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ABSTRACT

Sleep tracking systems and techniques for monitoring two or
more co-sleepers in a single bed are disclosed. Such systems
and techniques may incorporate sleeper identification, as
well as various non-user-specific aspects. Some implemen-
tations may incorporate user-specific or user-tailored alarm
functionality.
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SLEEP MONITORING SYSTEM WITH
OPTIONAL ALARM FUNCTIONALITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of priority under 35
U.S.C. § 119(e) to U.S. Provisional Patent Application Nos.
62/329,979, filed Apr. 29, 2016, and titled “SLEEP MONI-
TORING SYSTEM,” and 62/434,910, filed Dec. 15, 2016,
and titled “SLEEP MONITORING SYSTEM WITH
OPTIONAL ALARM FUNCTIONALITY,” both of which
are hereby incorporated by reference herein in their entire-
ties.

BACKGROUND

[0002] Sleep monitoring systems may be used in hospitals
and other patient-care facilities to monitor patients for vital
signs and other biometric data. Such systems are typically
designed for use with hospital beds and thus with single
individuals.

SUMMARY

[0003] The present inventors have conceived of various
useful systems, techniques, and apparatuses that may be
used, among other things, to facilitate simultaneous sleep
data collection for multiple people, e.g., two people, that
sleep in a bed together. The present inventors also conceived
of other functionality as well.

[0004] In some implementations, a sleep monitoring sys-
tem is provided that includes one or more carriers configured
to be placed above or under a bed mattress and under or over
one or more people lying on the bed mattress. The sleep
monitoring system may also include one or more first
sensors distributed across at least one of the one or more
carriers, the one or more first sensors being of a first type of
sensor, and one or more second sensors distributed across at
least one of the one or more carriers, the one or more second
sensors being of a second type of sensor different from the
first type of sensor. The sleep monitoring system may also
include one or more processors and one or more computer
readable storage devices that include computer executable
instructions that, when executed by the one or more proces-
sors, cause the one or more processors to obtain global
sensor data from the one or more first sensors and the one or
more second sensors and to generate sleep data for a sleeper
from the global sensor data, the sleep data including data
regarding one or more physiological metrics of the sleeper.
[0005] In some implementations, a sleep monitoring sys-
tem may be provided that includes one or more processors
and a computer readable storage device that includes com-
puter executable instructions that, when executed by the one
or more processors, cause the one or more processors to
obtain global sensor data from a plurality of first sensors that
are spatially distributed across a bed, analyze the global
sensor data and extract first extracted sensor data regarding
a first person from the global sensor data and second
extracted sensor data regarding a second person from the
global sensor data, identify a first component in the global
sensor data caused by motions of the first person, and reduce
a contribution of the first component to the second extracted
sensor data.

[0006] In some implementations, a sleeper identification
system is provided. The sleeper identification system may

Jun. 11, 2020

include one or more processors and a computer readable
storage device that includes computer executable instruc-
tions that, when executed by the one or more processors,
cause the one or more processors to: obtain first sleep data
for a first person from a sleep monitoring system, the first
sleep data based, at least in part, on first extracted sensor
data collected from a sleep monitoring sensor apparatus;
determine that the first person is associated with a first user
account based, at least in part, on the first sleep data or the
first extracted sensor data; and associate the first sleep data
with the first user account.

[0007] Insome implementations, a wake-up alarm system
may be provided. The wake-up alarm system may include
one or more carriers configured to be placed above or under
a bed mattress having a thickness along a first axis, a width
along a second axis, and a length along a third axis. The
thickness may be less than the width, the width may be less
than the length, and the first axis, the second axis, and the
third axis may all be perpendicular to one another. The
wake-up alarm system may further include a first alarm, a
second alarm, one or more processors, and a memory. The
first alarm and the second alarm may be located in positions
on the one or more carriers that are spaced apart along an
axis parallel to the second axis by at least 40% of the width
when the one or more carriers are placed above or under the
bed mattress in an in-use configuration, the one or more
processors may be communicatively connected with the
memory, the first alarm, and the second alarm, and the
memory may store instructions that, when executed by the
one or more processors, cause the one or more processors to:
activate the first alarm responsive to a first signal and
activate the second alarm responsive to a second signal that
is independent from the first signal.

[0008] These and other implementations are discussed
below, and this disclosure is not limited to only the imple-
mentations summarized above; additional implementations
will be evident from the discussion below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The included drawings are for illustrative purposes
and serve only to provide examples of possible structures for
the concepts disclosed herein. These drawings in no way
limit any changes in form and detail that may be made by
one skilled in the art without departing from the spirit and
scope of the disclosed embodiments.

[0010] FIG. 1 depicts an exploded view of one example of
a sleep monitoring system.

[0011] FIG. 2 depicts an exploded view of a typical bed
arrangement and shows the various locations that a sleep
monitoring sensor apparatus may be located.

[0012] FIG. 3 depicts an example sleep monitoring sensor
apparatus that may be placed under a fitted sheet.

[0013] FIGS. 4 and 5 depict segments of pressure data
time history for a pneumatic sensor system. FIGS. 6, 7, 8,
and 9 depict examples of pneumatic sensor systems that
include a bladder.

[0014] FIGS. 10 and 11 depict examples of pneumatic
sensor systems that include a bladder and an active pressure
control system.

[0015] FIG. 12 depicts a flow diagram for an example
active pressure control technique.

[0016] FIGS. 13 and 14 depict pressure/time diagrams for
an example pneumatic sensor system during transitions
between various states.
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[0017] FIG. 15 depicts pressure, frequency, and amplitude
parameters for an example pneumatic wake-up alarm sys-
tem.

[0018] FIG. 16 depicts an example pressure history indi-
cating an example guided breathing technique.

[0019] FIG. 17 depicts an example arrangement for a
two-sleeper arrangement of pneumatic sensor systems.
[0020] FIG. 18 is an exploded view of one example optical
fiber-based sensor system.

[0021] FIG. 19 depicts a cross-sectional view of fiber
deflection in an optical fiber-based sensor system.

[0022] FIGS. 20 and 21 depict example portions of a
microbending structure or mesh.

[0023] FIG. 22 depicts an example of an offset arrange-
ment for microbending structures.

[0024] FIG. 23 depicts a schematic of an optical fiber
routing that may create its own microbending structures by
virtue of it overlapping itself.

[0025] FIG. 24 depicts a cross-sectional view of an optical
fiber with an integrated microbending structure.

[0026] FIG. 25 depicts another cross-sectional via of an
optical fiber with integrated microbending features.

[0027] FIG. 26 depicts an example of a discontinuity-
based optical sensor.

[0028] FIG. 27 depicts a diagram of an optical fiber-based
sensor system using discontinuity-based sensors.

[0029] FIG. 28 depicts an optical fiber-based sensor sys-
tem with multiple optical fibers.

[0030] FIGS. 29 and 30 depict example data collected
from an optical fiber sensing system.

[0031] FIG. 31 depicts an example wake-up alarm system.
[0032] FIG. 32 depicts an implementation that is very
similar to that in FIG. 31, except that the carrier includes two
resonator strips that are formed from a higher-stiffness
material than the carrier.

[0033] FIG. 33 depicts another wake-up alarm implemen-
tation in which each alarm is located on a separate carrier.
[0034] FIG. 34 depicts another wake-up alarm implemen-
tation that is similar to that depicted in FIG. 33, except that
the carriers are symmetric.

[0035] FIG. 35 depicts another wake-up alarm implemen-
tation.
[0036] FIG. 36 is a flow diagram of a high-level process

for how a wake-up alarm system may operate.

[0037] FIG. 37 depicts a high-level flow diagram for a
technique for activating an alarm responsive to reaching a
specified wake time while a person is on a mattress in a
location associated with the alarm.

[0038] FIGS. 38A and 38B depict a flow diagram for a
more involved technique that may be used with a wake-up
alarm system.

[0039] FIG. 39 depicts a flow diagram for a technique uses
a sleeper identification system in order to select between
different wake times.

[0040] FIG. 40 depicts a high-level flow diagram for a
technique that may be used with a wake-up alarm system to
prevent pets from sleeping on a bed.

[0041] FIG. 41 depicts a high-level flow diagram for
another technique that may be used with a wake-up alarm
system to prevent pets from sleeping on a bed.

[0042] FIG. 42 depicts a high-level flow diagram of a
technique that may be used with a wake-up alarm system
and a sleep monitoring system to provide enhanced alarm
functionality.
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[0043] FIG. 43 depicts a flow diagram for a technique for
adjusting alarm intensity based on sleep state.

[0044] FIG. 44 depicts a flow diagram for a technique for
using a wake-up alarm system to improve sleep quality for
people sleeping in a bed equipped with the wake-up alarm
system.

[0045] FIG. 45 depicts a flow diagram of a technique
similar to the technique of FIG. 44, except that the technique
is adapted for dealing with sleep disturbances caused by
snoring.

[0046] FIG. 46 depicts a flow diagram of a technique for
using a wake-up alarm system to encourage a person to fall
asleep.

[0047] FIG. 47 depicts a flow diagram of another tech-
nique for using a wake-up alarm system to encourage a
person to fall asleep.

[0048] FIG. 48 depicts an example 60-second data seg-
ment of global sensor data that may be theoretically be
obtained by a sleep monitoring sensor apparatus.

[0049] FIG. 49 depicts a notional example of how such
extracted signals could potentially look with respect to
simulated data such as that represented in FIG. 48.

[0050] FIGS. 50 and 51 depict hypothetical component
magnitudes as a function of left-right sensor positioning on
a mattress with respect to a signal component of a particular
frequency.

[0051] FIG. 52 depicts two example extracted sensor data
signals provided herein to illustrate exemplary extracted
sensor data signals; these sensor data signals are illustrative
and do not represent actual sensor data.

[0052] FIG. 53 depicts on example implementation of a
sleep monitoring system that has sleep monitoring, sleeper
presence monitoring, and sleeper identification functional-
ity, as well as wake-up alarm functionality.

[0053] Throughout the drawings, the same reference
numerals and characters, or reference numbers sharing the
same last two digits, unless otherwise stated or suggested by
the text or Figures, are used to denote like features, ele-
ments, components, or portions of the illustrated embodi-
ments. Moreover, while the subject concepts will now be
described in detail with reference to the drawings, the
description is done in connection with the illustrative
embodiments. It is intended that changes and modifications
can be made to the described embodiments without depart-
ing from the true scope and spirit of the disclosed subject
matter, as defined by the appended claims.

DETAILED DESCRIPTION

[0054] The present inventors have conceived of a sleep
monitoring system that tracks and monitors various physi-
ological parameters for multiple users, such as a couple,
parents and a child, or couple and a pet, sleeping in a
common bed. The sleep monitoring system may include or
be connected with a sleep monitoring sensor apparatus,
which may include a sensor mesh of at least two first sensors
of a particular type, e.g., motion sensors or pressure sensors,
that are spatially separated from one another on a carrier.
The term “carrier” is used herein to refer to a substrate that
acts as a carrier for a sensor mesh in a sleep monitoring
sensor apparatus. The carrier may, for example, be a thin,
flexible sheet of material or may be a woven material or
textile, such as cotton, silk, nylon, etc. The carrier may be in
the form of a pad, bedsheet, blanket, duvet or comforter
cover, fitted sheet, or mattress pad. The sleep monitoring
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sensor apparatus may include one carrier or multiple carriers
in different implementations, e.g., a carrier, such as a mat-
tress pad, with pressure sensors that is located beneath a
person who is sleeping in the bed, and another carrier, such
as a blanket, that may have accelerometers and is located
above the person in the bed. In some implementations, the
sensor mesh may also include one or more second sensors of
at least one other type (or multiple additional sensor sets,
each featuring a different type of sensor) that may provide a
different type of data from the other sensors, e.g., the first
sensors, in the sensor mesh. As used herein, the term “sensor
mesh” refers to an array or arrangement of sensors over a
distributed area; such meshes may be one-dimensional,
two-dimensional, or three-dimensional. For example, in
some implementations, two sensors may be spaced apart
some distance across a bed, forming a single-dimensional
array or arrangement. In another implementation, two sen-
sors may be stacked on top of one another, thereby forming
a single-dimensional array in a direction generally perpen-
dicular to the bed’s upper surface. In another implementa-
tion, three or more sensors may be arranged along two
different, non-colinear axes, thereby forming a two-dimen-
sional array or arrangement. It is to be understood that while
the sensors may be spaced apart in a regular fashion, e.g.,
each equidistant from neighboring sensors, some implemen-
tations may feature non-equal spacing or other asymmetry.
Data from these sensors may be captured and analyzed using
data extraction techniques, such as independent component
analysis, in order to separate out signals that are attributable
to each person in the bed.

[0055] FIG. 1 depicts an exploded view of one example of
a sleep monitoring system. In FIG. 1, a mattress 110 for two
sleepers, first sleeper 106 and second sleeper 108, is shown.
Located beneath the first sleeper 106 and the second sleeper
108 is a sleep monitoring sensor apparatus 104, which may
be communicatively connected with a sleep monitoring
system 102 by a communications interface 118, which is, in
this example, a cable or other hard-wired connection. The
sleepers may be covered by a blanket 114 or other covering,
and the mattress 110 may rest on a box spring 112 or other
support, e.g., a bed frame (not shown) or, if desired, the
floor. The term “sleeper” is used herein to refer to a person
that is sleeping (or attempting to sleep) in a bed. The term
“co-sleeper” may be used herein to refer to a person that is
sleeping or attempting to sleep in a bed occupied by one or
more additional people, although the term “sleeper” may
also be used to refer to one of two or more people sleeping
in a common bed.

[0056] The sleep monitoring sensor apparatus 104 may
include a plurality of sensors 116 (also referred to as a sensor
mesh) that are spatially distributed across a carrier 120 of the
sleep monitoring sensor apparatus 104.

[0057] It is to be understood that the data that is collected
from each of the sensors in the sensor mesh in such a system
is not definitively pre-associated with a particular individual,
as would be the case, for example, in a hypothetical system
with a plurality of sensors in which the sensors located on
the left half of a mattress are pre-associated with a person
known to sleep on the left side of the bed and in which the
other sensors, located on the right half of the mattress, are
pre-associated with a person known to sleep on the right side
of the bed. In such a hypothetical system, these two sets of
sensors may, in effect, be operated as two independent
sensor networks, each measuring data assumed to be pro-
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duced by a different person. However, if a person who
normally sleeps on the right side of the bed strays into the
left side of the bed while the person who normally sleeps on
the left side of the bed is also there, then the sensors on the
left side of the bed may measure physical phenomena caused
by both the right-side sleeper and the left-side sleeper but
may only attribute such signals to the left-side sleeper, which
can lead to inaccurate measurements of the left-side sleep-
er’s physiological condition and/or sleep characteristics.
[0058] In contrast, the sensor meshes in the systems
described herein may collect data across a distributed area of
a bed without a pre-set allocation of each sensor to a
particular user; such data is referred to herein as “global
sensor data,” which is used herein to refer to a collection of
sensor data streams that are obtained from a sensor mesh of
a sleep monitoring sensor apparatus. The global sensor data
may include data or data streams from multiple sensors of
the same type, although in some implementations, the global
sensor data may include data streams for multiple sets of
sensors, each set of sensors having a plurality of sensors and
each set of sensors having a different type of sensor. In some
instances, the ordinal indicators first, second, etc., may be
used to refer to different subportions of the global sensor
data, e.g., “first global sensor data” may be used to refer to
the global sensor data arising from a plurality of first sensors
(of a first type), and “second global sensor data” may be used
to refer to the global sensor data arising from a plurality of
second sensors (of a second type). Global sensor data may
take the form of a spatially distributed set of pressure
readings over time, a spatially distributed set of acceleration
or other movement-related readings over time, a spatially
distributed set of temperature measurement readings over
time, and so forth, as well as combinations thereof.

[0059] The global sensor data may include a signal from
each sensor in the sensor mesh. Depending on the number of
people in the bed, the relative activity levels of people in the
bed, and the relative position of each sensor with respect to
the people in the bed, each sensor signal may be entirely
attributable to the movements or physiological state of only
one person in the bed or may be attributable to the move-
ments or physiological states of two or more people in the
bed.

[0060] The sleep monitoring system may analyze the
global sensor data using any of a variety of different analysis
techniques, such as independent component analysis or
other techniques, in order to identify and extract signals
from the global sensor data that are specific to each of the
people in the bed. Such techniques may be used to extract
such signals regardless of whether each person remains in a
particular position on the bed or shifts around the bed over
time, including situations in which two people end up
sleeping next to one another on one side of the bed. The
signals that are extracted and associated with a particular
person in the bed are referred to herein as “extracted sensor
data,” e.g., first extracted sensor data for a first person in the
bed, second extracted sensor data for a second person in the
bed, etc. For ease of discussion, the examples discussed
herein will assume that there are two people in a bed, but it
is to be understood that the techniques and systems dis-
cussed herein are also applicable to situations in which there
are more than two people sleeping in a bed, e.g., such as
parents and one or more children.

[0061] Once the sleep monitoring system has extracted
different sets of extracted sensor data that are each attribut-
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able to a different person in the bed from the global sensor
data, the sleep monitoring system may utilize the extracted
sensor data in a variety of ways. For example, the sleep
monitoring system may perform further analysis on the
extracted sensor data in order to generate data regarding
various sleep-related or physiological metrics, e.g., total
time asleep, number of waking events during a sleep session,
heart rate over time during a sleep session, and the like,
which are referred to herein as “sleep data.” Thus, the term
“sleep data” is used herein to refer to data that describes a
physiological condition or other metric associated with
particular sleeper’s sleep activity. Sleep data may be
derived, at least in part, from data obtained from the sensor
mesh of the sleep monitoring sensor apparatus. Examples of
sleep data may include, but are not limited to: breathing rate
during a sleep session, heart rate and/or resting heart rate,
average heart rate and/or resting heart rate, heart rate vari-
ability and/or resting heart rate variability, body tempera-
ture, bed temperature, total time actually spent asleep during
a sleep session, total time actually spent awake during a
sleep session, time in bed or sleep session duration, the
number of wake events that occur during a sleep session
after sleep onset occurs, the number of times that a person
gets out of bed during a sleep session (and subsequently
re-enters the bed during the sleep session), time spent in one
or more of the five commonly-recognized sleep stages of
Wake, N1, N2, N3, and REM during the sleep session, and
time spent in one or more of other commonly recognized
sleep stages, e.g., deep sleep, light sleep, REM sleep, or any
other determinable sleep state.

[0062] Each of these types of sleep data may be deter-
mined on a continuous basis, e.g., driven by the sampling
rate of the sensors used, or discretized into regular epochs or
periods, e.g., determined for every 30 seconds or 60 seconds.
The different types of sleep data may also be processed in
one or more ways in order to remove noise or provide a more
representative signal, e.g., by averaging or by assigning a
value based on an overall trend indicated by data within a
period or epoch. For example, a person may experience
multiple sleep stages during a particular epoch or period, but
the sleep monitoring system may assign a sleep stage to that
epoch that is representative of the predominant sleep stage
experienced during that epoch. Thus, for example, each
sleep data measurement period may have a length of one
minute, and may include measurements such as average
heart rate during that period, maximum heart rate during that
period, average breathing rate during that period, and pre-
dominant sleep stage during that period. It is also to be
understood that sleep data may be organized according to
multiple different schemes, e.g., some sleep data for a
sleeper may be provided based on one-minute epochs,
whereas other sleep data for the same sleeper during the
same timeframe may be provided based on 10-minute
epochs—the same epoch size does not necessarily need to be
used for all sleep data for a sleeper.

[0063] The sleep monitoring system may obtain such data
without requiring the sleeper(s) to wear any sensor devices,
1.e., the sleeper need not wear a fitness tracking device in
order for the sleep data to be obtained (although if the
sleeper wears a fitness tracking device, this may enable
certain of the techniques discussed herein). The terms “sleep
session” or “time in bed,” used interchangeably herein, refer
to an interval of time during which a person is engaged in the
act of sleeping or trying to go to sleep. It is bounded by the
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person’s bedtime, which generally refers to time at which
the person has gone to bed and is trying or preparing to go
to sleep, and the person’s waketime, which refers to the time
when the person gets up without going back to sleep. It is to
be understood that a sleep session may be punctuated by
various periods of wakefulness, e.g., when the person gets
up to use the bathroom or when the person’s sleep is
interrupted by other, external stimuli, such as changing the
diaper of a crying baby or feeding a baby, but such waking
events generally do not signal the end of the sleep session if
the person then goes back to sleep soon afterwards. The term
“bedtime” is used herein to refer to the time at which a
person goes to bed, i.e., has climbed into bed and is sitting,
lying, or otherwise on the mattress or bed. The bedtime may,
in some cases, be simultaneous or near-simultaneous with
the onset of actual sleep, although most people spend some
time in bed before falling asleep, e.g., reading or using a
tablet or smartphone. Correspondingly, the term “waketime”
is used herein to refer to the time at which a person wakes
up from a sleep session without then going back to sleep (for
a significant period of time, e.g., without going back to sleep
for at least an hour or more—obviously the person will need
to go back to sleep at some point). The term “sleep onset”
1s used herein to refer to the moment in a sleep session when
a person first drifts off to sleep. The term “sleep onset
latency” refers to the amount of time that elapses between
when a person first goes to bed, i.e., the bedtime, and when
sleep onset occurs. All of these parameters, e.g., bedtime,
sleep session (in terms of duration, start time/end time, etc.),
waketime, and so forth, may be viewed as data structures
representative of such information, and may be stored in
memory by a computing system or otherwise processed by
such a computing system.

[0064] Insome implementations, the extracted sensor data
from one person may be used to correct the extracted sensor
data or the sleep data for another person. For example, if two
people are sleeping close to one another in bed and the first
person is a restless sleeper, their movements may not only be
evident in the first extracted sensor data for the first person,
but may also be reflected in the second extracted sensor data
for the second person. For example, if the first person tosses
and turns, a first pressure sensor located beneath the first
person may register pressure changes caused by the first
person’s movements. However, because mattresses are flex-
ible and compliant, such movements may also cause the
mattress to flex and bounce in response, which may, in turn,
cause sympathetic movements in the second person, which
may cause a second pressure sensor located beneath the
second person to register pressure changes as well, likely of
a lesser magnitude than those registered by the first pressure
sensor. The term “driving” is used herein, in combination
with terms such as “motion,” “movement,” “signal,” “com-
ponent,” or “oscillations,” to refer to events or signals
attributable to the movement of one co-sleeper that cause
“sympathetic” events or signals in the extracted sensor data
of another co-sleeper. The term “sympathetic” is used herein
to indicate movements or data artifacts associated with one
co-sleeper that are driven by driving movements made by
the other co-sleeper. Thus, for example, if person A moves
and produces a localized oscillation in the extracted sensor
data for person A, there may be a corresponding sympathetic
movement by person B, who is sleeping in the same bed as
person A, that is driven by the driving movement of person
A. This may result in a sympathetic localized oscillation in
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the extracted sensor data for person B that occurs at the same
time as the driving localized oscillation in the extracted
sensor data for person A.

[0065] The pressure changes registered by the second
sensor but caused by motion of the first person would thus
be observable in the second extracted sensor data for the
second person. These sympathetic movements of the second
person, however, are not necessarily indicative of restless-
ness on the part of the second person, and it may be
undesirable to determine or calculate sleep data for the
second person such that it is based on such movements.
Accordingly, in some implementations, the system may take
steps to mitigate or correct such “sympathetic” artifacts in a
particular person’s sleep data or extracted sensor data.
[0066] The sleep monitoring system, in some implemen-
tations, may also include a sleeper identification component
or engine (SIC or SIE) that may, based at least in part on the
data collected by the sensor mesh, associate the sleep data
collected for a particular sleeper with a particular user
account. For example, a given sleep monitoring system
connected to a sensor mesh installed in a bed may have been
associated with two separate individuals, both of whom
sleep in the bed, during a registration process. Each of these
people may have different physiological characteristics, e.g.,
weight, resting breathing rate, resting heart rate, sleep pat-
terns, etc., that may be observable in some way in the
person’s sleep data. The system may, based on such differing
characteristics, determine that sleep data collected for a
particular individual is sleep data for a specific one of the
two individuals registered with the sleep monitoring system,
and may then associate such sleep data with a user account
of that individual.

[0067] The present inventors have also conceived of a
different sleep monitoring system that may include a sleep
monitoring sensor apparatus that does not necessarily
include a plurality of sensors of a first type. In such an
alternative implementation, the sleep monitoring sensor
apparatus may include at least one first sensor of a first type
and at least one second sensor of a second, different type,
e.g., at least one pressure sensor and at least one acceler-
ometer, or at least one pressure sensor and at least one
temperature sensor. Such a sleep monitoring system may use
the data obtained from the different sensors that are included
to determine sleep data for a sleeper that is sleeping in a bed
that is equipped with such a sleep monitoring sensor appa-
ratus. In some implementations, such a sleep monitoring
system may nonetheless include multiple sensors of the
same type that are spatially distributed across a carrier,
similar to the sleep monitoring system implementations
discussed earlier above.

[0068] For sleep monitoring systems having two different
types of sensors, regardless of whether there are multiple
instances of each type of sensor or only single instances of
each type of sensor, the inclusion of different sensor types
may facilitate certain types of enhanced functionality. For
example, some sensors, such as piezoresistive pressure
sensors or force-sensitive resistor pressure sensors, may be
well suited for monitoring whether or not a person is present
in the bed (by virtue of their weight being detected by the
pressure sensor) or the person’s breathing rate. Other sen-
sors, such as accelerometers, for example, may be better at
measuring gross movement events, e.g., sudden movements
indicating restless sleep. Thus, such sleep monitoring sys-
tems may provide enhanced functionality over sleep moni-
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toring systems using only a single type of sensor. It is to be
understood that reference to sensors of a “type of sensor,” as
the term is used herein, refers to sensors that share a
common operating principle and that measure the same
physical phenomena. In many instances, such sensors may
all be of the same model or may otherwise be structurally
similar or identical, although different sensor models may be
used as well and still be of the same “type.” For example,
MEMS-based accelerometers may be used that all operate
under the same general principles of operation, but that have
different sensitivities or dynamic ranges, but such sensors
may still be viewed as being of the same “type.”

