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7) ABSTRACT

There is provided a method of detecting a fall by a user, the
method comprising detecting whether a user has potentially
experienced a fall event from measurements of the move-
ments of the user; on detecting a potential fall event, deter-
mining the activity level of the user and a measure of a
autonomic nervous system, ANS, response for the user asso-
ciated with the potential fall event; comparing the determined
activity level and the measure of the ANS response to a user
profile relating activity level and ANS response for the user;
and determining whether the potential fall event is a fall based
on the result of the comparison.
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METHOD FOR DETECTING FALLS AND A
FALL DETECTOR

TECHNICAL FIELD OF THE INVENTION

[0001] The invention relates to a method for detecting falls
by a user and a fall detector implementing the same, and in
particular relates to a method for detecting falls and a fall
detector that provides increased fall detection reliability.

BACKGROUND TO THE INVENTION

[0002] Falls affect millions of people each year and resultin
significant injuries, particularly among the elderly. In fact, it
has been estimated that falls are one of the top three causes of
death in elderly people. A fall is defined as a sudden, uncon-
trolled and unintentional downward displacement of the body
to the ground, followed by an impact, after which the body
stays down on the ground.

[0003] Personal Help Buttons (PHBs) are available that
require the user to push the button to summon help in an
emergency. However, if the user suffers a severe fall (for
example if they are knocked unconscious), the user might be
unable to push the button, which might mean that help doesn’t
arrive for a significant period of time, particularly if the user
lives alone.

[0004] Fall detectors are also available that process the
output of one or more movement sensors to determine if the
user has suffered a fall. Most existing body-worn fall detec-
tors make use of an accelerometer (usually an accelerometer
that measures acceleration in three dimensions) and they try
to infer the occurrence of a fall by processing the time series
generated by the accelerometer. Some fall detectors can also
include an air pressure sensor, for example as described in
WO 2004/114245. On detecting a fall, an alarm is triggered
by the fall detector.

[0005] Some fall detectors are designed to be worn as a
pendant around the neck of the user, whereas others are
designed to be worn on the torso or limbs of the user, for
example at the wrist. However, the wrist is capable of com-
plex movement patterns and has a large range of movement,
which means that existing fall detection methods based on
analysing measurements from an accelerometer do not pro-
vide a sufficiently high detection rate while minimising the
number of false alarms for this type of fall detector.

[0006] The paper “A new approach to improve the fall
detection in elderly: monitoring of the autonomic nervous
system activation” by R. Nocua, N. Noury, C. Gehin, A.
Dittmar and E. McAdams; WC 2009, IFMBE Proceedings
25/ V1L, pp. 681-684, 2009 suggests that falls produce a mea-
surable response in the autonomic nervous system of the user,
and that measurements of skin resistance and heart rate can be
used to classify whether the user has fallen.

SUMMARY OF THE INVENTION

[0007] However, it has been found that as the response of
physiological characteristics such as heart rate and skin resis-
tance to stress or increases in physical activity levels is highly
user-specific, the assessment of an autonomic nervous system
response to a fall using measurements of heart rate and skin
resistance still does not provide an acceptable false alarm
rate.

[0008] Therefore, thereis a need fora way of detecting falls
that makes use of measurements that can indicate an auto-
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nomic nervous system response (and sometimes specifically
a sympathetic nervous system response), and that provides a
reduced false alarm rate.

[0009] Therefore, according to a first aspect of the inven-
tion, there is provided a method of detecting a fall by a user,
the method comprising detecting whether a user has poten-
tially experienced a fall event from measurements of the
movements of the user; on detecting a potential fall event,
determining the activity level of the user and a measure of an
autonomic nervous system, ANS, response for the user asso-
ciated with the potential fall event; comparing the determined
activity level and the measure of the ANS response to a user
profile relating activity level and ANS response for the user;
and determining whether the potential fall event is a fall based
on the result of the comparison.

[0010] In some embodiments, the step of comparing the
determined activity level and the measure of the ANS
response to a user profile comprises using the profile to deter-
mine the likelihood of the user having the determined activity
level and measure of ANS response, and wherein the step of
determining whether the potential fall event is a fall uses the
determined likelihood.

