by an absence of intensity modulations.

[8646] While the blood flow semsor is described by way of example in an
mnplementation in which the sensor housing 3106 inclades one Hight sensor 340 and two light
soarces 342, 344, which may emit hight at different wavelengths, other examples are possible.
In some impicmentations, a blood flow sensor may nclude one light source, such as a single
light emissive diede. In some fmplementations, a blood flow sensor may include more than
one light sensor.  For instance, a single light source may omit hight that nchides two

wavclength vanges of interest, and two light sensors may be configured to sclectively detect
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Light at cach of the two wavelengths {(e.g., osing suitable filters). The differential intensities
measured with the two different light sensors {and thus different wavelength ranges) can then
¢ used to analyze ditferential transmission/reflection by varicus features within the body
tissue, such as arterial biood. Other examples are also possible. For instance, some examples
may include one light sensor and one light soarce.
{88471 Other arrangements of the wearable device arc also possible. For instance,
light sources can also be sttuated to fransmit light through body tissue toward a light sensor.
In such an example, the light sensor can deleet a signature of the amount of light transmitted
through the body tissue rather than the amount reflected. In some cases, transmission-based
arrangements may be suitable for being mounted at an extremity of a wearer, such as an end
of a finger or toe, and reflection-based arrangements may be suitable for being mounted

elsewhere.

iv. Envirenment Sensing From Ambient Lioht

[B048] Figure 4 15 a simplified block diagram of a system 400 that can discriminate
amongst environments based on characteristics of ambient light. The system 400 inchudes a
light-sensitive element 410, a controller 420, and memory 430, The system 400 can function
to obtamn a set of measurements mdicative of the mtensity of mncident Hght, analyze those
measurements, determine & particular ambiont light profile that corresponds to the set of
measurements, and oufput an indication 440 of the determined profile. The light-sensitive
clement 410 used to obtain ambient hight measurements may be combined with another
system that obtains ambient light measwrements for another purpose. In some examples, the
system 400 may be implomented in combination with an optical blood sensor mounted on a
wearable device, and that uses ambient light measuroments to account for the cffoct of
ambient light, similar to the wearable devices described above in connection with Figures 1-3.
In some examples, the system 400 may be implemented n combination with an image
capture system that includes an amabient Hght scusor 1o auto calibrate an cxposure sciting. In
some examples, the system 400 may be implemented entirely mdependent of any other
ambicnt light sensor systems.

8049} The light-scnsitive element 410 can function to gonerate an oculput signal
mdicative of an intensity of lght jncident on a light-sensitive arca of the light-sensitive
clement 410, For example, the light-sensitive element 410 may be a photodiode that is

reverse biased to generate a photocurrent based on the intensity of incident light via the
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photoelectric effect.  While particular implementations may vary, a variety of signal
conditioning clectronics 412 can be used to convert the output signal genecrated by the light-
scusitive clement 410 to a digital value that can be analyzed by the controller 420, The signal
conditioning electronics 412 may inchide a combination of amplifiers, filters, analog to
digital converters, cte. For example, in an example in which the Hght-sensitive clement 410
is a photodiode, the photocurrent from the photodiode can be used (o charge or discharge a
capacitive cloment during an infegration time and the voltage of the capacitive element can be
sampled to provide an indication of the light intensity. The sampled voltage can then be
converted to a digital value using an analog to digital converter and the digital value can be
commumnicated to the controller 420 for analysis.

{B05G] The controller 420 can mclude a special purpose processor, such as a digital

signal processor or a microprocessor that executes program logic (e.g., instractions stored in
memory 430} to analyze a sct of ambient light measurcments. In some examples, the
controller 420 may function to dentify a frequency and/or amplitude of intensity modulations.
The controlier 420 may alse mclade special purpose hardware modules that are configured to
determine characteristics from a sct of ambient light measurements, such as a froquency
and/or amplitede of mtensity modulations. The memory 430 can be a non-transicut data
storage that stores indications of a mumber of ambient Hght profiles 432, The controller 420
may refer to the memory 430 and determine whether a8 given set of ambient light
measurcments corresponds to any of the ambient light profiles 432, For instance, the
controller 430 may determine that & frequency and/or amplitude of intensity modulations
correspond to one of the ambient Hght profiles 432a, 432b, 432¢.

[8051] As an example, the first ambient light profile 432a may characterize artificial
lighting powered by an AC power supply (¢.g., data indicative of light intensity modulated at
120 Hz); the second ambient Hght profile 432b may characterize lighting from a computer
monitor {e.g., data indicative of light intensity modulated at a refresh rate of a computer
monitor}; and the third ambient light profile 432¢ may characterize solar Hghting (¢.g., data
mdicative of light inteusity that is not modulated). For example, as shown in Figure 4, the
ambient light 404 emitted from the artificial Hght source 402 can be intensity modulated with
a characteristic frequency fup and a characteristic amplitude 4 445 {e.g., a frequency of about
120 Hz due (0 a 60 Hz AC power supply). Depending on the sampling frequency of the
ambicnt light measurements, the intensity modulation frequency fig of the ambient Hght 404
may or may not be umambiguously determinable. For tustance, if the sampling frequency s

fess than the twice fum, the set of ambiont light measurements may oxhibit an intensity
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modolation that is a mixing frequency between the sampling frequency and 2. Thus, some
cmbodiments of the present disclosure include undersampling an intensity modulation
frequency of ambicnt Hght and determining that the set of ambient light signals correspond to
the vndersampled intensity modulation frequency based on the measurements exhibiting an
mtensity modulation at a mixing frequency.