[0069] Some sensors only respond to changes (e.g., accel-
erometers or piezoelectric sensors) in a physical condition or
state, in which case it is possible that only active movement
of the person is detected. Other sensors such as a piezo-
resistive, capacitive, or load cell-based sensors also may
provide an absolute value of a steady-state value, in addition
to detecting changes in the value. For example, a piezo-
resistive pressure sensor may generate a resistance that is
proportionate to the amount of pressure (or distributed force)
that it is subjected to; such a resistance may remain generally
constant if the pressure does not change, thereby allowing
for continuous monitoring of a steady state condition, e.g,,
is a person in the bed? In contrast, a piezoelectric pressure
sensor may generate an electrical charge in response to a
change in pressure, but such a charge may quickly dissipate
in the absence of further pressure changes. Such sensors may
thus be poorly suited to determining if a person is in or out
of a bed, but may be well adapted for measuring other
physiological characteristics, such as the occurrence of gross
movement and even, in some implementations, less notice-
able movements. As used herein, the term “gross move-
ment” refers to body movements such as limb movements or
body reorientations or repositioning; gross movement does
not include a person’s natural breathing movements or
heartbeat-related movements, as well as minor shifts in
position or orientation, e.g., movements of one or two
centimeters.

[0070] A preferred embodiment may include sensors of
both types. By detecting absolute pressure levels at distrib-
uted locations across a sensor mesh, it is possible to estimate
the center of gravity of the subject, and hence infer body
location. By analyzing the pattern of absolute pressure
across the different sensor units, it is also possible to infer
body position (e.g., prone versus supine versus side sleep-
ing).

[0071] The above discussion provides a high-level over-
view of the systems and techniques discussed herein. The
following discussion, in which reference to the Figures is
made, elaborates further on these, and other, concepts.
[0072] Sleep Monitoring Sensor Apparatus

[0073] As discussed above, the sleep monitoring system
may utilize a sleep monitoring sensor apparatus that includes
a sensor mesh of spatially-distributed sensors distributed on
a carrier of some sort.

[0074] The carrier may, for example, be a sheet, coverlet,
mattress pad, or other article designed to be used with a
mattress of a particular size. In some implementations, the
carrier may be sized smaller than a particular mattress size
so as to be usable with multiple different mattress sizes, e.g,,
the carrier may, for example, have a width of 52" so as to
allow it to be placed underneath a mattress pad for a full-size
mattress, a queen-size mattress, or a king-size mattress. This
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example is to be understood to be non-limiting, and smaller
sized carriers may be used in some implementations. In
some implementations, the carrier may be provided by a
fitted sheet, e.g., a sheet sized for a specific mattress size and
having elastically-hemmed corners to allow the fitted sheet
to be slipped over a mattress of that mattress size. In some
implementations, the carrier may be designed to be placed
under a mattress.

[0075] The sensor mesh may be permanently woven or
installed into or onto the carrier, or may be removable, e.g.,
to facilitate washing or replacement of the carrier. In such
removable implementations, the sensor mesh may include
individual sensors located at the ends of individual cables or
cable branches that are each routed through the carrier to the
sensor locations, or the sensor mesh may be mounted on a
secondary carrier that is designed to be slipped inside of the
carrier, e.g., a backing sheet or flexible printed circuit
substrate (secondary carrier) that may be inserted into a
cotton cover or mattress pad (the carrier). Such a configu-
ration may allow the carrier to be washed without risking
damaging the sensors. In some implementations, the sensor
mesh may be constructed so as to be waterproof, e.g., by
using washable piezo-resistive fabric (for pressure sensors)
that is attached to a waterproof and heat-insensitive connec-
tor. Sensors such as accelerometers may be waterproofed by
encasing them in waterproof enclosures or coating them
with a waterproof conformal coating.

[0076] FIG. 2 depicts an exploded view of a typical bed
arrangement and shows the various locations that a sleep
monitoring sensor apparatus may be located. As can be seen,
the bed arrangement may include, for example, a blanket or
sheet 214, a fitted sheet 222, a mattress pad 224 (which may
be fitted, similar to a fitted sheet, or may simply be an
overlay), a mattress 210, and a box spring 212. It is to be
understood that some of these components may be omitted,
depending on the sleep preferences of the user. For example,
many beds do not utilize a box spring, and so a box spring
may be optional. Sleep monitoring sensor apparatuses hav-
ing sensors 216 may be configured to be located in any of a
variety of locations in a bed arrangement. For example, a
sleep monitoring sensor apparatus such as that represented
by carrier 204 may be located in between the box spring 212
and the mattress 210. Alternatively, a sleep monitoring
sensor apparatus may be integrated into the mattress pad
224, in which case the mattress pad 224 may include or form
the carrier. In some other implementations, the sensors 216
may be integrated with the fitted sheet 222, which may form
or include the carrier. In yet other implementations, the
sensors 216 may be integrated into the blanket or sheet 214.
It is to be understood that some implementations of a sleep
monitoring sensor apparatus may include multiple carriers
that may be integrated into a common bed accessory, e.g,,
multiple carriers that may be inserted into a mattress pad, or
may include multiple carriers that may be distributed
between two or more different bed accessories, e.g., a first
carrier with pressure sensors that may be integrated into a
mattress pad and a second carrier with accelerometers that
may be integrated with a blanket or sheet.

[0077] The number of sensors in the sensor mesh may be
as few as two, but additional sensors may increase the
sensitivity and fidelity of the sleep monitoring system. For
example, a 2x2 grid of sensors may be used in some
implementations, or a 1x3 array of sensors may be used in
other implementations. The number of sensors used may
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also be much higher, e.g., an 8x8 array of sensors. The
number and arrangement of sensors may be selected accord-
ing to a variety of factors (desired degree of sensor coverage,
cost, complexity, etc.), although in most implementations,
there will be at least two sensors spaced apart from one
another on the carrier in at least the transverse direction, and
potentially also in the longitudinal direction. This spatial
distribution of sensors in the transverse direction allows the
sleep monitoring system to monitor two different sleepers
who sleep in the same bed and who may not remain neatly
on their respective “sides” of the bed—the transverse ori-
entation may allow for the relative positioning of each
sleeper in the bed to be dynamically determined, at least
with respect to the left-right direction and for extracted
sensor data to be associated with each sleeper. The term
“longitudinal,” with respect to an axis or direction of a bed
mattress or sensor mesh used with a bed mattress, refers to
an axis or direction that is parallel to an edge of the mattress
and that extends in a direction generally associated with the
head-to-foot (or vice-versa) direction a person would nor-
mally assume when sleeping in the bed. For most mattresses,
such as twin, full, queen, king, and California king size
mattresses, the longitudinal direction or axis would be
parallel to one of the longer edges of the mattress. Con-
versely, the term “transverse,” with respect to an axis or
direction of a bed mattress or sensor mesh used with a bed
mattress, refers to an axis or direction that is parallel to an
edge of the mattress and that extends in a direction generally
associated with the left-to-right (or vice-versa) direction a
person would normally assume when sleeping in the bed.
For most mattresses, such as twin, full, queen, king, and
California king size mattresses, the transverse direction or
axis would be parallel to one of the shorter edges of the
mattress.

[0078] The sensor mesh may include only one type of
sensor, or may include multiple different types of sensor.
FIG. 3 depicts an example sleep monitoring sensor appara-
tus that may be placed under a fitted sheet, e.g., on top of a
mattress 310. The sleep monitoring sensor apparatus may
include, for example, a carrier with a sensor mesh having a
plurality of spaced-apart first sensors of a first type and,
optionally, a plurality of spaced-apart second sensors of a
second type; the first type may be different from the second
type. In a further example, the sensor mesh may include a
plurality of spaced-apart third sensors of a third type, with
the third type different from the first and second types. For
example, in FIG. 3, a carrier 304 is depicted that includes a
sensor mesh that includes a 3x6 array of first sensors 316q,
a 4x1 array of second sensors 3165, and a 7x1 array of third
sensors 316¢. Each of these sensor arrays may include
different types of sensors, e.g., the first sensors may all be
accelerometers, the second sensors may all be pressure
sensors, and the third sensors may all be temperature sen-
sors. Each sensor array may extend over coextensive areas,
or may extend over differently-sized areas (as shown in the
example of FIG. 3). Additionally, some sensors, such as
some of the sensors 3164, may be stacked on top of other
sensors, e.g., such as sensors 316h. This may provide
additional benefit in that collocated, e.g., stacked, sensors
may be assumed to be responsive to the same inputs, which
may allow for more effective signal processing and better
correlation between sensor data streams. For example, if it
is determined from pressure data from an array of pressure
sensors that a particular pressure sensor is closest to a
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person’s torso, then a collocated accelerometer may also be
determined to be closest to the person’s torso, thus providing
insight as to the source of the acceleration data collected by
that accelerometer. The sensors 316a/b/c may be connected
to electrical cabling or traces 326 that may allow power and
data signals to be transmitted to or from the sensors 3164/
b/c; the electrical cabling or traces 326 may be configured to
communicate sensor data to the sleep monitoring system via
a communications interface 318, which, in this example, is
a cable, although other implementations may, as discussed
later herein, utilize a wireless connection of some type for
communications interface 318. The sleep monitoring sensor
apparatus may be connected with a sleep monitoring system
302, which may extract data from the sensors and then
calculate or determine one or more types of sleep data for
sleepers in the bed using such extracted sensor data.

[0079] There is no upper limit to the number of sensor
arrays of different types of sensors that may be included in
the sensor mesh. The sensors of each type may be collocated
with corresponding sensors of the other types, e.g., there
may be three 4x4 arrays of three different sensor types, and
each array location for the three different sensor types may
correspond with an array location of sensors of the other two
sensor types, or the sensors of each type may be arranged in
different arrays, e.g., there may be a 4x4 array of first sensors
of a first type, a 2x3 array of second sensors of a second
type, and a 1x2 array of third sensors of a third type. Thus,
while some implementations may feature multiple collo-
cated sensors of different types, other implementations may
have such sensors arranged differently. In implementations
where two or more sensors of different types are collocated
(or positioned very near to one another, e.g., within a
centimeter or so), the collocated sensors may be integrated
into a single sensor package or module, if desired, to
facilitate assembly/integration of the sensors with the sensor
mesh. Tt is to be understood that such an integrated sensor
package would still include multiple sensors of different
types, notwithstanding their integration into a single unitary
assembly.

[0080] Different sensor types may be used to collect
different types of data that may be used to evaluate different
physiological metrics. For example, a mesh of pressure
sensors may be used to measure a pressure distribution
across a mattress and variations in pressure sensed by such
pressure sensors may indicate one or more of gross move-
ment of a sleeper, breathing rate of the sleeper, and heart rate
of the sleeper. A mesh of temperature sensors may be used
to measure a temperature distribution across a mattress,
which may allow for body temperature of a sleeper to be
monitored. Motion sensors may be used to measure gross
movement and breathing rate of the sleeper. The term
“motion sensor(s)” is used herein to refer to the broad class
of sensors that measure, in some way, the rate of movement
of the sensor itself with respect to a fixed, environmental
frame of reference. Motion sensors may include accelerom-
eters (which measure acceleration), magnetometers (which
measure angular motion with respect to the local electro-
magnetic field), and gyroscopic sensors, which measure
angular motion with respect to the global environment).
Other types of sensors may also be thought of as motion
sensors as well, and the above examples are not to be viewed
as limiting. Pressure sensors are not considered to be motion
sensors for the purposes of this disclosure since pressure
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sensors measure pressure exerted on them but do not provide
insight as to the movement of the pressure sensors them-
selves.

[0081] A variety of different pressure sensors may be
suitable for use in the sensor mesh. Such pressure sensors
may include, for example, piezo-resistive pressure sensors,
piezo-electric pressure sensors, and capacitive force sensors,
which may be used as pressure sensors when their sensitive
surface area is taken into account. Piezo-resistive pressure
sensors are sensors that have a layer of piezo-resistive
material that changes its resistance in response to pressure
that is exerted on the layer; the resistance changes in a
manner proportionate to the amount of pressure that is
exerted on the layer, thereby providing a mechanism for
determining how much pressure is exerted on the piezo-
resistive pressure sensor’s active area. Piezo-electric pres-
sure sensors are sensors that have a layer of piezo-electric
material that produces an electrical charge in response to
pressure that is exerted on the layer; the amount of electrical
charge generated is proportionate to the amount of pressure
that is exerted on the layer, thereby providing a mechanism
for determining how much pressure is exerted on the piezo-
electric pressure sensor’s active area. It is to be understood
that such pressure sensors may also be thought of as “force”
sensors, as pressure is simply force divided by area, so force
sensors that are capable of sensing force applied over a
distributed area may also be suitable. Capacitive force or
pressure sensors may include a flexible dielectric layer that
separates two electrode layers; changes in the dielectric
layer thickness, such as may be caused by pressure exerted
on the dielectric layer, may cause a change in capacitance
between the electrodes across the dielectric layer, which
may be measured to obtain an indication of the amount of
such deformation that has occurred. These types of pressure
sensors may be procured in very thin configurations, allow-
ing them to be stitched or woven into a textile-based carrier,
such as a mattress pad, relatively unobtrusively, e.g., such
that a person sleeping on the carrier will not be discomfited
by the presence of the sensors. The sensors may be con-
nected with downstream electronics by way of discrete wires
or by circuit traces that may, for example, be provided on the
carrier.

[0082] Pressure sensors may be used to obtain a variety of
insights regarding a person sleeping or resting on such
sensors. As a person breathes, the amount of pressure that
the person may exert on a pressure sensor, if the pressure
sensor is in a position to register it, fluctuates in rhythm with
the person’s breathing, resulting in a pressure measurement
signal that indicates the breathing rate of the person. Simi-
larly, in some circumstances, even the minute movements
associated with a person’s heart rate may produce measur-
able pressure fluctuations in a pressure sensor, allowing such
a pressure sensor to be used as a ballistocardiogram sensor.

[0083] Other sensors, as mentioned above, that may be
used as an alternative to or complement of pressure-mea-
surement sensors are motion sensors, such as accelerom-
eters, magnetometers, gyroscopic sensors, etc. Such motion
sensors may register movement of the sleeper, rather than
pressure exerted by the sleeper. Motion sensors may, for
example, register small vibrations in the carrier caused by
nearby motions of the sleeper, or may register larger-scale
displacements of the motion sensor, such as may be caused
by the sleeper moving a leg in a way that causes the motion
sensor to be displaced, as may occur if the motion sensor is
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woven or embedded into a sheet placed over the sleeper and
the sleeper’s movement causes the sheet to move. If such
motion sensors are used, they may be selected from rela-
tively sensitive, low-range sensors, as the movements that
will be measured will be relatively low in magnitude. For
example, accelerometers that are sensitive to sub-milli-g
(where “g” refers to a standard earth gravity) accelerations
may be used, as the accelerations that may typically be
measured by such sensors when used in a sleep monitoring
system may be in the sub-g range, e.g., 0.01 g.

[0084] The sleep monitoring sensor apparatus may be a
discrete component or may be part of a larger system of
components. For example, the sleep monitoring sensor appa-
ratus may feature one or more cables that may be used to
connect the sleep monitoring sensor apparatus to the sleep
monitoring system. Such a cable or cables may constitute a
communications interface that allows the sleep monitoring
system to obtain data from the sensors in the sensor mesh.
The cable or cables may be hard-wired into the sleep
monitoring system, i.e., not designed to be easily discon-
nected, or may be connected to the sleep monitoring system
by a connector to facilitate installation. In some implemen-
tations, there may be no physical connection between the
sleep monitoring sensor apparatus and the sleep monitoring
system. In such implementations, data from the sensor mesh
may be communicated to the sleep monitoring system
through, for example, a wireless communications link, such
as a Bluetooth or 802.11 connection, or through one or more
intermediary devices, e.g., through a network-connected
server (such a communications link may, in this case,
constitute a communications interface between the sleep
monitoring sensor apparatus and the sleep monitoring sys-
tem). The sleep monitoring sensor apparatus may be pro-
vided power from an external transformer that plugs into a
standard electrical outlet, a replaceable or rechargeable
battery or batteries, or the sleep monitoring system itself.

[0085] In some implementations, the sleep monitoring
sensor apparatus may obtain measurements over a distrib-
uted area using other techniques. In some such implemen-
tations, distributed-area sensors may be used that do not
necessarily give rise to a sensor-mesh arrangement as dis-
cussed herein. In such implementations, such sensors may
be spatially segregated if used in a multi-sleeper context,
e.g., cach sleeper may have their own set of one or more
distributed-area sensors and data from each set of one or
more distributed-area sensors may be assumed to be attrib-
utable to one sleeper. Such implementations may still utilize
a “carrier” or the like in order to position elements of the
sensor system(s) used. It is to be understood that the various
techniques for alarms and sleep monitoring discussed herein
may also be implemented using such distributed-area sensor
systems in place of the sensor mesh systems and related
techniques discussed herein. For example, if two distributed
area sensors are used (one on each side of a bed), then these
may be used in place of, or in addition to, the sensor meshes
discussed herein. In some implementations, the data from
two such distributed-area sensors may be viewed as “global”
sensor data, and data from each such distributed area sensor
may be used to correct artifacts in the data from the
other—for example, if one distributed sensor system indi-
cates that a sleeper is restless, the motion data indicating this
restless state may be used to adjust the data for the other
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sleeper in order to correct for any sympathetic movement in
the second sleeper that is a reaction to the first sleeper’s
restlessness.

[0086] In some implementations, a pneumatic sensor sys-
tem may be used to collect sleep data for a sleeper. In such
implementations, the carrier may include one or more rela-
tively thin, inflatable bladders that extend over one or more
regions of the mattress. Such bladders may be constructed so
as to be able to be pressurized to some degree with a fluid,
such as air (or, if desired, an incompressible fluid such as
water). The bladders may be connected with one or more
pressure sensors, e.g., directly (e.g., when the pressure
sensor is mounted within the inflatable volume of the
bladder) or indirectly (e.g., when a bladder has a tube or
other fluidic flow passage that connects a pressure port in the
bladder with a pressure sensor located at some location
outside of the bladder), that are configured to provide
measurements of the pressure within the bladder. Thus,
when an object, like a sleeper, lies on the bladder, the weight
of the object may cause the bladder to compress the fluid and
cause a pressure change within the bladder that may be
measured by the pressure sensor. The amount of pressure
change registered by the pressure sensor may, at least in part,
be proportional or related to the amount of force that is
applied to the bladder.

[0087] Insuch implementations, the amount of pressure or
the time-varying amount of pressure change as measured by
the pressure sensor may be monitored in order to determine
various data points. For example, if there is a large change
in the measured pressure (especially after relatively little or
no change in pressure over an extended time period), e.g., a
50 mmHg spike in pressure, this may indicate that an object
has been placed on the pressure sensor. If the pressure
change is commensurate with a pressure change that may be
expected when a person is lying on the bed, such a pressure
change may be interpreted as indicating that a sleeper is
present on the bed.

[0088] Other pressure data may also indicate the presence
of a sleeper. For example, lower-magnitude pressure
changes may also indicate the presence of a sleeper if their
timing or other temporal characteristics are consistent with
movement patterns of a sleeper. Thus, pneumatic sensor
systems may be able to be used as sleeper presence systems
that may indicate when a person is sleeping or lying on top
of the inflatable bladder.

[0089] In addition to measuring pressure changes from
“gross” movements, e.g., a sleeper getting on the bed,
pneumatic sensor systems may also be used to collect much
more nuanced physiological data, e.g., respiration rate and
heart rate data. Compared to the movements that a person
makes when getting into or out of bed, the movements that
a person makes when lying still (due to respiration and
heartbeat) are quite small, e.g., on the order of 0.2 mmHg to
0.5 mmHg for respiration-related movement and 0.05
mmHg to 0.15 mmHg for heartrate-related movement. Pres-
sure sensors may be selected that may resolve such pressure
changes, e.g., pressure sensors with accuracies on the order
of £0.01 mmHg, so that such respiration and heartrate data
may be extracted from the pressure data. FIG. 4 depicts a
segment of pressure data time history for a pneumatic sensor
system; as can be seen, there is a pronounced periodic
component to the pressure data that correlates with the
respiration rate of the subject on the pneumatic sensor
system from which the data was obtained. In this case, the
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respiration rate is on the order of 0.3 to 0.4 Hz. FIG. 5 also
depicts a segment of pressure data time history for the
pneumatic sensor system, but with a much narrower vertical
axis range—as can be seen, there is also a periodic compo-
nent to this data as well, which is, in this case, indicative of
heart rate. In this example, the heartrate is about 0.7 Hz,
which is consistent with an expected normal heartrate.

[0090] In some circumstances, data such as respiration
rate may be obtained by detrending the data to eliminate, for
example, pressure sensor data due to gross movement before
performing other analysis, e.g., peak-counting analysis, to
determine respiration rate. For example, the pressure sensor
data could be subjected to a moving average filter and the
resulting averaged signal may be subtracted from the raw
signal, thereby leaving a signal that is dominated by the
smaller-amplitude variations that were averaged out in the
moving average processing. The amplitudes of these
smaller-amplitude signals may be primarily driven by respi-
ratory rate and a peak-counting algorithm may be used to
identify each time a respiratory peak (breath) occurs. For
heartrate related data, however, the ability to perform peak
counting may be compromised since the magnitudes of the
pressure signal that are attributable to heartrate-related
movement may be relatively close to the noise amplitude of
the pressure sensor. In such cases, or even more generally
(for both respiratory and heartrate-related metrics), other
analysis techniques may be used.

[0091] For example, the time-varying pressure signal may
be analyzed using frequency-domain techniques, e.g., fast
Fourier transforms or the like, in order to identify the
dominant underlying frequencies in the pressure signal. The
resulting dominant frequencies may then be analyzed to
identify a dominant frequency or frequencies that have
frequency and/or amplitude characteristics consistent with
an expected range of respiration rates and/or pressure sensor
amplitudes for a person. If multiple such frequency compo-
nents are identified, then the frequency component that has
the highest correlation with an expected respiration rate may
be used, or, in some implementations, an average or other
representative respiration rate may be determined based on
such multiple frequency components. A similar process may
be used to determine heartrate-related data, e.g., heartrate,
heartrate variability, etc., although by identifying frequency
components from the pressure sensor signal that correlate
with expected heartrate-related parameters.

[0092] The pressure sensor signal quality for presence,
motion, respiration, and heartrate-related data collection
may be correlated with the absolute gauge pressure of the
fluid within the bladder, i.e., the higher the absolute gauge
pressure, the higher the signal quality. However, the more
such a bladder is pressurized, the firmer it will be. Many
sleepers may find such firmness uncomfortable, so in some
implementations, the pressure that is maintained in such a
bladder may be maintained within a predefined band of
acceptable absolute gauge pressures, e.g., a band with a
lowest absolute gauge pressure that produces a desired lower
limit of signal quality level and a highest absolute gauge
pressure that is set at a level that has been deemed to provide
an acceptable level of comfort to the sleeper. In some
implementations, one or both of these bounds may adjust-
able, e.g., automatically or via user-input. For example, if
the sleep monitoring sensor apparatus, or a controller com-
municatively coupled thereto, determines that absolute gage
pressures in the bladder that are higher than a particular
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value correlate with an increased level of user movement or
restlessness, this may indicate that such firmer pressure
settings are too uncomfortable and the controller may thus
adjust the upper end of such an absolute gage pressure
setting to a lower value. Similarly, if data quality at the
lowest pressure setting is within acceptable bounds, the
controller may adjust the lower bound of allowable absolute
pressure in the bladder downwards. In some implementa-
tions, the user may be allowed to set the maximum allowable
absolute pressure, e.g., the user may lie on the bladder while
adjustments to the absolute gauge pressure are made and
then indicate to the controller, e.g., by pushing a button or
sending an input via a smartphone app or the like, when the
bladder is at the limit of preferred firmness for that user; the
absolute gauge pressure that correlates with that indicated
firmness level may then be used as the upper limit.

[0093] In some implementations, the bladder may include
a mechanism for allowing the absolute gage pressure to be
lower than atmospheric pressure in the surrounding envi-
ronment, thereby allowing the bladder to be very soft and
comfortable to the user. For example, in some implementa-
tions the bladder may be filled with a compressible, porous
material, such as elastomeric or other springy foam, that
may be compressed and then spring back into its original
shape. This material may be compressed by the weight a
sleeper but may resist compression (or only permit a very
small amount of compression, e.g., an order of magnitude or
more less than the compression provided by a sleeper) due
to atmospheric pressure on the bladder. Thus, even if the
pressure in the bladder is reduced below atmospheric pres-
sure, the bladder may still generally retain the overall shape
that is provided by the porous material located inside the
bladder.

[0094] The bladder element of the pneumatic pressure
sensor system may be made from an airtight material, e.g.,
rubber-coated textiles or an elastomeric membrane, and may
take a variety of forms. In some implementations, the
bladder may have a single compartment, e.g., be sealed
along its edges somewhat like a pillow case, with a pressure
sensor mounted within the bladder’s internal compartment
or connected with it via a tube or other fluidic connection.
For example, two layers of rubberized or polymer-backed
fabric may be glued or otherwise bonded together along
their common edges in order to form the bladder. FIG. 6
depicts an example of such a pneumatic sensor system,
which may include a bladder 632, a pressure sensor 634, and
a fluidic passage 633 that allows the pressure sensor 634 to
obtain pressure measurements from the bladder 632. As can
be seen from the cross-section supplied to the right of FIG.
6, the edges 638 of the two layers 635 that form the bladder
632 may be bonded together to form a free volume 636
within the bladder 632 that may be filled with fluid.

[0095] Insome other implementations, the bladder may be
formed by bonding or otherwise connecting two layers of
rubberized fabric along their common edges and then also
bonding, e.g., by heat welding or gluing, portions of the
layers to each other along parallel linear paths, thereby
forming a series of inflatable linear channels that are arrayed
next to one another in a direction perpendicular to the
channels’ long axis. FIG. 7 depicts an example of a pneu-
matic sensor system that includes a bladder 732, a pressure
sensor 734, and a fluidic passage 733, similar to equivalent
such structures in F1G. 6. Also depicted in FIG. 7 are bonded
segments 740, i.e., portions of the layers of the bladder 732
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that are bonded together within the volume 736 of the
bladder 732 that is formed by bonding the edges 738 of the
bladder 732 together. In this case, the segments are linear
segments that only slightly shorter than the overall length of
the bladder 732, which results in the volume 740 of the
bladder 732 being divided into a number of linear internal
subvolumes, giving the bladder 7321 a corrugated appear-
ance.