[0011] In some embodiments, the user profile relates typi-
cal activity levels and typical ANS responses for the user, and
wherein the step of determining whether the potential fall
event is a fall comprises determining that the potential fall
event is a fall if the determined likelihood is below a thresh-
old, and determining that the potential fall event is not a fall if
the determined likelihood is above a threshold.

[0012] In some embodiments, in the event that it is deter-
mined that the potential fall event is a fall and an indication is
subsequently received that the fall event was not a fall, the
method further comprises the step of adjusting the value of
the threshold. The indication that the fall event was not a fall
may be an input to the fall detector by the user or a signal
received from a remote computer associated with the fall
detector.

[0013] The user profile can be a joint probability distribu-
tion of activity level and ANS response.

[0014] The method can further comprise the step of deter-
mining the user profile relating activity level and ANS
response for the user by: (i) obtaining pairs of measurements
of the activity level and ANS response for the user for a
plurality of time periods; and (ii) determining a joint distri-
bution of activity level and ANS response for the user from the
obtained pairs of measurements.

[0015] The step of determining the user profile relating
activity level and ANS response for the user may comprise
determining a plurality of user profiles relating activity level
and ANS response for the user, wherein each profile relates
the activity level and ANS response for a particular time
period during the day.

[0016] The step of determining the user profile relating
activity level and ANS response for the user may comprise the
step of obtaining pairs of measurements of the activity level
and ANS response of the user depending on the measured
activity level of the user.

[0017] The step of obtaining pairs of measurements of the
activity level and ANS response for the user may comprise
discarding any pair of measurements obtained for a time
period in which a potential fall by the user is detected.
[0018] The step of obtaining pairs of measurements of the
activity level and ANS response for the user may also com-
prise discarding any pair of measurements obtained where the
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measured ANS responses do not correspond to a sympathetic
nervous system, SNS, response.

[0019] The joint distribution can be a joint probability den-
sity function or a joint probability mass function.

[0020] In some embodiments, the step of determining the
activity level and a measure of an ANS response comprises
determining the activity level and/or the measure of ANS
response from the measurements of the movements of the
user.

[0021] In other embodiments, the step of determining the
activity level and a measure of the ANS response comprises
determining the activity level from the measurements of the
movements of the user and the measure of ANS response
from measurements of a physiological characteristic of the
user by a physiological characteristic sensor.

[0022] Preferably, the measure of ANS response is one or
more of skin temperature, skin conductance, heart rate and
any other heart-related characteristic of the user.

[0023] Furthermore, the ANS response can be categorized
as an SNS response according to whether an increase in
heart-rate, constriction of blood vessels, and increase and/or
activation of sweat secretion is also measured.

[0024] In preferred embodiments, the step of detecting
whether a user has potentially experienced a fall event com-
prises measuring the movements of the user; and analysing
the measurements of the movements of the user to identify
one or more characteristics associated with a fall.

[0025] Preferably, the one or more characteristics associ-
ated with a fall are selected from: (i) a height change, (ii) an
impact, (iii) a free-fall, (iv) a change in orientation from
upright to horizontal, and (v) a period of inactivity.

[0026] According to a second aspect of the invention, there
is provided a computer program product comprising com-
puter readable code embodied therein, the computer readable
code being configured such that, upon execution by a suitable
computer or processor, the computer or processor performs
the method as described above.

[0027] According to a third aspect of the invention, there is
provided a fall detector for detecting falls by a user, the fall
detector comprising a movement sensor for measuring the
movements of the user; and a processor configured to detect
whether the user has potentially experienced a fall event from
measurements of the movements of the user from the sensor;
on detecting a potential fall event, determine the activity level
of the user and a measure of an autonomic nervous system,
ANS, response for the user associated with the potential fall
event; compare the determined activity level and the measure
of the ANS response to a profile relating activity level and
ANS response for the user; and determine whether the poten-
tial fall event is a fall based on the result of the comparison.

[0028] In some embodiments, the processor is configured
to compare the determined activity level and the measure of
the ANS response to a user profile to determine the likelihood
of the user having the determined activity level and measure
of ANS response, and to use the determined likelihood to
determine whether the potential fall event is a fall.

[0029] Insome embodiments where the user profile relates
typical activity levels and typical ANS responses for the user,
the processor is configured to determine that the potential fall
event is a fall if the determined likelithood is below a thresh-
old, and to determine that the potential fall event is not a fall
if the determined likelihood is above a threshold.