[8052] Additionally or alternatively, the controller 420 may determine extents of
correlations between a given sot of ambiont Light measurements and one or more of the
ambient light profiles 432. Tor cxample, the controller 420 may determine a best fit
correlation between the set of ambient light measurcments and a function {or sample data sct)
ndicative of the first ambient light profile 432a. The determined extents of comrelation
between the set of ambient ight measurements and each of the ambient Hight protfiles 432 can
then be used to determine which, if any, of the ambient light profiles 432 the set of ambient
light measurcments corresponds to.  In some eoxamples, the determination that the set of
ambicnt light measurements corresponds to the first ambient light profiles 432a may involve
comparing a determined extent of correlation for the first ambient light profile 432a with a
threshold value and/or with determined extents of corrclation for one or more other ambient
ight protiles.

{B053] Upon determining that a set of ambient light measurements corresponds to one
of the ambient light profiles 432, the controlier 420 can cutput a context indicator 440, which
may indicate which of the ambient light profiles 432 the set of measurements was determined
to correspond to. The context indicator 440 wmay then be stored in a non-trapsient data
storage (e.g., the memory 430), and may be used for a variety of purposes. For example, the
context indicator 440 may be used to inform a contexi-sensitive seiting of one or more user
interfaces associated with the system 400 to be adjusted. For instance, the system 400 may
be incorporated 1n a clectronic device with a user interface setting, such as a cell phone, head-
mountable device, laptop, ete., and the environmental conlext information provided by the
context indicator 440 may be used to change a volume setting, an alert sctting, a ring sctting,
ete., on the device,

6654} Moreover, the system 400 may be mcorporated in a wearable device
associated with a particalar wearer {c.g., a wristband), and may commumicate with one or
more other elecironic devices also associated with the wearer (o.g., cell phone, head-
mountable device, wrist-mounted device, eic.) 50 as to cause those devices to modify a user
mterface setting based on the context indicator 440. For mstance, the system 400 may

function to determine that a sct of ambient Hght measurements correspond to an indoor
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environment {¢.g., based on a correspondence with the first ambient Hght profile 432a), and
the context indicator 440 can be sent {o ong or more devices that then adjust sctings to an
ndoor mode of operation (e.g., vibration ring tone, reduced display emissivity, ete.). Many
other examples are also possible.

[B055] Additionally or alternatively, the context indicator 440 may be tracked over
time to provide an indication of the envirouments in which the systemy 400 has operated.
Such historical environmental/context information may then be used to perform personalized
analytics for the wearer, such as indications of their average amount of time indoors/ocutdoors
or in the prescuce of a compuier monitor. Such an analytics system may then help the wearer
to reach target goals for outdoor recreation time, work hours, and/or some other factor related
to context indicated by ambient Hght measorements by providing personalized analytics
reports to the wearer.

[3856] Morgover, in some examples, the context indicator 440 may be used in
combination with other factors to determine that a wearer is 0 2 given envitonment and/or
context. For example, an enviroumental context decision engine may receive information
from a calendar and/or schedaling system associated with the wearer, mformation from other
real time sensors, such as microphones, cameras, nertial sensors, ote., and/or mformation
from real time user inputs from the wearer. In some cases, a wearer may provide an
mdication of a current environment, which may be used to supplement and/or correct context
determinations and/or to help calibrate the ambient Hight profiles 432

18057) Figure 5 15 a flow chart of an example process 500, The example process 500
may be performed by the system 400, for example. At block 502, a set of ambient light
measurements are obiained using a Hght-sensitive element. The light-sensitive clement may
be contigured to generate an output signal indicative of an intensity of Light incident on the
light-sensitive element.  For example, a photodiode may be configured to generate a
photocurrent related to the intensity of incident light. The ocutput values from the light-
sensitive clement can then be converted to digital values {c.g., via an analog to digital
converter, signal conditioning and/or sampling electronics). Thus, the set of ambient hight
measurements can be a set of data valucs indicative of ambient light intensities incident on
the light-sensitive clement during respective integration times. For example, the set of
ambient light measurements may be obtained from an optical blood flow sensor that
micrieaves ambient light measurements with arterial blood  transmission/refiection
measurements. The set of ambient light measurements may be obtained at regular mtervals

with 2 similar integration time {o thereby facilitate comparisons between the measurements
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and identification of paiterns within the set of ambient light measwrements, such as a
frequency and/or amplitade of intensity modulation.

8058 In some examples, the process may also include obtaining a set of active light
measurements indicative of ight transmitted and/or reflected by body tissue. For example, a
light source may be situated to emit light toward body tissue for transmission or reflection
thereby, and the light-sensitive clement may be situated to receive at least some of the emiited
hight that is transmitied and/or reflected by the body tissue to the light-sensitive clement.
Thus, cach of the obtained active light measurements may be indicative of light incident on
the light-sensitive clement while the hght source cmits light toward the body tissue for
transmission or reflection thereby, By contrast, cach of the obtained ambient light
measarements may be indicative of hght ncident on the light-seusitive clement (e.g., the
output signal gencrated by the hght-sensitive element) while the light source is off. Moreover,
in such an cxample, the process may further include detormining a8 pulse rate of blood
through the body tissue based on the obtained active light measuroments (e.g., based on
mtensity modulation in the set of active light measurements due to pulsing blood flow within
the body tissue). In addition, the determination of the puolse rate may involve accounting for
ambicnt light based at least partially on onc or more ambicnt light measurements in the
obtained sct of ambient light measurements.

[68539] At block 504, the process SO0 involves referring to data indicative of multiple
ambicnt light profiles and determining that the obtained set of measurements corresponds {0 a
particular one of the vwltiple ambient light profiles. The determination may involve, for
example, determining an extent of correspondence between each of the ambient light profiles
and the obtained set of ambicnt fight measurements, and then comparing those extents of
correspondence amongst one another and/or a threshold value. The determmation may
mvolve, determining a frequency and/or amplitude of intensity modalations in the ambient
light based on the set of ambient light measurements. The frequency and/or amplitude may
then be compared with daia indicating frequency and/or amplitudes {or ranges) associated
with each of the arobient light profiles. The particular ambient Hght profile that corresponds
with the set of ambient light measurements can then be determined.