[0096] In yet another implementation, two layers of rub-
berized fabric may be bonded together along their common
edges and then short linear segments of each layer in
alternating orientations, separated by gaps along directions
parallel to each segment, may be bonded together to form a
series of contiguous, serpentine channels. FIG. 8 depicts an
example of a pneumatic sensor system that includes a
bladder 832, a pressure sensor 834, and a fluidic passage
833, similar to equivalent such structures in FIG. 6. Also
depicted in FIG. 8 are bonded segments 840, which are
bonded together as described above. This results in a more
complex subdivision of the internal volume 840, as evi-
denced by the three different cross-sectional profiles shown.

[0097] Such arrangements in which the bladder has inter-
nally bonded segments may serve to prevent the bladder
from expanding in the z-axis (perpendicular to the average
plane of the bladder) by more than a preset amount, e.g., 0.5
inches or between 0.5 inches to 3 inches. In the case of a
bladder with an internal porous structure, e.g., a foam core,
the internal porous structure may restrict the bladder from
contracting too much in a direction parallel to the average
plane of the bladder, which may, in turn, prevent the bladder
from also expanding too much in the z-axis. In some
implementations, the internal porous structure may be
bonded to the bladder membrane layers to further prevent
undesired expansion in the z-axis. F1G. 9 depicts an example
of a pneumatic sensor system that has a bladder 932 with a
compressible foam core 946 that is interposed between the
layers that form the bladder 932 and that fills the volume
within the bladder 932 that is formed by bonding together
the edges 938.

[0098] In some implementations, a pneumatic sensor sys-
tem may include one or more mechanisms for controlling
the pressure within the bladder so that it remains within
preset boundaries, e.g., such as between the maximum and
minimum absolute gauge pressures discussed earlier. For
example, in some implementations, the pneumatic sensor
system may include an inlet check valve and an exhaust
check valve, both of which may be fluidically connected
with the internal volume of the bladder. FIG. 9 depicts one
such arrangement (it is to be understood that any of the
example bladder configurations discussed above with
respect to FIGS. 6 through 8, as well as that depicted with
respect to FIG. 9, may be used in any of the pressure control
implementations discussed below. In FIG. 9, an inlet check
valve 942 and an exhaust check valve 944 may be fluidically
connected with the bladder 932. The exhaust check valve
944 may be configured to have a crack pressure (a check
valve may typically only allow flow in a single direction,
and may be configured to only permit flow in that direction
when the pressure on the upstream side of the check valve
reaches the “crack pressure” and causes the check valve to
open and allow flow in the downstream direction) that is set
to allow the exhaust check valve to open when the upstream
pressure reaches the maximum desirable pressure in the
bladder, and may be configured such that the upstream side
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of the exhaust check valve 944 is in fluidic communication
with the bladder’s interior volume and the downstream side
of the exhaust check valve 944 is in fluidic communication
with the ambient environment. Thus, if a sleeper lies on the
bladder 932 and causes the pressure to increase beyond the
maximum desirable pressure, the exhaust check valve 944
may crack open and allow the excess pressure to vent (once
the pressure drops below the crack pressure, the check valve
may re-seal and prevent further depressurization of the
bladder). Conversely, the inlet check valve 942 may be
oriented with the upstream side in fluidic communication
with the ambient environment and the downstream side in
fluidic communication with the interior of the bladder, and
may have a crack pressure that is slightly lower than
atmospheric pressure, e.g., 1 to 5 mmHg less than atmo-
spheric pressure. This allows the bladder 932 to re-inflate
once the sleeper gets up, ensuring that there will be adequate
fluid volume in the bladder to allow compression of the
bladder 932 to be detected.

[0099] In another implementation, the bladder may be
fluidically connected with an external reservoir that is not in
contact with the sleeper, e.g., the external reservoir may
allow excess pressure from the bladder to be bled off into the
reservoir, thereby potentially avoiding overpressurization
scenarios. In some implementations, the reservoir may be
made from an elastic material or may have an expandable
internal volume that may pressurize the fluid that is forced
into the reservoir to a pressure that is lower than the
maximum desirable pressure so that the fluid that is moved
into the reservoir will be moved back into the bladder once
the pressure on the bladder that overpressurized the bladder
is removed.

[0100] In other implementations, the pneumatic sensor
system may include a pump and an exhaust valve that may
be controlled by a controller. FIG. 10 depicts a pneumatic
sensor system with a controllable pump and exhaust valve
arrangement. In such implementations, the pump 1048 and
the exhaust valve 1044 may be actively controlled by the
controller (not shown) so as to maintain an average pressure
in the bladder 1032 that is within predefined maximum and
minimum absolute gauge pressures. Thus, if the average
pressure in the bladder exceeds the desired maximum pres-
sure in the bladder, the exhaust valve 1044 may be opened
by the controller to bleed off the excess pressure. Similarly,
when the average pressure in the bladder 1032 falls below
the desired minimum pressure in the bladder 1032, the
exhaust valve 1044, if not already closed, may be closed and
the pump may be activated to re-pressurize the bladder 1032.
In some implementations, the pump 1048 and the exhaust
valve 1044 may communicate with the ambient environ-
ment, whereas in other implementations, such as is shown in
FIG. 11, the pump 1048 and the exhaust valve 1044 may be
connected with a reservoir 1050 instead of the ambient
environment.

[0101] In such implementations, the maximum/minimum
pressures limits used may vary depending on what use state
the system is in. For example, if the system has determined
that no person is on the mattress and is in a state where it
may monitor continuously for the presence of a sleeper, i.e.,
an event in which a person lies down on the bed, the absolute
gauge pressure may be set to be within 0.5 mmHg and 10
mmHg. After a sleeper presence has been detected, the
absolute gauge pressure may be re-set to another range, e.g,,
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0.0 mmHg to 25 mmHg (for respiration rate detection) or 1
mmHg to 80 mmHg (for heartrate detection).

[0102] Inimplementations with a pump and valve arrange-
ment, the controller may be configured to continuously or
periodically monitor the pressure in the bladder and to take
corrective actions as needed. FIG. 12 depicts a flow diagram
for an example such technique. The technique may begin in
block 1202 and proceed to block 1204, in which a determi-
nation may be made as to whether the bladder pressure is
less than (or less than or equal to) a preset desirable
minimum pressure. If the pressure is below the preset
minimum pressure, then the technique may proceed to block
1206 in which the pump may be activated. If the pressure is
not below the preset minimum pressure, then the technique
may proceed to block 1208, in which a determination may
be made as to whether the pump is on—if so, then the
technique may proceed to block 1210, in which the pump
may be turned off. Regardless of whether the pump is on or
off, the technique may then proceed to block 1212, in which
another determination may be made as to whether the
pressure in the bladder is greater than (or greater than or
equal to) the maximum desired pressure. If the pressure in
the bladder is greater than the maximum desired pressure,
then the technique may proceed to block 1214, in which the
exhaust valve may be opened to bleed off the excess pressure
before the technique proceeds to block 1220. If the pressure
in the bladder is not greater than the maximum desired
pressure, then the technique may proceed to block 1216, in
which a determination may be made as to whether the
exhaust valve is open—if so, then the technique may pro-
ceed to block 1218, in which the exhaust valve may be
closed before proceeding to block 1220. If the exhaust valve
is not open, then the technique may proceed to block 1220.
From block 1220, the technique may return to block 1202,
and so forth.

[0103] FIG. 13 depicts a pressure/time diagram for an
example pneumatic sensor system during transitions
between various states. For example, at t=0, the pump may
be activated to start pressurizing the bladder, e.g., when the
unit is initially powered up. At t=a, the pump may be turned
off since the pressure may be within the preset desired
pressure limits. At t=b, a person may start to lie down on the
bed, causing the pressure in the bladder to rise, ultimately
rising above the present maximum pressure at t=c, at which
point the exhaust valve may be opened to allow the over-
pressure to vent. After the pressure has decreased below the
present maximum pressure, the exhaust valve may be closed
again at time t=d. In some implementations, the exhaust
valve closure may be timed to coincide with the point where
the pressure within the bladder is near the mid-point
between the preset minimum and maximum pressures.

[0104] FIG. 14 depicts another pressure/time diagram for
the example pneumatic sensor system during other transi-
tions between various states. For example, at time t=0, the
pump may be activated to start pressurizing the bladder, e.g,,
when the unit is initially powered up. At t=a, the pump may
be turned off since the pressure may be approximately
midway between the preset minimum and maximum desired
pressure limits. At t=b, a person may start to lie down on the
bed, causing the pressure in the bladder to rise, ultimately
rising above the present maximum pressure at t=c, at which
point the exhaust valve may be opened to allow the over-
pressure to vent. After the pressure has decreased below the
present maximum pressure, the exhaust valve may be closed
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again at time t=d, e.g., when the pressure within the bladder
is near the mid-point between the preset minimum and
maximum pressures.

[0105] In pneumatic sensor systems in which the pressure
within the bladder may be actively controlled, such as in
such systems having a pump and valve arrangement as
discussed above, the controller for such pneumatic sensor
systems may also be configured to control the bladder
pressure so that various other functionalities may be pro-
vided. For example, through actively controlling the bladder
pressure, such controllers may cause the bladder pressure to
be varied over time so as to either wake a sleeper up or, in
some alternative or additional implementations, encourage
the sleeper to fall asleep.

[0106] Forexample, if it is desired to wake a sleeper, such
as is discussed later in this disclosure, the bladder may be
pressurized and depressurized repeatedly using the pump
and valve, in some cases while slowly increasing the average
pressure of the bladder, such as is shown in FIG. 15. In FIG.
15, the pressure in the bladder (solid line) may be increased/
decreased according to one or both of a rising pressurization/
depressurization cycle frequency (dotted line) and amplitude
(dashed line) (where the amplitude indicates the pressure
difference between successive maximum/minimum peaks in
the bladder pressure). In some implementations, only one of
the frequency and amplitude may be varied for such an
alarm.

[0107] For implementations in which the pneumatic sen-
sor system is configured to encourage sleep, the controller
may monitor the pneumatic sensor system to identify when
a sleeper lies down on the mattress, at which point the
controller may monitor the pressure data from the pneumatic
sensor system for the sleeper for a period of time, e.g., 15
seconds, 30 seconds, or one or several minutes, in order to
established the sleeper’s respiratory rate. After establishing
the sleeper’s respiratory rate, the controller may start to
pressurize and depressurize the bladder in synchronicity
with the sleeper’s inhalations and exhalations, e.g., when the
person is inhaling, the controller may cause the bladder
pressure to increase; when the person is exhaling, the
controller may cause the bladder pressure to decrease. In
some such implementations, if the person pauses between
inhalations and exhalations, the bladder pressure may be
kept constant by the controller. After a period of time during
which the pressurization/depressurization of the bladder is
synchronized with the sleeper’s breathing cycles, the con-
troller may slowly adjust the periodicity of the pressuriza-
tion/depressurization cycles so that each such cycle takes a
longer and longer period of time (or so that the cycle
duration for sets of pressurization/depressurization cycles
slowly increases, e.g., 5 cycles at duration X, followed by 5
cycles of duration X+Y, and so on). This adjustment may
occur over a span of 2 to 30 minutes of time and at a rate that
results, for example, in a cycle frequency of 0.1 Hz, or some
other frequency that is representative of a person’s typical
sleeping respiration rate. A person’s body, when exposed to
such stimuli, may have a sympathetic response to the
pressurization/depressurization behavior of the bladder, and
the sleeper may subconsciously or consciously start to
synchronize their breathing with the pressurization/depres-
surization of the bladder. Thus, slowing the pressurization/
depressurization rate of the bladder may cause the sleeper to
subconsciously or consciously slow their breathing rate as
well, which may encourage the sleeper’s transition to a light
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sleep state. This adjustment of pressurization/depressuriza-
tion cycles, which may be referred to as “guided breathing,”
may persist for a fixed period of time, until the sleeper
moves significantly or gets up, or until the sleeper appears
to have fallen asleep, e.g., as indicated by a lack of move-
ment, a respiratory rate associated with sleep, or other
indicators. FIG. 16 depicts an example pressure history
indicating such a technique (although FIG. 16 is not at all to
scale in the time axis). In FIG. 16, a first interval may
include a sleeper detection event, e.g., a large pressure spike
(in this case, +50 mmHg), after which a period of guided
breathing may be provided. During guided breathing, the
pressure in the bladder may be cyclically raised/lowered by
a significant amount since the purpose of such pressuriza-
tion/depressurization is to produce a perceptible prompt or
cue to the sleeper’s body. In this case, only 5 pressurization/
depressurization cycles are performed, but in actual practice,
far more may be performed, depending on the circum-
stances. After the sleeper falls asleep, then monitoring of the
sleeper’s physiological state may occur while keeping the
pressure in the bladder at a relatively low and relatively
constant level (the slight variations in the pressure that are
visible in this sleep monitoring phase are due, for example,
to the physiological effects that are being monitored, e.g.,
pressure fluctuations due to respiration). At a particular time,
an alarm may be provided, as discussed above, in order to
wake the sleeper.

[0108] Pneumatic sensor systems may, as indicated earlier,
be used to monitor multiple sleepers in a bed. In such
implementations, a separate bladder/pressure sensor system
may be arranged on the carrier so that each is positioned on
a different half of the mattress, e.g., one on the left side of
the mattress and the other on the right. The pressure sensors
for each may be located on opposing sides of the mattress,
e.g., near their respective bladders. In some implementa-
tions, the pressure sensors may be on the same side of the
mattress, and the carrier may have a tube or other pressure-
conveying passage that extends from the far bladder, across
the carrier, and to one of the pressure sensors. FIG. 17
depicts an example arrangement for a two-sleeper arrange-
ment of pneumatic sensor systems 1752 in which a mattress
1710 has two bladders 1732 positioned on it, each of which
is connected via a fluidic passage to a separate pressure
sensor 1734.

[0109] Another type of distributed-area sensor that may be
used is an optical fiber-based sensor system. In a optical
fiber-based system, pressure or force applied to an optical
fiber, e.g., such as may be caused by the weight of a sleeper
or by movements of the sleeper, may cause a measurable
change in the optical characteristics of the optical fiber.
These changes in the optical characteristics may be quanti-
fied in order to obtain data indicative of the timing and
magnitude of such movements or force/pressure applica-
tions.

[0110] In some implementations, light may be transmitted
from one end of an optical fiber to the other end of that
optical fiber with the optical fiber being routed through an
area of interest on a carrier. A large percentage of the light
that is introduced into the receiving end of the optical fiber
may be received at the receiving end of the optical fiber (also
referred to herein simply as a “fiber”) due to total internal
reflection (TIR). However, if the fiber is bent, e.g., through
the application of external forces, this may increase the
amount of light that is lost instead of being internally
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reflected, thereby decreasing or attenuating the amount of
light that is received at the receiving end of the optical fiber.
The amount of light that is attenuated may be dependent on
the number of fiber deflections and the degree of each of
those deflections. By measuring the variation in the amount
of light that is transmitted through a fiber over time using a
photodetector or other light-sensing sensor, a measurement
may be obtained that may represent or correlate with the
magnitudes of deflections experienced by the optical fiber.
[0111] Optical fibers may offer an inexpensive, water-
proof, low-noise, and easily-integrated mechanism for mea-
suring movement and force/pressure exerted on a mattress
(or other item, e.g., a pillow) by a sleeper.

[0112] In some implementations, the optical fibers may be
interposed between, or placed adjacent to, microbending
structures that are engineered to provide discontinuities that
are adjacent to the fibers and may amplify fiber bending
when pressure is applied to the fibers. For example, in some
implementations, the fiber may be configured to follow a
meandering, e.g., serpentine or looping, path that causes the
fiber to be distributed across a large area, e.g., an area several
feet long and two to three feet wide. The fiber may be
sandwiched between two grids or coarse-pitch meshes of
fibers. The mesh fibers may, for example, also be optical
fibers or may be non-optically-transmissive fibers; in the
former case, the mesh optical fibers may, if desired, be
disconnected from any light sources since they are being
used for their mechanical properties rather than for their
optical transmission properties. Generally speaking, the
mesh fibers may be of the same or greater stiffness as the
optical fibers through which the light is directed for mea-
surement purposes.

[0113] FIG. 18 is an exploded view of one example optical
fiber-based sensor system in which an optical fiber, e.g,,
optical fiber 1854 or 1854', is routed over a large area, e.g,,
a carrier, such as a mattress pad. In the case of the optical
fiber 1854, the optical fiber 1854 follows a meandering
serpentine path that does not cross over itself. In other
implementations, such as those using a configuration like
optical fiber 1854', the optical fiber 1854' may cross over
itself multiple times, e.g., such as may occur when the
optical fiber 1854' forms several loops that overlap each
other. In FIG. 18, the optical fiber 1854 or 1854' is sand-
wiched between two microbending elements or structures,
e.g., fiber meshes, 1856. It is to be understood that the ends
of such optical fibers may be connected to light emitter/
detector units, e.g., devices that may have a light source
configured to introduce light of one or more wavelengths
into one end of the optical fiber and one or more detectors
configured to measure the amount of light that is emitted
from the other end of the fiber (these units are not shown, but
would be used in any of the implementations discussed
herein—for simplicity, the optical fibers are generally shown
with two free ends—one of which would be interfaced with
a light source and the other of which would be interfaced
with a light detector).

[0114] When a load is placed on the mesh that is inter-
posed between the load and the mesh, the load will press that
mesh into the optical fiber, causing small, localized deflec-
tions in the optical fiber that may attenuate the light that
travels along the fiber. If meshes are used on both sides of
the optical fiber, then the optical fiber, in turn, may be
pressed into the mesh that is on the opposite side of the
optical fiber from the load, resulting in additional deflections
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of the optical fiber and increased light attenuation. FIG. 19
depicts a cross-sectional view of such deflection—in the
upper depicted embodiment, a fiber 1954 passes between
two mesh layers 1956 and 1956'; in the lower depiction of
that embodiment, the upper mesh layer 1956 has been
compressed into the optical fiber 1954 and the lower mesh
layer 1956', causing the optical fiber 1954 to flex and bend.
This results in the amount of light that travels completely
through the optical fiber 1954 (indicated by arrows in FIG.
19) to be attenuated since some of the light will exit the
waveguide formed by the optical fiber (such as the arrow
indicating light that has exited the optical fiber 1954).
[0115] As discussed, the microbending structures may, for
example, be a grid or mesh of fibers in some implementa-
tions. FIGS. 20 and 21 depict example portions of a
microbending structure or mesh. In FIG. 20, the mesh is
formed by overlaying two linear arrays of fibers over one
another with the fibers of one layer being orthogonal to the
fibers of the other layer. It is to be understood that any of a
number of different arrangements of such mesh fibers may
be used and is not limited to square mesh patterns. In FIG.
21, the mesh is a woven mesh, with each fiber alternating
along its length with regard to whether it passes over or
under the fibers that it crosses over.

[0116] In some implementations, the grids/meshes on
opposing sides of the optical fiber may be offset from one
another in the mesh/grid plane so that the fibers in one
grid/mesh do not exactly align with the fibers in the other
grid/mesh. Such arrangements may promote increased flex-
ing/bending of the optical fiber in response to pressure
applied on the mesh/fiber stack, resulting in more attenua-
tion of the light transmitted through the optical fiber and thus
an enhanced signal quality. FIG. 22 depicts an example of
such an offset arrangement, with microbending structure/
mesh 2256 being offset in the X- and Y-directions by
approximately 50% of the pitch between fibers in the
microbending structure/mesh 2256 from the microbending
structure/mesh 2256'. An optical fiber 2254 can be seen
interposed between the microbending structures/meshes
2256 and 2256'

[0117] In some implementations, the optical fiber itself
may be woven into a mesh with the optical fiber crossing
over itself in numerous locations. In such implementations,
a separate mesh on one or both sides of the optical fiber may
be unnecessary, as the optical fiber may press into itself at
the cross-over points, thereby providing the localized deflec-
tions discussed earlier. FIG. 23 depicts a schematic of an
optical fiber routing that may create its own microbending
structures by virtue of it overlapping itself. The optical fiber
2354 may follow a looping path that crosses over itself in
multiple locations, e.g., crossovers 2360. Fach crossover
point may provide a localized bending location that may act
in a manner similar to the mesh fibers discussed earlier.
[0118] In some implementations, microbending structures
may be integrated into the optical fiber itself. FIG. 24 depicts
a cross-sectional view of an optical fiber with an integrated
microbending structure. Most optical fibers are clad in a
cladding, e.g., glasses, doped glasses, plastics, acrylics,
fluoropolymer polycarbonate, etc., that may protect the
optical fiber core (which may be glass or plastic such as
PMMA, silicone, etc.) from damage and may increase the
total internal reflectance characteristics of the optical fiber.
In some implementations, the cladding may be modified so
as to include microbending structures as part of the cladding.

Jun. 11, 2020

For example, in the example of FIG. 24, the optical fiber
2454 is clad in cladding 2462 that includes a circumferential
rib or expanded diameter section that acts as a microbending
element 2456.

[0119] FIG. 25 depicts another cross-sectional via of an
optical fiber with integrated microbending features. In FIG.
25, the cladding 2562 of the optical fiber 2554 is formed of
a variable-stiffness material such that the more densely
cross-hatched area is stiffer than the less densely cross-
hatched area. Thus, then the optical fiber is compressed, the
optical fiber will tend to bend at the location where the stiffer
material is more prevalent.

[0120] In some other implementations, another fiber or
filament may be wrapped around the exterior of an optical
fiber, e.g., to form a helical winding, in order to form a
microbending feature—the wound filament may form a
contimuous, helical rib—somewhat like the threads on a
screw—that travels around the outer circumference of the
optical fiber to provide a microbending feature. In imple-
mentations where the microbending features are located on
the fiber itself, there may, in some cases, also be a flat,
somewhat stiff material placed next to the optical fiber to
allow the load that is applied to that material to be trans-
ferred to the optical fibers.

[0121] In some implementations, the optical fiber itself
may be modified at various locations along its length, i.e.,
the optical fiber may not be continuous along its entire
length or may not have homogenous material properties
along its entire length, in order to provide location-specific
sensitivity to movement or pressure.

[0122] For example, in some configurations, an optical
fiber may be modified so that there are fiber Bragg gratings
(referred to herein as “Bragg gratings”) positioned at one or
more locations along the optical fiber’s length. A Bragg
grating may be formed by modifying the optical fiber core’s
refractive index in a periodic fashion along the length of the
fiber at each Bragg grating location. A Bragg grating may
thus act as an optical filter that reflects a particular wave-
length or wavelengths of light back towards the light source;
the specific reflectance characteristics are determined by the
properties of the Bragg grating. If an optical fiber having a
Bragg grating is flexed or otherwise strained, the strain
induced in the optical fiber will cause the Bragg grating
located therein to also experience a dimensional change that
will alter the reflectance properties of the Bragg grating,
causing the reflected light to change wavelength. By mea-
suring the wavelength of light that is reflected back through
the optical fiber from a given Bragg grating, it is possible to
quantify the amount of strain experienced by the optical
fiber at the location of the Bragg grating. In some imple-
mentations, multiple Bragg gratings may be used in the same
optical fiber, with each configured to reflect a different
wavelength of light. By monitoring the wavelengths of light
that are reflected back, and the degree to which they deviate
from the default wavelengths that the multiple Bragg grat-
ings normally reflect, determinations may be made as to how
much each Bragg grating has been deformed or flexed. Such
systems may allow not only for information on overall
distributed movement and pressure to be obtained, but may
also allow location-specific measurements to be made. For
example, data from Bragg gratings located in a region of the
carrier where the sleeper’s chest may be may be used to
determine heart rate, whereas data from Bragg gratings
lower down on the carrier, e.g., where a sleeper’s legs may
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normally be, may be used to determine non-heartrate-related
metrics, e.g., gross movement, restlessness, etc.

[0123] In some implementations, the optical fiber may
actually be severed such that there is a discontinuity in the
optical fiber. In such arrangements, the severed ends of the
optical fiber may be aligned with one another and supported
by a mechanical support, e.g., a semi-flexible sleeve or
coupler, that may align the severed ends of two adjacent
optical fiber segments so that light traveling down one of the
optical fibers may still generally pass into the adjacent and
connected optical fiber when the ends of the segments are
aligned. However, when an optical fiber segment is sub-
jected to force or displacement, this may cause the end or
ends of the adjacent optical fiber segment or segments to
displace, e.g., by linear translation in a direction perpen-
dicular to the centerlines of the optical fibers at the fiber
ends, by rotation of the ends of the optical fiber segments
relative to each other about an axis that is perpendicular to
the long axis of the optical fiber segments at the fiber ends,
or a combination of such displacements.

[0124] For example, FIG. 26 depicts an example of such
a discontinuity-based optical sensor. In such an implemen-
tation, the optical fiber 2654 may be severed (and the
severed ends polished/lapped to promote optical transmis-
sion through the severed ends) and the two severed ends may
be separated by a fiber break or gap 2664. The two severed
ends may be supported relative to each other by a fiber
support 2666, which, in this case, is a flexible tube that may,
when exposed to little or no external force, align the severed
ends such that light may be transmitted between them with
little or no loss. However, when the severed ends are
displaced relative to one another, as is shown in the lower
two examples in FIG. 26, the amount of light that passes
through the fiber break and re-enters one of severed ends
may be decreased, thus attenuating the signal. This signal
attenuation may be measured and used in the same way that
the signal attenuation in the earlier-discussed optical fiber-
based sensor systems is used. Such optical fiber break
sensors may be located at one or more locations along a
fiber, e.g., such as is shown in FIG. 27.

