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(57) ABSTRACT

Provided herein are systems and devices capable of detect-
ing an event, such as the fall of a human. The devices may
include a motion sensor, a heat sensor, and a vibration
sensor. The devices and systems also may include an alarm
and/or communication device configured to function when
the event occurs.
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FALL DETECTION DEVICES, SYSTEMS,
AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/576,219, filed Oct. 24, 2017,
which is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under contract numbers 1149344 and 1618358 awarded by
the National Science Foundation. The government has cer-
tain rights in the invention.

BACKGROUND

[0003] It is known that a significant percentage of falls,
especially among senior adults, cause serious injuries, such
as broken bones or head injuries. Currently, there are many
companies offering fall detection services. However, most, if
not all, commercial systems require the user to wear a
device, which can be inconvenient. Many attempts have
been made to detect falls with systems that do not include
wearable devices. These systems have included or relied on
depth cameras, sound detectors, radar and radio frequency
(RF) signals, floor vibration, etc. Each of these prototypes,
however, suffers from one or more limitations, including,
but not limited to, low accuracy in certain scenarios, high
cost, and/or a lack of security (i.e., privacy concerns).
[0004] A system was tested in the homes of senior adults,
which used a combination of Doppler radar, a Microsoft
KINECT® sensor, and a webcam for fall detection. The
results prompted further study of the use of the Microsoft
KINECT® sensor, but the system (i) was susceptible to
sudden light changes, and, therefore, had difficulty detecting
falls occurring at such moments, and (ii) was costlier and/or
less acceptable to users with security (e.g., privacy) con-
cerns.

[0005] There remains a need for devices and/or systems
that can detect falls accurately, are affordable, do not raise
substantial security (e.g., privacy) concerns, do not rely on
training data that may be difficult to obtain, including
high-quality training data, and/or do not include a wearable
component.

BRIEF SUMMARY

[0006] Provided herein are fall detection devices and
systems, which may address one or more of the foregoing
needs. For example, embodiments of the devices and sys-
tems provided herein do not require the human to wear any
component of the devices and systems. As a further
example, the devices and systems may achieve excellent
performance, by detecting falls accurately and eliminating
or significantly reducing false alarms. As yet another
example, the devices and systems provided herein may be
constructed with relatively inexpensive components.

[0007] Insome embodiments, the devices include a device
body having a base configured to be placed on a surface; a
vibration sensor configured to detect vibrations of the sur-
face; a motion sensor; a heat sensor; and a processing unit
configured to (i) receive one or more signals from each of
the motion sensor, the heat sensor, and the vibration sensor,
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and (ii) determine the occurrence of an event in view of the
one or more signals received from the motion sensor, the
heat sensor, and the vibration sensor; wherein the vibration
sensor, the heat sensor, the motion sensor, and the processing
unit are housed by the device body.

[0008] Insome embodiments, the devices include a device
body having a base configured for placement on a surface;
a vibration sensor configured to detect vibrations of the
surface; a motion sensor including a receiver configured to
received transmissions from one or more radio frequency
transmitters; a heat sensor including a thermal camera,
wherein the thermal camera comprises a plurality of pixels;
and a processing unit configured to (i) receive one or more
signals from each of the motion sensor, the heat sensor, and
the vibration sensor, and (ii) determine an occurrence of an
event based on the one or more signals received from the
motion sensor, the heat sensor, and the vibration sensor;
wherein the motion sensor, the heat sensor, the vibration
sensor, and the processing unit are housed by the device
body.

[0009] In another aspect, systems are provided. In some
embodiments, the systems include [1] a device, wherein the
device includes a device body having a base configured to be
placed on a surface; a vibration sensor configured to detect
vibrations of the surface; a motion sensor; a heat sensor; and
a processing unit configured to (i) receive one or more
signals from each of the motion sensor, the heat sensor, and
the vibration sensor, and (ii) determine the occurrence of an
event in view of the one or more signals received from the
motion sensor, the heat sensor, and the vibration sensor;
wherein the vibration sensor, the heat sensor, the motion
sensor, and the processing unit are housed by the device
body; and [2] one or more transmitters. The one or more
transmitters may include one or more radio frequency trans-
mitters.

[0010] In another aspect, methods for determining the
occurrence of a fall of a human are provided. In some
embodiments, the methods include providing a system as
described herein; detecting a motion-to-stationary transition
of the human with the motion sensor; estimating a distance
of the human from the heat sensor by determining a fraction
of the plurality of pixels that detect a body temperature of
the human; determining whether the human is standing after
the motion-to-stationary transition based on a signal from
the heat sensor; and declaring the occurrence of the fall
if—[1] (i) the human is not standing after the motion-to-
stationary transition, and (ii) a signal from the vibration
sensor is greater than a threshold value based on the distance
of the human from the heat sensor; or [2] (i) the signal from
the heat sensor indicates that the human is standing after the
motion-to-stationary transition, (ii) no movement is detected
by the system for at least 10 seconds after the motion-to-
stationary transition, and (iii) a signal from the vibration
sensor is greater than a threshold value based on the distance
of the human from the heat sensor.

[0011] In some embodiments, the methods include pro-
viding a system as provided herein; detecting a motion-to-
stationary transition with the motion sensor; estimating a
distance of the human from the heat sensor by comparing a
first signal and a second signal received by the processing
unit from the heat sensor before and after the motion-to-
stationary transition, respectively; determining whether the
second signal indicates that the human is standing after the
motion-to-stationary transition; and declaring the occur-
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rence of the fall if (i) the human is not standing, and (ii) a
third signal from the vibration sensor is greater than a
threshold value based on the distance of the human from the
heat sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 depicts an embodiment of a system
described herein.

[0013] FIG. 2A depicts a possible pulse “burst” of an
embodiment of an RF transmitter.

[0014] FIG. 2B depicts the possible pulse “bursts” of
embodiments of two RF transmitters.

[0015] FIG. 3 depicts the amplitude of signals detected
from embodiments of two RF transmitters during a human
movement.

[0016] FIG. 4 depicts the output of an embodiment of a
system before, during, and after the dropping of a ten pound
weight and a fall of a human.

[0017] FIG. 5 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0018] FIG. 6 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0019] FIG. 7 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0020] FIG. 8 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0021] FIG. 9 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0022] FIG. 10 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0023] FIG. 11 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0024] FIG. 12 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0025] FIG. 13 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0026] FIG. 14 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0027] FIG. 15 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0028] FIG. 16 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0029] FIG. 17 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0030] FIG. 18 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0031] FIG. 19 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.
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[0032] FIG. 20 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0033] FIG. 21 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0034] FIG. 22 depicts the output of an embodiment of a
system, including the output before, during, and after a fall
of a human.

[0035] FIG. 23 depicts the calibration performance of an
embodiment of a system, including the output before, and
after a fall of a human.

[0036] FIG. 24 depicts the calibration performance of an
embodiment of a system, including the output before, and
after a fall of a human.

[0037] FIG. 25 depicts the calibration performance of an
embodiment of a system, including the output before, and
after a fall of a human.

[0038] FIG. 26 depicts the calibration performance of an
embodiment of a system, including the output before, and
after a fall of a human.

DETAILED DESCRIPTION

[0039] Embodiments of the devices and systems herein
can achieve high performance by processing signals from
different types of sensors, which can complement each other
and enable simple, yet robust, rules to detect the occurrence
of falls.

[0040] In some embodiments, the devices herein do not
depend on any training data, including training data that is
obtained through humans falling in different manners.
Instead, the devices may follow logic based on the well-
understood characteristics of falls, such as a motion-to-
stationary transition and floor vibration, which should be
observed for most, if not all, falls. This is in contrast with
other fall detection devices and algorithms, which typically
use machine learning techniques to classify the activities.

Devices

[0041] In one aspect, devices are provided. In some
embodiments, the devices include a device body, a vibration
sensor, a motion sensor, a heat sensor, and a processing unit.
The device body may be configured to house one or more of
the vibration sensor, the motion sensor, the heat sensor, and
the processing unit.