[0030] In some embodiments the processor is further con-
figured to determine the user profile relating activity level and
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ANS response for the user by (i) determining pairs of mea-
surements of the activity level and ANS response for the user
for a plurality of time periods; and (ii) determining a joint
distribution of activity level and ANS response for the user
from the obtained pairs of measurements.

[0031] Insome embodiments the processor is further con-
figured to determine a plurality of user profiles relating activ-
ity level and ANS response for the user, wherein each profile
relates the activity level and ANS response for a particular
time period during the day.

[0032] The processor can be configured to discard pairs of
measurements of the activity level and ANS response for the
user that are obtained during a time period in which the
processor detects a potential fall by the user.

[0033] In some embodiments, the processor is configured
to determine the activity level and a measure of an ANS
response from the measurements of the movements of the
user.

[0034] In alternative embodiments, the fall detector further
comprises a physiological characteristic sensor for measuring
a physiological characteristic of the user; and wherein the
processor is configured to determine the activity level from
the measurements of the movements of the user and to deter-
mine the measure of ANS response from the measurements of
the physiological characteristic by the physiological charac-
teristic sensor.

[0035] Preferably the measure of ANS response is one or
more of skin temperature, skin conductance, heart rate and
any other heart-related characteristic of the user.

[0036] Preferably the processor is configured to detect
whether a user has potentially experienced a fall event by
analysing the measurements of the movements of the user to
identify one or more characteristics associated with a fall.
[0037] Preferably the one or more characteristics associ-
ated with a fall are selected from: (i) a height change, (ii) an
impact, (iii) a free-fall, (iv) a change in orientation from
upright to horizontal, and (v) a period of inactivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] Exemplary embodiments of the invention will now
be described, by way of example only, with reference to the
following drawings, in which:

[0039] FIG. 1is a block diagram of a fall detector in accor-
dance with the invention;

[0040] FIG. 2 is a graph illustrating an exemplary signal
from a photoplethysmograph sensor;

[0041] FIG. 3 is a flow chart illustrating a method of gen-
erating a user conditioning profile;

[0042] FIG. 4isa flow chart illustrating a method of detect-
ing falls in accordance with an embodiment of the invention;
and

[0043] FIG. 5is a contour plot of an exemplary joint distri-
bution of heart rate and activity level.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0044] As described above in the Background section, it
has been found that existing fall detection methods based on
analysing measurements from movement sensors in a wrist-
worn fall detector do not provide a sufficiently high detection
rate while limiting the number of false alarms due to the
movements of the wrist that occur in, what is referred to
herein as, ‘activities of daily living’, ADL, which are the
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typical movements of the user’s wrist that occur during daily
activities such as walking, sitting, etc. that are not connected
with falls by the user.

[0045] Itis known that when a person accidentally falls, the
process of falling, from losing balance to the impact with the
ground and the (possible) inability to get up after the fall,
causes a response in the ANS of the user. which can be
measured as a change in the skin conductivity, skin tempera-
ture and/or heart rate of the user as a result of the stress
suffered. However, a movement, such as sitting down or
intentionally “falling” onto a chair, which might appear to be
a fall from an analysis of movement sensor measurements
alone, would not cause this stress response.

[0046] Thus, the use of measurements of physiological
characteristics such as heart rate and skin conductivity as
indicators of an autonomic nervous system response can help
to filter out some of these false fall detections since significant
changes in, e.g. heart rate, can often occur around a fall event,
either due to the ‘flight-or-fight” response of the body during
a fall or due to the resulting trauma.

[0047] However, heart rate (for example), is a highly user-
dependent measure and rest and elevated heart rate levels can
depend on a number of factors such as a person’s health,
fitness level, and age, for example. Users that have better
conditioning (e.g. that are fitter) tend to have lower heart rates
during high levels of physical activity than users with poorer
conditioning who have higher heart rates for similar activi-
ties.

[0048] Therefore, the invention provides an improved tech-
nique for using measurements of physiological characteris-
tics indicative of an autonomic nervous system (ANS)
response to detect falls. In particular, the invention provides
that a profile for the user that represents the general condition
of the user is established that relates daily activity levels to a
measure (or multiple measures) of ANS response, and then,
when a potential fall event is detected (for example a free-fall
followed by an impact is detected), the current activity level
and measure(s) of the ANS response are compared to the
profile in order to determine whether the event is a fall or
whether it is an ‘ADL’, i.e. a non-fall.