[0125] As discussed earlier, multiple optical fiber sensor
systems may be used in a common carriet, e.g., to monitor
different regions of a mattress to obtain data for different
sleepers (in which case they may be located on opposing
left/right sides of the mattress) and/or to obtain data on from
different areas of a person’s body (in which case there may
be one optical fiber that is located in a region near where a
sleeper’s chest might be, and another near where the sleep-
er’s legs may be, and so forth). FIG. 28 depicts one example
of such a system (for a single sleeper) in which there are two
separate optical fibers 2854 arranged on a mattress 2810.
[0126] It is also to be understood that the optical fiber-
based systems discussed herein may also be implemented in
a carrier that acts as a pillow case (or that is designed and
sized so as to be insertable into a pillow case). During tests
performed with an optical fiber sensor system, e.g., the
optical fiber sensors systems that detect micro- and macro-
bending of the optical fiber based on the amount of light
attenuation, it was found that placement of such an optical
sensor system resulted in the successful collection of both
respiratory and heart-rate-related data for test subjects,
regardless of whether the optical fiber sensor/carrier was
placed on the top side of the pillow or on the bottom side of
the pillow (although the data collected from the bottom side
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of the pillow exhibited slightly greater noise, the peaks
identifying individual respirations and heartbeats were still
clearly identifiable). In some such implementations, the
carrier may be sized to be smaller than a standard pillow size
so that it does not extend past the edges of the pillow.

[0127] FIG. 29 depicts example data collected from an
optical fiber sensing system—as can be seen, the data clearly
exhibits a periodic component (the numerous smaller peaks
(between about 6 and 10 peaks per 50 second interval) that
correlates well with typical respiratory rates. Unlike in
pneumatic sensor systems where measured quantity is air
pressure (which will tend to equalize throughout the bladder
and thus be less sensitive to the exact distribution of pressure
or force on the bladder), the measured quantity in an optical
fiber sensor system is light and is constrained to the optical
fiber path-thus, if the sleeper shifts so that they are pressing
on less optical fiber, they will cause a corresponding
decrease in attenuation (and vice versa). Points “a” and “b”
in FIG. 29 represent points in time at which the sleeper made
a large movement—after the movement at “a”, the sleeper
was in a position that resulted in more light attenuation than
before, whereas after the movement at “b”, the sleeper was
in much the same position as before. The data in FIG. 29 was
collected from an optical fiber sensor that was routed
through a rectangular region just under the sleeper’s chest
area, as shown by the dashed rectangle over the silhouette of
a person to the right of the graph. FIG. 30 depicts a similar
plot, but showing heart rate data (this data has been post-
processed to remove lower-frequency components, such as
respiratory data, generally leaving the heart rate components
as the dominant data)—as can be seen, the heart rate may be
clearly identified by the peaks that are evident.

Alarm System

[0128] In some implementations, the sleep monitoring
sensor apparatus may also include one or more alarms that
are also positioned on the carrier, which may be referred to
herein as a wake-up alarm system (although such alarms
may also be used for other purposes besides waking people
up, as will be discussed further herein); the wake-up alarm
system may typically be integrated into the sleep monitoring
sensor apparatus, and the control of the alarms in the
wake-up alarm system may be provided, for example, by the
same hardware that provides sleep monitoring system func-
tionality and/or sleeper presence monitoring functionality
and/or sleeper identification functionality (see, for example,
FIG. 53, discussed later herein). In the case of a sleep
monitoring sensor apparatus that is designed to be used with
mattresses sized for two people, there may be at least two
alarms arranged such that each alarm is localized to one side
of the mattress or the other, e.g., such that a person sleeping
on one side of the mattress will generally perceive one alarm
to a much greater extent than the other alarm, and a person
sleeping on the other side of the mattress will perceive the
other alarm to a much greater extent than the first alarm.
Such alarms may be audible alarms, e.g,, piezoelectric or
non-piezoelectric speakers, or haptic devices, such as eccen-
tric rotating masses (ERMs) or linear resonant actuators
(LRAs) (the Pico Vibe™ ERM or the Precision Haptic™
LRA product lines offered by Precision Microdrives (www.
precisionmicrodrives.com) are some examples of haptic
devices that may be used to provide alarm functionality in
the sleep monitoring sensor apparatus).
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[0129] FIG. 31 depicts an example wake-up alarm system.
In FIG. 31, the wake-up alarm system includes a carrier
3120 that includes a plurality of sensors 3116, which may be
part of a sleep monitoring system and/or sleeper identifica-
tion system, as discussed elsewhere herein. These sensors
3116 may be distributed across the carrier 3120, e.g., to form
a sensor mesh as discussed earlier in this paper. The carrier
3120 may also include alarms 3128 that are located on the
carrier such that noise or vibration from each alarm 3128
originates from a location within a different half of the
mattress 3110 (division marks at the top of the mattress 3110
divide the mattress up into quartiles for reference). The
carrier 3120 may act to position the alarms 3128 (and the
sensors 3116) on the mattress 3110 in desired locations, and
may be similar to the carriers discussed earlier with respect
to the sleep monitoring sensor apparatuses discussed eatlier
herein. In the depicted implementation, one alarm 3128 is
located along the left side of the mattress 3110 in a position
that is to one side of where a first person 3106 may lie on the
mattress 3110, and the other alarm 3128 is located along the
right side of the mattress 3110 in a position that is on the
other side of where a second person 3108 may lie on the
mattress 3110 from the first person 3106. Thus, sound or
vibrations emitted by the alarms 3128 may be damped out or
lessened as they transit through the space occupied by the
closer of the two people 3106 and 3108 before they reach the
further of the two people 3106 and 3108, thereby allowing
for more targeted alarm activation, e.g., waking the first
person 3106 with a significantly reduced chance of also
waking the second person 3108, or vice versa. This allows
for user-specific alarms to be independently set and pro-
vided, allowing each person to maintain their own sleep/
wake schedule.

[0130] In the depicted example, the carrier 3120 is a
narrow strip that is approximately as long as the mattress
3110 is wide. The carrier 3120 may take a variety of other
shapes and forms as well, as is illustrated in FIGS. 32
through 35. In some implementations, the carrier 3120 may
have straps, clips, or other devices attached to it that allow
the carrier to be secured to the mattress 3120. In other
implementations, as discussed earlier with respect to sleep
monitoring sensor apparatuses, the carrier 3120 may take the
form of, or be integrated with, a pad, bedsheet, blanket,
duvet or comforter cover, fitted sheet, or mattress pad.

[0131] FIG. 32 depicts an implementation that is very
similar to that in FIG. 31, except that the carrier 3210
includes two resonator strips 3230 that are formed from a
higher-stifiness material than the carrier 3210 and to which
the alarms 3228 are mounted. The resonator strips 3230 may,
for example, be a flexible material such as a plastic strip,
while the carrier 3210 may be a material such as a woven
textile. The resonator strips 3230 may act as a resonant
backboard that conducts vibrations produced by a haptic
device in an alarm 3228 to a different location, e.g., to a
region where a person’s head is likely to be positioned,
and/or to a larger area, e.g., to a 1 ft by 1 ft patch. While
haptic devices such as LRAs or ERMs are quite small, they
are, nonetheless, electromechanical devices and may be
more noticeable to a person if positioned direction beneath
that person. While positioning a haptic device directly
beneath a person may make it much more likely to wake the
person when the haptic device is activated as compared with
positioning the haptic device in a location off to the side of
the person, such positioning may be uncomfortable to the
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person when the haptic device is inactive and may adversely
impact their sleep. The use of a resonator strip 3230 may
allow the haptic device/alarm 3228 to be positioned off to
the side of the person while allowing the vibrations pro-
duced by the haptic device to be conducted to locations
directly beneath the person. Since the resonator strips 3230
may be relatively flat and made of a flexible material, they
may be much more comfortable to lie on directly than the
haptic device 3228. A further benefit of using a resonator
strip 3230 is that a haptic device is typically a point-source
of vibration, i.e., the vibrations are induced within a rela-
tively small housing, and those vibrations then radiate
outwards through the carrier 3220 and the mattress 3210. If
the carrier 3220 and/or mattress 3210 (or, more specifically,
the upper surface of the mattress 3210) are made of a
low-stiffness material, e.g., a textile, then the vibrations from
the haptic device may be quickly attenuated, limiting the
ability of the haptic device to wake a person. However, if a
resonator strip 3230 is used, then the resonator strip 3230
may attenuate the vibrations from the haptic device to a
much lower extent than the carrier 3220 or mattress 3210,
thereby transferring more vibrational energy to the person
and increasing the likelihood that the vibrations from the
haptic device will wake the person up. It is to be understood
that the resonator strips 3230 may be used in any of the
wake-up alarm system implementations discussed herein.
[0132] The other components in FIG. 32 that have the
same last two digits as the components discussed above with
respect to FIG. 31 are similar to those corresponding com-
ponents in FIG. 31, and the discussion above with respect to
FIG. 31 may be referred to for descriptions of such com-
ponents.

[0133] FIG. 33 depicts another wake-up alarm implemen-
tation in which each alarm is located on a separate carrier.
For example, FIG. 33 depicts two carriers 3320, each with
an alarm 3328 and a plurality of sensors 3316 (which may
form part of a sleep monitoring system). The carriers 3320
may be positioned on a mattress 3310 as shown in order to
provide for sleep monitoring functionality as well as indi-
vidualized wake-up alarm functionality for the sleepers 3306
and 3308. In some instances, the carriers 3320 may be
reversible, i.e., they may function correctly regardless of
which major surface is uppermost—this allows the same
carrier 3320 to be used on either side of the mattress 3310
by simply flipping the carrier 3320 upside down in order to
position the alarms 3328 on opposing sides of the mattress
3310.

[0134] FIG. 34 depicts another wake-up alarm implemen-
tation that is similar to that depicted in FIG. 33, except that
the carriers 3420 (and associated sensors 3416 and alarm
3428) are symmetric, thereby allowing the same carrier 3420
to be used on either side of the mattress 3410, e.g., in
locations underneath sleepers 3406 and 3408.

[0135] An advantage of the carriers shown in FIGS. 33
and 34 is that such carriers may be used for both two-person
and single-person mattresses.

[0136] Generally speaking, the alarms in a wake-up alarm
system designed for beds large enough for two sleepers may
be spaced apart in the transverse direction of the mattress by
at least 40% of the width of the mattress. In some imple-
mentations, such spacing may amount to a distance of at
least 2 feet, at least 3 feet, or at least 4 feet. In such
implementations, the carrier may be wider along the trans-
verse direction of the mattress than the spacing between the
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alarms. In some implementations, the spacing between the
alarms may be such that each alarm is positioned within a
region located within the outer 25% of the width of the
mattress along the transverse direction (such as in one of the
outer quartiles indicated in FIGS. 31 through 35). In some
such implementations, the carrier may include resonator
strips that each span from a region located within an outer
quartile of the mattress along the transverse direction to a
similar location in the adjacent quartile.

[0137] FIG. 35 depicts another wake-up alarm implemen-
tation. In FIG. 35, the carrier 3520 is U-shaped, with sensors
3516 distributed across the base of the U and with the alarms
3528 located at the upper ends of the vertical arms of the U.
Such a configuration allows the sensors 3516, which may be
pressure sensors, to be located near the centers of mass for
the sleepers 3506 and 3508 on the mattress 3510, while
positioning the alarms 3528 near the heads of the sleepers
3506 and 3508, which may increase the likelihood that the
alarms 3528 will be able to wake the sleepers 3506 or 3508
while allowing the sensors 3516 to obtain data that is most
likely to accurately reflect the relative positioning of sleep-
ers on the bed.

[0138] Generally speaking, the alarms used in a wake-up
alarm system may be activated through providing signals to
the alarms. In some implementations, the signal may simply
be a power signal to the alarm (or to a device of a
multi-mode alarm; multi-mode alarms are discussed in more
detail in the following paragraph) and that causes the alarm
to activate for as long as the power signal is provided. In
other implementations, the signal may be a data signal or
other signal that is interpreted by a processor or circuit
associated with the alarm; the processor or circuit associated
with the alarm may then activate the alarm in response to
receiving such a signal. In such implementations, the alarm
may continue to stay active until the processor or circuit
associated with the alarm receives a subsequent signal that
causes the processor or circuit to deactivate the alarm.

[0139] In some implementations, each alarm may include
multiple different devices. For example, an alarm may
include both a speaker and a haptic device, and, depending
on the particular circumstances, one or both of these devices
may be activated in order to provide an alert to a person. In
some implementations where multiple different devices are
included in each alarm (which may be referred to herein as
“multi-mode” alarms), the particular device that is activated
when it is desired to activate the alarm may be user-
selectable. For example, a user may specify that they prefer
audible alarms over haptic alarms, and, in such circum-
stances, when a multi-mode alarm for that user is to be
activated, the speaker of the alarm may be caused to emit
noise while the haptic device of the alarm may be left
inactive. Similarly, if a user specifies that they prefer haptic
alarms over audible alarms, then the wake-up alarm system
may cause the haptic device to activate while keeping the
speaker inactive. In some implementations, two users that
are both associated with a particular wake-up alarm system
with multi-mode alarms may each specify their preferences,
and the wake-up alarm system may be configured to over-
ride the preferences for one of those users if an alarm is to
be activated to wake that user while the other user is present
in the bed. For example, if a first user prefers audible alarms
and a second user prefers haptic alarms, the wake-up alarm
system may be configured to activate a multi-mode alarm for
the first user by activating a speaker component of that alarm
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if, for example, it is determined that the second user is not
in the bed (such as may be determined, for example, through
the use of a sleeper identification system). However, if the
wake-up alarm system determines that the second user is
present in the bed when it is time to activate the alarm for
the first user, then the wake-up alarm system may cause a
haptic device in the alarm to activate instead of the speaker
so as to avoid making noise that might be irritating to the
second user. In some such implementations, the wake-up
alarm system may be configured to, if it overrides a user’s
preferred alarm setting due to the presence of another user
in the bed, switch the alarm output back to the user’s
preferred alarm setting after some time interval if the user
does not wake up. For example, if the wake-up alarm system
activates a haptic device for an audible-alarm-preferring first
user due to the presence of a haptic-alarm-preferring second
user and the first user, based on analysis provided by a
sleeper presence monitoring system (SPMS) (for example, if
the sleeper presence monitoring system indicates that the
first user is still present in the bed) or a sleep monitoring
system (for example, if the sleep monitoring system indi-
cates that the first user is still in an “asleep” state), does not
appear to be waking up after the alarm is activated for a
certain period of time, e.g., 30 seconds or a minute, then the
wake-up alarm system may cause the alarm to switch to the
first user’s preferred output mode, e.g., to audible output, in
order to cause the first user to wake up. Thus, in such
implementations, the wake-up alarm system may be able to
wake one user up in a manner that is least likely to wake the
other user up if both are present in the bed together when
only of the users is to be woken.

Alarm Functionality

[0140] Generally speaking, the wake-up alarm system
may provide for wake-up alarms that are tailored, in some
manner, to the behavior of a user or to the user’s identity.
FIG. 36 is a flow diagram of a high-level process for how a
wake-up alarm system may operate. In FIG. 36, the process
may begin in block 3602. In block 3604, a determination
may be made as to whether certain criteria associated with
a first alarm are met. If so, then a first signal may be
generated in block 3606 before proceeding to block 3608. If
not, then the process may proceed to block 3608 directly. In
block 3608, another determination may be made as to
whether certain criteria associated with a second alarm are
met. If so, then a second signal may be generated in block
3610 before proceeding to block 3612. If not, then the
process may proceed to block 3612 directly. The first and
second signals may, respectively, cause a first alarm or a
second alarm to activate. After reaching block 3612, the
process may then return to block 3602 for another cycle of
monitoring alarm conditions. It is to be understood that
while the processor shown indicates that the determining
whether the criteria are met for each alarm occurs serially,
various implementations may perform such checks in par-
allel or independently of one another. This applies as well to
other implementations discussed later in which two alarms
are managed. It is also to be understood that the techniques
and systems discussed herein in the context of a two-user
system, e.g., a wake-up alarm system with two alarms, may
also be implemented as single-user systems by omitting the
components and functionality associated with the second
person.
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[0141] The criteria that are used to trigger each alarm will
generally include determining whether a wake time associ-
ated with that alarm has been met, and may potentially
include further criteria, such as whether a person is located
on the bed or mattress in a location associated with that
alarm when the wake time is reached, what the sleep state is
of a person located on the bed or mattress in a location
associated with that alarm when the wake time is reached,
and so forth. Several of these more detailed techniques for
triggering alarms in wake-up alarm systems are discussed
below in more detail. The alarms may also be triggered in
response to certain conditions that do not involve meeting a
wake-up time, as is discussed with respect to some imple-
mentations later in this disclosure.

[0142] In some implementations, for example, a wake-up
alarm system may be configured to store wake times asso-
ciated with alarms positioned on opposing sides of a mat-
tress via a carrier. Each wake time, for example, may be set
according to the desired wake time of an individual that
normally sleeps on that side of the bed. The wake-up alarm
system may then activate each alarm when its respective
wake time occurs if an associated sleeper presence moni-
toring system indicates that there is a person on the side of
the mattress associated with that alarm.

[0143] FIG. 37 depicts a high-level flow diagram for a
technique for activating an alarm responsive to reaching a
specified wake time while a person is on a mattress in a
location associated with the alarm. The technique may begin
in block 3702 and may proceed to block 3704, in which a
determination may be made as to whether a first wake time
associated with a first alarm location on the first side of a
mattress is met. If the first wake time has been met in block
3702, then the technique may proceed to block 3706, in
which a further determination may be made, based on data
from a sleeper presence monitoring system (SPMS, as
discussed later herein), as to whether there is actually a
person present on the first side of the mattress. For example,
the sleeper presence monitoring system may analyze sensor
data from pressure sensors located on a carrier on top of the
mattress, and may determine from such pressure sensors that
an object that produces a pressure distribution similar to that
produced by a person is present on the first side of the
mattress, and may thus indicate that a person is present on
the first side of the mattress. If it is determined in block 3706
that a person is present on the first side of the mattress, the
technique may proceed to block 3708, in which a first signal
may be generated so as to cause the first alarm associated
with the first side of the mattress to activate. If it is
determined in block 3704 that the first wake time has not
been met or in block 3706 that there is no person located on
the first side of the mattress, then the technique may proceed
to block 3710.

[0144] In block 3710, a determination may be made as to
whether a second wake time associated with a second alarm
location on the second side of the mattress is met. If the
second wake time has been met in block 3710, then the
technique may proceed to block 3712, in which a further
determination may be made, based on data from the sleeper
presence monitoring system, as to whether there is actually
a person present on the second side of the mattress. If it is
determined in block 3712 that the person is present on the
second side of the mattress, the technique may proceed to
block 3708, in which a second signal may be generated so
as to cause the second alarm associated with the second side
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of the mattress to activate. If it is determined in block 3710
that the second wake time has not been met or in block 3712
that there is no person located on the second side of the
mattress, then the technique may proceed to block 3716,
after which it may return to block 3702.

[0145] Such a technique may be used in implementations
having a sleeper identification system, as well as in imple-
mentations that have a more limited feature set, such as
systems that do not have a sleeper identification system but
nonetheless have a sleeper presence monitoring system. In
systems with a sleeper identification system, the sleeper
identification system may act as the sleeper presence moni-
toring system.

[0146] FIGS. 38A and 38B depict a flow diagram for a
more involved technique that may be used with a wake-up
alarm system. The technique may begin in block 3802, and
may then proceed to block 3804, in which a determination
may be made as to whether a first wake time associated with
a first alarm on a first side of a mattress has been met. If the
first wake time has been met, then the technique may
proceed to block 3806, where a further determination may
be made whether data from a sleeper presence monitoring
system indicates that a person is located on the first side of
the mattress. If it is determined in block 3806 that a person
1s located on the first side of the mattress, then the technique
may proceed to block 3808, in which a first signal may be
generated in order to cause the alarm associated with the first
side of the mattress to activate. From block 3808, the
technique may proceed to block 3810, in which a determi-
nation may be made as to whether or not a first alarm off
signal has been received by the wake-up alarm system. Such
a first alarm off signal may be provided, for example, by way
of an input button, control, or other input device that is
integrated into the wake-up alarm system, or may be pro-
vided through input via a smartphone, tablet, or other device
that is communicatively connected with the wake-up alarm
system. If the first alarm off signal has been received, then
the technique may proceed to block 3812, in which the first
alarm may be deactivated, and then to block 3824, which is
discussed in more detail later.

[0147] Ifitis determined in block 3810 that the first alarm
off signal has not been received, then the technique may
proceed to block 3814, in which a determination may be
made as to whether a first snooze signal has been received
by the wake-up alarm system. The first snooze signal may,
for example, be obtained from an input similar to those
discussed above with respect to the first alarm off signal. The
first alarm off signal and/or the first snooze signal may also
or alternatively be provided by interactions with sensors that
may be part of the sleeper presence monitoring system. For
example, the wake-up alarm system may be configured to
identify sensor inputs that are indicative of certain actions,
e.g., accelerations that are indicative of the user slapping the
mattress twice, or some other distinctive input, which may
be interpreted as either the first alarm off signal or the first
snooze signal.

[0148] If it is determined in block 3814 that the first
snooze signal has not been received, the technique may
return to block 3810. However, if it is determined in block
3814 that the first snooze signal has been received, the
technique may proceed to block 3816, in which the first
alarm may be deactivated, and then to block 3818, in which
a determination may be made as to whether a first snooze
time interval has elapsed from the receipt of the first snooze
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signal (or from when the first alarm has been deactivated).
If it is determined in block 3818 that the first snooze time
interval has not yet elapsed, then the technique may return
to block 3818. If it is determined in block 3818, however,
that the first snooze time interval has elapsed, then the
technique may proceed to block 3820, in which a determi-
nation may be made as to whether the sleeper presence
monitoring system indicates that a person is located on the
first side of the mattress.

[0149] It is to be understood that for the techniques
discussed herein where there is a determination as to
whether a person is present on a particular side of a mattress
in association with an alarm-related activity, e.g., when a
wake time is met or when an alarm is to be activated, the
determination as to whether a person is present on that side
of the mattress may be made at the same time as the
associated alarm-related activity, or may be made within a
time interval that is close in time to the associated alarm-
related activity (for example, during a time window several
seconds in advance of the associated alarm-related activity,
or during a time window that includes the associated alarm-
related activity). This is applicable to all of the techniques
discussed herein.

[0150] If it is determined in block 3820 that the sleeper
presence monitoring system indicates that a person is not
present on the first side of the mattress, then the technique
may proceed to block 3824 without triggering the first alarm.
However, if it is determined in block 3820 that the sleeper
presence monitoring system indicates that a person is pres-
ent on the first side of the mattress, then the technique may
proceed to block 3822, in which the first alarm may be
reactivated. From block 3822, the technique may then
proceed to block 3824 (although there may be intermediate
steps in which the first alarm may be deactivated in response
to further user input or after a certain time interval has
elapsed) or, alternatively, the technique may return to block
3810, in which case there may be further snooze periods.
[0151] In block 3824, a determination may be made as to
whether a second wake time associated with a second alarm
on a second side of a mattress has been met. If the second
wake time has been met, then the technique may proceed to
block 3826, where a further determination may be made
whether data from a sleeper presence monitoring system
indicates that a person is located on the second side of the
mattress. If it is determined in block 3826 that a person is
located on the second side of the mattress, then the technique
may proceed to block 3828, in which a second signal may
be generated in order to cause the alarm associated with the
second side of the mattress to activate. From block 3828, the
technique may proceed to block 3830, in which a determi-
nation may be made as to whether or not a second alarm off
signal has been received by the wake-up alarm system. Such
a second alarm off signal may be provided, for example, by
way of an input button, control, or other input device that is
integrated into the wake-up alarm system, or may be pro-
vided through input via a smartphone, tablet, or other device
that is communicatively connected with the wake-up alarm
system. If the second alarm off signal has been received,
then the technique may proceed to block 3832, in which the
second alarm may be deactivated, and then to block 3844,
which is discussed in more detail later.

[0152] If it is determined in block 3830 that the second
alarm off signal has not been received, then the technique
may proceed to block 3834, in which a determination may
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be made as to whether a second snooze signal has been
received by the wake-up alarm system. The second snooze
signal may, for example, be obtained from an input similar
to those discussed above with respect to the second alarm off
signal or the first alarm off signal or the first snooze signal.
[0153] If it is determined in block 3834 that the second
snooze signal has not been received, the technique may
return to block 3830. However, if it is determined in block
3834 that the second snooze signal has been received, the
technique may proceed to block 3836, in which the second
alarm may be deactivated, and then to block 3838, in which
a determination may be made as to whether a second snooze
time interval has elapsed from the receipt of the second
snooze signal (or from when the second alarm has been
deactivated). If it is determined in block 3838 that the
second snooze time interval has not yet elapsed, then the
technique may return to block 3838. If it is determined in
block 3838, however, that the second snooze time interval
has elapsed, then the technique may proceed to block 3840,
in which a determination may be made as to whether the
sleeper presence monitoring system indicates that a person
is located on the second side of the mattress.

[0154] If it is determined in block 3840 that the sleeper
presence monitoring system indicates that a person is not
present on the second side of the mattress, then the technique
may proceed to block 3844 without triggering the second
alarm. However, if it is determined in block 3840 that the
sleeper presence monitoring system indicates that a person
is present on the second side of the mattress, then the
technique may proceed to block 3842, in which the second
alarm may be reactivated. From block 3842, the technique
may then proceed to block 3844 (although there may be
intermediate steps in which the second alarm may be deac-
tivated in response to further user input or after a certain
time interval has elapsed) or, alternatively, the technique
may return to block 3830, in which case there may be further
snooze periods.

[0155] When the technique reaches block 3844, then it
may return to block 3802 for further monitoring.

[0156] While the techniques discussed above are
described with respect to a sleeper presence monitoring
system implementation, these same techniques may be used
with sleeper identification systems.

[0157] Itis also to be understood that while the techniques
discussed herein involving scenarios with multiple sleepers
are depicted with operations shown in a serial manner, e.g,,
first actions taken with respect to a first sleeper are per-
formed, and then actions with respect to a second sleeper, in
actual practice, the actions taken with respect to each sleeper
may be executed in parallel. Thus, for example, wake-up
alarm times for two sleepers may be tracked concurrently,
and alarms for each sleeper may be activated independently
and deactivated independently. By way of further example,
blocks 3804-3822 may be executed in parallel with blocks
3824-3842 so that, for example, the activation of the second
alarm after the first alarm is not contingent on the first
alarm’s snooze time interval elapsing if the first alarm is in
a snooze state. This applies to other implementations dis-
cussed herein that are similarly depicted.