[0042] Not wishing to be bound by any particular theory,
it is believed that the inclusion of three different types of
sensors can permit better performance and/or correct esti-
mations. For example, one feature of a fall observed by a
motion sensor may be a motion period followed by a
stationary period, corresponding to the action during the fall
and the inactivity after the fall. However, very similar
motions can occur during many other events, such as a sit
event. Due to the inclusion of a vibration sensor in embodi-
ments of the devices herein, however, fall and sit events can
be distinguished, because the latter does not produce the
same level of floor vibration as the former.

[0043] In some embodiments, the device body houses the
vibration sensor, the motion sensor, the heat sensor, and the
processing unit. A device body “houses” a component, when
a component is (i) arranged in the device body, (ii) arranged
on the device body, or (iii) connected to the device body
(e.g., by a cable, a support, etc.).
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[0044] The device body, in some embodiments, includes a
base configured to be placed on a surface. The surface may
be a floor, including a carpeted floor, a hard wood floor, atile
floor, a linoleum floor, etc. The base of the device body may
include one or more portions that contact the surface, and
permit the device to retain a desired position while in use,
including, but not limited to, an upright position.

[0045] The device body generally may have any dimen-
sions. In some embodiments, the device body has dimen-
sions that permit one or more of the components housed by
the device body to be positioned at a desirable location,
spaced a desirable distance from one or more of the other
components, or a combination thereof.

[0046] The device body may be made of any material,
including, but not limited to, a plastic, a metal, a ceramic, or
a combination thereof.

Vibration Sensors

[0047] The devices herein may include a vibration sensor.
In some embodiments, a vibration sensor is housed by a
device body. In some embodiments, a vibration sensor is
configured to measure the vibrations of a surface, including
the surface on which a base of a device body is configured
to be placed.

[0048] In some embodiments, the vibration sensor
includes a seismograph. The vibration sensor may be con-
figured to report a vibration reading at a desired time
increment. For example, the vibration sensor may be con-
figured to report a vibration reading every 20 ms. Other time
increments, however, are envisioned. In some embodiments,
the time increment is about 5 ms to about 100 ms, about 10
ms to about 50 ms, about 10 ms to about 40 ms, or about 10
ms to about 30 ms.

Motion Sensors

[0049] The devices provided herein may include a motion
sensor. In some embodiments, the motion sensor includes a
receiver configured to receive transmissions from one or
more radio frequency transmitters.

[0050] In some embodiments, the motion signal(s)
detected by a motion sensor is based on the changes of an
electromagnetic field caused by one or more movements,
including human movements. The motion signal may be
collected by a radio frequency receiver of a motion sensor.
The motion sensor may monitor the radio frequency signal
(s) emitted by one or more transmitters, including small
ultra-low power radio frequency transmitters, which may be
referred to herein as “tags.”

Heat Sensors

[0051] The devices provided herein may include a heat
sensor. In some embodiments, the heat sensor includes a
thermal camera. The heat sensor, such as the thermal cam-
era, may include a plurality of pixels. As used herein, the
phrase “plurality of pixels” may refer to an array of more
than two pixels.

[0052] The heat sensors may be configured to estimate a
distance of a human from the heat sensors by determining
the fraction of the plurality of pixels that detect a body
temperature. As used herein, the phrase “body temperature”
refers to the body temperature of a human, which typically
is about 37° C., but may be about 35° C. to about 39° C.
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[0053] The heat sensors may be able to determine whether
a human is standing before and/or after a motion-to-station-
ary event. For example, a signal from a heat sensor may
indicate that at least a fraction of its plurality of pixels
detects a body temperature prior to a motion-to-stationary
event, and, after the motion-to-stationary event, the signal
from the heat sensor may indicate that the fraction of its
plurality of pixels that detects a body temperature has
decreased or that none of the pixels detects a body tempera-
ture, thereby indicating that the human is no longer standing.

[0054] In some embodiments, the heat sensor includes a
thermal camera, and the thermal camera includes 40 pixels
to 80 pixels. In some embodiments, the heat sensor includes
a thermal camera, and the thermal camera includes 64
pixels. The pixels of the heat sensor may have any spanning
angle. In some embodiments, each pixel has a spanning
angle of about 7.5 degrees.

[0055] In some embodiments, the heat sensor may be
housed by a device in a manner that ensures that the heat
sensor and the surface are spaced a desirable distance apart.
In some embodiments, the distance between the heat sensor
and the surface is about 0.5 meters. In some embodiments,
the distance between the heat sensor and the surface is at
least 0.5 meters.

[0056] When the heat sensor includes a thermal camera,
the thermal camera, in some embodiments, may be pointed
upward relative to the device at an angle of about 40 degrees
to about 70 degrees relative to the surface on which a device
is placed. In some embodiments, the heat sensor pointed
upwards at an angle of about 60 degrees relative to the
surface on which a device is placed.

Processing Unit

[0057] The devices provided herein may include a pro-
cessing unit. The processing unit, in some embodiments, is
configured to (i) receive one or more signals from each of
the motion sensor, the heat sensor, and the vibration sensor,
and (ii) determine the occurrence of an event in view of the
signals received from the motion sensor, the heat sensor, and
the vibration sensor.

[0058] In some embodiments, the event for which the
occurrence is determined is a fall of a human. The devices
and systems herein, however, may be configured to deter-
mine the occurrence of one or more other events.

Accessories

[0059] In some embodiments, the devices provided herein
also include an alarm configured to emit a sound when the
processing unit determines the occurrence of the event. For
example, if a device determines that a human has fallen, then
an alarm may emit a sound to alert another person that a fall
has occurred.

[0060] In some embodiments, the devices provided herein
also include a communication device configured to commu-
nicate the occurrence of the event. For example, if a device
determines that a human has fallen, then the device may
communicate to another person (e.g., a family member,
neighbor, emergency operator, etc.) via any communication
device (e.g., phone, intercom, pager, etc.) that a fall has
occurred.
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Systems

[0061] In one aspect, systems are provided. The systems
generally may include any one or more of the devices herein,
and one or more transmitters. The one or more transmitters
may include radio frequency transmitters.

[0062] Insomeembodiments, the one or more transmitters
are radio frequency transmitters, and the radio frequency
transmitters are wireless ultra-low power radio frequency
transmitters. In some embodiments, the system includes one
radio frequency transmitter. In some embodiments, the sys-
tem includes two radio frequency transmitters.

[0063] The one or more radio frequency transmitters may
be configured to transmit signals with a pulse interval
modulation.

[0064] The one or more transmitters, in some embodi-
ments, are placed at least about 1 meter above the surface on
which a device is placed. For example, the one or more
transmitters may be hung on a wall at a position that is at
least about 1 meter above the surface on which a device is
placed.

[0065] Insomeembodiments, the one or more transmitters
transmit a signal to the motion sensor at a certain time
increment. In some embodiments, the one or more trans-
mitters transmit a signal to a motion sensor, on average,
every 200 ms, with a random time offset to avoid consis-
tently “colliding” with another transmitters. The transmit-
ters, in some embodiments, transmit a burst of 10 pulses,
wherein each pulse is about 40 ps.

Methods

[0066] Also provided herein are methods for detecting an
occurrence of a fall of a human.

[0067] In some embodiments, the methods include pro-
viding a system as described herein; detecting a motion-to-
stationary transition of the human with the motion sensor;
estimating a distance of the human from the heat sensor by
determining a fraction of the plurality of pixels that detect a
body temperature of the human; determining whether the
human is standing after the motion-to-stationary transition
based on a signal from the heat sensor; and declaring the
occurrence of the fall if—[1] (i) the human is not standing
after the motion-to-stationary transition, and (ii) a signal
from the vibration sensor is greater than a threshold value
based on the distance of the human from the heat sensor; or
[2] (i) the signal from the heat sensor indicates that the
human is standing after the motion-to-stationary transition,
(i) no movement is detected by the system for at least 10
seconds after the motion-to-stationary transition, and (iii) a
signal from the vibration sensor is greater than a threshold
value based on the distance of the human from the heat
sensot.