[0049] A fall detector 2 according to an embodiment of the
invention is shown in FIG. 1. In a preferred embodiment of
the invention, the fall detector 2 is designed to be worn by a
user on their wrist, although it will be appreciated that the
invention is not limited to this use, and the fall detector 2
could instead be designed to be worn at the user’s waist, on
their chest or back, as a pendant around their neck or carried
in their pocket.

[0050] In this exemplary embodiment, the fall detector 2
comprises two movement sensors—an accelerometer 4 and
pressure sensor 6—which are connected to a processor 8. The
processor 8 receives measurements from the movement sen-
sors 4, 6, and processes the measurements to determine if a
user of the fall detector 2 may have suffered a fall. Although
two movement sensors are shown in this embodiment, it will
be appreciated that fall detectors according to alternative
embodiments may comprise only one movement sensor (for
example just the accelerometer 4 with the pressure sensor 6
being omitted). In yet further embodiments, the fall detector
2 can comptise a gyroscope and/or electromyography (EMG)
sensor(s) in addition or alternatively to the pressure sensor 6.
[0051] The fall detector 2 also comprises a transmitter unit
10 that allows the fall detector 2 to transmit an alarm signal to
a base station associated with the fall detector 2 (which can
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then issue an alarm or summon help from a healthcare pro-
vider or the emergency services) or directly to a remote sta-
tion (for example located in call centre of a healthcare pro-
vider)ifa fall is detected, so that assistance can be summoned
for the user. In some embodiments, the processor 8 in the fall
detector 2 may not execute an algorithm on the data from the
sensors 4, 6 to determine if the user may have fallen; instead
the processor 8 and transmitter unit 10 may provide the raw
data from the sensors 4, 6 to the base station and a processor
in the base station can execute the algorithm on the data from
the sensors 4, 6 to determine if the user may have fallen.
[0052] Thefall detector 2 also comprises a memory module
14 that is connected to the processor 8 and that can store
measurement data from the movement sensors 4, 6, computer
readable code for use by the processor 8 and/or data for a user
conditioning profile, which is described in more detail below.
[0053] It will be appreciated that the memory module 14
may only store the latest measurement data and that measure-
ment data may also be transmitted using transmitter unit 10 to
a remote server on or via a base station for storage.

[0054] The fall detector 2 further comprises a sensor or
sensors 16 for measuring one or more physiological charac-
teristics of the user. The physiological characteristics can
comprise any of the skin temperature, skin conductance, heart
rate, other heart-related characteristics or any other physi-
ological characteristic that can indicate a response by the
autonomic nervous system of the user to an event.

[0055] In a wrist-worn fall detector 2 where the sensor 16
measures skin conductivity, the sensor 16 is preferably
arranged to contact the skin of the user on the volar side of
their wrist. In some embodiments, the fall detector 2 com-
prises multiple skin conductivity sensors 16 that are to be
placed at different positions on the user’s body. In this case, at
least one of those skin conductivity sensors 16 can be inte-
grated into a separate housing to the rest of the components of
the fall detector 2.

[0056] As appreciated by those skilled in the art, suitable
sensors 16 for measuring the heart rate and other heart-related
characteristics include an electrocardiography (ECG) device
or a photoplethysmography (PPG) device.

[0057] While ECGs measure the electrical activity of the
heart, PPGs measure changes in the blood volume which is
correlated to the beat-to-beat intervals of the heart, and can
also be used to measure the oxygen saturation of the blood.
Anotheruseful feature of the signal produced by a PPG sensor
which is related to or is indicative of the ANS response is the
amplitude of the resulting pulse which is related to the dis-
tensibility of the arteries and is an indicator of sympathetic
tone.

[0058] Itwill be appreciated by those skilled in the art that,
in some embodiments, for example where the physiological
characteristic to be measured is the heart rate and the fall
detector 2 is attached to the user’s wrist, the pulsing of blood
through the arteries in the user’s arm as the heart beats may be
detectable in the signal from the accelerometer 4, in which
case the signal can be processed to extract the heart rate of the
user and a separate physiological characteristic sensor 16 is
not required.