[0158] FIG. 39 depicts a flow diagram for a technique uses
a sleeper identification system in order to select between
different wake times. In FIG. 39, the technique may begin in
block 3902 and then proceed to block 3904, in which a
determination may be made as to whether a sleeper identi-
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fication engine or system has identified a first person on a
first side of a mattress. If it is determined in block 3904 that
the first person is on the first side of the mattress, then the
technique may proceed to block 3906, in which a first wake
time associated with the first person may be retrieved by the
wake-up alarm system, e.g, by querying a database or data
store that contains a stored first wake time that is associated
with the first person. It is to be understood that if another
person, e.g., a second person, is identified as being located
on the first side of the mattress by the sleeper identification
system, then a different stored wake time associated with
that other person may be retrieved instead and used in place
of the first wake time.

[0159] Once the first wake time (or other wake time
associated with whatever person is identified as being on the
first side of the mattress) is obtained, the technique may
proceed to block 3908, in which a determination may be
made as to whether the first wake time has been met. If not,
then the technique may return to block 3908. If so, then the
technique may proceed to block 3910, in which a determi-
nation may be made as to whether the sleeper identification
system indicates that the first person is still located on the
first side of the mattress. In some implementations, such a
determination may simply be whether a person (without
checking to see if that person is the first person) is located
on the first side of the mattress. If it is determined in block
3910 that the first person (or a person) is still located on the
first side of the mattress, then the technique may proceed to
block 3912, in which a first signal to activate the first alarm
may be generated before the technique proceeds to block
3914 (there may be other steps as well, such as steps for
turning off the first alarm or snoozing the first alarm, such as
are described with respect to the implementation of FIGS.
38A and 38B).

[0160] In block 3914, a determination may be made as to
whether a sleeper identification engine or system has iden-
tified a second person on a second side of the mattress. If it
is determined in block 3914 that the second person is on the
second side of the mattress, then the technique may proceed
to block 3916, in which a second wake time associated with
the second person may be retrieved by the wake-up alarm
system, e.g, by querying the database or data store that
contains a stored second wake time that is associated with
the second person. It is to be understood that if another
person, e.g., the first person, is identified as being located on
the second side of the mattress by the sleeper identification
system, then a different stored wake time associated with
that other person may be retrieved instead and used in place
of the second wake time.

[0161] Once the second wake time (or other wake time
associated with whatever person is identified as being on the
second side of the mattress) is obtained, the technique may
proceed to block 3918, in which a determination may be
made as to whether the second wake time has been met. If
not, then the technique may return to block 3918. If so, then
the technique may proceed to block 3920, in which a
determination may be made as to whether the sleeper
identification system indicates that the second person is still
located on the first side of the mattress. In some implemen-
tations, such a determination may simply be whether a
person (without checking to see if that person is the second
person) is located on the second side of the mattress. If it is
determined in block 3920 that the first person (or a person)
1s still located on the second side of the mattress, then the
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technique may proceed to block 3922, in which a second
signal to activate the second alarm may be generated before
the technique proceeds to block 3924 (there may be other
steps as well, such as steps for turning off the second alarm
or snoozing the second alarm, such as are described with
respect to the implementation of FIGS. 38A and 38B).
[0162] Thus, the wake time for a particular alarm may be
selected from a database based on the identify of whatever
person is sleeping on the side of the bed associated with that
alarm.

[0163] Wake-up alarm systems may also include addi-
tional functionality besides providing wake-up alarms for
people. Such systems may also, in some implementations,
include the ability to utilize the alarms for other purposes,
such as to help prevent pets from sleeping on a user’s bed.
[0164] FIG. 40 depicts a high-level flow diagram for a
technique that may be used with a wake-up alarm system to
prevent pets from sleeping on a bed. In FIG. 40, the
technique may begin in block 4002 before proceeding to
block 4004, in which a determination may be made as to
whether a sleeper identification system indicates that a
non-human organism is present on the mattress. For
example, the sleeper identification system may register that
pressure sensors that are mounted on the carrier are produc-
ing sensor output that indicates movement patterns consis-
tent with a living organism being on the mattress, but with
pressures that are lower than those typically produced by a
human (due to the fact that most pets are considerably lighter
than adult humans). If it is determined in block 4004 that no
non-human organism is on the mattress, then the technique
may proceed to block 4010. However, if is determined in
block 4004 that a non-human organism, e.g., a pet, such as
a dog or cat, is located on the mattress, then the technique
may proceed to block 4006, in which a determination may
be made as to whether the current time is within a specified
time window. If it is determined in block 4006 that the
current time is not within the specified time window, then
the technique may proceed to block 4010. However, if it is
determined in block 4006 that the current time is within the
specified time window, the technique may proceed to block
4008, in which a first and/or second signal may be generated
in order to activate one or more of the alarms used in the
wake-up alarm system, after which the technique may
proceed to block 4010 before returning to block 4002. It is
to be understood that the alarm(s), in such an implementa-
tion, may be deactivated after being activated in block 4008
after a specified period of time, or, alternatively, after the
sleeper identification system indicates that the non-human
organism has vacated the mattress. Block 4006 may be used
to allow pets to be on the mattress only during certain time
intervals and is thus optional if such scheduling functionality
is not desired.

[0165] FIG. 41 depicts a high-level flow diagram for
another technique that may be used with a wake-up alarm
system to prevent pets from sleeping on a bed. In FIG. 41,
the technique may begin in block 4102 before proceeding to
block 4104, in which a determination may be made as to
whether a sleeper identification system indicates that a
non-human organism is present on the mattress, such as is
discussed with respect to FIG. 40. If it is determined in block
4104 that no non-human organism is on the mattress, then
the technique may proceed to block 4112. However, if is
determined in block 4104 that a non-human organism, e.g,,
a pet, such as a dog or cat, is located on the mattress, then
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the technique may proceed to block 4106, in which a
determination may be made as to whether the current time
is within a specified time window. If it is determined in block
4106 that the current time is not within the specified time
window, then the technique may proceed to block 4112.
However, if it is determined in block 4106 that the current
time 1s within the specified time window, the technique may
proceed to block 4108, in which a further determination may
be made as to whether the sleeper identification system also
indicates that a person is located on the mattress. If it is
determined in block 4108 that a person is also on the
mattress, then the technique may proceed to block 4112
without activating the alarm(s) in order to avoid waking the
person. If it is determined in block 4108 that a person is on
the mattress, then the technique may proceed to block 4110,
in which a first and/or second signal may be generated in
order to activate one or more of the alarms used in the
wake-up alarm system, after which the technique may
proceed to block 4112 before returning to block 4102. It is
to be understood that the alarm(s), in such an implementa-
tion, may be deactivated after being activated in block 4110
after a specified period of time, or, alternatively, after the
sleeper identification system indicates that the non-human
organism has vacated the mattress. Block 4106 may be used
to allow pets to be on the mattress only during certain time
intervals and is thus optional if such scheduling functionality
is not desired, similar to block 4006 in FIG. 40.

[0166] A wake-up alarm system may also leverage func-
tionality that is provided by a sleep monitoring system to
provide additional features. FIG. 42 depicts a high-level
flow diagram of a technique that may be used with a
wake-up alarm system and a sleep monitoring system to
provide enhanced alarm functionality.

[0167] FIG. 42 depicts a technique that may begin in block
4202 and then proceed to block 4204, in which a determi-
nation may be made as to whether a first wake time has been
met. If the implementation in question includes a sleeper
identification system, then such a wake time may, for
example, be a user-specific wake time that is selected based
on the a sleeper’s identity, as discussed earlier with respect
to FIG. 39. If it is determined in block 4204 that the wake
time is not met, then the technique may proceed to block
4214. If it is determined in block 4204, however, that the
wake time is met, then the technique may proceed to block
4206, in which a further determination may be made as to
whether a person is present on the mattress, e.g., by refer-
encing output from a sleeper presence monitoring system. If
it is determined in block 4206 that a person is not present on
the mattress, then the technique may proceed to block 4214.
If it is determined in block 4206 that a person is present on
the mattress, then the technique may proceed to block 4208,
in which a determination may be made as to whether a sleep
monitoring system indicates that the person is in one of the
sleep states in a proper subset of possible sleep states that are
determinable by the sleep monitoring system. If it is deter-
mined in block 4208 that the person is not in the proper
subset of sleep states (or is in a different proper subset of
sleep states), then the technique may proceed to block 4212,
where an alarm of the wake-up alarm system, such as an
alarm that is located on the same side of the bed as the
person, may be activated to cause the person to wake up.
However, if it is determined in block 4208 that the person is
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in the proper subset of sleep states, then the technique may
proceed to block 4210, which may delay the activation of the
alarm.

[0168] For example, the sleep monitoring system may
monitor a person’s sleep and, based on various sensor data,
determine that the person is in light, deep, or REM sleep, or
is in an awake state (all of which may be considered “sleep
states”—even the “awake” state). It may be undesirable to
wake a person when they are in one of a proper subset of
those sleep states, such as a deep or REM sleep state—in
such a case, the proper subset of sleep states that causes the
alarm to be activated may include, for example, only the
light sleep state (to avoid waking the person during the other
proper subset of REM or deep sleep states, and to avoid
having the alarm go off when the person is in another proper
subset of sleep states including only the awake sleep state—
there would be little point to triggering the alarm if the
person is already awake). However, it may nonetheless be
desirable to avoid allowing the person to oversleep beyond
a certain amount. Thus, in block 4210, a further determina-
tion may be made as to whether the time elapsed since the
wake time was met has exceeded a specified threshold, e.g.,
15 minutes or 30 minutes. If it is determined in block 4210
that the threshold has been exceeded, then the technique may
proceed to block 4212, in which the alarm associated with
the side of the mattress that the person is on may be
activated, and then to block 4214 before returning to block
4202. If it is determined in block 4210 that the threshold has
not been exceeded, then the technique may return to block
4206. Thus, the system may refrain from waking someone
who is in a particular sleep state until the person is either in
a sleep state that is deemed an acceptable sleep state from
which to wake someone, e.g., light sleep, or the amount of
time that has passed since the person was supposed to be
awoken reaches a certain threshold amount.

[0169] In some implementations, the sleep state of a
person may be used to adjust how the alarm of a wake-up
alarm system is activated.

[0170] For example, in some implementations, the inten-
sity of an alarm may be adjusted based on the sleep state that
the person to be woken by the alarm is in at the time the
alarm is to be activated.

[0171] FIG. 43 depicts a flow diagram for a technique for
adjusting alarm intensity based on sleep state. In FIG. 43, the
technique begins in block 4302 and proceeds to block 4304,
where a determination as to whether a wake time, e.g., a
wake time that is associated with an identified user or that is
associated with a particular side of a mattress, has been met
may be made. If it is determined that the wake time has not
been met, then the technique may proceed to block 4314 and
then back to block 4302. If it is determined in block 4304
that the wake time has been met, then the technique may
proceed to block 4306, in which a further determination may
be made as to whether a sleeper presence monitoring system
indicates that a person is on a side of the mattress associated
with an alarm that is to be activated due to the wake time
being met. If it is determined in block 4306 that a person is
not located on that side of the mattress, then the technique
may proceed to block 4314 and then back to block 4302. If
it is determined in block 4306 that a person is located on that
side of the mattress, then the technique may proceed to block
4308, in which a determination may be made as to whether
a sleep monitoring system indicates that the person is in a
sleep state in a proper subset of sleep states determinable by
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the sleep monitoring system. For example, the sleep moni-
toring system may be able to determine whether the person
is in an awake state, a light sleep state, a deep sleep state, or
a random eye movement (REM) sleep state, and the proper
subset of sleep states may include just the light sleep state.
If it is determined in block 4308 that the person is in a sleep
state in the proper subset of sleep states, then the technique
may proceed to block 4310, in which the wake-up alarm
system may activate an alarm associated with the side of the
mattress on which the person is located at first intensity
level, e.g., a low intensity level. Conversely, if it is deter-
mined in block 4308 that the person is in a sleep state that
is not in the proper subset of sleep states (or that is in a
different, non-overlapping proper subset of sleep states),
such as, in this example, a deep sleep state or a REM sleep
state, then the technique may proceed to block 4312, in
which the alarm may be activated with a second intensity
level, e.g., a higher intensity level that the first intensity
level. In some such implementations, the first intensity level
and the second intensity level may correspond to different
alarm devices, e.g., the first intensity level may involve
activating a haptic feedback device for a vibrational alarm,
whereas the second intensity level may involve activating a
speaker for an audible alarm or potentially activating both
the speaker and the haptic device.

[0172] In some implementations, a wake-up alarm system
may be configured to perform “interventions” that may
potentially allow co-sleepers to sleep more peacefully
together. For example, the wake-up alarm system may be
briefly activated to attempt to provoke a sleeper to shift
positions, which may cause that sleeper to, for example, stop
snoring or perhaps stop tossing and turning, which may
improve the sleep of another sleeper in the bed.

[0173] FIG. 44 depicts a flow diagram for a technique for
using a wake-up alarm system to improve sleep quality for
people sleeping in a bed equipped with the wake-up alarm
system. The technique may begin in block 4402 and then
proceed to block 4404, in which a determination may be
made as to whether data from a sleep monitoring system
indicates that a first person in the bed is restless, e.g., moving
frequently, tossing and turning (as may be evidenced by
pressure data from pressure sensors indicating peak pres-
sures that shift back and forth between pressure sensors on
one side of the bed), etc. If the determination in block 4404
is that the first person is not restless, then the technique may
proceed to block 4410 before returning to block 4402. If the
determination in block 4404 is that the first person is
restless, however, then the technique may proceed to block
4406, where a different determination may be made as to
whether a second person in the bed is experiencing degraded
sleep quality during the same interval in which the first
person is identified as being restless. For example, if the
second person is identified as also being restless, this may be
treated as being indicative of poor sleep quality. In such
cases, it may be difficult to discern which of the two sleepers
is causing the other to be restless—in such cases, the sleep
history of each sleeper, as determined by the sleep moni-
toring system, may be reviewed by the wake-up alarm
system to determine which of the two sleepers started
experiencing restless sleep first and treat that person as the
sleeper that is causing the other sleeper to be restless. In
some other or additional implementations, the sleep history
of each sleeper may be analyzed to determine if there is a
temporal correlation of one sleeper’s movements with
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respect to the other sleeper’s movements. For example, if the
sleep data for one sleeper indicates movements that are
similar in time to the other sleeper’s movements but that are
also frequently lagging behind that other sleeper’s move-
ments, this may be viewed as indicative that the other
sleeper’s movements are causing that sleeper’s movements
and therefore causing that sleeper to be restless. Another
factor that may be analyzed by a sleep monitoring system/
wake-up alarm system is the amount of movement of each
sleeper within a given time period—for example, if one
sleeper is much more active than the other, the less active
sleeper’s restlessness (if any) may likely be attributable to
the more active sleeper’s movements, and steps may be
taken to try and cause the more active sleeper to shift
positions.

[0174] 1If it is determined in block 4406 that the second
person is not experiencing degraded sleep quality, then the
technique may proceed to block 4410 before returning to
block 4402. If it is determined in block 4406 that the second
person is experiencing degraded sleep quality, then the
technique may proceed to block 4408, where an alarm
positioned nearer to the first person than the second person,
e.g., on the side of the mattress on which the first person is
located, may be activated in an effort to provoke some
change in the first person’s behavior. For example, the alarm
may have a haptic device that is pulsed rapidly for several
short intervals or, in some implementations, the alarm may
include a speaker and the wake-up alarm system may cause
spoken instructions to be provided to the restless sleeper,
e.g., “move over,” “stop tossing,” etc., as people are some-
times subconsciously responsive to spoken instructions even
when sleeping. The technique may then proceed to block
4410 before returning to block 4402. It is to be understood
that a similar process may be practiced in parallel for the
other sleeper in the bed, e.g., when the second sleeper is
restless and impacting the sleep quality of the first sleeper,
the same steps may be taken with the roles reversed.

[0175] FIG. 45 depicts a flow diagram of a technique
similar to the technique of FIG. 44, except that the technique
is adapted for dealing with sleep disturbances caused by
snoring. The technique may begin in block 4502, and then
proceed to block 4504, where a determination may be made
as to whether a first person in the bed is snoring. For
example, a sleep monitoring system may include micro-
phones that are able to measure the sound levels near each
sleeper—if the microphones near one sleeper detect levels of
noise corresponding to the level of noise that may be
expected when someone is snoring, then the sleep monitor-
ing system may indicate that such a sleeper is snoring.

[0176] Ifitis determined in block 4504 that the first person
is not snoring, then the technique may proceed to block 4510
before returning to block 4502. However, if it is determined
in block 4504 that the first person is snoring, then the
technique may proceed to block 4506, where a different
determination may be made as to whether a second person
in the bed is experiencing degraded sleep quality during the
same interval in which the first person is identified as
snoring. If it is determined in block 4506 that the second
person is not experiencing degraded sleep quality, then the
technique may proceed to block 4510 before returning to
block 4502. If it is determined in block 4506 that the second
person is experiencing degraded sleep quality, then the
technique may proceed to block 4508, where an alarm
positioned nearer to the first person than the second person,
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e.g., on the side of the mattress on which the first person is
located, may be activated in an effort to provoke some
change in the first person’s behavior, e.g., to goad the first
person to shift positions into a position where they are no
longer snoring or no longer snoring as loudly. It is to be
understood that a similar process may be practiced in
parallel for the other sleeper in the bed, e.g., when the
second sleeper is snoring and impacting the sleep quality of
the first sleeper, the same steps may be taken with the roles
reversed.

[0177] Wake-up alarm systems may also include function-
ality that may assist people in falling asleep, in addition to
assisting in rousing people from sleep. For example, if a
wake-up alarm system includes haptic devices, then the
haptic devices may be activated in patterns designed to
encourage a person to fall asleep. By way of further
example, a haptic device may be provided with a signal that
causes the haptic device to slowly oscillate between higher
and lower intensity output over time. The frequency of this
oscillation may be chosen to be at a value that is based on
a typical respiratory rate of a sleeping person, which is
typically lower than the person’s respiration rate while
awake. The human body has a tendency to synchronize its
breathing with such stimuli, and the closer a person’s
respiration rate is to a typical sleeping respiration rate, the
more likely it is that the person will fall asleep. Thus, such
vibratory devices may be used to lull a person into a more
sleep-receptive state. Wake-up alarm systems with speaker-
type alarm devices may alternatively, or additionally, cause
the speakers of the alarms to emit white noise, such as static,
recordings of rain drops, or other similar audio output to
further assist sleepers in falling asleep. This may be done in
place of or in tandem with the vibrational stimuli discussed
herein. Once a person has fallen asleep, as determined by a
sleep monitoring system component, during such white
noise emission, the white noise may be optionally stopped.

[0178] FIG. 46 depicts a flow diagram of a technique for
using a wake-up alarm system to encourage a person to fall
asleep. The technique may begin in block 4602 and then
proceed to block 4604, where a determination may be made
as to whether data from a sleeper presence monitoring
system indicates that a person is located on a particular side
of a bed mattress. If it is determined in block 4604 that no
person is present on that side of the mattress, then the
technique may proceed to block 4612. If, however, it is
determined in block 4604 that a person is present on that side
of the mattress, then a further determination may be made in
block 4606 as to whether that person is in an awake sleep
state. If it is determined in block 4606 that the person is
asleep, then the technique may proceed to block 4612 before
returning to block 4602. If it is determined in block 4606 that
the person is still awake, then the technique may proceed to
block 4608, in which a determination may be made as to
whether relaxation should be induced, i.e., determine if the
wake-up alarm system should be used to try and encourage
the person to fall asleep. Such a determination may be based
on any of a variety of factors, e.g., based on what time of day
it is, based on how long the person has been in bed, based
on whether an input is received from the person indicating
that they would like to fall asleep, etc.

[0179] If it is determined in block 4608 that relaxation
should not be induced, then the technique may proceed to
block 4612 before returning to block 4602. However, if it is
determined in block 4608 that relaxation should be induced,
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then the technique may proceed to block 4610, in which an
alarm that is in close proximity to the person may be
activated as discussed above, e.g., activated in an oscillating
or pulsating manner. In some such implementations, the
frequency of the oscillation or pulsation may be between
approximately 0.1 Hz and 0.5 Hz, which may correlate with
average human respiratory rates while sleeping. The tech-
nique may then return to block 4606; once the person is
registered as having fallen asleep, the alarm may be deac-
tivated.

[0180] FIG. 47 depicts a flow diagram of another tech-
nique for using a wake-up alarm system to encourage a
person to fall asleep. The technique may begin in block 4702
and then proceed to block 4704, where a determination may
be made as to whether data from a sleeper identification
system indicates that a particular person is located on a
particular side of a bed mattress. If it is determined in block
4704 that no person is present on that side of the mattress,
then the technique may proceed to block 4714. If, however,
it is determined in block 4704 that the particular person is
present on that side of the mattress, then a further determi-
nation may be made in block 4706 as to whether that person
is in an awake sleep state. If it is determined in block 4706
that the person is asleep, then the technique may proceed to
block 4714 before returning to block 4702. If it is deter-
mined in block 4706 that the particular person is still awake,
then the technique may proceed to block 4708, in which a
determination may be made as to whether relaxation should
be induced, i.e., determine if the wake-up alarm system
should be used to try and encourage the person to fall asleep.
Such a determination may be based on any of a variety of
factors, e.g., based on what time of day it is, based on how
long the person has been in bed, based on whether an input
is received from the person indicating that they would like
to fall asleep, etc.

[0181] If it is determined in block 4708 that relaxation
should not be induced, then the technique may proceed to
block 4714 before returning to block 4702. However, if it is
determined in block 4708 that relaxation should be induced,
then the technique may proceed to block 4710, in which
historical sleep data for that particular person may be used
to determine a target respiratory rate. For example, if the
person’s historical sleep data indicates that their sleeping
respiration rate is 0.4 Hz, then the target respiratory rate may
be set to 0.4 Hz, or some other rate that correlates with the
person’s respiratory rate as evidenced from the historical
sleep data. After the determination of the target respiratory
rate, the technique may proceed to block 4712, in which the
alarm may be pulsed at the target respiratory rate frequency.
The technique may then return to block 4406; the alarm may
be deactivated once the person is identified as having fallen
asleep.

[0182] in which an alarm that is in close proximity to the
person may be activated as discussed above, e.g., activated
in an oscillating or pulsating manner. In some such imple-
mentations, the frequency of the oscillation or pulsation may
be between approximately 0.1 Hz and 0.5 Hz, which may
correlate with average human respiratory rates while sleep-
ing. The technique may then return to block 4706; once the
person is registered as having fallen asleep, the alarm may
be deactivated.
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Sleep Monitoring System

[0183] As noted above, the sleep monitoring sensor appa-
ratus (with or without wake-up alarm components) may be
communicatively connected with a sleep monitoring system
that may collect global sensor data from the sleep monitor-
ing sensor apparatus and then analyze it to a) determine if
the data suggests that there are multiple sleepers and b)
extract extracted sensor data that is associated with different
sleepers from the global sensor data.

[0184] The global sensor data that is received from the
sleep monitoring sensor apparatus may be analyzed in any of
a number of ways to determine if there are data from
multiple sleepers present in the global sensor data and, if so,
which data should be associated with each of those sleepers.
As discussed earlier, in one technique, independent compo-
nent analysis (ICA) may be applied to the global sensor data
in order to extract extracted sensor data for each of two or
more people who may be asleep in a bed that is being
monitored by a sensor mesh of a sleep monitoring sensor
apparatus. ICA is an analysis technique that may be applied
to data sets obtained from multiple sensors that are used to
measure physical phenomena attributable to two or more
independent sources; ICA allows the signal arising from
each independent source to be extracted out from the mul-
tiple-sensor data set. The ICA technique generally requires
that the data to which it is applied have a non-Gaussian
distribution and that the sources, as noted above, be inde-
pendent of one another. In the context of people sleeping
together in the same bed, each person serves as a separate
independent input source to the sensors of the sleep moni-
toring sensor apparatus; the movements of each person are
also generally non-Gaussian. This makes the global sensor
data from a sleep monitoring sensor apparatus particularly
well-suited to analysis using [CA techniques.

[0185] For example, consider the sleep monitoring system
of FIG. 1, in which the sleep monitoring sensor apparatus
104 includes three sensors 116 and is used to monitor the
sleep behavior of two separate sleepers, the first sleeper 106
and the second sleeper 108. If these three sensors 116 are, for
example, pressure sensors, then each sensor 116 may reg-
ister pressure changes caused by movements of both the first
sleeper 106 and the second sleeper 108. The left-most sensor
116 may register pressure changes primarily caused by the
first sleeper 106, with some minor contributions caused by
the second sleeper 108, and the right-most sensor 116 may
register pressure changes primarily caused by the second
sleeper 108, with some minor contributions caused by the
first sleeper 106. The middle sensor 116 may, however,
register pressure changes from both the first sleeper 106 and
the second sleeper 108 in relatively equal fashion (or at least
in a less biased manner than the left/right sensors 116 do).
[0186] FIG. 48 depicts an example 60-second data seg-
ment of global sensor data that may be theoretically be
obtained by the sleep monitoring sensor apparatus 104 (it is
to be understood that the data in this example and other
examples discussed herein, unless otherwise indicated, is
simulated data and is not based on actual measured data).
Three data traces are shown, each corresponding to mea-
surements from a different one of the three sensors 116.
“P-sensor 1” refers to the left-most sensor 116 in FIG. 1,
“P-sensor 2” refers to the middle sensor 116 in FIG. 1, and
“P-sensor 3” refers to the right-most sensor 116 in FIG. 1.
Since the sensors 116 in this example are pressure sensors,
they may be used to obtain information that is indicative of
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breathing rate and, potentially, heart rate of the first sleeper
106 and the second sleeper 108.