[0068] Insome embodiments, the methods include declar-
ing the occurrence of the fall if—[1] (i) the human is not
standing after the motion-to-stationary transition, and (ii) a
signal from the vibration sensor is greater than a threshold
value based on the distance of the human from the heat
sensor; or [2] (i) the signal from the heat sensor indicates
that the human is standing after the motion-to-stationary
transition, (ii) no movement is detected by the system for
about 10 seconds to about 120 seconds after the motion-to-
stationary transition, and (iii) a signal from the vibration
sensor is greater than a threshold value based on the distance
of the human from the heat sensor.
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[0069] Insome embodiments, the methods include declar-
ing the occurrence of the fall if—[1] (i) the human is not
standing after the motion-to-stationary transition, and (ii) a
signal from the vibration sensor is greater than a threshold
value based on the distance of the human from the heat
sensor; or [2] (i) the signal from the heat sensor indicates
that the human is standing after the motion-to-stationary
transition, (ii) no movement is detected by the system for
about 20 seconds to about 40 seconds after the motion-to-
stationary transition, and (iii) a signal from the vibration
sensor is greater than a threshold value based on the distance
of the human from the heat sensor.

[0070] Insome embodiments, the methods include declar-
ing the occurrence of the fall if—[1] (i) the human is not
standing after the motion-to-stationary transition, and (ii) a
signal from the vibration sensor is greater than a threshold
value based on the distance of the human from the heat
sensor; or [2] (i) the signal from the heat sensor indicates
that the human is standing after the motion-to-stationary
transition, (ii) no movement is detected by the system for
about 30 seconds after the motion-to-stationary transition,
and (iii) a signal from the vibration sensor is greater than a
threshold value based on the distance of the human from the
heat sensor.

[0071] In some embodiments, the methods include pro-
viding any of the systems provided herein; detecting a
motion-to-stationary transition of a human with the motion
sensor; estimating a distance of the human from the heat
sensor by comparing a first signal and a second signal
received by the processing unit from the heat sensor before
and after the motion-to-stationary transition, respectively;
determining whether the second signal indicates that the
human is standing after the motion-to-stationary transition;
and declaring the occurrence of the fall if (i) the human is not
standing, and (i1) a third signal from the vibration sensor is
greater than a threshold value based on the distance of the
human from the heat sensor. In some embodiments, the
threshold value increases as the estimated value of the
distance of the human from the heat sensor decreases.

[0072] The declaring of the occurrence of the fall may
include sounding an alarm, communicating the occurrence
via a communication device, or a combination thereof.

[0073] The present invention is further illustrated by the
following examples, which are not to be construed in any
way as imposing limitations upon the scope thereof. On the
contrary, it is to be clearly understood that resort may be had
to various other aspects, embodiments, modifications, and
equivalents thereof which, after reading the description
herein, may suggest themselves to one of ordinary skill in
the art without departing from the spirit of the present
invention or the scope of the appended claims. Thus, other
aspects of this invention will be apparent to those skilled in
the art from consideration of the specification and practice of
the invention disclosed herein.

EXAMPLES

[0074] In the following examples, embodiments of the
devices and systems provided herein were evaluated in
realistic environments including a living room and a bath-
room. The evaluations performed in the following examples
included [1] False Negative tests, [2] False Positive daily use
tests, and [3] False Positive stress tests.
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[0075] For the False Negative tests, a human test subject
fell in different manners in different rooms to determine if an
embodiment of the device could correctly detect the falls of
the human test subject.

[0076] For the False Positive daily use tests, the system
was run for 24 hours in a room with a human conducting
normal activities to determine if the embodiment of the
system incorrectly detected a fall of the human.

[0077] For the False Positive stress tests, a selected set of
activities other than falls was repeated to determine whether
an embodiment of a device could correctly determine that
the selected set of activities did not include a fall.

[0078] As explained in the following examples, the
embodiment of the system tested caused no false negatives
or false positives in the “daily use test”, and in the false
positive stress test only two non-fall activities were detected.
The two non-fall activities, however, were activities that are
unlikely to be performed by humans of advanced age.

Example 1—Device and System

[0079] In this example, one device was placed in a room
having a size of about 16 square meters. More than one
device may be used in a room, especially rooms larger than
16 square meters. The device of this example collected three
types of signals: the motion signal, the heat signal, and the
floor vibration signal.

[0080] FIG. 1 depicts the embodiment of the system 100
tested in this example. The system 100 included a device 110
arranged on the floor 135 of a room. The device 110 included
an RF receiver 120, which monitored the RF signals emitted
by two RF transmitters 125 hanging on a wall of the room.
The device 110 also included a heat sensor 140, and a
vibration sensor 130. The vibration sensor 130 was config-
ured to detect vibrations of the floor 135 of the room.
[0081] The motion signal was based on the changes of an
electromagnetic field caused by one or more human move-
ments. The motion signal of this example was collected by
an RF receiver inside the device, which monitored the RF
signal emitted by two small ultra-low power RF transmit-
ters, called tags, placed in the same room. It should be noted,
however, that other numbers of tags may be used in other
systems (e.g., one tag, or three or more tags).

[0082] The heat sensor and the vibration sensor were part
of the device of this example. To avoid or minimize incorrect
readings of the heat sensor, the device was placed as far as
possible from any heat source in the room. Examples of heat
sources can include stoves, heaters, air conditioners, etc.,
and, in this example, there were no obstructions that might
block the heat sensor. In other words, there were no possible
obstructions within 1 meter of the heat sensor.

[0083] In this example, the device was placed on the floor
of the room to detect the floor vibration. The device included
a processing unit, which was a Raspberry Pi, and other
circuits.

[0084] Motion Detection Module:

[0085] The MD module was based on an RF signal. In this
example, it included a receiver and two transmitters called
tags operating in the 433 MHz band.

[0086] The receiver of this example was implemented
with inexpensive low bandwidth software defined radios,
and the tags were implemented with programmable wireless
modules.

[0087] The tags of this example periodically transmitted
their 1Ds, and the receiver demodulated the RF signal and
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considered whether there was motion when the fluctuation
of the wireless channel was above a particular level, and
otherwise stationary.

[0088] Implementation of MD Module:

[0089] Effort was made to extend the battery life of the
tags, because, in practice, it may be desirable to place at least
one of the tags at a location with no power outlets, such as
a shower room, or no easily accessible power outlets.
[0090] Therefore, an ultra-low power design based on
pulse interval modulation was adopted for the tags of this
example. Similar tags have been used in some active RFIDs,
and the RFIDs lasted for 2-3 years on a single coin cell
battery while transmitting the ID every 2 seconds.

[0091] In this example, the tags transmitted their 1D, on
average, every 200 ms, with some random time offset to
avoid consistently interfering with another tag. The tags
basically transmitted a burst of 10 pulses, wherein each
pulse was very short (40 us). The tag identity information
was represented by the intervals between the pulses, which
was the signature of each tag. The signatures were unique to
each tag, and were based on preselected pseudo random
numbers, ranging from about 1.5 ms to about 2.5 ms.
[0092] FIG. 2A depicts an embodiment of a burst from one
tag of this example. During pulse interval modulation, the
tag was idle for most of the time, except when the tag needed
to transmit its pulses, which was less than 0.2% of the time
with the design of this example.

[0093] Since there were two tags in the room of this
example, the receiver adopted an algorithm to separate the
signals from the tags, which could also tolerate some low
level of collision. A “collision” occurred when the pluses
from two tags overlapped in time.

[0094] For example, FIG. 2B depicts the bursts from two
tags of this example. In the current example, as the number
of tags in the system was not large and the tag signatures
were known to the receiver, a simple algorithm was used.
The receiver scanned for pulses, and if it detected a first
pulse, the pulse was assumed to be the first pulse of the burst
of a tag. The tag was identified only if a matching condition
was found, i.e., at least 9 pulses were found at the time the
tag was supposed to send pulses according to its signature.
The algorithm performed a linear scan on all tags, and
outputted any tag that had the matching condition. A further
check was adopted based on a particular aspect of the tag
signature used in the current example. Basically, the first and
the last pulse of a burst was separated by a constant time;
therefore, a pulse could be the first pulse of a burst only if
there also existed a pulse at the time of the last pulse of the
burst. This check reduced the number of scans significantly.

[0095] Extracting the Wireless Channel Condition:

[0096] With pulse interval modulation, the condition of
the wireless channel from a tag to a receiver of this example
could be easily learned from the amplitude of the pulses. It
was found that the measured amplitude was stationary when
there was no human movement, however, with human
movement, which changed the electromagnetic field, the
measured amplitude showed significant variations.