{8064} In some examples, data indicative of the multiple ambient light profiles may
be stored in a memory. The stored data may characterize cach of the muktiple ambient light
profiles. Such mformation may nclude, for example, information indicative of an intensity
modulation frequency and/or an intensity modelation amphitude.  As used herein, intensity

modulation frequency and intensity meodulation amplitede refer to a frequency and an
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amplitide of inlensity modulations, respectively.  The determination at block 504 may
mciude determining an ambicnt light tntensity modulation frequency and sclecting one of the
ambient light profiles based at least partially on a correspondence between the determined
ambicnt hight modulation frequency and mtensity modulation frequency information
associated with the selected one of the ambient light profiles. Additionally or akematively,
the determination at block 504 may include determining an ambient light intensily
modulation amplitude and selecting one of the ambient Hght protiles based at least partially
on a correspondence between the determined ambient light modulation amplitude and
imtensity modulation amplitude information associated with the selected one of the ambient
ight protiles.

8061} At block 506, the process SO0 involves generating an indication of the
particular ambient hight profile that was determined to correspond to the obtained seot of
measurcments. The indication may be saved in 2 momory, and may be used as a basis {o
modify one or more user interface settings and/or to provide analytics related to a wearer’s
environment. Further, a subsequent set of ambient Hight measurements may be obtained and
the second set of ambient light measurements may be determined to correspond to a second
one of the ambicot ight profiles. To some cxamples, a wearable device may repeatedly (e.g.,
continuously, periodically, internuttently} determine an ambient hight profile that corresponds
to a most recently obtained set of ambient light measarements. The wearable device may
then generate indications corresponding to cach determination, and the set of indications can
be stored for future look-up, and/or for use n providing analytics related to the wearer’s

ifestyle and/or health state.

Y. Exampic Wearable Sensor Device

{8662} Figure 6 is a functional block diagram of an example wearable device 600.
The Device 600 may take the form of or be similar to one of the wearable devices and/or
systems shown in Figures 1-4. However, device 600 may also take other forms, such as an
ankle, waist, or chest-mounted device. Device 600 could also ake the form of a device that
1s not configured to be mounted to a body, For example, device 600 could take the form of a
handheld device configured to be maintained in proximity to an environment of interest {e.g.,
a body part, a biclogical sample container, a volume of a water freatment systeny) by a user or
operator of the device 600 or by a frame or other supporting structure. Device 600 also could

take other forms.
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{8063} In particelar, Figure 6 shows an example of a device 600 having a processor
610, a sensor 612, a power supply 614, a rechargeable battery 616, a computer readable
medium 618, a user inferface 620, and a communication interface 630 for transmitting data to
a remote system. The components of the device 500 may be disposed on & mount or on some
other structure for mounting the device to enable stable detection of one or more properties of
an environment of interest {¢.g., of a body of a wearer of the device 60{), for example, to an
external body surface where & portion of subsurface vasculature or other physiological feature
is observable.
18064] Processor 610 may be a gencral-purpose processor or a special purpose
processor {¢.g., digital signal processors, applcation specific integrated circuits, ete.). The
one or more processors 610 can be configured to execute computer-readable program
msinuctions 650 that are stored in the computer readable medimm 618 and that are executable
to provide the functionality of device 600 described herein.
18065] The computer readable medinm 618 may inclade or take the form of one or
more non-transitory, computer-readable storage media that can be read or accessed by at least
ong processor 618, The one or more computer-readable storage media can inchude volatile
and/or non-volatile storage components, such as optical, magnetic, organic or other memory
ot disc storage, which can be integrated in whole or in part with at least one of the one or
more processors 610, In some embodiments, the computer readable mediom 618 can be
implemented using a single physical device {(e.g., one optical, maguetic, organic or other
memory or disc storage unit), while in other embodiments, the computer readable medium
618 can be implemented using two or more physical devices.

A. Sensor(s}
18066} Sensor 612 could include a component configured to detect one or more
properties of an cnviroument proximate to the sensor 612 (e.g., skin of an external body
surface of a wearer of the device 600} and/or of energy or matter received from the proximate
environment. As described above, the sensor 612 may inchide any component or components
capable of detecting at least one property, which could include any properties that may relate
to the environment being analyzed by the device {e.g., the body of the wearer or a subsection
thereot). For example, the sensor 612 could be configured to measure blood pressure, pulse
rate, blood oxygenation, ambicnt light intensity, skin temperature, etc. In some examples, the

3, acoustic

sensor 612 may include one or more of an optical {e.g., CMOS, CCD, photodiode)
(e.g., pilevoelectric, piczoceramic), electrochemical (voltage, impedance), thermal

mechanical {e.g., pressure, strain), magnetic, or clectromagnetic {¢.g., magnetic resonance)
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sensor, In examples wherein the sensor 612 includes a light sensor, the light sensor could be
a photodiode, 3 photomuitiplier, a CCD, a photocell, a photoresistive element, a camera, of
any other sensor or sensors configured to detect one or more propertics of light emitted by
color centers of the functionalized nanodiamonds.