[0187] By applying ICA to the three sensor data streams in
the global sensor data shown in FIG. 48, first extracted
sensor data for the first person 106 and second extracted
sensor data for the second person 108 may be extracted from
the global sensor data. The term “sensor data stream” of a
sensor (or sensors) refers to the data or output signal that is
produced by that sensor (or sensors) over a period of time.
This output may be a raw, unprocessed signal, or may be a
processed signal, e.g., one that has been filtered, scaled,
and/or converted into a meaningful measurement value. It
may include present data and/or past data, e.g., be stored in
memory and then accessed later. Thus, the global sensor data
may be viewed as including sensor data streams from all of
the sensors in the sensor mesh, although subsets of such
sensor data streams may be utilized at various times in the
techniques discussed herein. The global sensor data may
also be viewed as a single sensor data stream in some
implementations. Sensor data streams may take the form of
data structures stored in memory that organize the sensor
data, for example, as an array where the sensor data gener-
ated during time t1 is stored in a determinable location
compared to the sensor data generated during time t2, and so
forth.

[0188] In ICA, data from a multitude of different sensors
may be processed to extract out a corresponding number of
different independent source signals. For example, if data
from 16 sensors is subjected to ICA, 16 different indepen-
dent source signals may be extracted—some of these inde-
pendent source signals may be representative of data that is
actually attributable to separate sleepers, but some other
independent source signals may be attributable to noise or
other sources not of interest. Thus, if a mesh of 16 pressure
sensors is used to monitor the breathing rates of two different
sleepers in a bed, ICA may yield sixteen independent
signals, two of which may have dominant frequencies that
are in the “normal” expected range for respiratory rates and
that may have some of the largest amplitudes evident in the
sixteen independent signals. These two independent signals
may thus be viewed as indicative of two independent
breathing rate signals. The remaining 14 independent signals
may represent other biometric or physiological phenomena,
such as heart rate, or may represent different components of
random noise. If ICA is used, the “extra” independent
signals that are produced, if any, may be discarded or
otherwise ignored in some implementations. FIG. 49 depicts
a notional example of how such extracted signals could
potentially look with respect to simulated data such as that
represented in FIG. 48, although it is to be understood that
the data shown in FIG. 49 is also simulated and not the result
of ICA analysis of the data shown in FIG. 48. FIG. 49,
however, does demonstrate that there are three independent
source signals, one each for each of the sensors in this
example, and that two of the independent source signals
have higher amplitudes and very identifiable waveform
characteristics that are indicative of the physiological met-
rics of two sleepers. The third independent waveform, which
is identified as “noise,” is of a lower magnitude and does not
appear to characterize a physiological metric; this third
independent source signal may be discarded by the sleep
monitoring system or, in some implementations, further
analyzed. In some implementations, especially those with
larger numbers of sensors, there may be many independent
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source signals that may be extracted as part of an ICA
analysis; some of these signals may be attributable to
physiological phenomena, such as breathing or heartbeats.
Others, however, may be attributable to other independent
sources, such as independent sources in the environment
(such as vibrations or sounds in the ambient environment),
or noise. In some implementations, the sleep monitoring
system may perform ICA even when it is determined that no
person is present in the bed, e.g., when the sensor mesh
provides data indicating that no person is present, in order to
obtain a baseline of “ambient” independent signals. For
example, it may be the case that a sleep monitoring system
may register vibrations caused by passing vehicles or by the
operation of machinery nearby, such as an air conditioner
unit or a pool pump. ICA may extract independent source
signals that correspond to the signals produced by such
equipment, but it may be difficult to differentiate such source
signals from legitimate physiologically-sourced indepen-
dent source signals. Thus, in some implementations, the
sleep monitoring system may monitor for such independent
source signals during periods when it is determined that
there are no people present. The sleep monitoring system
may then characterize the independent source signals that
are obtained during such periods and classify them as being
attributable to environmental effects or simply noise. If
independent source signals are later produced using ICA
when there is a person actually being monitored, the sleep
monitoring system may ignore the independent source sig-
nals that sufficiently correspond in frequency and/or mag-
nitude to those independent source signals that were previ-
ously classified as environmental effects or noise. The
remaining independent source signals may be analyzed, as
desired, to determine if any of them exhibit characteristics
indicative of a physiological metric.

[0189] The independent signals produced through ICA
analysis are not inherently tied to any particular sensor in the
group of sensors that produced the data analyzed in the ICA
analysis, and thus may not provide insight as to the spatial
location of the independent source with respect to the sensor
mesh. However, the sensor data streams from each of the
sensors in the sensor mesh may be compared against the
determined independent source signals to determine which
of the sensor data streams has the greatest contribution from
each of the independent source signals. If an independent
source signal is determined to make the greatest contribution
to a particular sensor data stream, then the sensor that
produced that sensor data stream may be determined to be
the sensor that is closest to the actual independent source of
that determined independent source signal. For example, if
ICAyields two independent source signals that are identified
as a first respiratory rate of 12 breaths per minute and a
second respiratory rate of 18 breaths per minute, then the
sensor that has the sensor data stream that most strongly
exhibits a 12 breaths per minute component may be assumed
to be positioned closest to the actual source of that 12
breaths per minute signal, i.e., the torso of the person
breathing at that rate. Similarly, the sensor that has the
sensor data stream that most strongly exhibits an 18 breaths
per minute component may be assumed to be positioned
closest to the actual source of that 18 breaths per minute
signal, i.e., the torso of the other person.

[0190] In some implementations, the sleep monitoring
system may first make a determination as to whether there
is more than one person in a bed before attempting to

Jun. 11, 2020

perform ICA or another multi-person data extraction tech-
nique. In some such implementations, if only one person
appears to be present in the bed, then the sleep monitoring
system may forego attempting to extract sensor data for
multiple people. Such determinations as to the presence of
multiple sleepers may be made in a number of ways. For
example, as discussed in the example below, frequency
analysis of global sensor data may indicate that there are two
different respiratory rates that appear to be evident in the
global sensor data, thereby indicating the presence of two
different sleepers. In another example, pressure sensors or
temperature sensors, if used, may indicate two different
centers of pressure or temperature that are indicative of two
different sleepers.

[0191] As discussed above, any of a variety of different
signal-extraction techniques may be used to obtain the first
extracted sensor data, the second extracted sensor data, and
so on. ICA is not the only analysis technique that may be
used. For example, another technique that may be used is to
identify particular sensor data stream(s) in the global sensor
data that are strongly correlated a particular sleeper, and then
use that sensor data stream or those sensor data streams as
the extracted sensor data for that sleeper. As a more specific
example, processing can be applied to the sensor data
associated with a first sleeper to identify periods of high
motion, as such time periods are likely to be when the
interference to the second person’s data stream is highest.
One means to identify movement in the first person’s data
stream is to calculate a running mean square energy value of
the raw sensor data over a short time period (e.g., 2 seconds).
When this energy exceeds a threshold (which can be deter-
mined experimentally by asking people to make movements
in a bed, and then assess the energy level associated with that
period of time), that will designate a “Person 1 movement
period”. In the analysis of the data stream associated with
the second person’s activity, that period of time can then be
flagged as “likely to be affected by movement”, and can be
either removed from the analysis, or the second person data
stream values can be replaced with interpolated or zero-
valued data. In an alternative embodiment, a movement
detector can be applied to the data streams of both people to
produce estimates of when movement has occurred. If a
movement occurs simultaneously on both data streams, that
movement will be ascribed to the person whose data stream
has the higher energy value for movement, and the other
person will be deemed to have “not moved”.

[0192] For example, frequency analysis, such as fast Fou-
rier transform analysis or other similar analysis, may be
performed on the global sensor data in order to identify
sensor data that appears to correspond with one or more
breathing rates. Children (greater than 6 months of age) and
adult humans typically breath at rates of 10 to 30 breaths per
minute. Since breathing rates are typically quite regular,
movements associated with breathing may exhibit a marked
periodicity that is easily identifiable using frequency analy-
sis. For example, frequency analysis of the global sensor
data may indicate that there are two frequency components
that are dominant in the 0.17 Hz to 0.5 Hz (10 to 30 cycles
per minute) range in the global data, e.g., 0.2 Hz (equal to
12 breaths per minute) and 0.3 Hz (equal to 18 breaths per
minute). From this, it may be inferred that there are two
people whose breathing movements are being detected by
the sensor mesh of the sleep monitoring apparatus sensor. If
the breathing rates of co-sleepers are, and remain, suffi-
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ciently distinct to allow each to be separately monitored,
then such frequency analysis may constitute, in some imple-
mentations, the limit of data extraction that may need to be
performed in order to obtain at least some sleeper-specific
information.

[0193] However, if the breathing rates of co-sleepers are
very similar, or if the breathing rates of co-sleepers at some
point harmonize, it may be difficult to keep the breathing rate
data for the co-sleepers segregated. For example, breathing
rates for sleepers may vary over time, e.g., in response to
dreams, fever, or natural sleep patterns. This may cause, for
example, a co-sleeper having a breathing rate of 12 breaths
per minute to slowly increase their breathing rate to 18
breaths per minute during an interval where the other
co-sleeper that they are sleeping next to might keep a
relatively steady breathing rate of 15 breaths per minute. At
some point, both of these co-sleepers will have approxi-
mately the same breathing rate, and it will not be possible to
tell from frequency analysis alone if the observed frequen-
cies indicate, as set forth above, a scenario in which one
co-sleeper maintains a steady breathing rate of 15 breaths
per minute for the period that is analyzed and the other
co-sleeper experiences a breathing rate starting at 12 breaths
per minute and rising to 18 breaths per minute for that same
period, or a scenario where one co-sleeper maintains a
steady breathing rate of 15 breaths per minute for a first
portion of that period, followed by an increase in breathing
rate to 18 breaths per minute in a subsequent, second portion
of that period, and the other co-sleeper experiences a breath-
ing rate that rises from 12 breaths per minute to 15 breaths
per minute in the first portion of that period, followed by a
steady breathing rate of 15 breaths per minute in the second
portion of that period. To address such potential cases, some
implementations may take further steps to extract sleeper-
specific data.

[0194] For example, if particular breathing rates are iden-
tified in the frequency analysis as being present, each
individual data stream from the sensors in the sensor mesh
may be analyzed to determine which individual data stream
(s) exhibit the highest magnitude signal for each such
identified frequency within the same interval. The sensors
producing such highest magnitude signals may generally be
the sensors that are closest to the signal source, i.e., the
sleeper or portion of the sleeper producing the movement
that exhibits the periodicity/frequency of interest. Thus, for
example, if two frequencies are identified, e.g., 12 breaths
per minute and 18 breaths per minute, the data streams may
be analyzed and two sensors may be identified—one that has
the highest magnitude signal component at 0.2 Hz (12
breaths per minute) during the same time period from which
those frequencies were identified, and the other that has the
highest magnitude signal component at 0.3 Hz (18 breaths
per minute) during that same time period.

[0195] Inthe case where only one breathing rate frequency
is identified in the frequency analysis of the global sensor
data, then the individual sensor data streams may be ana-
lyzed to determine which of the sensors has the highest
magnitude component with that frequency within the same
time period. It is highly likely that this particular sensor’s
location is correlated with the location of a particular one of
the co-sleepers. In such situations, one or more other sensor
data streams may be identified that also exhibit a signal
component having a frequency that correlates with the
identified frequency (but that is generally lower in magni-
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tude than the highest-magnitude, earlier-identified sensor
data stream). Various rules may be applied to then determine
which of these other sensor data streams may be viewed as
representative of the location(s) of the other co-sleeper(s).

[0196] For example, a sensor data stream for that same
period of time may be identified that has a second highest-
magnitude signal component of that frequency. The location
of the sensor that produces the sensor data stream with the
second-highest-magnitude signal component of that fre-
quency may, in some implementations, be correlated with
the location of a second co-sleeper. Thus, the sensor pro-
ducing the sensor data stream with the highest-magnitude
signal component of that frequency may be associated with
one co-sleeper, and another sensor producing the sensor data
stream with the second-highest-magnitude signal compo-
nent of that frequency may be associated with the other
co-sleeper. For example, FIG. 50 depicts the relative mag-
nitudes of signal components having the same frequency in
a sensor mesh having seven sensors distributed at various
transverse locations of a mattress (in this case, the sensors
divide the mattress into eighths). As can be seen, the highest
magnitude signal component at this frequency occurs at the
sensor that is located one quarter of the mattress width in
from the left side of the mattress. This sensor location may
thus, in some implementations, be viewed as corresponding
with the location of the one of the co-sleepers. As can be
further seen, the second-highest magnitude signal compo-
nent at this frequency occurs at the sensor that is located at
the middle of the mattress. This second sensor location may
thus, in such implementations, be viewed as corresponding
with the location of the other co-sleeper.

[0197] FIG. 50 depicts hypothetical component magni-
tudes as a function of left-right sensor positioning on a
mattress with respect to a signal component of a particular
frequency, e.g., for 0.2 Hz. In the example of FIG. 50, there
is at least one sensor with a lower-magnitude signal com-
ponent at the frequency of interest interposed between the
sensors identified as corresponding with the first person and
the second person, which may be viewed as indicating that
the two identified sensors are actually producing signals
measuring two different sources, i.e., sleepers.

[0198] In some cases, two sources/sleepers may be suffi-
ciently close to one another that the highest-magnitude
signal component may actually be a poor “representative”
signal for either sleeper since inputs from both sleepers may
make it difficult to identify data that is particular to either
sleeper in such a signal. In such situations, it may be
preferable to avoid viewing the data stream from the sensor
exhibiting the highest-magnitude signal component at the
frequency of interest as representative of either sleeper.
Instead, for example, it may be preferable to identify the
sensor data streams for sensors on either side of the sensor
exhibiting the peak as being representative of each sleeper.
For example, in FIG. 51, which is similar to FIG. 50 except
that the signal component magnitudes that are depicted are
different, there is one clear peak in the indicated magni-
tudes—at 25% of the mattress width. The sensor at this
location, however, may be receiving strong input signals
from both sleepers and may thus be a poor candidate sensor
to represent either sleeper individually. However, the sen-
sors immediately to the left and right of the highest-magni-
tude sensor may be better candidates for sensor data streams
that represent each sleeper. For example, while both of the
neighboring sensors have lower magnitude signal compo-
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nents than the intervening sensor, the signal components of
the neighboring sensors may be more biased towards one or
the other of the people sleeping in the bed.

[0199] Once a particular sensor data stream or sensor data
streams have been identified as being associated with a
particular sleeper, data from that sensor data stream or
streams may be used to generate sleep data for that particular
sleeper. Tt is to be understood that the sleep monitoring
system may petiodically re-perform an analysis such as the
above in order to re-evaluate which sensor data streams are
associated with each particular person throughout a sleep
session. For example, the sleepers may move about signifi-
cantly while asleep, e.g., due to discomfort, dreams, or other
stimuli, and the sensor data stream(s) that provide the best
data quality for each sleeper may change over time in
response to such movements, i.e., as the sleepers move from
being proximate to one sensor to being proximate to another
Sensor.

[0200] Such periodical re-scanning of sensor data streams
to identify the sensor data streams most representative of a
particular sleeper may be performed on a regular schedule,
e.g., every 5, 10. 15 minutes, or any other regular time
interval, or on a data-driven schedule, e.g., if a sensor data
stream previously identified as being representative of a
particular sleeper starts to exhibit poor data quality (such as
no longer providing a signal of sufficient quality to be able
to extract a breathing rate and/or heart rate), then the system
may re-scan the sensor data streams.

[0201] The techniques discussed herein may generally be
viewed as techniques that extract sensor data that is asso-
ciated with different sleepers in a bed. As part of this
extraction, artifacts or components that are at least evident
or included in the global sensor data and attributable to
motions of a first person may be identified and the contri-
bution of such motions to the extracted sensor data for a
second person may be reduced. For example, in the case of
ICA, the extracted sensor data, e.g., one of the independent
source signals that ICA produces, is already generally free of
contributions from the other independent source signals
produced using ICA. Thus, ICA is a technique that may
inherently identify components in the global sensor data that
are caused by motion of a first person (a first independent
source) and reduce the contribution that those motions or
components may make to one or more extracted independent
source signals, e.g., second extracted sensor data for a
second person. In other implementations, such as when a
particular sensor’s data stream may be used as the extracted
sensor data for a particular person, the identification of
components in that extracted sensor data that are attributable
to another person, as well as the reduction of the contribu-
tion that such components may make to that extracted sensor
data, may be done separately from the data extraction
process. For example, first extracted sensor data for a first
person and second extracted sensor data for a second person
may be obtained, e.g., sensor data streams from two different
sensors, each positioned proximate to a different one of the
two people. Since the sensor data streams are part of the
global sensor data, the components in the first sensor data
stream/first extracted sensor data that are attributable to the
first person, e.g., a first component, are also present in the
global sensor data—for example, a component may be
identified in the first extracted sensor data that is much
higher in magnitude than related components in other sensor
data streams; such a component may be assumed to originate
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due to movements of the first person. As discussed earlier,
a corresponding component, e.g., a second component, may
be evident in the second sensor data stream—this second
component may be determined to be a sympathetic compo-
nent that is driven by the first component, e.g., due to having
similar timing and/or frequency characteristics and the con-
tribution it makes to the second extracted sensor data may
then be reduced, e.g., by averaging or more aggressively
averaging the portion of the second extracted sensor data
having that sympathetic component, or removing the por-
tion, or performing some other remedial action to reduce the
effect that the first person’s movements have on the second
persons’ extracted sensor data.

[0202] The above techniques have focused on using the
time-varying nature of signals produced by each sleeper as
a way of separating out data for each sleeper, either by
extracting out the component signals for each person with-
out regard for sensor location or by determining which
particular sensor or sensors produce the best signal or
signals for each person. In other implementations, non-time-
varying signals may also be used to determine which sensor
data streams may be associated with each person. In this
context, “non-time-varying” is used to refer to signals that
do not have a repeating, periodic component. For example,
if pressure sensors are used in the sensor mesh of the sleep
monitoring sensor apparatus and the sensor mesh is located
beneath the sleepers, each sleeper may exert a pressure on
the pressure sensors—this pressure may have time-varying
aspects, such as may be caused by regular, relatively small-
amplitude shifts in pressure due to the person’s breathing, as
well as non-time-varying aspects, such as the amount of
pressure that is exerted by the person’s weight regardless of
breathing movements. Of course, as the person moves
around on the bed during sleep, the non-time-varying
aspects may actually vary, but this is not a periodic move-
ment as may be attributed to breathing-related movements,
for example. The non-time-varying pressure at a multitude
of sensor locations may be used to map out a pressure
distribution over the portion of the mattress over which the
sensors of the sleep monitoring sensor apparatus are distrib-
uted. This pressure distribution may be analyzed to deter-
mine localized centers of pressure that are attributable to
different sleepers, e.g., each person’s body may have its own
center of pressure that may be identified in the pressure
distribution. For example, if peak pressures are detected at
two different transverse sensor locations, then those two
locations may be assumed to correlate with the locations of
two different sleepers, and sensor data streams from the
sensors at those locations, or proximate to those locations,
may be associated with the sleeper that is closest, including
sensors other than the pressure sensors at those locations.

[0203] As discussed above, in some implementations, the
extracted sensor data for each sleeper may be processed
order to remove artifacts in the extracted sensor data for that
sleeper that may be attributable to motions of the other
sleeper, i.e., sympathetic movement. Thus, for example, the
first extracted sensor data for a first sleeper may include data
indicating a period of time during which the first sleeper
moved, resulting in the first extracted sensor data exhibiting
localized oscillations of a higher frequency than, for
example, first extracted sensor data in the same period of
time that is driven by breathing-related movements, which
may cause oscillations in the extracted sensor data that have
a frequency tied to the first sleeper’s breathing rate. The
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movement of the first sleeper may also have caused sym-
pathetic movements in the second sleeper (and/or of the
mattress under the second sleeper), which may cause sym-
pathetic localized oscillations in the second extracted sensor
data. These sympathetic localized oscillations will be of a
lower magnitude than those in the first extracted sensor data
due to the natural damping that occurs in a bed mattress, but
will occur simultaneously with the driving localized oscil-
lations in the first extracted sensor data, and will potentially
have similar frequency characteristics. If such sympathetic
components are identified in a given sleeper’s extracted data
based on driving components produced by another sleeper,
they may be corrected in some manner prior to generating
sleep data for the given sleeper. For example, in some
implementations, such sympathetic components may be
replaced by a less noisy signal, e.g., the time segment of the
extracted sensor data with the sympathetic component may
be replaced with an interpolated, averaged, or splined data
segment that effectively removes the sympathetic compo-
nent or mitigates its effect. In some implementations, the
data segment with the sympathetic component may simply
be blanked out or removed (thus resulting in a gap in the
data).

[0204] FIG. 52 depicts two example extracted sensor data
signals provided herein to illustrate exemplary extracted
sensor data signals; these sensor data signals are illustrative
and do not represent actual sensor data. As can be seen, in
the shaded/crosshatched period, the first extracted sensor
data for a first sleeper experiences a high-frequency com-
ponent that may, for example, occur in response to the
movement of the first sleeper. The second extracted sensor
data, which is for a second sleeper, exhibits some sympa-
thetic noise in the same interval that may be attributed to the
first sleeper’s movement as well. Such noisy data may be
blanked out or, as shown in FIG. 52, replaced with interpo-
lated or otherwise smoothed data (dotted lines).

[0205] Removing or correcting sympathetic components
in a sleeper’s extracted sensor data prior to generating the
sleep data for that person may be important, as some sleep
data, e.g., restlessness/sleep stage/etc. determinations, may
be based on the number of instances of gross movement
indicated in the extracted sensor data for a person. If such
data also includes motion artifacts due to sympathetic move-
ments of that person triggered by motions of another person
that they are co-sleeping with, then this may falsely indicate
that the person is more restless than they actually are, which
may lead to inaccuracies in identifying what sleep stage they
are in. By correcting or mitigating such sympathetic com-
ponents, per the technique discussed above, more accurate
sleep data may be generated for each person.

[0206] Once the global sensor data has been analyzed and
the first, second, etc. extracted sensor data has been
extracted from the global sensor data, the first, second, etc.
extracted sensor data may be further analyzed to provide
sleep data. For example, as noted earlier, pressure data from
pressure sensors may be used to provide a measure of a
sleeper’s breathing rate and potentially heart rate. Pressure
data may also be used to measure other motion, such as
tossing and turning of the sleeper, gross limb movements,
and even getting into/out of bed. If available, extracted
sensor data from other sensor types may also be used, e.g.,
accelerometer, gyroscope, or magnetometer data may be
used to monitor for gross limb or body movements, tem-
perature sensors may be used to monitor body temperature,
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center-of-heat (which may be used in a similar manner to
how the center-of-pressure for a person may be used, e.g., to
estimate the locations of different sleepers), acoustic sensors
may be used to monitor for snoring, and so forth.

[0207] The ability to measure temperature, in implemen-
tations having temperature sensors, may be leveraged in a
number of other ways as well. For example, the sleep
monitoring system may determine estimates of proximal
and/or core body temperature, which may be used as an
additional factor or factors to determine what sleep stage the
sleeper may be in at a given time, or which may be used, for
example, to track physiological metrics relating to fertility,
illness (fever tracking, for example), or circadian rhythm.
Such temperature determinations may be approximated
based on a distributed temperature map that may be pro-
vided by a distributed set of temperature sensors.

[0208] Some sleep data may be based on other sleep data.
For example, the sleep monitoring system may evaluate
what sleep stage a sleeper is in in a given time period or
epoch based on, for example, average breathing rate in that
time period, variation in breathing rate in that time period,
the amount of movement in that time period, the time since
the last large or gross movement, the time until the next large
or gross movement, and the correlation of breath-to-breath
signals within that time period, e.g., how consistent or
regular the person’s breathing is. As noted earlier, large or
gross movements, as used herein, refer to body motions that
are not part of normal breathing or heartbeat motions, and
also do not include minor movements. Such gross move-
ments are intended to include, however, movements such as
limb movements, body repositioning, etc. One non-limiting
example of a gross movement is movement of the forearm
that results in an acceleration of 0.2 g or greater at the wrist.
The time between gross or large movements may be deter-
mined in a variety of ways, depending on the particular
implementations. In some implementations, such time may
be evaluated based on the actual time between a first gross
movement and a second gross movement. In other imple-
mentations, such time may be more a measure of the number
of epochs that occur between such gross movements. Other
techniques for quantifying such intervals may be used as
well, depending on the particulars of the sleep classifier
system that is used. Such parameters may be fed into a
classifier stage that combines these parameter values and
then determines the most likely sleep stage based on the
parameter values, e.g., by multiplying each parameter value
by a weighting factor and then adding the products together.
A linear discriminant classifier may be used in such a
determination, although other classification techniques/sys-
tems, such as support vector machines, decision trees, and
random forest classifiers may be used in alternative imple-
mentations.

[0209] The particular sleep stage that a sleeper is in may
be determined according to commonly accepted sleep stage
paradigms, e.g., a Wake stage (where the sleeper is not
asleep at all), as well as an N1 stage, an N2 stage, an N3
stage, and a REM stage. In some cases these stages may be
combined and or renamed to make it easier for the operator
to understand the sleep data that is collected. For example,
N3 may be referred to as a “deep sleep” stage, and N1 and
N2 may be combined into a single stage referred to as a
“light sleep” stage. Thus, in some implementations, deter-
minations may be made between an awake or wake stage, a
light sleep stage, a deep sleep stage, and a REM sleep stage.
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[0210] Different kinds of sleep data may be determined
using different techniques with the extracted sensor data for
a given individual. For example, signal components indi-
cating significant movement, e.g., tossing and turning, limb
movement, etc., of a sleeper may be identified by tracking
signal components exhibiting high-frequency energy, which
may differentiate such signal components from signal com-
ponents caused by low-amplitude movements of the sleeper,
such as breathing or cardiovascular movements, or by using
an energy operator such as the Teager energy operator.
Breathing rate may be determined from extracted sensor
data for a person by performing spectral analysis on the
extracted sensor data for the time period of interest and
looking for a dominant frequency that correlates with a
range of expected breathing rates, or by applying an adaptive
filter to the extracted sensor data, where the adaptive filter
uses parameters that reflect the dominant frequency in the
extracted sensor data in the time period of interest.