[0059] In the following, an embodiment of the invention
that comprises a PPG sensor 16 will be presented since the
signal displays useful features of the ANS response of the user
and is also easy to implement in a wearable device 2. As is
known, a PPG sensor 16 typically consists of a light source,
e.g.a LED, which transmits light of a certain wavelength, e.g.
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940 nm, into human tissue, and a light-sensitive sensor such
as a photo-diode which reacts to the transmitted or reflected
light. Where both sensors are applied to the same area of
tissue, the reflected light is measured. If the light sensor is
placed at another part of the body, e.g. opposite the light
source such as on the tip of a finger, then the transmitted light
is measured. An increase in blood volume increases the
amount of light reflected while decreasing the amount of light
transmitted, and thus the two configurations produce wave-
forms with an inverse amplitude relationship.

[0060] An exemplary filtered (DC-removed) PPG wave-
form is shown in FIG. 2, which indicates the amount of
reflected light measured at the wrist. The distance between
two consecutive peaks (e.g. P, and P,) corresponds to the
peak-to-peak interval, the inverse of which is the heart-rate,
denoted r(n) herein, measured in beats-per-minute (bpm).
[0061] Although not shown in the embodiment of FIG. 1,
the fall detector 2 may further comprise an audible alarm unit
that can be activated by the processor 8 in the event that the
processor 8 determines that the user has suffered a fall. The
fall detector 2 may also be provided with a button (also not
shown in FIG. 1) that allows the user to manually activate the
audible alarm unit if they require assistance (or deactivate the
alarm if assistance is not required).

[0062] Intheillustrated embodiment, all of the components
of the fall detector 2 are integrated into a single housing that
is to be placed in contact with the user’s skin. In alternative
embodiments, for example where part of the fall detector is in
the form of a pendant to be worn around the user’s neck (and
so might not be in contact with the user’s skin at all times), the
physiological characteristic sensor 16 can be provided in a
housing that is separate from the pendant (the pendant includ-
ing the movement sensor(s) (e.g. accelerometer 4 and pres-
sure sensor 6)), so that the physiological characteristic sensor
16 can be in contact with the user’s skin during use.

[0063] As described above, as part of determining whether
the user of the fall detector 2 has fallen, a profile for the user
is required that relates daily activity levels to a measure (or
multiple measures) of ANS response. FIG. 3 illustrates a
method of generating a user conditioning profile. In this illus-
trated embodiment, the physiological characteristic used as
the measure of ANS response is the user’s heart rate, which is
denoted r(n).

[0064] In a first step, step 101, the activity level and the
measure of the ANS response of the user (i.e. heart rate in this
embodiment) are measured over a predefined interval. Where
the interval is defined as a period of time for which a data
sample of the activity level and ANS response measure is
calculated and available, the length of the predefined interval
can range from 30 seconds to 1 minute. However, it is impor-
tant to note that to collect a sufficiently large number of data
points a period P on the order of 5-10 minutes is defined
where P contains the contiguous or overlapping intervals.
[0065] The activity level is a measure of the level and/or
type of activity (e.g. motion) of the user over the interval and
can be determined in a number of ways. In preferred embodi-
ments, the activity level is determined by the processor 8 from
the signals from the movement sensors 4, 6 in the fall detector
2. In other embodiments, a separate device can be provided
for the user to wear or carry that includes one or more move-
ment sensors, such as an accelerometer, gyroscope, etc.
[0066] Where the activity level is determined from accel-
erometer measurements, the signal from the accelerometer 4
represents acceleration values along three orthogonal axes
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which can be sampled at regular intervals. The resulting sig-
nals be denoted by x(n), y(n), and z(n), where n is the discrete-
time index. The sampling frequency may be set, for example,
to between 50 and 150 Hz.

[0067] Inonesimple embodiment, the instantaneous activ-
ity level, a(n) can be given by the magnitude of the accelera-
tion vector, i.e.

)=V x4y ()42 (0) (1

[0068] The activity level for the predefined interval can be
the average of a plurality of instantaneous activity level mea-
surements obtained over the interval. In this case, the activity
level for the predefined interval is denoted o, where 1<isN
and N is the number of predefined intervals each of length T
acceleration samples. The heart-rate can similarly be sampled
a number of times over the predefined interval and averaged
to give the heart rate for the predefined interval as r,. In some
embodiments, ¢, and 1, are given by

1 T
@ = ;Z am)

m=1

where m is the sample index within the interval i and the
values used to form an activity level-heart rate pair (o.,.r,) for
the predefined interval (1=m=<T). It will be appreciated that
the heart-rate measure might be sampled at a different sam-
pling frequency to the acceleration, and thus is based on a
different number of samples over the same time interval.
[0069] Another measure of the heart-rate during a pre-de-
fined interval might be the average rate of change in heart-rate
which can be defined as

1 ZT: [ 0] )
Fi=—= ) [rim)—rim=-1)
T- lm:2
[0070] This measure can also indicate whether the ANS

response measured over the T samples corresponds to a SNS
response, i.e. r>0.