{88671 The sensor 612 coold additionally include a light soorce or other energy
emitter for transmitting illumination or other encrgy that can illuminate and/or penctrate the
environment o illuminate, excite, or otherwise affect one or more clements of mterest in the
environment proximate to the sensor 612 {(e.g., a fluorescent contrast agent configured to bind
o an analyte of interest in blood of a wearer of the device 600). The wavelength of
transmitted llumdination could be specified 1o penctrate biological tissucs of a wearer; for
example, the transmitted illumination could have a wavelength within a near-infrared {NIR)
transparency window of biological tissue. The wavelength of the transmitted illumination
could be specified to be a wavelength that causes fluorescence and/or cmission of light by
fluorophores, chromophores, or other clements of interest.  An energy cmitier of the sensor
612 could be configured to produce other forms of energy toward the environment proximate
i the sensor 612 that could result in emission, refloction, scattering or some other generation
of light or other energy or matier by other chemicals, imaging agents, biclogical eloments, or
other analytes proximate to the sensor 612,

B. Power Supply

{8868] The power supply 614 wmay include a coil configured to receive
electromaguetic energy. The coif can be shaped such that the windings of the coil enclosc a
region of the device 600 wherein the sensor 612 1s disposed (e.g., a perimeter of the sensor
housing). The coil can be configured in a number of ways to cnable efficient reception of
clectromagnetic energy using the coil or to enable and/or facilitaic a svumber of other
applications. The windings of the coil could be disposed proximate to 4 peripheral portion of
a skin-contact surface of the sensor housing soach that an arca enclosed by the coil {e.g., a
central portion of the contact surface of the housing) is maximized and/or such that a
separation distance between the coil and a charging coil of a wircless charger is minimized.
The windings of the coil may be arranged as a perimeter of any closed shape, such as a
rectangular shape, an elliptical shape, or some other shape according to an application; for
cxample, the shape of the coil could correspond to the shape of the contact surface of the
housing of the device 600. The coil, and/or other components could be configured to enable
efficient reception of clectromagnetic encrgy of a specific frequency {e.g., 100 kilohertz to

200 kilohertz) by the cotl. For exarpie, the coil and a capacitor coupled to the coil could be
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configired to have a resonant frequency cgqual to the specific frequency of the
clectromagnetic cnergy. In some cxamples, the power supply 614 may inchide one or more
other energy harvesting and/or energy receiving devices, such as a photovoltaic cell, or an
electrical terminal for plugging in to 8 DC power source {¢.g., to recharge the rechargeable
battery 616).

{8869 Rechargeable battery 616 is configured to power the device 600 using stored
electrochemical cnergy and to be recharged multipie times. The rechargeable battery 616
could include one or more of a variety of rechargeable battery chemistries, imchuding lead-
acid, nickel-metal-hydride, mickel-cadmium, lithium-ion, lithium-polymer, or some other
rechargeable battery chemistry. Power supply 614 is configured to recharge the rechargeable
battery 616 by applying a constant current, a constant voltage, a trickle current, or some other
glectrical energy having one or more specified properties to two or more electrodes of the
rechargeable battery 616.  The rechargeable batiery 616 could include one or more
thermistors that the processor(s) 610, the power supply 614, or some other component of the
device 606 could operate to determine a temperature of the rechargeable battery 616 and to
prevent damage of the rechargeable battery 616 by reducing & charging rate, a discharging
rate, or seme other property of use of the rechargeable battery 616 to prevent damage of the
rechargeable battery 616.

{88761 The power supply 614 is configured to provide power to the device 600 from
the rechargeable battery 616 and to recharge the rechargeable battery 616 using
electromaguetic cuergy reccived using a coll or another emergy receiving systermn. o
examples including an energy harvesting coil, the power supply 614 could include
components configured to facilitate the reception of cleciromagnetic energy by the coil. For
example, the power supply 614 could include 2 fixed and/or variable capacitor configured to
act as part of an LC tank circuit with the coil such that the 1.C tank circuit had a resonant
frequency substantially equal to a frequency of clectromagnetic energy divected toward the
coil.  In some examples, the power supply 614 could be configured to load the coil or
otherwise alter one or more properties of the coil and/or power supply 614 m order to use the
cotl to commumicate with an external system. For example, the power supply 614 could alter
a load presented to the coil such that the coil could reflect backscatter electromagnetic
radiation toward a wircless charger in order to commumnicate a charge state, a required power
level, or some other property of the coil and/or device 600. Thus, in some examples, an
energy harvesting coil may alse be used to wirelessly communicate information from the

device 600.
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. Example Device Functionality
{8671} The program mstructions 650 stored on the computer readable mediom 618

may foclude instructions to perform any of the methods described herein. For instance, in the
iustrated embodiment, program  instructions 630 include a controller module 652,
caicuiation and decision modole 654, an alert module 656, and a context discrimination
module 658.

186672} The controller module 652 can include instructions for operating the sensor
612, For example, the controller 652 may operate a light source and/or light sensors of the
sensor 612 during cach of a sot of pre-set measurement periods. The controller module 652
can inchide mstructions for operating the power supply 614 1o recharge the rechargeable
battery 616, The controller module 652 can also include mstructions for operating the user
mterface 620. For example, controller module 652 may inclode mstructions for operating the
user interface 620 to convey aleris or other information to the wearer of device 600 via user
mterface 620, Further, controller moduie 652 may include jostructions 10 execute cortain
functions based on inputs accepted by the user interface 620, such as inputs accepted by one
or more buttons disposed on the user interface.

18073} Commuunication platform 630 may also be operated by justructions within the
controller moduale 652, such as instructions for sending and/or receiving information via a
wireless antenna, which may be disposed on or in the device 608, The communication
interface 630 can optionally include one or more oscillators, mixers, frequency injectors, gic.
to moduiate and/or demodulate information on a carrier froquency fo be transmitted and/or
received by the antenna. In some examples, the device 600 is configured to indicaie an
output from the processor 610 by modulating an impedance of the antenna in 8 manner that is
perceivable by a remote server or other remote computing device.