[0211] Since the sleep monitoring system is able to sepa-
rately track extracted sensor data for each sleeper, the sleep
monitoring system can provide and track sleep data that is
particular to each sleeper. The sleep monitoring system may
also, based on such information, provide personalized rec-
ommendations and other feedback to each sleeper. The sleep
monitoring system may also be configured to perform other
actions in response to certain scenarios. For example, the
sleep monitoring system may be communicatively con-
nected with home automation networks or smart appliances
and may be configured to send activation signals to different
external devices, e.g., lights, powered blinds or window
coverings, smart windows, water heaters, powered door
locks, hot water recirculation pumps, coffee makers, ther-
mostats, home entertainment systems, etc., to cause such a
device or devices to turn on or off or otherwise change state
in response to cues in a person’s sleep data. For example, if
the sleep data includes sleep stage data and it appears that
such sleep stage data indicates that the sleeper is about to
wake up, the sleep monitoring system may cause the ther-
mostat to change to a higher temperature setting and may
cause a coffee maker to start brewing a cup of coffee.
Conversely, if the sleep monitoring system detects that a
sleeper or sleepers have gone to sleep from an awake state,
the sleep monitoring system may send a signal to a thermo-
stat to decrease the thermostat setting to a more energy-
efficient mode; the sleep monitoring system may also send
a signal to a smart lock to cause the smart lock to transition
to alocked state in case the smart lock was inadvertently left
unlocked, thereby providing extra security to the sleepers.

[0212] The embodiments described herein may also be
communicatively coupled with a secondary computing
devices (e.g., a bedside unit) which is capable of measuring
parameters of the subjects’ sleeping environments chosen
from ambient temperature, ambient relative humidity, ambi-
ent air quality, ambient light level, and ambient sound
pressure level. In some cases, the sleep monitoring system
may integrate the data relative to the sleeper’s sleeping
environment with the sleep data. The sleep monitoring data
may then provide insights to the sleeper regarding the
impact the sleeping environment has on the sleep quality of
the sleeper or, additionally or alternately, communicate with
the home automation networks or smart appliances
described above to actuate changes in the sleeper’s sleeping
environment.
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Sleeper Identification System

[0213] The sleep monitoring system may also include, or
be in communication with, a sleeper identification system.
The sleeper identification system may take the sleep data for
a sleeper, determine which user account is associated with
that sleeper, and associate the sleeper’s sleep data with that
particular user account. Such a user account may, for
example, be a fitness or health tracking account, and may
also receive data from one or more other biometric tracking
or monitoring devices, such as a wrist-worn fitness tracker.
[0214] The sleeper identification system may implement
any of a number of techniques in order to determine which
user account is associated with a particular sleeper. In some
implementations, the sleep monitoring system may be pre-
loaded or pre-set with information that links a user account
with either the left side of the bed or the right side of the bed.
If the extracted sensor data or sleep data for a given sleeper
corresponds with a position on the left side of the bed or, if
two sleepers are both on the left side of the bed, the left-most
sleeper, then the user account associated with the left side of
the bed may be associated with that sleeper’s sleep data.
Conversely, if the extracted sensor data or sleep data for a
given sleeper corresponds with a position on the right side
of the bed or, if two sleepers are both on the right side of the
bed, the right-most sleeper, then the user account associated
with the right side of the bed may be associated with that
sleeper’s sleep data. The above technique, of course, relies
on the sleepers to remain on their customary side of the bed
or in the same relative left-right positioning. This may
nonetheless provide a reasonably reliable way to associate
particular sleepers with particular user accounts. However, it
may encounter difficulty when only one sleeper is actually in
the bed, as it may be difficult for the system to determine
which of the two sleepers that are normally present is
actually present in that instant.

[0215] Another technique that may be used to associate a
sleeper with a particular user account is to use one or niore
aspects of the sleep data or the extracted sensor data to
identify a sleeper. For example, if two co-sleepers having
significantly different body masses sleep in a bed monitored
by a sleep monitoring sensor apparatus having pressure
sensors, then they may potentially be distinguished based on
the pressure data that is obtained for each sleeper. For
example, if one of two sleepers in a bed produces higher-
magnitude pressure data, on average, than the other sleeper,
then that sleeper may be identified as the heavier of the two
sleepers. If the user accounts are each associated with a
particular weight or the weight relationship between the two
sleepers is somehow specified for the user accounts, then the
user account associated with the heavier weight may be used
for the sleeper producing the higher-magnitude pressure
data, and the user account associated with the lighter weight
may be used for the sleeper producing the lower-magnitude
pressure data. Thus, at a high level, the user account may be
associated with a particular sleeper based on a correlation
between pressure data and a physiological characteristic,
e.g., weight, a range of weights, pressures, etc., that is
associated with the user account. This approach may also be
used to track more than two sleepers using the same bed,
e.g., each sleeper (two adults and child, for example), may
have a different weight and therefore produce different
magnitude pressure data. Such different pressure data may
be used to identify a matching user account, thereby allow-
ing the sleep data for each such sleeper to be matched up



US 2020/0178887 A1l

with a corresponding user account. This technique may also
be used in many cases to identify a single sleeper, and is also
able to accommodate situations in which sleepers may
choose to reverse their left-right relative positioning from
their customary positioning. In some such implementations,
each sleeper that is to be enrolled or associated with a
particular sleep monitoring system may be enrolled by
having that sleeper lie on the bed in a number of positions
without any other person being on the bed. During such an
enrollment process, the sleep monitoring system may collect
baseline pressure data that provides insight as to the typical
pressure values that may be produced by that sleeper; these
typical pressure values or the range of pressure values
produced during the enrollment process may then be asso-
ciated with the sleeper’s user account (which the sleeper
may have specified as part of the enrollment process) and
used as a reference against which future pressure measure-
ments may be compared in order to potentially match a
sleeper with a user account. This procedure may be repeated
for each sleeper that will use that sleep monitoring system.

[0216] In some implementations, the user account may
also be associated with a wearable fitness tracking or moni-
toring device, such as a Fitbit™ wearable fitness monitor.
Such fitness monitoring devices may have one or more
short-range wireless interfaces that may be detectable by a
suitable receiver or sensor that may be included in the sleep
monitoring system or, for example, in the sleep monitoring
sensor apparatus. The sleep monitoring sensor apparatus, for
example, may have a pair of Bluetooth or other wireless
receivers located on opposing transverse sides of the carrier.
When a fitness monitoring device associated with a user
account is within wireless range of such receivers, the
receivers may be used to detect the proximity of the fitness
monitoring device to each receiver, thereby providing an
estimate of whether the fitness monitoring device is located
closer to the left or right side of the bed. For example, if a
wireless receiver located on the left side of the carrier
receives a stronger wireless signal from the wearable fitness
monitoring device than a wireless receiver on the right side
of the bed, the sleep monitoring system may determine that
that wearable fitness monitoring device is located closer to
the left side of the bed than the right side, and may infer from
such information that sleep monitoring data obtained for a
sleeper on the left side of the bed (or the leftmost sleeper)
should be associated with the user account associated with
the detected wearable fitness monitoring system. Such a
system may function even if the wearable fitness monitoring
system is not worn by the sleeper—for example, many
people who wear wearable fitness monitoring systems may
take such devices off before going to sleep, but may place
them on a nightstand immediately adjacent to the side of the
bed that they sleep on. Thus, the wearable fitness monitor
may still be in a position that indicates a particular side of
the bed, and may still be a reliable indicator of sleeper
position in bed.

[0217] In another or further implementation, data from a
wearable fitness tracker that is actually worn in bed by one
of the sleepers may be correlated with sleep data from a
sleep monitoring system in order to identify a particular
sleeper and allow the sleep data for that sleeper to be
associated with that sleeper’s user account. For example, a
wearable fitness monitor may track motion events over time,
as well as heart rate. By correlating motion events that occur
in a given interval in the data from a wearable fitness
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monitor with corresponding motion events that are observed
in the same interval in a sleeper’s sleep data, a determination
may be made that that sleep data should be associated with
the user account, and thus the sleeper, that is associated with
the wearable fitness monitoring system. Other data correla-
tions may also serve a similar function, e.g., if a sleep
monitoring system and a wearable fitness monitor both
monitor sleepers” heart rates, then correlations between
those heart rates may be used to link the sleep data for that
person to the user account associated with that wearable
fitness monitoring system.

[0218] Once a particular sleeper’s sleep data is associated
with a particular user account during a sleep session, the
sleep data for that sleeper may continue to be associated with
that user account for the remainder of the sleep session, even
if there are no further determinations of correlations made
between the wearable fitness monitoring system data and the
sleep data for that sleeper for the duration of the sleep
session.

[0219] It is to be understood that term “sleeper presence
monitoring system” may be used herein to refer to a sleep
monitoring system (or a portion thereof) that may be used to
monitor for the presence of a person or persons in a bed
without necessarily associating that person or persons with
a particular user account or accounts. For example, a sleep
monitoring system may act as a sleeper presence monitoring
system by taking data from a sleep monitoring sensor
apparatus and interpreting it to determine if one or more
people are in a bed. For example, if the sleep monitoring
sensor apparatus includes a sensor mesh of pressure sensors,
and the pressure sensor data indicates the likelihood that a
person is resting on the bed, then the sleep monitoring
system may determine that a person is present on the bed and
may thereby function as a sleeper presence monitoring
system. In a related instance, a sleeper identification system
or engine may also function as a sleeper presence monitor-
ing system, i.e., in identifying a particular sleeper on a
mattress, since the sleeper identification system or engine
may also, inherently, determine that there is a person on the
mattress.

[0220] Overall System

[0221] It is to be understood that the sleep monitoring
sensor apparatus, the sleep monitoring system, the sleeper
presence monitoring system, the sleeper identification sys-
tem, and/or the wake-up alarm system may be selectively
combined, as desired, to arrive at multiple different configu-
rations. For example, some implementations may feature
only a sleep monitoring system and a sleep monitoring
sensor apparatus (without the ability to link sleep data for
each sleeper back to a specific account), whereas other
implementations may feature a sleep monitoring system, a
sleep monitoring sensor apparatus, and a sleeper identifica-
tion system. The functionalities of the sleep monitoring
system and the sleeper identification system, for example,
may be provided by different aspects of software running on
a common set of one or more processors.

[0222] It is also to be understood that many of the func-
tions and techniques discussed herein may be performed by
a controller or logic device that includes one or more
processors and at least one memory that stores computer-
executable instructions for controlling the one or more
processors to perform such techniques or provide such
functionality. Such a controller or logic device, which may
also be referred to herein simply as “logic,” may be included
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in a single system or device, or may include components that
are distributed among multiple different devices or loca-
tions. For example, a sleep monitoring sensor apparatus may
include one or more processors and a memory with com-
puter-executable instructions for controlling the one or more
processors to pre-process the data streams that are obtained
from the sensors distributed in the sensor mesh of the sleep
monitoring sensor apparatus before sending those data
streams to the sleep monitoring system as global sensor data.
Similarly, the sleep monitoring system may have one or
more local processors and a memory storing computer-
executable instructions for controlling those one or more
local processors to perform sensor data extraction on the
global sensor data. In some implementations, the sleep
monitoring system may be integrated into the sleep moni-
toring sensor apparatus, e.g., the controller or logic for the
sleep monitoring system may be provided by circuits dis-
posed on or within the carrier. In some implementations, at
least some of the functionality discussed herein may be
implemented in a remote servet, e.g., by a network server
reached via the internet or by a smartphone or tablet com-
puting device that is separate from the sleep monitoring
sensor apparatus. In some such instances, the remote server
may receive the global data from the sleep monitoring
sensor apparatus and perform one or more of the techniques
described herein, thereby acting as the sleep monitoring
system and/or the sleeper identification system.

[0223] FIG. 53 depicts on example implementation of a
sleep monitoring system that has sleep monitoring, sleeper
presence monitoring, and sleeper identification functional-
ity, as well as wake-up alarm functionality.

[0224] In FIG. 53, a controller 5315 is depicted that
includes one or more processors 5301, a memory 5303, and
input/output 5305, which may be used to communicate with
a sleep monitoring sensor apparatus, such as that provided
on carrier 5320. The carrier 5320 may include a sensor mesh
5316, which may include a plurality of sensors that are
distributed across the carrier 5320. The carrier 5320, in this
example, also includes alarms 5328, which, in this imple-
mentation, may include both audible and haptic components.
[0225] The controller 5315 may also include sets of stored
computer-executable instructions (for example, stored on
the memory 5303) that allow the controller 5315 to provide
an assortment of functionalities. For example, the memory
5303 may store computer-executable instructions for con-
trolling the one or more processors 5301 to provide sleep
monitoring system functionality (5311), sleeper presence
monitoring system functionality (5309), sleeper identifica-
tion system functionality (5307), and/or wake-up alarm
functionality (5313).

[0226] Itis to be appreciated that the techniques described
herein may be implemented as computer-executed methods,
as computer-readable storage devices that store computer-
executable instructions for performing such methods, or as
systems or devices configured to perform such methods or
provide the functionality discussed herein.

[0227] Although several implementations of the concepts
disclosed herein have been described in detail herein with
reference to the accompanying drawings, it is to be under-
stood that this disclosure is not limited to these precise
embodiments, and that various changes and modifications
may be effected therein by one skilled in the art without
departing from the scope or spirit of the disclosure as defined
in the appended claims. Examples of such embodiments are
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described in the numbered list of embodiments provided
below, although it is to be understood that this list is not an
exclusive list of embodiments and that the various embodi-
ments listed below may be combined or separated and/or
recombined to provide additional embodiments. For
example, any of the sleep data collection systems listed
below (or described above) may be used with the embodi-
ments directed at alarm functionality and/or sleep data
collection.

Embodiment 1

[0228] A sleep monitoring system including: one or more
carriers configured to be placed above or under a bed
mattress and under or over one or more people lying on the
bed mattress; one or more first sensors distributed across at
least one of the one or more carriers, the one or more first
sensors being of a first type of sensor; one or more second
sensors distributed across at least one of the one or more
carriers, the one or more second sensors being of a second
type of sensor different from the first type of sensor; one or
more processors; and one or more computer readable storage
devices that include computer executable instructions that,
when executed by the one or more processors, cause the one
or more processors to: obtain global sensor data from the one
or more first sensors and the one or more second sensors, and
generate sleep data for a sleeper from the global sensor data,
the sleep data including data regarding one or more physi-
ological metrics of the sleeper.

Embodiment 2

[0229] The sleep monitoring system of embodiment 1, in
which the carrier has a dimension of at least 12 inches in a
first direction.

Embodiment 3

[0230] The sleep monitoring system of embodiment 1, in
which the carrier is associated with one or more standard
mattress sizes and has a dimension of at least 80% of the
width of the mattress size of the one or more standard
mattress sizes with the smallest width.

Embodiment 4

[0231] The sleep monitoring system of embodiment 1, in
which the carrier is a twin-size mattress pad, a full-size
mattress pad, a queen-size mattress pad, a king-size mattress
pad, a California king-size mattress pad, a twin-size sheet, a
full-size sheet, a queen-size sheet, a king-size sheet, a
California king-size sheet, a twin-size duvet cover, a full-
size duvet cover, a queen-size duvet cover, a king-size duvet
cover, a California king-size duvet cover, a twin-sized
blanket, a full-size blanket, a queen-size blanket, a king-size
blanket, or a California king-size blanket.

Embodiment 5

[0232] The sleep monitoring system of embodiment 1, in
which the carrier is a mattress pad configured to fit a
mattress between 32 and 100 inches in width and 50 to 100
inches in length, a sheet configured to fit a mattress between
32 and 100 inches in width and 50 to 100 inches in length,
a blanket configured to fit a mattress between 32 and 100
inches in width and 50 to 100 inches in length, or a duvet
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cover configured to fit a mattress between 32 and 100 inches
in width and 50 to 100 inches in length.

Embodiment 6

[0233] The sleep monitoring system of embodiment 1, in
which at least one of the one or more first sensors is
positioned in a stacked arrangement with at least one of the
one or more second sensors such that the at least one of the
one or more first sensors overlaps with the at least one of the
one or more second sensors when viewed from a direction
nominally perpendicular to a major surface of the one or
more carriers.

Embodiment 7

[0234] The sleep monitoring system of embodiment 6, in
which the one or more first sensors are load cells, capacitive
force sensors, piezo-electric pressure sensors, or piezo-
resistive pressure sensors.

Embodiment 8

[0235] The sleep monitoring system of embodiment 1, in
which the one or more first sensors are pressure sensors
sensitive to absolute pressure or pressure sensors that are
only sensitive to changes in pressure.

Embodiment 9

[0236] The sleep monitoring system of embodiment 1, in
which the one or more first sensors are motion sensors.

Embodiment 10

[0237] The sleep monitoring system of embodiment 1, in
which the one or more first sensors are temperature sensors.

Embodiment 11

[0238] The sleep monitoring system of embodiment 1, in
which: the one or more first sensors are spatially separated
from one another on the carrier, the one or more second
sensors are spatially separated from one another on the
carrier, and the one or more first sensors are pressure sensors
and the one or more second sensors are accelerometers.

Embodiment 12

[0239] The sleep monitoring system of embodiment 1, in
which the one or more first sensors includes a plurality of
first sensors, the one or more second sensors includes a
plurality of second sensors, and the one or more computer
readable storage devices further include computer execut-
able instructions that, when executed by the one or more
processors, further cause the one or more processors to:
analyze data in the global sensor data derived from the one
or more first sensors to identify a first location of a first
person and a second location of a second person, extract first
extracted sensor data from one or more of the second sensors
that are proximate to the first location, extract second
extracted sensor data from one or more of the second sensors
that are proximate to the second location, determine first
sleep data for the first person from the first extracted sensor
data, and determine second sleep data for the second person
from the second extracted sensor data.
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Embodiment 13

[0240] The sleep monitoring system of embodiment 12, in
which the plurality of first sensors are pressure sensors and
the one or more computer readable storage devices further
include computer executable instructions that, when
executed by the one or more processors, further cause the
one or more processors to identify the first location of the
first person and the second location of a second person by
analyzing the data from the first sensors to identify a first
center of pressure and a second center of pressure, the first
center of pressure associated with the first person and the
second center of pressure associated with the second person.

Embodiment 14

[0241] A sleep monitoring system including: one or more
processors; and a computer readable storage device that
includes computer executable instructions that, when
executed by the one or more processors, cause the one or
more processors t0: obtain global sensor data from a plu-
rality of first sensors that are spatially distributed across a
bed, analyze the global sensor data and extract first extracted
sensor data regarding a first person from the global sensor
data and second extracted sensor data regarding a second
person from the global sensor data, identify a first compo-
nent in the global sensor data caused by motions of the first
person, and reduce a contribution of the first component to
the second extracted sensor data.

Embodiment 15

[0242] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, cause the one or more processors to
extract the first extracted sensor data regarding the first
person and the second extracted sensor data regarding the
second person from the global sensor data, identify the first
component in the global sensor data caused by motions of
the first person, and reduce the contribution of the first
component to the second extracted sensor data, at least in
part, by performing an independent component analysis
(ICA) on the global sensor data.

Embodiment 16

[0243] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, cause the one or more processors to
determine, from the global sensor data and prior to analyzing
the global sensor data and extracting the first extracted
sensor data and the second extracted sensors data, that the
global sensor data includes motion data attributable to the
movements of two or more people.

Embodiment 17

[0244] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to determine sleep data for the second person
based, at least in part, on the second extracted sensor data,
where the sleep data includes one or more datasets repre-
senting sleep-related metrics for a sleep session such as:
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total sleep time during the sleep session, time in bed, total
wake time while in bed, wake events after sleep onset, sleep
onset latency, exits from bed during the sleep session, time
spent in light sleep during the sleep session, time spent in
deep sleep during the sleep session, time spent in REM sleep
during the sleep session, degree of restlessness during the
sleep session, respiration rate during the sleep session,
average heart rate during the sleep session, resting heart rate
during the sleep session, heart rate variability during the
sleep session, or combinations thereof.

Embodiment 18

[0245] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to: determine first sleep data for the first person
using the first extracted sensor data, and determine second
sleep data for the second person using the second extracted
sensor data.

Embodiment 19

[0246] The sleep monitoring system of embodiment 14, in
which the first component is included in the first extracted
sensor data and the computer readable storage device further
includes computer executable instructions that, when
executed by the one or more processors, further cause the
one or more processors to: determine that a second compo-
nent of the second extracted sensor data is correlated with,
and has a lower amplitude than, the first component of the
first extracted sensor data during a first time period; and
modify the second component of the second extracted sensor
data based on the determination that the first component of
the first extracted sensor data is correlated with, and has a
lower amplitude than, the second component of the second
extracted sensor data during the first time period.

Embodiment 20

[0247] The sleep monitoring system of embodiment 19, in
which the second extracted sensor data during the first time
period is modified by replacing at least some of the second
extracted sensor data in the first time period with data that
is interpolated from the second extracted sensor data.

Embodiment 21

[0248] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further stores
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to determine breathing rate data for the second
person from the second extracted sensor data.

Embodiment 22

[0249] The sleep monitoring system of embodiment 21, in
which the first sensors are pressure sensors that are spatially
distributed across a carrier and the computer readable stor-
age device further includes computer executable instructions
that, when executed by the one or more processors, further
cause the one or more processors to: analyze the global
sensor data to determine a pressure distribution across the
carrier using sensor data streams from the first sensors,
analyze the pressure distribution to identify a first center of

Jun. 11, 2020

pressure and a second center of pressure, extract the first
extracted sensor data, at least in part, from one or more of
the second sensors that are proximate to the first center of
pressure, and extract the second extracted sensor data, at
least in part, from one or more of the second sensors that are
proximate to the second center of pressure.

Embodiment 23

[0250] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further stores
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to determine heart rate data for the second person
from the second extracted sensor data.

Embodiment 24

[0251] The sleep monitoring system of embodiment 23, in
which the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to: determine first gross body movement data for
the first person from the first extracted sensor data, and
determine second gross body movement data for the second
person from the second extracted sensor data.

Embodiment 25

[0252] The sleep monitoring system of embodiment 23, in
which the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to: extract further first extracted sensor data from
one or more of the first sensors that are proximate to the first
center of pressure, extract further second extracted sensor
data from one or more of the first sensors that are proximate
to the second center of pressure, determine first breathing
rate data for the first person from the first extracted sensor
data derived from the one or more first sensors that are
proximate to the first center of pressure, and determine
second breathing rate data for the second person from the
second extracted sensor data derived from the one or more
first sensors that are proximate to the second center of
pressure.

Embodiment 26

[0253] The sleep monitoring system of embodiment 14, in
which the computer readable storage device further includes
computer readable instructions that, when executed by the
one or more processors, further cause the one or more
processors to determine, for the second person and for a
plurality of first time periods, what sleep stage the second
person was in during each time period based on the second
extracted sensor data.

Embodiment 27

[0254] The sleep monitoring system of embodiment 26, in
which the sleep stage that is determined for each first time
period for the second person is the predominant sleep stage
for that first time period for the second person.

Embodiment 28

[0255] The sleep monitoring system of embodiment 26, in
which the sleep stage that is determined for each first time
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period is an awake stage, a light sleep stage, a deep sleep
stage, or a random-eye-movement (REM) stage.

Embodiment 29

[0256] The sleep monitoring system of embodiment 26, in
which the first time periods are each less than 10 minutes in
length.

Embodiment 30

[0257] The sleep monitoring system of embodiment 26, in
which the computer readable storage device further includes
instructions that, when executed by the one or more proces-
sors, further cause the one or more processors to: determine,
from the second extracted sensor data and for each first time
period, one or more parameters such as average respiration
rate during that first time period, variation of respiration rate
during that first time period, movement during that first time
period, an indication of time since a most recent previous
movement exceeding a first threshold magnitude, an indi-
cation of time until a next movement exceeding a second
threshold magnitude, or correlation of breath-to-breath sig-
nals, and assign, based on at least some of the one or more
parameters, a sleep stage to each first time period.

Embodiment 31

[0258] A sleeper identification system including: one or
more processors and a computer readable storage device that
includes computer executable instructions that, when
executed by the one or more processors, cause the one or
more processors to: obtain first sleep data for a first person
from a sleep monitoring system, in which the first sleep data
is based, at least in part, on first extracted sensor data
collected from a sleep monitoring sensor apparatus, deter-
mine that the first person is associated with a first user
account based, at least in part, on the first sleep data or the
first extracted sensor data, and associate the first sleep data
with the first user account.

Embodiment 32

[0259] The sleeper identification system of embodiment
31, in which the first sleep data includes data indicating a
relative position of the first person relative to a second
person in a bed and the computer readable storage device
further includes instructions that, when executed by the one
or more processors, further cause the one or more processors
to determine that the first person is associated with the first
user account based on the relative position of the first person
relative to the second person in the bed.

Embodiment 33

[0260] The sleeper identification system of embodiment
31, in which the first sleep data includes pressure data from
one or more pressure sensors and the computer readable
storage device further includes instructions that, when
executed by the one or more processors, further cause the
one or more processors to: obtain information that indicates
that one or more user accounts have been previously asso-
ciated with one or both of the sleep monitoring system and
the sleep monitoring apparatus and identify the first user
account from the one or more user accounts based on a
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correlation between the pressure data in the first sleep data
and a physiological characteristic associated with the first
user account.

Embodiment 34

[0261] The sleeper identification system of embodiment
31, in which the first user account is associated with a first
wearable fitness tracker and the computer readable storage
device further includes instructions that, when executed by
the one or more processors, further cause the one or more
processors to: analyze first tracker data from the first wear-
able fitness tracker for a first time period; compare the first
tracker data for the first time period against the first sleep
data for the first time period; determine that there is a
correlation between the first tracker data for the first time
period and the first sleep data for the first time period; and
associate the first sleep data with the first user account based,
at least in part, on the correlation between the first tracker
data for the first time period and the first sleep data for the
first time period.

Embodiment 35

[0262] The sleeper identification system of embodiment
34, in which the computer readable storage device further
includes instructions that, when executed by the one or more
processors, further cause the one or more processors to
associate the first sleep data with the first user account for
one or more second time periods different from the first time
period based on the correlation between the first tracker data
for the first time period and the first sleep data for the first
time period and without determining that there is a corre-
lation between first tracker data for the one or more second
time periods and the first sleep data for the one or more
second time periods.

Embodiment 36

[0263] The sleeper identification system of embodiment
34, in which: the first tracker data for the first time period
includes motion data; the first sleep data for the first time
period includes motion data; and the correlation determina-
tion is based on a correlation between the motion data in the
first tracker data and the motion data in the first sleep data.