[0097] Therefore, the device of this example used the
amplitude of the pulses as the decision variable to estimate
whether or not the human test subject was moving. An
example is depicted at FIG. 3, in which the amplitude of 2
tags are shown. The human was stationary up to 10 seconds,
and started moving afterwards; correspondingly, the tags’
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signals were stationary in the first 10 seconds and started to
fluctuate in various ways afterwards.

[0098] To produce a decision regarding whether the
human was stationary or moving, the device calculated the
standard deviation of the pulse amplitudes, and determined
that a human movement had occurred if the standard devia-
tion was more than 3 times the standard deviation of the
signal when the human was not present. As a receiver may
receive the signal from multiple tags, the tag with the largest
fluctuation was used. This was because the purpose of the
MD module was to detect any motion, and a motion existed
if fluctuation could be detected in any channel.

[0099] It should be noted that the device of this example
did not attempt to interpret the change of the wireless
channel, i.e., to guess the type of activities that led to certain
patterns of the observed signal. Instead, the device of this
example used the existence or absence of the fluctuation of
the signal to determine whether the human was moving or
stationary, which was a simpler question and, therefore,
could be answered with much higher accuracy.

[0100] The RF-base motion detection was more sensitive
to movements near the tag or the receiver. After a fall near
the tag or the receiver, the human test subject made some
small movements. The tags of this example, however, were
mounted at a certain height above the floor, and therefore
were a certain distance away from the human after the falls
because the human was on the floor. Further testing was
conducted to uncover the response of the system to small
human movements at 25 ¢cm from the receiver, and this
testing showed that micro movements made by a human
after a fall did not affect the receiver enough to falsely
classify the human as in motion. It was also discovered that
human movement in other rooms did not cause significant
changes to the signal, at least in part because the fluctuation
was too small to cause any error.

[0101] Heat Sensing (HS) Module:

[0102] The Heat Sensing (HS) module was used by the
device of this example to help determine whether or not the
human was standing, and to estimate the distance of the
human to the device. One or both of these determinations
plaved a role in deciding which vibration threshold values
could be used.

[0103] The HS module of this example was implemented
with an Adafruit AMG8833 IR Thermal Camera due, at least
in part, to its low cost. The thermal camera had 64 pixels,
each having a spanning angle of about 7.5 degrees.

[0104] With correctly oriented upward viewing angles, the
heat sensor of this example did not detect the human if the
human was on the floor. The distance between the heat
sensor and a human could be estimated, because the closer
a human was to the heat sensor, the number of pixels
reported high values increased.

[0105] This feature was demonstrated by heat maps cor-
responding to different distances between the heat sensor of
this example and a human. A simple algorithm was adopted
for estimating the distance. The algorithm first classified the
pixels as high or low by comparing the reading to a
preselected threshold, then the algorithm used the fraction of
high pixels as the decision variable to determine the dis-
tance. In other words, the threshold was determined by data
collected during the calibration time, during which no
human was supposed to be near the sensor. For each pixel,
the mean plus 4 times the standard deviation in the calibra-
tion data was used as the threshold. Based on the empirical
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data of this example, when the fraction of high pixels over
the total number of pixels was at least 0.03, 0.25, or 0.5, the
estimated results were within the room, 1 meter, or half
meter. respectively. In other words, a human was “within the
room” or 1 meter of a half a meter from the heat sensor.
[0106] The heat sensor was also used to determine
whether a person was standing, by checking the existence of
high pixels in the upper part of the sensor, based on the logic
that a fallen or sitting human on the floor should not be
detected in the upper part of the view, especially when the
heat sensor was oriented in an upward direction as it was in
this example.

[0107] Specifically, if the last known location of the
human was within 0.5 m of the sensor, the top 50% of the
view was used; for all other distances. the top 75% was used.
The person was considered not standing if the fraction of
high pixels in the considered area was less than 0.03.
Sometimes, due to noise, the heat sensor detected some high
pixels in its top portion, even when the human was not in the
view, leading it to falsely detect a human. To overcome this,
a metric based on the average distance between the high
pixels was used in this example, as the distance between
individual high pixels, in case of noise, was random,
whereas for a human, they would have been closely packed,
thereby resulting in a smaller value. A relatively loose
threshold was selected for this example to eliminate the
possibility that a fallen person was considered standing.
[0108] It should be noted that the foregoing algorithm
could also address cases in which a heat source is present in
the environment. Heat sources, such as a fireplace or a cup
containing hot water or other beverage, when present in the
surrounding environment, may be detected by one or more
pixels of a heat sensor, and those one or more pixels may be
confused with those detecting a body temperature. During
the testing described herein, it was found that relatively
smaller heat sources, such as a cup of hot water or other
beverage, when place at distances farther than 1 m from a
device, were significantly smaller than the typical areas
mapped to a single pixel, and, therefore, usually did not
register a temperature significantly higher than ambient
room temperature.

[0109] When placed near a heat sensor, relatively larger
heat sources, such as a fireplace or a large pot of a hot liquid,
typically had outer edges having a lower temperature than
their middle portions, and, therefore, sometimes were
detected as “human pixels”. When placed farther away from
a device, however, the decay in infrared signal strength
caused the sensor to register a temperature that was lower
than the actual temperature of the heat source, but were still
sometimes classified as “human pixels.”

[0110] To overcome this, an algorithm was devised to
remove non-human heat source pixels before running the
distance and standing estimation modules, based on the fact
that most heat sources resulted in “hot pixels”, i.e., pixels
detecting temperatures that exceed a human’s body tem-
perature. The algorithm first checked if any pixel exceeded
an upper human body temperature threshold. If such pixels
were found, then the algorithm discarded them, as well as
any adjacent pixels, which may also have been affected by
the heat source. The higher the temperature reading, the
more adjacent pixels were removed. In one implementation,
if a pixel had a reading of more than 40, then pixels with a
distance of 3 or less were removed; otherwise, pixels with a
distance of 2 were removed. After some pixels were
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removed, the bottom row of pixels typically needed to detect
whether a human was standing were redefined as the lowest
pixel that was not removed in each column of an inspected
area. If more than 50% of the pixels were estimated to detect
a non-human heat source, the heat sensor data could be
ignored, and such a situation was treated, at least in some
instances, the same as when the human was not in view of
the heat sensor.

[0111] The preselected values used for the human body
temperature threshold were also calibrated by the system. To
establish the lower threshold, a clustering algorithm was
used to cluster the sensor readings into two clusters. The
cluster with the lower values was assumed to be the ambient
temperature, and the lower threshold was the mean tempera-
ture of this cluster plus 8 times the standard deviation of all
temperature readings in this cluster. The upper threshold was
calibrated only once per sensor, by recording the maximum
temperature reported by the heat sensor pixels when the
human was standing close to the sensor and remained
constant thereafter. Although the human body temperature
detected by a heat sensor may be lower if the human wears
multiple layers of clothing, this usually occurs only in colder
temperatures when the overall ambient temperature of the
room is lower, so it should still be higher than the lower
threshold. The heat sensor was calibrated at regular intervals
as long as no movement was detected in the room, i.e., the
human was present in the room, but not mobile.

[0112] Floor Vibration Detection (FVD) Module:

[0113] The Floor Vibration Detection (FVD) module of
this example reported the vibration of the floor.

[0114] This detection was an important part of the device
of this example, because most, if not all falls, including the
tested falls, should introduce a certain level of vibration to
the floor. The FVD module of this example was imple-
mented with RaspberryShake, a seismograph device for
Raspberry Pi, which constantly reported a vibration reading
every 20 ms. The vibration reading reflected the amount of
vibration detected by the sensor.

[0115] Typically, the maximum observed vibration read-
ing reflected the intensity of the vibration, and was therefore
used by the device of this example as the decision variable.
The vibration reading was compared with certain threshold
values to help determine if a fall had occurred.