{88744 Calculation and decision module 654 may inclade mstructions for receiving
data from the sensor 612, analyzing the data to determine one or more properties of an
environment proximate to the scusor 612 {e.g., of a body of a wearer of the device 600), such
as concentration of a target analyte, analyzing the data to detormine if a medical condition or
other specified condition is indicated, or other analvtical processes relating to the
enviromment proximate to the device 600. In particular, the calculation and decision module
654 may inclode instructions for determining, for cach preset measurement time, the presence,
concentration, and/or other propertics of a chnically-relevant analyte based on the one or
more propertics of Hght emitted by contrast agents in a humen of subsurface vasculature of a

user of the device 600; and determining whether a medical condition is indicated based on at
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least the comresponding presence, concentration, or other property of the chinically-relevant
analytc. These mnstructions could be executed at cach of a st of preset measurement times
{c.g., to obtain a set of measurcments at a periodic nterval),

[BO75] The program instructions of the calculation and decision module 654 may, in
some examples, be stored in a computer-readable mediim and executed by 8 processor
located external to the device 660. For example, the device 600 could be configured o
collect certain data regarding physiclogical parameters from the user and then transmit the
data to a remote server, which may inclade a mobile device, a personal computer, a network-
connected server, the cloud, or any other remote system, for further processing.

18076} The compuier readable medium 618 may further coutain other data or
mformation {e.g., in data storage 640}, such as medical and health history of a user of the
device 600. The additional mformation may be useful in determining whether a medical
condition or some other specified condition is indicated by sensor measurements, Further,
the conputer readabie medium 618 may contain data corresponding o certain physiological
parameter baselines, above or below which a medical condition is indicated. The basclines
may be pre-stored on the computer readable medium 618, may be transmitted from a remote
source, such as a temote server, or may be generated by the caleulation and decision module
634, For ecxample, the calculation and decision module 654 may inclade instructions for
generating individual baselines for the user of the device 600 based on data collected over a
certain number of measorement periods.  For example, the calculation and decision module
654 may generate a bascline concentration of a pulse rate and galvanic skin resistance for
cach of a plurality of measurement periods by averaging the pulse rate and galvanic skin
esistance at gach of the measurement periods measured over the course of a fow days, and
store those basclinge pulse rates and galvanic skin resistances in the computer readable
medium 618 for later comparison. Baselines may also be generated by 2 remote server and
transmitied to the device 660 via communication interface 630,

{88771 The calculation and decision module 654 may also, upon determining that a
medical or other emergency condition is indicated, generate one or more recommendations
for the user of the device 600 based, at lcast in part, on consultation of a clinical protocel.
Such recommendations may alternatively be generated by the remote server and transmitted
to the device 600 or to another device associated with the user. In some cases, an alert
modide 656 may be used to generate alerts or other information that is provided to the wearer
based in part on outcomes from the calculation and decision module 654,

{88781 In some cxamples, the collected physiological paramecter data, baseline
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profiles, health state information nput by device users, generated recommendations, and/or
clinical protocols may additionally be commumicated to a cloud network and made available
for download by a user’s physician. Trend and other analyses may also be performed on the
collected data, such as physiological parameter data and health state information, in the cloud
computing network and be made available for download by physicians or chinicians.

{6879 Further, physiological parameter and health state dats from individuals or
populations of device users may be used by physicians or chinicians in monitoring efficacy of
a drug or other treatment. For example, high-density, real-time data may be coliected from a
population of device users who are participating in a clinical study to assess the safety and
ctficacy of a developmental drug or therapy. Such data may also be used on an individual
level to assess a particular wearer’s response to a drug or therapy. Based on this data, a
physician or clinician may be able to tailor a drug treatment to suit an imndividual’s needs.
16080} In response to 2 determination by the calculation and decision module 654 that
a medical or other specified condition is indicated, the alert module 656 may generate an alert
and conymunicate information indicated by the alert via the user interface 620, The generated
alert may include a visual component, such as textual or graphical information displaved on s
display, an auditory compouent {c.g., an alarm sound), and/or tactile component {c.g., 8
vibration). The textual information may include one or more recommmendations, such as a
recommendation that the user of the device contact a medical professional, seck immediate
medical attention, or administer a medication.

18081} In addition, the program instructions 630 can include a context discrimination
modode 658 that causes the device 600 to determine an environmental surrounding and/or
context of the device 600 based on analysis of semsor data.  For example, the context
discrimination module 600 may include instructions that cause the device 600 to obtain a set
of ambient Hght measurements (e.g., via the sensor(s) 612}, analyze those measurements and
determine that the set of measurements corresponds to a particular one of multiple ambient
light profiles, and generate an indication of the particular ambient light profile. The context
discrimaination module 600 may include program instructions that cause the device 600 1o
function the same or similarly to the wearable device described in commection with Figures 4-
5. Accordingly, in some examples, the context discrimination module 658 may mclude
program instructions for performing signal processing analyses on a sct of ambient light
measurements, such as instructions for identifying a frequency and/or amplitude of ntensity
modlation based on the set of measorements. The context discrimination module 658 may

also include program instructions for selecting one of multiple ambient light profiles that
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corresponds to a3 given set of ambient light measurements.  Such selection may mvolve
comparison(s} with threshold valuc(s) and/or comparisons amongst multipic extenis of
correspondence determine for respective ambiert Hight protiles.
[6882] The context discrimination module 658 may also refer to data indicative of
multiple ambient light profiles 642 siored in data storage 640, and use that data to determine
that given set of ambient light measurements corresponds to one of the ambicut hight profiles
642, The data indicative of the ambicot light profiles 642 may include, for example, values
and/or ranges indicating characteristic frequency and/or amplitude of intensity modelation for
cach of the ambient light profiles. Upon determining that a given sct of ambient fight
measurements corresponds to a particular ambient light profile, the context discrimination
modide 658 may also store data indicative of that determination in the data storage 640 as
context data 644. The context data 644 can inchide information indicative of a set of ambient
fight measurements and/or information indicative of a determined ambient light profile that
corresponds to a set of ambient light measurements. The context data 644 can alse include an
mdication of a time and/or location of the device 600 (e.g., as indicated by sensor(s) 612) to
facilitate analytics performed using the archived context data 644,