[0071] Besides an instantaneous activity level based on the
norm of the raw 3D acceleration signal, a more robust com-
putation based on the integration of the norm over a certain
time period (for example 1 second) can be used. As above, an
average of the values for the plurality of time periods across
the interval can be used as the measure of the activity level and
ANS response.

[0072] Other measures of activity level can be obtained by
further processing the norm of the raw 3D acceleration signal
(i.e. according to equation (1)) with a low-pass filter, a median
filter or a moving-average filter to provide a more robust
estimation of activity level.

[0073] Alternatively or in addition to the measures of activ-
ity level provided above, the processor 8 can process the
signals from the movement sensors 4, 6 to determine the
posture of the user during the activity (for example, standing
up or lying down), in which case the value of au(n) 1s given by
the output of a posture discrimination algorithm and takes on
binary values, i.e. a(n)=(0,1) where 0 can correspond to lying
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downand 1 to standing. In other embodiments, more complex
posture/activity discrimination algorithms can be used which
are able to categorise multiple types of activity, for example
walking, running, sitting down, etc., in which case a(n) can
take on multiple discrete values. Suitable algorithms for
determining these postures and/or activities from movement
sensor signals will be known to those skilled in the art and will
not be described in further detail herein.

[0074] The measure of activity level used by the fall detec-
tor 2 can be selected in view of the trade-off of robustness
against computation complexity and power-consumption.

[0075] Inorder forthe user conditioning profile to be useful
for assisting in classifying potential fall events as falls or
dismissing fall-like events as normal activities for the user,
the user conditioning profile generated according to the
method in FIG. 3 should be generated from activity level and
heart rate measurements that are collected when the user is
performing their normal daily activities. Thus, once an activ-
ity level-heart rate pair (o.(n),r(n)) or (a,,r,) has been deter-
mined for the predefined interval in step 101, it is determined
in step 103 whether a potential fall event has been detected
during the predefined interval. The detection of a potential fall
event is described in more detail in connection with step 203
below.

[0076] If a fall event has been detected in the predefined
interval for which activity level-heart rate pair (cu(n),r(n)) or (
a,,r;) has been determined, the pair is discarded (step 105) and
the measurements are not used in generating the user condi-
tioning profile. The method thus returns to step 101 in which
the activity level and measure of the ANS response is deter-
mined for the next predefined interval. The data could be
collected during periods of length P a number of times a day
(e.g., every 2 hours for 5-10 minutes), but the frequency with
whichdatais collected could also depend on the power budget
for the fall detector 2.

[0077] Insome embodiments, the data collection period of
length P can be triggered depending on the activity level of the
user so that a more representative profile of the user is main-
tained. For example, if the system has collected sufficient
activity level-heart rate pairs (a(n),x(n)) or (.,,r;) during peri-
ods when the user’s activity level has been low, then it will
wait for periods when the user’s activity level is higher to
begin collecting data and update the user’s profile. These
embodiments provide the advantage that the user profile will
not be updated when the user is asleep or inactive.

[0078] Ifno fall event has been detected for the predefined
interval, the method moves to step 107 in which the activity
level and heart rate pair (a(n),r(n)) or (c.,r,) are added to a set
of previously collected activity level and heart rate pairs (i.e.
pairs collected during previous predefined intervals).

[0079] Then, in step 109, a joint probability function
(which represents the user conditioning profile) for activity
level and ANS response (heart rate) is determined from the
measurements in the set.

[0080] Insomeembodiments, the joint probability function
is a joint probability density function (pdf), denoted p(c.r),
which can be estimated from the activity level-heart rate pairs
in the set.

[0081] An exemplary technique for determining the joint
probability function uses a Gaussian Mixture Model contain-
ing M mixtures, and is given by
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where i represents the probability of drawing a and r from
mixture element 1, i.e.