[0116] Even when the same human or the same object falls
in the same manner, many factors could impact, and possibly
change, the reading, including the distance of the human or
object to the sensor, the floor type (i.e., concrete or wood),
etc. Therefore, the threshold values were learned in this
example. The learning was achieved by a simple process.
[0117] During installation of the system, simulated falling
events were created in the room at a number of calibration
locations to record the signal amplitude to determine the
threshold value, i.e., the vibration amplitude was recorded
for falls at 0.5 m, 1 m, and 3 m away from the device. For
example, the vibration threshold was 32821, 18867, and
14882, in the living room test in the examples herein.

Example 2—Device Output

[0118] In this example, one person walked into the room
that included the device of Example 1, dropped a 10 pound
object about 1 meter from the device, walked away, and then
fell on the floor about 2 meters from the device.

[0119] The responses of the sensors of the device to these
events are depicted at FIG. 4.
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[0120] As depicted in the motion sensor reading of FIG. 4,
the fall resulted in some changes to the signal, and the
changes were followed by a relatively stationary period. The
relatively stationary period was believed to result from the
fact that the fall action changed the electromagnetic field,
thereby resulting in changed signals. After the fall, when the
human was on the floor, stationary signals were observed.

[0121] Therefore, a changing signal followed by a station-
ary period, currently set as 5 seconds, was referred to as the
motion-to-stationary transition in this example. Such a tran-
sition may also occur as a result of other activities, such as
a human leaving the room of Example 1.

[0122] As depicted at FIG. 4, the heat sensor outputted
low readings after the human fell, likely because the human
was lying on the floor and out of the view of the top half of
the heat sensor. The heat sensor reading also was higher
when the human was closer to the sensor. Therefore, the heat
sensor output was used to estimate the distance between the
human and the device.

[0123] In the vibration sensor reading of FIG. 4, the
amplitude of the fall was much larger than the amplitude
caused by the walking steps of the human and the object
drop, even when the object was dropped at distances rela-
tively closer to the device.

Example 3—Fall Detection Algorithm

[0124] In this example, two fall detection algorithms were
designed for use with the system of Example 1.

[0125] First Algorithm:

[0126] The first algorithm of this example may be parsed
as follows:

Algorithm 1 MultiSense Fall Detection Algorithm

1: if the motion sensor detects a motion-to-stationary
transition then
2: if the vibration reading is larger than a threshold based
on the estimated distance then
3: if the heat sensor does not detect the human to be
standing after the transition then
4: Declare a Fall
B else
6: Declare Fall if no movement is detected by the
motion sensor in the next 30 seconds
7: end if
8: end if
9: end if
[0127] The first detection algorithm of this example con-

stantly checked the motion sensor for the motion-to-station-
ary transition, a feature of falls. Once such a transition was
detected, the algorithm estimated the distance of the human
to the device with the heat sensor data. Currently, the
possible distances were: within 0.5 m, within 1 m, in the
room, or not in the view.

[0128] The distance was used to select a threshold for the
vibration data; higher thresholds were used for smaller
distances. If the vibration reading was higher than the
selected threshold and the heat sensor did not detect the
human after the transition, the algorithm declared a fall.
Otherwise, if the heat sensor still detected a standing human
after the transition, the algorithm waited for 30 seconds, and
still declared a fall is no movement was detected in the 30
seconds. This was because if it was an actual fall, the heat
sensor likely detected some heat source and not an actual
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human. However, after the fall, the human would likely have
been stationary and therefore the algorithm could still detect
the fall. If it was not a fall but some activity such as jumping
or stomping, it was extremely unlikely that the human
remained stationary for 30 seconds.

[0129] Second Algorithm:

[0130] The second algorithm of this example may be
parsed as follows:

Algorithm 2 Fall Detection Algorithm

1: If the moticn sensor detects a motion-to-stationary
transition then

2: query the heat sensor to obtain the distance
estimator € before the transition

3: if the heat sensor does not detect the human to
be standing, based on €, after the transition then

4: Declare Fall if the vibration reading is larger

than a threshold based on €
5 end if
6: end if
[0131] The second detection algorithm of this example

constantly checked the motion sensor for the motion-to-
stationary transition, a feature of falls. Once such a transition
was detected, the algorithm checked the heat sensor before
and after the transition.

[0132] Using the data from before the transition, the
detection algorithm estimated the distance of the human
from the sensor, which is referred to herein as €. ¢ had four
possibilities: within 0.5 m, within 1 m, in the room, or not
in the view.

[0133] Based on this estimation, the detection algorithm
used a heuristic to determine if the human was standing after
the transition. If the heat sensor did not detect a standing
human at this point (which is a typical feature of a fall
event), then a fall was declared if the vibration sensor
reading during the transition period was higher than a
threshold selected according to the distance of the human to
the device before the transition, as estimated by the heat
sensor data.

[0134] The estimated distance had 4 possibilities: within
0.5 m of the device, within 1 m of the device, in the room,
or not in the view, and a higher threshold was used for the
smaller distances. If the heat sensor did not detect the human
before and after the transition, a fall was still declared if the
vibration reading was higher than a threshold selected based
on E. The thresholds used were determined during a cali-
bration phase. During calibration, each threshold was sub-
stantially the recorded vibration value collected when a soft
fall occurred at specific locations.

[0135] The relative simplicity of the fall detection algo-
rithm of this example made it possible to conduct an analysis
of the system’s performance. The analysis was performed by
measuring the False Negative (FN) and False Positive (FP)
ratios, which corresponded to cases in which an actual fall
was not detected, and in which a non-fall activity was
declared incorrectly as a fall, respectively. It should be noted
that the device of this example was designed for use by
senior citizens living alone; therefore, in the interest of
safety, any significant variation of the signal was assumed to
be due to the human.

[0136] False Negative:

[0137] From the algorithm, it was clear that a fall would
be detected if 1) the fall generated the motion-to-stationary
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transition, 2) the human was not detected as standing by the
heat sensor after the transition. and 3) the fall generated
vibrations of sufficient amplitude.

[0138] Such conditions should likely be true for all types
of falls. Therefore, the device of this example had very low
False Negative ratios. Correct system parameters and thresh-
old values were used to detect events such as the motion-
to-stationary transition.

[0139] False Positive:

[0140] The False Positive analysis was conducted to test
the performance of the device, because many types of
activities may occur in a daily setting. Therefore, the analy-
sis of this example focused on establishing a list of condi-
tions that an activity must meet to cause a FP event.
Assuming no object falls on its own, the conditions were as
follows:

[0141] Condition 1.

[0142] The human must have been moving in the room
before the detected motion-to-stationary transition, and then
kept still until after the detected transition. This condition
reflected the fact that the fluctuation of the RF signal before
the transition could only be caused by a moving human in
the room. The stationary RF signal after the transition could
be caused by the inactivity of the same human still in the
room, or by the human leaving the room. The latter, how-
ever, would not lead to any floor vibration level higher than
the threshold.

[0143] Condition 2.

[0144] Thehuman was either always out of the view of the
heat sensor, or was blocked by some object after the tran-
sition, as the human did not fall and therefore not on the
floor. This is consistent with the foregoing algorithm of this
example.

[0145] Condition 3.

[0146] At the detected motion-to-stationary transition, the
human must have taken some action that caused the vibra-
tion sensor to register a high value; further, such action could
not have resulted from the dropping of any normal object.
This condition reflected the fact that if the human was within
1 m of the device, as the heat sensor should have had a clear
view within 1 m, it should detect the human before the
transition, and the device of this example, therefore, used the
correct vibration threshold, which was higher than the
vibration caused by the falling of the object. Otherwise, in
the worst case, if the human was not in the view of the heat
sensor, the device of this example used the lowermost
threshold. It was found that even for an object of 20 pounds,
the vibration reading at over 1 m was lower than the
conservative threshold.

[0147] Therefore, it was concluded that an FP event could
only be caused by some human action which caused high
motion and vibration readings, but such action could not be
the dropping of an object; in addition, after the action, if the
human kept still, and somehow managed to stay away from
the view of the heat sensor. Such activities, however, should
be very rare, as indicated by the experimental evaluations
herein.

Example 4—False Negative Evaluations

[0148] False Negative tests of the system of Example 1
were conducted in rooms resembling a typical living room
and bathroom. The system tested in this example included
one RF tag, as opposed to two RF tags as depicted at FIG.
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1. Otherwise, the systems were identical, and the system of
this example was arranged in the manner explained in the
following paragraph.