Embodiment 37

[0264] The sleeper identification system of any one of
embodiments 31 through 36, in which the sleeper identifi-
cation system is the sleep monitoring system of any one of
embodiments 14 through 30.

Embodiment 38

[0265] The sleeper identification system of any one of
embodiments 31 through 36, in which the sleeper identifi-
cation system is a device that is separate from the sleep
monitoring system.

Embodiment 39

[0266] The sleeper identification system of any one of
embodiments 31 through 36, in which the sleep monitoring
system is included in the sleeper identification system.
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Embodiment 40

[0267] The sleeper identification system of embodiment
39, in which the one or more computer readable storage
devices and the one or more processors of the sleep moni-
toring system and the one or more computer readable
storage devices and the one or more processors of the sleeper
identification system are the same.

Embodiment 41

[0268] A wake-up alarm system including: one or more
carriers configured to be placed above or under a bed
mattress having a thickness along a first axis, a width along
a second axis, and a length along a third axis, in which the
thickness is less than the width and the width is less than the
length and the first axis, the second axis, and the third axis
are all perpendicular to one another; a first alarm; a second
alarm; one or more processors; and a memory, where: the
first alarm and the second alarm are located in positions on
the one or more carriers that are spaced apart along an axis
parallel to the second axis by at least 40% of the width when
the one or more carriers are placed above or under the bed
mattress in an in-use configuration, the one or more proces-
sors is communicatively connected with the memory, the
first alarm, and the second alarm, and the memory stores
instructions that, when executed by the one or more proces-
sors, cause the one or more processors to: activate the first
alarm responsive to a first signal, and activate the second
alarm responsive to a second signal, where the first signal
and the second signal are independent signals.

Embodiment 42

[0269] The wake-up alarm system of embodiment 41, in
which the first alarm and the second alarm each include one
or more devices such as an eccentric rotating mass (ERM),
a linear resonant actuator (LRA), a haptic feedback device,
a piezoelectric speaker, a speaker, or combinations thereof.

Embodiment 43

[0270] The wake-up alarm system of embodiment 41, in
which the first alarm and the second alarm each include one
or more devices such as an eccentric rotating mass (ERM),
a linear resonant actuator (LRA), a haptic feedback device,
or combinations thereof.

Embodiment 44

[0271] The wake-up alarm system of embodiment 41, in
which the one or more carriers includes a first carrier that has
a width along the second axis, when placed above or under
the bed mattress in an in-use configuration, that is larger than
36 inches, and the first alarm and the second alarm are
spaced apart on the first carrier by at least 36 inches along
the second axis.

Embodiment 45

[0272] The wake-up alarm system of embodiment 44, in
which the first carrier, when placed above or under the bed
mattress in an in-use configuration, has: a first region located
within an outer 25% of the width of the bed mattress and a
second region located within an opposing outer 25% of the
width of the bed mattress, where the first alarm is located
within the first region and the second alarm is located within
the second region.
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Embodiment 46

[0273] The wake-up alarm system of embodiment 45, in
which the first carrier has, when placed above or under the
bed mattress in an in-use configuration, a third region
located within the middle 50% of the width of bed mattress,
and the first carrier is stiffer within at least a portion of the
third region than in at least some other portions of the first
carrier, thereby causing vibrations generated by the first
alarm or the second alarm, when activated, to be transmitted
from the first alarm or the second alarm, respectively,
towards the third region.

Embodiment 47

[0274] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleeper presence monitoring system,
and the memory further stores instructions for controlling
the one or more processors to: determine that a first wake
time associated with the first alarm has been met; obtain
information from the sleeper presence monitoring system
indicating whether or not a first person is located, within a
first time period associated with the first wake time, on a first
side of the mattress associated with the first alarm; and
generate the first signal, at least in part, responsive to
determining that the first wake time was met and the
information from the sleeper presence monitoring system
indicating that the first person was located, within the first
time period associated with the first wake time, on the first
side of the mattress.

Embodiment 48

[0275] The wake-up alarm system of embodiment 47, in
which the first wake time is pre-associated with the first side
of the mattress.

Embodiment 49

[0276] The wake-up alarm system of embodiment 47, in
which the first time period is a zero-length time period that
is substantially contemporaneous with the first wake time.

Embodiment 50

[0277] The wake-up alarm system of embodiment 47, in
which the one or more processors are further communica-
tively coupled with a first input device, and the memory
further stores instructions for controlling the one or more
processors to: receive a first snooze signal from the first
input device after the first signal is generated and before the
one or more processors cause the first alarm to deactivate;
cause the first alarm to deactivate responsive to receiving the
first snooze signal; determine when a first snooze time
interval associated with the first snooze signal has elapsed,
obtain further information from the sleeper presence moni-
toring system indicating whether or not the first person is
located, within a first snooze time period associated with the
first snooze time interval, on the first side of the mattress;
and cause the first alarm to reactivate responsive to the
determination that the first snooze time interval has elapsed
and the further information from the sleeper presence moni-
toring system indicating that the first person is located,
within the first snooze time period associated with the first
snooze time interval, on the first side of the mattress.
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Embodiment 51

[0278] The wake-up alarm system of embodiment 50, in
which the first signal is generated until the first alarm is
caused to deactivate and the instructions for controlling the
one or more processors to cause the first alarm to deactivate
cause the first signal to cease being generated.

Embodiment 52

[0279] The wake-up alarm system of embodiment 50, in
which the instructions for controlling the one or more
processors to cause the first alarm to deactivate cause a first
alarm stop signal to be generated.

Embodiment 53

[0280] The wake-up alarm system of embodiment 50, in
which the memory further stores instructions for controlling
the one or more processors to cause the first alarm to not
reactivate responsive to the determination that the first
snooze time interval has elapsed and the further information
from the sleeper presence monitoring system indicating that
the first person is not located, within the first snooze time
period associated with the first snooze time interval, on the
first side of the mattress.

Embodiment 54

[0281] The wake-up alarm system of embodiment 47, in
which the memory further stores instructions for controlling
the one or more processors to not generate the first signal
responsive to the information from the sleeper presence
monitoring system indicating that no person was located,
within the first time period associated with the first wake
time, on the first side of the mattress.

Embodiment 55

[0282] The wake-up alarm system of embodiment 54, in
which the memory further stores instructions for controlling
the one or more processors to: determine that a second wake
time associated with the second alarm has been met; obtain
information from the sleeper presence monitoring system
indicating whether a second person is located, within a
second time period associated with the second wake time, on
a second side of the mattress associated with the second
alarm; generate the second signal, at least in part, responsive
to determining that the second wake time was met and the
information from the sleeper presence monitoring system
indicating that the second person was located, within the
second time period associated with the second wake time, on
the second side of the mattress; and not generate the second
signal responsive to the information from the sleeper pres-
ence monitoring system indicating that no person was
located, within the second time period associated with the
second wake time, on the second side of the mattress.

Embodiment 56

[0283] The wake-up alarm system of embodiment 47, in
which the memory further stores instructions for controlling
the one or more processors to: determine that a second wake
time associated with the second alarm has been met; obtain
information from the sleeper presence monitoring system
indicating whether a second person is located, within a
second time period associated with the second wake time, on
a second side of the mattress associated with the second
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alarm; and generate the second signal, at least in part,
responsive to determining that the second wake time was
met and the information from the sleeper presence monitor-
ing system indicating that the second person was located,
within the second time period associated with the second
wake time, on the second side of the mattress.

Embodiment 57

[0284] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleeper identification engine, and the
memory further stores instructions for controlling the one or
more processors to: obtain information from the sleeper
identification engine identifying a first person located on a
side of the bed mattress associated with the first alarm,
determine a first wake time associated with the first person,
determine that the first wake time has been met, and generate
the first signal, at least in part, responsive to determining that
the first wake time was met.

Embodiment 58

[0285] The wake-up alarm system of embodiment 57, in
which the memory further stores instructions for controlling
the one or more processors to: obtain further information
from the sleeper identification engine indicating that the first
person is still located on the side of the bed mattress
associated with the first alarm within a first time period
associated with the first wake time and generate the first
signal, at least in part, responsive to determining that the first
wake time was met and the further information from the
sleeper identification engine indicating that the first person
was located on the side of the bed mattress associated with
the first alarm within the first time period.

Embodiment 59

[0286] The wake-up alarm system of embodiment 58, in
which the first time period is a zero-length time period that
is substantially contemporaneous with the first wake time.

Embodiment 60

[0287] The wake-up alarm system of embodiment 57, in
which the memory further stores instructions for controlling
the one or more processors to: obtain information from the
sleeper identification engine identifying a second person
located on a side of the bed mattress associated with the first
alarm, determine a second wake time associated with the
second person, determine that the second wake time has
been met, and generate the first signal, at least in part,
responsive to determining that the second wake time was
met.

Embodiment 61

[0288] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleeper identification engine, and the
memory further stores instructions for controlling the one or
more processors to: obtain information from the sleeper
identification engine indicating that a dog or a cat is located
on the bed mattress, and generate the first signal, at least in
part, responsive to obtaining the information from the
sleeper identification engine indicating that the dog or the
cat is located on the bed mattress.
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Embodiment 62

[0289] The wake-up alarm system of embodiment 61, in
which the memory further stores instructions for controlling
the one or more processors to determine that one or both of
a first person and a second person are not on the bed mattress
with the dog or the cat prior to generating the first signal.

Embodiment 63

[0290] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleep monitoring system configured to
identify sleep states for a first person, and the memory
further stores instructions for controlling the one or more
processors to: obtain information from the sleep monitoring
system regarding a sleep state of the first person located on
the bed mattress at a second time after generating the first
signal, determine that the sleep state of the first person at the
second time is an awake sleep state, and generate a second
signal responsive to determining that the sleep state of the
first person at the second time is an awake sleep state, where
the second signal is a signal that causes the first alarm to
deactivate.

Embodiment 64

[0291] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleep monitoring system configured to
identify sleep states for a first person located on the bed
mattress, and the memory further stores instructions for
controlling the one or more processors to: determine a first
wake time associated with the first person, determine that the
first wake time has been met, obtain information from the
sleep monitoring system regarding a sleep state of the first
person located on the bed mattress at a first time prior to the
first wake time, determine that the sleep state of the first
person at the first time is in a first proper subset of potential
sleep states measurable by the sleep monitoring system, and
generate, responsive to determining that the first wake time
was met and to determining that the sleep state of the first
person at the first time is in the first proper subset of potential
sleep states measurable by the sleep monitoring system, the
first signal at a second time, where the second time is later
than the first wake time.

Embodiment 65

[0292] The wake-up alarm system of embodiment 64, in
which the memory further stores instructions for controlling
the one or more processors to: obtain information from the
sleep monitoring system regarding the sleep state of the first
person at a third time that is after the first time and before
the second time, determine that the sleep state of the first
person at the third time is in a second proper subset of
potential sleep states measurable by the sleep monitoring
system, and generate the first signal, at least in part, at the
second time responsive to determining that the first wake
time was met and that the sleep state of the first person at the
third time was in the second proper subset of potential sleep
states measurable by the sleep monitoring system.

Embodiment 66

[0293] The wake-up alarm system of embodiment 64, in
which: the second time is offset from the first wake time by

Jun. 11, 2020

a predetermined time interval, and the memory further stores
instructions for controlling the one or more processors to:
obtain information from the sleep monitoring system regard-
ing the sleep state of the first person over the predetermined
time interval, determine that the sleep state of the first
person, over the predetermined time interval, remains within
the first proper subset of potential sleep states measurable by
the sleep monitoring system; and generate the first signal, at
least in part, at the second time in response to the sleep state
of the first person over the predetermined time interval
remaining within the first proper subset of potential sleep
states measurable by the sleep monitoring system.

Embodiment 67

[0294] The wake-up alarm system of embodiment 66, in
which the predetermined time interval is a user-specified
time interval.

Embodiment 68

[0295] The wake-up alarm system of embodiment 67, in
which the predetermined time interval is 10 minutes, 15
minutes, 20 minutes, or 30 minutes.

Embodiment 69

[0296] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleep monitoring system configured to
identify sleep states for a first person located on the bed
mattress, and the memory further stores instructions for
controlling the one or more processors to: determine a first
wake time associated with the first person; determine that
the first wake time has been met; obtain information from
the sleep monitoring system regarding one or more sleep
states of the first person starting at a first time prior to
generating the first signal, where the sleep states identifiable
by the sleep monitoring system include a first proper subset
of potential sleep states measurable by the sleep monitoring
system and a second proper subset of potential sleep states
measurable by the sleep monitoring system, where the first
proper subset and the second proper subset are different; a)
generate the first signal responsive to the first wake time
being met and the information from the sleep monitoring
system indicating that the first person is in a sleep state in the
second proper subset when the first wake time is met; b)
generate the first signal responsive to the first wake time
being met and the information from the sleep monitoring
system indicating that the first person has transitioned, after
the first wake time, from a sleep state in the first proper
subset to a sleep state in the second proper subset; and c)
generate the first signal responsive to a second time being
met and the information from the sleep monitoring system
indicating that the first person remained in one or more sleep
states in the first proper subset during a first predetermined
time interval and did not enter into a sleep state in the second
proper subset during the first predetermined time interval.

Embodiment 70

[0297] The wake-up alarm system of embodiment 69, in
which: the first signal in (c) causes the first alarm to activate
with a first intensity, the first signal in (a), (b), or (a) and (b)
causes the first alarm to activate with a second intensity, and
the first intensity is greater than the second intensity.
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Embodiment 71

[0298] The wake-up alarm system of embodiment 70, in
which: the first alarm includes a haptic element and a
sound-emitting element, the sound-emitting element is acti-
vated when the first alarm is activated at the first intensity
and is not activated when the first alarm is activated at the
second intensity, and the haptic element is activated when
the first alarm is activated at the second intensity.

Embodiment 72

[0299] The wake-up alarm system of embodiment 71, in
which the haptic element is also activated when the first
alarm is activated at the first intensity.

Embodiment 73

[0300] The wake-up alarm system of embodiment 69, in
which: the first proper subset includes a Random Eye
Movement (REM) sleep state and a deep sleep state, and the
second proper subset includes an awake sleep state and a
light sleep state.

Embodiment 74

[0301] The wake-up alarm system of embodiment 73, in
which the predetermined time interval is a user-specified
time interval.

Embodiment 75

[0302] The wake-up alarm system of embodiment 74, in
which the predetermined time interval is 10 minutes, 15
minutes, 20 minutes, or 30 minutes.

Embodiment 76

[0303] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleep monitoring system configured to
identify sleep states for a first person, and the memory
further stores instructions for controlling the one or more
processors to: determine a first wake time associated with
the first person; determine that the first wake time has been
met; obtain information from the sleep monitoring system
regarding a sleep state of the first person at a first time prior
to generating the first signal, where the sleep states identi-
fiable by the sleep monitoring system include a first proper
subset of potential sleep states measurable by the sleep
monitoring system and a second proper subset of potential
sleep states measurable by the sleep monitoring system, and
where the first proper subset and the second proper subset
are different; cause, responsive to determining that the first
wake time was met and to determining that the sleep state of
the first person at the first time is in the first proper subset
of potential sleep states measurable by the sleep monitoring
system, the first signal to be generated such that the first
alarm is activated at a first intensity; and cause, responsive
to determining that the first wake time was met and to
determining that the sleep state of the first person at the first
time is in the second proper subset of potential sleep states
measurable by the sleep monitoring system, the first signal
to be generated such that the first alarm is activated at a
second intensity, where the first intensity is greater than the
second intensity.
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Embodiment 77

[0304] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleep monitoring system configured to
characterize sleep behavior for a first person and a second
person, and the memory further stores instructions for con-
trolling the one or more processors to: determine that the
first person is restless during a first time interval; determine
that a sleep state of the second person is degraded during the
first time interval due to the restlessness of the first person;
and generate the first signal responsive to determining that
the sleep state of the second person is degraded during the
first time interval due to the restlessness of the first person,
where the first person is located closer to the first alarm than
the second person and the second person is located closer to
the second alarm than the first person.

Embodiment 78

[0305] The wake-up alarm system of embodiment 41, in
which the one or more processors are further communica-
tively coupled with a sleep monitoring system at least
including one or more microphones and configured to char-
acterize sleep behavior for a first person and a second
person, and the memory further stores instructions for con-
trolling the one or more processors to: determine, using the
one or more microphones, that the first person is generating
noise above a first threshold during a first time interval;
determine that a sleep state of the second person is below a
second threshold during the first time interval; and generate
the first signal responsive to determining that the sleep state
of the second person is below the second threshold during
the first time interval and that the first person is generating
noise above the first threshold during the first time interval,
where the first person is located closer to the first alarm than
the second person and the second person is located closer to
the second alarm than the first person.

Embodiment 79

[0306] The wake-up alarm system of embodiment 41, in
which: the first alarm includes one or more devices such as
an eccentric rotating mass (ERM), a linear resonant actuator
(LRA), or a haptic feedback device; the one or more
processors are further communicatively coupled with a sleep
monitoring system configured to identify sleep states for a
first person located on a side of the bed mattress associated
with the first alarm; and the memory further stores instruc-
tions for controlling the one or more processors to: generate
repeated first signals at a first frequency that is between 0.1
Hz to 0.5 Hz, obtain information from the sleep monitoring
system indicating that the first person has transitioned from
an awake sleep state to a non-awake sleep state, and stop
generating the first signals responsive to obtaining the
information from the sleep monitoring system indicating
that the first person has transitioned from the awake sleep
state to the non-awake sleep state.

Embodiment 80

[0307] The wake-up alarm system of embodiment 41, in
which the memory further stores instructions for controlling
the one or more processors to determine the first frequency
based on data indicative of a respiration rate of the first
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person measured by the sleep monitoring system while the
first person is asleep during one or more previous sleep
sessions.

Embodiment 81

[0308] A sleep monitoring system including: a distributed
area sensor of a type such as (a) a pneumatic sensor system
and/or (b) an optical fiber sensor system; one or more
processors; a computer readable storage device that includes
computer executable instructions that, when executed by the
one or more processors, cause the one or more processors to:
obtain sleep data from the distributed area sensor indicative
of movement of a person lying on the distributed area sensor.

Embodiment 82

[0309] Any of the above numbered embodiments that
reference one or more sensors, but including, in addition to
or in place of those one or more sensors, a (a) pneumatic
sensor system, (b) an optical fiber sensor system, or (¢) a
pheumatic sensor system and an optical fiber system.

What is claimed is:

1. A sleep monitoring system comprising;

a carrier configured to be placed above or under a bed
mattress and under or over one or more people lying on
the bed mattress or over or under a pillow, the carrier
having:

a) one or more sensors selected from the group con-
sisting of: a pneumatic sensor, an optical fiber sensor,
a force sensor, and a pressure sensor, and

b) an alarm mechanism configured to provide a stimu-
lus to a person lying on the mattress;
one or more processors; and
a computer readable storage device that includes com-
puter executable instructions that, when executed by
the one or more processors, cause the one or more
processors to:
obtain sensor data from the one or more sensors,
analyze the sensor data and extract first extracted
sensor data regarding a first person from the sensor
data and second extracted sensor data regarding a
second person from the sensor data,

identify a first component in the global sensor data
caused by motions of the first person,

reduce a contribution of the first component to the
second extracted sensor data;

obtain first sleep data for the first person from the first
extracted sensor data,

determine that the first person is associated with a first
user account based, at least in part, on the first
extracted sensor data,

associate the first sleep data with the first user account;
and

activate the alarm mechanism responsive to a first
signal.

2. A sleep monitoring system comprising;

one or more carriers configured to be placed above or
under a bed mattress and under or over one or more
people lying on the bed mattress;

one or more first sensors distributed across at least one of
the one or more carriers, the one or more first sensors
being of a first type of sensor;
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one or more second sensors distributed across at least one
of the one or more carriers, the one or more second
sensors being of a second type of sensor different from
the first type of sensor;

one or more processors; and

one or more computer readable storage devices that

include computer executable instructions that, when

executed by the one or more processors, cause the one

Or more processors to:

obtain global sensor data from the one or more first
sensors and the one or more second sensors, and

generate sleep data for a sleeper from the global sensor
data, the sleep data including data regarding one or
more physiological metrics of the sleeper.

3. The sleep monitoring system of claim 2, wherein at
least one of the one or more first sensors is positioned in a
stacked arrangement with at least one of the one or more
second sensors such that the at least one of the one or more
first sensors overlaps with the at least one of the one or more
second sensors when viewed from a direction nominally
perpendicular to a major surface of the one or more carriers.

4. The sleep monitoring system of claim 3, wherein the
one or more first sensors are selected from the group
consisting of load cells, capacitive force sensors, piezo-
electric pressure sensors, piezo-resistive pressure sensors,
pressure sensors sensitive to absolute pressure, pressure
sensors that are only sensitive to changes in pressure, motion
sensors, and temperature sensors.

5. The sleep monitoring system of claim 2, wherein the
one or more first sensors includes a plurality of first sensors,
the one or more second sensors includes a plurality of
second sensors, and the one or more computer readable
storage devices further include computer executable instruc-
tions that, when executed by the one or more processors,
further cause the one or more processors to:

analyze data in the global sensor data derived from the

one or more first sensors to identify a first location of
a first person and a second location of a second person,
extract first extracted sensor data from one or more of the
second sensors that are proximate to the first location,
extract second extracted sensor data from one or more of
the second sensors that are proximate to the second
location,

determine first sleep data for the first person from the first

extracted sensor data, and

determine second sleep data for the second person from

the second extracted sensor data.

6. The sleep monitoring system of claim 5. wherein the
plurality of first sensors are pressure sensors and the one or
more computer readable storage devices further include
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to identify the first location of the first person and
the second location of a second person by analyzing the data
from the first sensors to identify a first center of pressure and
a second center of pressure, the first center of pressure
associated with the first person and the second center of
pressure associated with the second person.

7. A sleep monitoring system comprising;

one or more processors; and

a computer readable storage device that includes com-

puter executable instructions that, when executed by
the one or more processors, cause the one or more
processors to:
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obtain global sensor data from a plurality of first
sensors that are spatially distributed across a bed,
analyze the global sensor data and extract first extracted
sensor data regarding a first person from the global
sensor data and second extracted sensor data regard-
ing a second person from the global sensor data,
identify a first component in the global sensor data
caused by motions of the first person, and
reduce a contribution of the first component to the
second extracted sensor data.
8. The sleep monitoring system of claim 7, wherein the
computer readable storage device further includes computer
executable instructions that, when executed by the one or
more processors, cause the one or more processors to extract
the first extracted sensor data regarding the first person and
the second extracted sensor data regarding the second person
from the global sensor data, identify the first component in
the global sensor data caused by motions of the first person,
and reduce the contribution of the first component to the
second extracted sensor data, at least in part, by performing
an independent component analysis (ICA) on the global
sensor data.
9. The sleep monitoring system of claim 7, wherein the
computer readable storage device further includes computer
executable instructions that, when executed by the one or
more processors, further cause the one or more processors to
determine sleep data for the second person based, at least in
part, on the second extracted sensor data, wherein the sleep
data includes one or more datasets representing sleep-related
metrics for a sleep session selected from the group consist-
ing of: total sleep time during the sleep session, time in bed,
total wake time while in bed, wake events after sleep onset,
sleep onset latency, exits from bed during the sleep session,
time spent in light sleep during the sleep session, time spent
in deep sleep during the sleep session, time spent in REM
sleep during the sleep session, degree of restlessness during
the sleep session, respiration rate during the sleep session,
average heart rate during the sleep session, resting heart rate
during the sleep session, and heart rate variability during the
sleep session.
10. The sleep monitoring system of claim 7, wherein the
first component is included in the first extracted sensor data
and the computer readable storage device further includes
computer executable instructions that, when executed by the
one or more processors, further cause the one or more
processors to:
determine that a second component of the second
extracted sensor data is correlated with, and has a lower
amplitude than, the first component of the first
extracted sensor data during a first time period; and

modify the second component of the second extracted
sensor data based on the determination that the first
component of the first extracted sensor data is corre-
lated with, and has a lower amplitude than, the second
component of the second extracted sensor data during
the first time period.

11. The sleep monitoring system of claim 7, wherein the
computer readable storage device further includes computer
readable instructions that, when executed by the one or more
processors, further cause the one or more processors to:
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determine, for the second person and for a plurality of first
time periods, what sleep stage the second person was in
during each time period based on the second extracted
sensor data.

12. A sleeper identification system comprising:

one or more processors; and

a computer readable storage device that includes com-
puter executable instructions that, when executed by
the one or more processors, cause the one or more
processors to:

obtain first sleep data for a first person from a sleep
monitoring system, wherein the first sleep data is based,
at least in part, on first extracted sensor data collected
from a sleep monitoring sensor apparatus,
determine that the first person is associated with a first

user account based, at least in part, on the first sleep
data or the first extracted sensor data, and
associate the first sleep data with the first user account.

13. A wake-up alarm system comprising:

one or more carriers configured to be placed above or
under a bed mattress having a thickness along a first
axis, a width along a second axis, and a length along a
third axis, wherein the thickness is less than the width
and the width is less than the length and the first axis,
the second axis, and the third axis are all perpendicular
to one another;

a first alarm;

a second alarm;

one or more processors; and

a memory, wherein:
the first alarm and the second alarm are located in

positions on the one or more carriers that are spaced
apart along an axis parallel to the second axis by at
least 40% of the width when the one or more carriers
are placed above or under the bed mattress in an
in-use configuration,
the one or more processors is communicatively con-
nected with the memory, the first alarm, and the
second alarm, and
the memory stores instructions that, when executed by
the one or more processors, cause the one or more
processors to:
activate the first alarm responsive to a first signal,
and
activate the second alarm responsive to a second
signal, wherein the first signal and the second
signal are independent signals.

14. A sleep monitoring system comprising:

a distributed area sensor of a type selected from the group
consisting of: (a) pneumatic sensor systems and (b)
optical fiber sensor systems;

One Or More Processors;

a computer readable storage device that includes com-
puter executable instructions that, when executed by
the one or more processors, cause the one or more
processors to:
obtain sleep data from the distributed area sensor

indicative of movement of a person lying on the
distributed area sensor.
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