. System with Multiple Wearable Deviees
{8083 Figure 7 is a simplified schematic of a system including one or more wearable
devices 700. The one or more wearable devices 700 may be configured to transmit data via a
communication interface 710 over one or more communication networks 720 to a remote
server 730, In one embodiment, the communication interface 710 includes a wireless
transceiver for sending and receiving commumications to and from the server 730, In further
cmbodiments, the communication interface 710 may include any means for the transfer of
data, including both wired and wireless communications. For example, the communication
mierface may inchide a universal serial bus (USB) mterface or a secure digital (SD) card
mterface. Communication networks 720 may be any one of may be one of! a plain old
telephone scrvice (POTS) network, a cellular network, a fiber network and a data network,
The server 730 may include any type of remote coraputing device or remote cloud computing
network.  Further, communication network 720 may mehide one or more intermediaries,
mchiding, for example wherein the wearable device 700 transmits data to a mobile phone or
other personal computing device, which in turn transmits the data to the server 730,
[6884] fn addition to receiving communications from the wearable device 700, such
as collected physiological parameter data and data regarding health state as input by the vser

and/or one or more properties of a wearer detected using 8 sensor disposed in the wearable
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device 700, the server 730 may also be configured to gather and/or receive cither from the
wearabic device 700 or from some other source, information regarding a wearer’s overall
medical history, environmental factors {e.g., ambient lighting profile), and/or geographical
data. For example, 8 user account may be established on the server 730 for every wearer that
mncludes information indicative of the wearer’s medical history (or a portion thereof).
Morgover, in some examples, the server 730 may be configured to regularly receive
wmformation from sources of environmental data, such as viral illness or food poisoning
outbreak data from the Centers for Disease Contrel {(CDC) and weather, pollution and
allergen data from the National Weather Service. Further, the server 730 may be configured
to receive data regarding a wearer’s health state from a hospital or physician.  Such
mformation may be used In the server’s decision-making process, such as recognizing
correlations and in gencrating clinical protocols.

{B085] Additionally, the server 730 may be configured to gather and/or receive the
date, time of day, geographical Jocation, and/or ambient environmend information for cach
wearer of the wearable device(s) 700 during each measurement period.  Such information
may be used to detect and monitor spatial and temporal spreading of diseases and/or
conditions in which health conditions manifest.  As such, the wearable device 700 may be
configured to determine and/or provide an indication of its own location and/or environment.
For example, a wearable device may toclude a OPS system so that it can include GPS
iocation information {¢.g., GPS coordinates) in a communication to the server. As another
examiple, & wearable device may use a technigue that volves triangulation (e.g., between
base stations in a cellular network} to determine its location. Other location-determination
techniques are also possible. Moreover, the wearabie device 700 and/or server 730 may be
configured to deteromdue s envirenmental context (e.g., indoors, cutdoors, abeard an avreraft,
m the presence of a computer monitor, ctc.} based on a set of ambient light measurements
(e.g.., by comparing the set of ambient light measurements with multiple ambient Hght
profiles and determining that one of the ambiont light profiles corresponds to the set of
measurcments).

{6686} The server 730 may also be configured 1o make determinations regarding the
efficacy of a drug or other treatment based on information regarding the drugs or other
reatments reccived by a wearer of the device and, at least in past, the physiclogical parameter
data and the indicated health state of the user. From this information, the scrver 730 may be
configered to derive an indication of the effectiveness of the drug or treatment. For example,

if a drug is intended {o treat nausca and the wearer of the device does not indicate that he or
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she is experiencing nausea after beginning a course of treatment with the drug, the server 730
may be configured to derive an indication that the drug is effective for that wearer. In another
example, a wearable device may be configured 1o measure blood glacose. If a wearer is
prescribed a drug intended to treat disbetes, but the server 730 receives data from the
wearable device indicating that the wearer’s blood ghicose has been increasing over a certain
number of measurement periods, the server 730 may be configured {o derive an indication
that the drug is not cffective for s intended purpese for this wearer. The server 730 may
then cause information based on such determinations to be compmmmicated to the wearer of the
device 700. The server 730 could send a comnwnication o the wearable device 700, which
can provide information to the wearer via a user interface of the wearable device 700, or the
server 730 could send such a commumication to another device associated with the wearer
(e.g., an email or text message) and/or to the wearer’s health provider or guardian.

8087} Further, some cmbodiments of the system may include privacy controls which
may be automatically implemented or controlled by the wearer of the device 700, For
example, where a wearer’s collected physiological parameter data and health state data are
aploaded to a cloud computing network for trend analysis by a chinician, the data may be
treated o one or ywore ways before it is stored or used, so that personally identifiable
mformation is removed. For example, a user’s identity may be treated so that no personally
dentifiable information can be determined for the user, or a vser’s geographic location may
be gencralized where location information is obtained (such as to a city, ZIP cade, or state
level), so that a particular location of a user carmot be determined.

{8088} Additionally or alternatively, wearers of the device 700 may be provided with
an opportunity to control whether or how the device collects information about the wearer
{c.g., information about a user’s roedical history, social actions or activities, profession, a
user’s preferences, or a user’s current location), or to control how such mformation may be
used. Thus, the wearer may have control over how information is collected about him or her
and vsed by a clinician or physician or other user of the data. For example, a wearer may
elect that data, such as health state and physioclogical parameters, collected from his or her
device may only be used for generating an individual baseline and recommendations in
response to collection and comparison of his or her own data and may not be used in

generating a population bascline or for use in population correlation studics.