[0149] The RF tag used in the motion sensor of this
example was placed at about 1 meter above the floor, and the
heat sensor of this example was placed on the ground and
pointing upwards at an angle of about 60 degrees. In each
testing environment, the test subject was initially outside the
room for over 5 seconds in order to achieve the calibration
needed by the motion and the heat sensor. The vibration
sensor was calibrated for each environment by performing
very soft falls. For the living room, the falls started at the
corner of the room that was opposite from the device, then
at a distance of 1 meter, and finally at a distance of 0.5 m.
As the bathroom was relatively small, the calibration fall
was performed only at one distance.

[0150] A. Living Room Tests

[0151] A total of 100 experiments were conducted inside
the living room of this example, which included carpet on a
concrete floor. The living room of this example had a size of
about 16 square meters.

[0152] In each experiment, after the 5-second calibration
period, the test object started some normal activity, such as
walking, and then simulated a fall at a random time. The
evaluation included different kinds of falls, including hard
falls, soft falls, forward falls, and backward falls, which
occurred at various distances from the device.

[0153] Tt was found that the device of this example
detected all falls. In the following sections, the results are
organized according to the view of the heat sensor, and the
signal from a typical example is shown for each case to
illustrate why the device of this example detected the falls
successfully.

[0154] Within the View of the Heat Sensor:

[0155] In 53% of the living room tests, the fall occurred
where the heat sensor could determine that the person was
seen somewhere in the room before the fall at a distance over
1 m from the device, but not after the fall.

[0156] This category of tests covered the most common
areas where a person could fall down inside the room. A
typical case depicted at FIG. 5, which shows the data
outputted by a fall inside the view of the heat sensor. The fall
of FIG. 5 occurred at about 32 seconds. During the fall, both
the motion sensor and the vibration sensor registered large
fluctuation or readings. After the fall, the motion sensor
reading stopped fluctuating, and the heat sensor output was
close to zero, thereby meeting the criteria of the device of
this example to declare a fall.

[0157] Within a Meter to the Heat Sensor:

[0158] In 36% of the living room tests, a fall was simu-
lated at a distance of about 1 meter from the sensor. The data
of FIG. 6 shows that just before the motion-to-stationary
transition at about 34 seconds, the test subject occupied
more than 25% of the high pixels in the heat sensor. As a
result, a higher vibration threshold was applied, which was
still exceeded due to the fact that a real human fall occurred.
[0159] Within Half a Meter Distance to the Heat Sensor:
[0160] In 1% of the living room tests, the fall was simu-
lated within 0.5 meters from the sensors. As depicted at FIG.
7, the percentage of high pixels in the heat sensor was more
than 50% just before the fall at about 30 seconds, after which
the vibration sensor registered a value larger than the vibra-
tion threshold at 0.5 m, and the human was not visible in the
top half of the heat sensor.
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[0161] Outside the View of the Heat Sensor:

[0162] About 10% of the living room tests were conducted
so that the fall occurred at a location where the heat sensor
could not detect the person before and after the fall.
[0163] As depicted at FIG. 8, the heat sensor could detect
the person until about 27 seconds, after which the person
moved out of the view of the heat sensor. This can occur if
there are blind spots in the room where the heat sensor
cannot detect a human, or if the person falls behind an
object, such as a piece of furniture, which blocks the view
of the heat sensor. With proper placement and orientation,
these types of blind areas can be minimized.

[0164] Still, the device of this example determined that an
actual fall occurred (at about 29 seconds) by applying the
lowest vibration threshold when the device detected a tran-
sition on the motion sensor, and the lowest vibration thresh-
old was exceeded because an actual human fall occurred.
[0165] B. Bathroom Tests

[0166] A total of 50 experiments were conducted inside a
room resembling a typical bathroom. Falls were simulated
inside a bathtub, and the sensors were located outside the
bathtub. As with the living room tests, in each experiment,
the calibration period was followed by some normal activity
of the test subject, such as getting into the bathtub, and then
the test subject fell inside the bathtub.

[0167] As the size of the bathroom of this example was
relatively small, a single vibration threshold of 22034 was
applied. Two types of scenarios were considered. The first
scenario was with the shower curtains open, which repre-
sented situations in which a person falls while getting into or
out of the bathtub. The second scenario was with the shower
curtains drawn or closed, which represented situations in
which the person slips and falls while taking a shower. It was
found that the device of this example detected all falls in
both scenarios.

[0168] With the Shower Curtains Open:

[0169] This test was conducted in 50% of the cases. A
typical example of the system output collected during these
tests is depicted at FIG. 9.

[0170] With the shower curtains open, the heat sensor
could pick up, 1.e., “see”, the human. The fall was detected
because a motion-to-stationary transition occurred at about
27 seconds, followed by the person being undetected on the
heat sensor, and the vibration sensor detected a relatively
large vibration at the time of transition.

[0171] With the Shower Curtains Drawn:

[0172] In the remaining 50% of the cases, falls were
simulated with the shower curtains drawn. The heat sensor,
as a result, could not determine the position of the person.
However, this scenario did not pose a problem for the device
of this example, because it made determinations based on
the data from the motion and vibration sensors. These tests
were similar to those conducted in the living room of this
example when the person was outside the view of the heat
Sensor.

[0173] A typical example of the system output collected
during these tests is depicted at FIG. 10, where the fall
occurred at 30 seconds. This may have increased the chances
of a False Positive in the bathroom; however, most of the
activities that appeared to lead to False Positives were
unlikely to occur in the bathroom. Even for activities that
might occur, such as door slams, standing up, or sitting
down, none of these activities registered anything significant
on the vibration sensor.
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Example 5—False Positive Daily Use Test

[0174] The devices of Example 4 that employed the first
algorithm and the second algorithm were also tested over a
24-hour period in a living room and produced O False
Negatives and 0 False Positives per hour. Specifically,
during the test period, 7 human falls were simulated at
random times, and the device of this example detected all
falls correctly. In addition, usual day-to-day activities, such
as leaving or entering the room, sitting down, standing up,
walking around, etc., were conducted, and the device of this
example did not report any falls for such activities.

Example 6—False Positive Stress Tests

[0175] Stress tests were designed to test the device of
Example 4 that employed the second algorithm with activi-
ties that were not falls, such as jumping in various ways. The
activities were selected to challenge the accuracy of the fall
detection system. The tests were done in the same living
room as the False Negative tests. Each type of activity was
repeated 5 times and in various ways.

[0176] The device of this example did not incorrectly
declare any falls, except for two types of activities, namely
a “Freeze Jump” and a “Stomp Far Away”. These two
activities, however, are unlikely to be unintentionally per-
formed by seniors. In the following sections, each type of
activity is discussed, along with the signal of one typical
case.

[0177] A. Freeze Jumping at Close Distances

[0178] This test represented a scenario in which a person
was initially walking, then jumped at a location close to the
device, and stood still. The device of this example did not
consider this activity a fall because although a motion-to-
stationary transition occurred, and the vibration sensor likely
registered a large vibration value, the heat sensor still
detected the human, as shown at FIG. 11.

[0179]

[0180] This scenario was very similar to freeze jumping at
close distances, and the device of this example used a similar
logic to avoid declaring the activity a fall.

[0181]

[0182] This test represented a scenario in which a person
walking inside the room suddenly jumped, and then contin-
ued walking. Unlike the previous case in which the person
freeze jumped or stomped near the device, the heat sensor
may or may not be able to detect the person in the scenario
of this section, especially if the person is not within the view
of the heat sensor. Further, the vibration sensor may also
register some large vibration values.

[0183] However, the device of this example still worked
because the motion sensor did not register a stationary
period after the jump, and therefore the device determined
that the person was still in motion.

[0184]

[0185] This scenario was again very similar to the normal
Jumping case, and for the same reason, the device of this
example did not consider the “normal stomping” activity a
fall.

[0186]

[0187] This test represented an everyday scenario in which
a person enters the room, sits down for a while, gets up and
leaves the room.

B. Freeze Stomping at Close Distances

C. Normal Jumping

D. Normal Stomping

E. Sitting Down and Standing Up
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[0188] Although the motion sensor detected a motion-to-
stationary transition when the person sat down, the device of
this example easily determined, in multiple ways, that this
activity was not a fall.

[0189] For example, if the person was still in the view of
the heat sensor after sitting down, a fall was not declared.
For the testing of this example, the worst possible scenario
was used, which occurred when the person sat down in a
place where the heat sensor was blocked.

[0190] For example, as depicted at FIG. 12, after sitting
down at about 32 seconds, the heat sensor did not pick up the
person. However, sitting down and/or standing up did not
result in large vibrations, therefore the device of this
example determined that a fall did not occur.

[0191] F. Walking and then Standing

[0192] This test represented an everyday scenario in which
a person entered the room, walked around, and then sud-
denly stopped moving and stood at a spot.

[0193] This was equivalent to an activity in which a
person walked around the room and then left the room. In
both cases, a motion-to-stationary transition was detected. If
the person was in the view of the heat sensor when the
walking stopped, the heat sensor detected the person and no
fall was declared. Even if the person was not detected as
standing by the heat sensor, such as when leaving the room,
the vibration data was not large enough to declare a fall.
[0194] G. Slamming a Door

[0195] This test represented an everyday scenario in which
a person enters a room, walks around and then slams the
door upon exiting the room. In some sense, this was very
similar to the previous scenario that included walking and
suddenly standing, as the device of this example used the
lack of a large vibration to determine that no fall occurred.
[0196] Itshould be noted that while a door slam may cause
vibrations, the vibrations from a door slam pass primarily
along the walls of the room. The vibration sensor of the
device, therefore, does not detect these vibrations, at least in
part because the vibration sensor is placed on the floor and
out of contact with the wall.

[0197] In one test, the person slammed the door at about
31 seconds, but the vibration sensor did not register anything
significant to indicate a fall.

[0198] H. Normal Object Drop

[0199] This test represented an everyday scenario in which
a person inside a room dropped an object while walking,
stopped to pick it up, and then continued walking.

[0200] There are multiple ways the device of this example
worked correctly in this case. Whether the heat sensor
detected the person or not, and/or whether the vibration
caused by the object was larger than the threshold, the
motion sensor determined that the person was not stationary
and therefore no fall was declared.

[0201] T. Freeze Object Drop

[0202] This test represented a scenario in which a person
inside a room dropped an object while walking, and then
stopped walking. In the test, a heavy object weighing 20
pounds was dropped at various distances from the device.
[0203] As shown at FIG. 13, when the drop occurred
within 1 meter of the device, and the person could be
detected by the heat sensor after the drop, the device of this
example did not consider it a fall, even when the vibration
sensor picked up a large vibration at 26 seconds, just before
the motion-to-stationary transition.
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[0204] If, for some reason, the person stepped outside the
coverage of the heat sensor during the drop or an object
blocked the view of the heat sensor after the drop, the device
of this example applied a high vibration threshold, because
the last known location of the person was within 1 meter of
the device, and the heat sensor should have a clear view. In
the evaluation, it was found that even 20 pound objects did
not cause a vibration as large as a human fall at the same
distance.

[0205] Similarly, if the object was dropped at a distance
greater than 1 meter from the device, the device of this
example did not consider it a fall because the person was
either still in the view of the heat sensor, such as in FIG. 14,
after the object drop at 33 seconds; or the registered vibra-
tion was lower than the threshold.

[0206] J. Freeze Jumping Far Away

[0207] This test represented a scenario in which a person
was initially walking, then jumped at a location far away
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the smallest vibration threshold, and registered a False
Positive error in this case, as vibrations caused by a jump are
comparable to those caused by a human fall. However, this
type of activity is exceptional and is typically not a part of
the everyday activities of adults, particularly senior adults.

[0210]

[0211] This test represented a scenario where a person was
initially walking, then stomped on the ground, and then
stood still. It was very similar to the freeze jumping at far
distances discussed herein, and an example of the test is
depicted at FIG. 16. The device of this example may raise a
False Positive for this type of activity as well. However, as
the vibration caused by stomps are usually much lower than
an actual human fall or an actual human jump, it was found
that only 20% of such stomps resulted in False Positives.

K. Freeze Stomping Far Away

Example 7—Comparative Testing

from the heat sensor, and then stood still.

[0208] This was a scenario in which the motion sensor
detected a transition, the heat sensor did not detect the
person, and the vibration sensor likely registered a large
vibration value.

[0209] An example is depicted at FIG. 15, where the jump
occurred at 32 seconds. The device of this example applied

[0212] The following table depicts a comparison of the
device of the foregoing examples and some existing wear-
able-free fall detection systems. The performance numbers
are those reported in the literature where indicated, and the
costs were estimated based on the cost of the sensors used
in device of the foregoing examples.

Comparative Testing

False False Privacy Relies on  Bathroom
Name Negatives Positives Cost  Issue Training  Test
Device of the foregoing 0% 0% §150 No No Yes
Examples
Wang, Y. et al., 2% 12% $80 No Yes No
“WiFall: Device-Free
Fall Detection by
Wireless Networks,”
[EEE Trans. Mob.
Comput., 16(2): 581-
594, 2017.
Skubic, M. et al., 2% 1 per month §$140 Yes Yes No

“Testing non-wearable

fall detection methods in

the homes of older

adults,” IEEE

Conference of the

Engineering in

Medicine and Biology

Society, August 2016.

Zigel., Y. etal.,, “A 3% 1.4% $60 No Yes No
method for automatic
fall detection of elderly
people using tloor
vibrations and sound-
proof of concept on
human mimicking doll
falls,” IEEE Trans. on
Biomedical Eng.,
56(12): 2858-2867,
2009.

Li, Y. et al., “Efficient
source separation
algorithms for acoustic
fall detection using a
Microsoft Kinect,”
[EEE Trans. Biomed.
Eng., 61(3): 745-755,
2014.

Debard, G., “Camera-
based fall detection
using a particle filter,”

2% 0.4 per hour $140 No No No

b

4% 59% $200  Yes Yes No
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-continued
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Comparative Testing

False TFalse
Name Negatives  Positives Cost  Issue

Privacy Relies on  Bathroom
Training

Test

Proc. IEEE Eng. in
Med. and Bio., 6947-
6950, June 2015,

[0213] The device of the foregoing examples exhibited
generally superior performance, and was not susceptible to
privacy breaches or the imperfections associated with the
training data.

Example 8—Coping with Non-Fall Activities

[0214] Activities were designed to illustrate the internal
logic of the device of Example 4 (that employed the first
algorithm) with activities that were not falls. The activities
were selected to challenge the accuracy of the fall detection
system.

[0215] The device of this example did not incorrectly
declare any falls, except for two types of activities, namely
a “Freeze Jump” and a “Stomp Far Away”. These two
activities, however, are unlikely to be unintentionally per-
formed by senior adults.

[0216] A. Everyday Activities

[0217] Everyday activities included: entering a room,
walking in the room, possibly stopping for a while in the
middle, sitting down for a while, getting up, and leaving the
room, possibly slamming the door on the way out. Even
though the motion sensor may detect a motion-to-stationary
transition, for example, when the person sat down, leaved
the room, or made a stop during walking, and the heat sensor
may even be blocked by the chair, the system easily deter-
mined no fall has occurred, because none of these activities
generated vibrations that exceeded the vibration threshold.
Even door slamming did not generate vibration readings that
exceeded the threshold because the vibration was mainly on
the walls, while the vibration sensor was on the floor. An
example is seen in FIG. 17 where the person sat down in a
place where the heat sensor was blocked.

[0218] B. Normal Object Drop

[0219] It could happen that a person drops an object while
walking, stops to pick it up, and then continues walking.
There were multiple ways the system could work correctly
in this case. Whether or not the heat sensor detected the
person, and whether or not the vibration caused by the object
was larger than the threshold, the motion sensor determined
that the person was not stationary and therefore no fall was
declared. FIG. 18 shows a scenario where a 20-pound object
was dropped.