YL Alternative Embediments
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{86039} Where example embodiments involve information related 1o a person or a
device of a person, the embodiments should be understood to include privacy controls. Such
privacy condrols include, at least, anonymization of device identifiers, transparency and user
controls, including functionality that would enable users to modify or delete nformation
relating to the user’s use of a product.

16690] Further, in situations in which embodiments discussed herein collect personal
mformation about users, or may make use of personal information, the users may be provided
with an opportunity to control whether programs or features colleet user information {(e.g.,
imformation about a user’s medical history, social network, social actions or aciivities,
protession, & user’s preferences, or a user’s current location), or to control whether and/or
how to receive content from the content server that may be more relevant to the user. In
addition, certain data may be treated in one or more ways before it is stored or used, so that
persenally identifiable information is removed. For example, a user’s identity may be treated
so that no personally identifiable information can be determined for the user, or a user’s
geographic location may be generalized where location information s obtained (such as to a
city, ZIP code, or state level), so that a particular location of 3 user cannot be determined.
Thus, the user may have control over how information is collected about the user and used by
a content server.

[8891] The particular arrangements shown in the Figures should not be viewed as
fimiting. It should be understood that other evbodiments may include more or less of cach
element shown in a given Figure, Further, some of the illustrated elements may be combined
or omitted. Yet further, an example embodiment may include elements that are not ilustrated
in the Figures.

80924 Additionally, while various aspects and embodiments have been disclosed
herein, other aspects and embodiments will be apparent to those skilled in the art. The various
aspects and embodiments disclosed herein are for purposes of thustration and are not mtended
to be Hmiting, with the true scope and spirit being indicated by the following claims. CGther
embodiments may be utilized, and other changes may be made, without departing from the
spirit or scope of the subject matter presented herein. It will be readily umderstood that the
aspects of the present disclosure, as generally described herein, and illusirated in the figures,
can be arranged, substituted, combined, separated, and designed in a wide varicty of different

configurations, all of which are contemplated herein.
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CLAIMS

What is claimed is:

i. A system comprising:

a Hght-sensitive clement configured to generate an outpuot signal indicative of an
ntensity of light incident on the light-sensitive clement; and

a coutroller configured to: (1) obtain a sct of ambient light measurerents using the
Light-sensitive clement, wherein the set of ambient light measorements comprises data values
indicative of ambient light intensities; (i) determine that the obtained set of ambient light
measurements corresponds to 2 particular one of multiple ambient light profiles; and (G} n
response to delermining that the obtamed set of ambient light measurements corresponds to
the particudar one of the multiple ambient light profiles, generate an indication that the
obtained st of ambicnt light measurements corresponds to the particular onc of the multiple

ambicnt light profiles.

2. The system of claim 1, wherein the controller is further configured o store
data jndicative of the multiple ambient hight profiles, wherein the stored data comprises
mformation that characterizes each of the multiple ambient light profiles, and wherein the
mformation that characterizes a given ambient light profile is selected from a group
comprising: mformation indicative of an intonsity modulation frequency for the given
ambicnt light profile and information indicative of an intensity modulation amplitade for the
given ambient light profile, and wherein the controller determining that the obtained set of
ambient light measurements corresponds to the particular one of the multiple ambient light
protiles comprises the controller referring to the stored data,

3. The system of claim 1, wherein the controlier determining that the obtained set
of ambient light measurcments corresponds to the particular one of the multipic ambient light
profiles comprises the controller:

determining an ambient light intensity modulation frequency based on the set of
ambient ight measurements; and

selecting the particular one of the multiple ambient light profiles based, at least in part,
on a correspondence between the determined ambient light intensity modulation frequency
and intensity modulation frequency information associated with the particular one of the

multipic ambient ight profiles.
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4. The system of claim 1, wherein the controlier detormining that the obtained set
of ambient light raeasurcroenis corresponds to the particular one of the multiple ambicent light
protiles comprises the controller:

determining an ambient light intensity modulation amplitude based on the set of
ambicnt light measuremenis; and

sclecting the particular one of the vwaltiple ambiend light profiles based, at least in part,
on a correspondence between the determined ambient light intensity modulation amplitude
and intensity modulation amplitude nformation associated with the particular one of the

multiple ambient light profiles.

S. The system of clatm 1, further comprising a housing comprising a body-

mountabic surface, and wherein the light-sensitive element is mounted to the housing.

6. The system of claim 5, wherein the light-sensitive clement 1s sitaated such that,
while the body-mountable surface is mounied over body tissue, at least a portion of light

ncident on the light-sensitive clement passes through the body tissue.

7. The system of claim 5, further comprising a light source mounted to the
housing and situated such that, while the body-mountable surface is mounted over body
tissue, the Hght source emits fght toward the body tissue and at least some of the emitted
Light 1s transmitted or reflected by the body tissae to the light-sensitive element; and

wherein the controller is further configured to: (1) use the hight-sensitive element to
obtain a set of active Hight measurcments indicative of light transmitted or reflected by the
body tissue, wherein each of the active light measurements is indicative of light mcident on
the light-sensitive element while the light sowrce emits light toward the body tissue for
transmission or reflection thereby, and (i) determine, based on the obtained active light

measurcments, a pulse rate of blood through the body tissue.

. The system of claim |, wherein the controller is finther configured to, after
obtaining the set of ambient light measuremenis: (i) obtain a sccond set of ambient light
measarements using the light-sensitive element; (i1) determine that the obtained second set of
ambicnt hight measurements corresponds to a second particular one of the multiple ambient

light profiles; and {iii) in respouse to determiving that the obtained sccond set of ambicnt
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Light measurements corresponds to the sccond particular one of the multiple ambient light
profiles, generate an indication that the obtained second set of ambient hight measurements

corresponds to the second particular one of the raultiple ambicnt light profiles.

9. The system of claim 1, finther comprising an analog to digital converter

configured to generate data valucs based on output signals from the light-sensitive clement.

10. A method comprising:

obtaining a set of ambicnt light measurements using a lght-sensitive clement
configured to gencrate an output signal indicative of an intensity of light focident on the light-
sensitive element, wherein the set of ambient Hght measurements comprises data values
mdicative of ambient light intensitics;

determining that the obtained set of ambicnt light measuwrements corresponds to a
particular one of nwltiple ambient light profiles; and

i response to determining that the obtained set of ambient Hght measorements
corresponds to the particular one of the multiple ambient light profifes, geunerating an
indication that the obtained sct of ambient light measurements comresponds to the particular

one of the multiple ambient light profiles.

1. The method of claim 10, further comprising:

storing data indicative of the vwltiple ambicnt light profiles, wherein the stored data
comprises information that characterizes each of the multiple ambient light profiles, wherein
the information that characterizes a given ambient fight profile is sclected from a group
comprising: information indicative of an intensity mwodulation frequency for the given
ambicnt Hght profile and information indicative of an intensity modulation amplitude for the
given ambient Hght profile; and

wherein determining that the obtained sct of ambient light measurcments corresponds

1o the particular one of multiple ambient light profiles comprises referring to the stored data.

12, The method of claim 10, wherein determining that the obtained set of ambient
light measurcments corresponds to the particolar one of the multiple ambicnt hight profiles
COMPrises:

determining an ambient light intensity modulation frequency based on the set of

ambicnt light measuremenis; and
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selecting the particular one of the muiltiple ambient ight profiles based, at least in part,
on a correspondence between the determined ambicnt light ntensity modulation frequency
and intensity moedulation frequency information associated with the particular one of the

multiple ambient hight profiles.

13, The method of claim 10, whercin determining that the obtained sct of ambient
light measurements corresponds to the particular one of the mwultiple ambient light profiles
cCOmprises:

determining an ambicnt light intcusity modulation smplitade based on the set of
ambicnt light measurements; and

sclecting the particular one of the multiple ambicnt light profiles based, at least in part,
on a correspondence between the determined ambient Hght intensity modulation amplitude
and intensity modulation information associated with the particular one of the multiple

ambient light profiles.

14.  The method of claim 10, further comprising

using the light-sensitive clement to obtain & set of active light measurements
mdicative of light transmitted or reticcted by body tissue, wherein each of the active light
measgrements is indicative of light incident on the Hght-sensitive element while a light
source emits light toward the body tissug for transmission or reflection thereby, and wherein
the hght source is situated such that, while the Hght source omits light toward the body tissue,
at least some of the emitted Hght 15 transmitted or reflected by the body tissue to the light-
sensitive clement; and

deternrining, based at least in part on the obtained active Hght measurements, a pulse

rate of blood through the body tissue.

15. The method of claim 14, wherein determining the pulse rate comprises
accounting for ambient light based at least in part on onc or more ambient light

measurements in the obtained set of ambient Hght measurements,

16, The method of claim 14, wherein cach of the ambient light measurements in
the set of ambient light measurements is based on an output signal from the light-sensitive

element generated while the light source is off.
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17.  The method of claim 1}, wherein obtaining the set of ambient Hght
measurements comprises using an analog to digital converter to generate the data values

based on owtput signals from the hight-sensitive clement.

18, The method of claim 1{, further comprising, after obtaiming the set of ambient
light measurements:

obtaining a second set of ambiont light measurements using the light-sensitive
clement;

determining that the obtained second set of ambient light measurements corresponds
te a sccond particular one of the vwitiple ambient Hight protiles; and

n response to determining that the obtained second set of ambient light measurements
corresponds to the sccond particular one of the multiple ambient light profiles, generating an
indication that the obiained second set of ambient light measurcments corresponds to the

second particular one of the moultiple ambicnt light profiles.

19, Abody-mountable device comprising:

a housing comprising a body-mountable surface;

a light-sensitive element mounted to the housing, wherein the light-sensitive clement
1s configured to generate an output signal indicative of an intensity of incident light, and
wherein the light-sensitive element is situated such that, while the body-mountable surface is
mounted over body tissue, at least a portion of light incident on the light-sensitive clement
passes through the body tissue; and

a controller configured to: (i) obtain a sct of ambicnt light measurements using the
light-sensitive clement, wherein the sct of ambient light mecasurements comprises data values
mdicative of ambient hight intensinies; (1) determine that the obtained set of ambient hight
measgrements corresponds to a particular one of multiple ambient light profiles; and (iif) in
response to delermining that the obtained set of ambient light measurements corresponds {o
the particular one of the multiple ambient light profiles, generate an indication that the
obtained set of ambient light measurements corresponds to the particolar one of the multiple

ambient light profiles.

20, The body-mountable device of claim 19, further comprising a Hght source
mounted to the housing and situated such that, while the body-mountable sarface 1s mounted

over the body tissue, the light source emits light toward the body tissue and at least some of
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the cmitted light is transmitted or reflected by the body tissue to the light-sensitive element;
and

wherein the contreller is further configured to: (1) use the light-sensitive clement to
obtain a set of active Hight measurements indicative of light transnutted or reflected by the
body tissue, wherein each of the active light measurements is indicative of light incident on
the Hght-sensitive clement while the light source emits light toward the body tissue for
transnyission or reflection therehy, and (i) determine, based on the obtained active light

measurements, a pulse rate of blood through the body tissue.
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