[0220] C. Freeze Object Drop

[0221] This represented a scenario where a person inside
a room dropped an object while walking, and then stopped
walking, hence the word “freeze.” In this case, the motion
sensor detected a motion-to-stationary transition. It was
found that even 20-pound objects did not cause vibrations as
large as those of a typical human fall at the same distance to
the sensor. As a result, the system still did not declare a fall,
because it selected the correct vibration threshold which was
higher than the vibration caused by the drop. In addition, in
many cases, the human was still within the view of the heat

sensor after the drop, which further prevented a fall from
being declared. An example is seen in FIG. 19, in which a
20 pound object was dropped at around 26 seconds. Even
when the vibration sensor picked up a fairly large vibration,
the heat sensor detected many human pixels and considered
the person to be standing.

[0222] D. Normal Jumping and Stomping

[0223] This represented a scenario where a person, while
walking inside the room, suddenly jumped or stomped, and
then continued walking. Although the heat sensor did or did
not detect the person, and the vibration sensor registered
some relatively large vibration value, the system did not
declare a fall, because the motion sensor did not register a
stationary period after the jump or stomp and determined
that the person was still in motion, such as the example in
FIG. 20.

[0224] E. Close Freeze Jumping or Hard Stomping
[0225] This represented a scenario where a person was
initially walking, then jumped or stomped hard at a location
in view of the heat sensor, and then stood still. The system
did not consider it a fall because although a motion-to-
stationary transition occurred and the vibration sensor likely
registered a large vibration value, the heat sensor still
detected the human, for example, as shown in FIG. 21. Note
that the stomping was significant because light stomping did
not create vibrations larger than the threshold. The system
declared a fall only if the human stayed still after the jump
or stomp for over 30 seconds, which is an extremely unlikely
scenario.

[0226] F. Far Freeze Jumping or Hard Stomping

[0227] This test represented a scenario where a person was
initially walking, then jumped or stomped hard at a location
outside the view of the heat sensor, and then stood still. In
this case, the motion sensor detected a motion-to-stationary
transition, the heat sensor detected the person, and the
vibration sensor likely registered a large vibration value,
such as that shown in FIG. 22. The system applied the
smallest vibration threshold, and declared a fall in this case,
as vibrations caused by the jump or a hard stomp were
comparable to those caused by a human fall. However, this
type of activity is unlikely to be engaged in by senior adults.
Moreover, the devices, in some embodiments, can be placed
at a location that reduces or minimizes blind spots.

BExample 9—Selected Threshold Performance

[0228] The performance of the selected threshold of all the
sensors of the system of Example 1 was tested in addition to
the foregoing tests.

[0229] A. Motion Sensor

[0230] The performance of the selected threshold of the
motion sensor is seen in FIG. 23 and FIG. 24. Note that the
first check of any potential fall was the motion-to-stationary
transition. FIG. 23 is a scatter plot, where the x and y axis
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are the threshold for detecting motion and the variation of
the motion sensor reading, respectively, and the readings
before and after the fall are shown. The readings before a fall
were all above the 45 degree diagonal line, while the
readings after a fall were all below the line, which suggested
that all fall events lead to detected motion-to-stationary
transitions. FIG. 24 is also a scatter plot, showing the
performance of the calibrated threshold in a bathroom
environment.

[0231] B. Vibration Sensor

[0232] In FIG. 25 and FIG. 26, the vibration sensor
calibration performance is depicted. FIG. 25 is a scatter plot,
where the x and y axis are the selected vibration threshold
and the vibration reading of the falls, respectively. The
vibration threshold was exceeded in all cases shown in the
figure, suggesting that system in this example indeed
selected the correct threshold values depending on the
distances of the fall to the sensors. As the system used only
3 vibration threshold values obtained from calibration, the
points appeared in three vertical lines. Only two lines are in
the figure, because falls very close to the sensor lead to very
large vibration readings and had to be cut off to show details
in other cases.

[0233] FIG. 26 shows the Cumulative Density Function
(CDF) plot of the vibration reading of the falls in a bath-
room, in which the vertical line is the threshold. Only one
threshold was used because the bathroom was small. The
vibration threshold was exceeded in all cases.

We claim:

1. A device comprising:

a device body having a base configured for placement on
a surface;

a vibration sensor configured to detect vibrations of the
surface;

a motion sensor comprising a receiver configured to
receive transmissions from one or more radio fre-
quency transmitters;

a heat sensor comprising a thermal camera, wherein the
thermal camera comprises a plurality of pixels; and

a processing unit configured to (i) receive one or more
signals from each of the motion sensor, the heat sensor,
and the vibration sensor, and (ii) determine an occur-
rence of an event based on the one or more signals
received from the motion sensor, the heat sensor, and
the vibration sensor;

wherein the motion sensor, the heat sensor, the vibration
sensor, and the processing unit are housed by the device
body.

2. The device of claim 1, wherein the event is a fall of a

human.

3. The device of claim 1, wherein the vibration sensor
comprises a seismograph.

4. The device of claim 1, further comprising an alarm
configured to emit a sound when the processing unit deter-
mines the occurrence of the event.

5. The device of claim 1, further comprising a commu-
nication device configured to communicate the occurrence
of the event.

6. The device of claim 1, wherein a distance between the
heat sensor and the surface is at least 0.5 meters.

7. The device of claim 1, wherein the plurality of pixels
comprises 40 pixels to 80 pixels.
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8. A system comprising:

the device of claim 1; and

one or more radio frequency transmitters.

9. The system of claim 8, wherein the one or more radio
frequency transmitters are wireless ultra-low power radio
frequency transmitters.

10. The system of claim 8, wherein the system comprises
one radio frequency transmitter.

11. The system of claim 8, wherein the system comprises
two radio frequency transmitters.

12. The system of claim 8, wherein the one or more radio
frequency transmitters are configured to transmit signals
with a pulse interval modulation.

13. A method for detecting an occurrence of a fall of a
human, the method comprising:

providing a system according to claim 1;

detecting a motion-to-stationary transition of the human
with the motion sensor;

estimating a distance of the human from the heat sensor
by determining a fraction of the plurality of pixels that
detect a body temperature of the human;

determining whether the human is standing after the
motion-to-stationary transition based on a signal from
the heat sensor; and

declaring the occurrence of the fall if—

[17 (i) the human is not standing after the motion-to-
stationary transition, and (ii) a signal from the vibration
sensor is greater than a threshold value based on the
distance of the human from the heat sensor; or

[2] () the signal from the heat sensor indicates that the
human is standing after the motion-to-stationary tran-
sition, (ii) no movement is detected by the system for
at least 10 seconds after the motion-to-stationary tran-
sition, and (iii) a signal from the vibration sensor is
greater than a threshold value based on the distance of
the human from the heat sensor.

14. A method for detecting an occurrence of a fall of a

human, the method comprising:

providing a system according to claim 1;

detecting a motion-to-stationary transition of the human
with the motion sensor;

estimating a distance of the human from the heat sensor
by comparing a first signal and a second signal received
by the processing unit from the heat sensor before and
after the motion-to-stationary transition, respectively;

determining whether the second signal indicates that the
human is standing after the motion-to-stationary tran-
sition; and

declaring the occurrence of the fall if (i) the human is not
standing after the motion-to-stationary transition, and
(ii) a third signal from the vibration sensor is greater
than a threshold value based on the distance of the
human from the heat sensor.

15. A device comprising;

a device body having a base configured to be placed on a
surface;

a vibration sensor configured to detect vibrations of the
surface;

a motion sensor;

a heat sensor; and

a processing unit configured to (i) receive one or more
signals from each of the motion sensor, the heat sensor,
and the vibration sensor, and (ii) determine the occur-
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rence of an event based on the one or more signals
received from the motion sensor, the heat sensor, and
the vibration sensor;

wherein the vibration sensor, the heat sensor, the motion

sensor, and the processing unit are housed by the device
body.

16. The device of claim 15, wherein the event is a fall of
a human.

17. The device of claim 15, wherein the motion sensor
comprises a receiver configured to receive transmissions
from one or more radio frequency transmitters.

18. The device of claim 15, wherein the heat sensor
comprises a thermal camera.

19. The device of claim 15, wherein the vibration sensor
comprises a seismograph.

20. The device of claim 15, further comprising a com-
munication device configured to communicate the occur-
rence of the event.
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