M ©

Z,Bi=1

=1

and ® =101, 02, ... , OM}.

[0082] The parameters 6i describe the underlying Gaussian
density functions which are characterized by their mean and
covariance, i.e. Bi={yd, Zi} where i is a 2-dimensional mean
vector and 21 is the 2-by-2 covariance matrix of mixture
element i, resulting in
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where x = [, r]”.

[0083] The parameters © and f3, that increase the maximum
likelihood of the mixture model over the observed activity
level and heart-rate values can be estimated using an algo-
rithm such as the expectation-maximization (EM) algorithm,
which is known to those skilled in the art.

[0084] In one embodiment, the mixture model is updated
by first storing all the observed values of ¢ and 1, and then the
probability density function is determined using the EM algo-
rithm.

[0085] In another embodiment, the values are not stored
and an (e.g. online) version of a probability density function
estimation algorithm is used to update p(a, r1©).

[0086] Itwill be appreciated that other algorithms and mod-
els can be used for estimation of the probability density func-
tion, and such algorithms and models will be known to those
skilled in the art.

[0087] Infurther embodiments, the M elements of the mix-
ture can be allocated to different parts of the day and updated
independently. This embodiment is useful as the typical activ-
ity levels of a user may vary throughout the day (for example
they may regularly go for a walk in the morning while being
less active in the afternoon), and thus there may be a respec-
tive function (profile) for different parts of the day.

[0088] In a further embodiment, in which there may be a
constraint on memory size, the probability density functions
are updated by first discarding the X oldest (., r) data points
before updating with X new (a, r) data points. In some imple-
mentations, this resampling may not be based on the time-
stamp of the points, but is instead based on replacing the
nearest neighbour currently in the data set.

[0089] In yet another embodiment of the invention where
the heart-rate measurement corresponds to the average heart-
rate per interval, the resulting heart-rate values can be quan-
tized to the nearest fifth beat per minute (e.g., 87 becomes 85),
and a separate probability density function over the activity
level estimated for each quantized value.
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[0090] In practice, since the probability functions are esti-
mated using discrete data, the probability density functions
will be approximated by (discrete) probability mass func-
tions. It will be appreciated that there are other ways of
estimating a probability mass function to those ways
described above, and that for efficiency purposes simplified
forms of this estimation can be performed.

[0091] Once the joint probability function has been deter-
mined in step 109, the method returns to step 101 and awaits
the next predefined interval.

[0092] The flow chart in FIG. 4 illustrates a method of
detecting a fall by a user according to the invention that makes
use of the profile described above. In steps 201 and 203, the
fall detector 2 determines whether the user may have suffered
a fall from the measurements of the movement of the user.

[0093] The processor 8 in the fall detector 2 (or, in the
alternative embodiment described above, the processor in the
base station) determines if the user may have suffered a fall by
extracting values for a feature or various features that are
associated with a fall from the movement sensor measure-
ments. Thus, in step 201, the accelerations and air pressure
changes experienced by the fall detector 2 are measured using
the accelerometer 4 and air pressure sensor 6, and these
measurements are analysed by the processor 8 to determine
whether the user might have suffered a fall.

[0094] A fall can be broadly characterised by, for example,
achange in altitude of around 0.5 to 1.5 metres (the range may
be different depending on the part of the body that the fall
detector 2 is to be worn and the height of the user), culminat-
ing in a significant impact, followed by a period in which the
user does not move very much. Thus, conventionally, in order
to determine if a fall has taken place, the processor 8 needs to
process the sensor measurements to extract values for fea-
tures including a change in altitude (which is usually derived
from the measurements from the pressure sensor 6, but can
also or alternatively be derived from the measurements from
the accelerometer 4, for example if the pressure sensor 6 is
omitted), amaximum activity level (i.e. an impact) around the
time that the change in altitude occurs (typically derived from
the measurements from the accelerometer 4) and a period in
which the user is relatively inactive following the impact
(again typically derived from the measurements from the
accelerometer 4). It will be appreciated that other features can
further improve the detection algorithm. For example, the
detection of a change in orientation upon falling can improve
the likelihood that the signal is due to a fall.

[0095] A potential fall by the user can be identified where a
subset or all of the above features are identified in the mea-
surements. In other words, a potential fall may be identified
where any one or more of the required height change, impact
and inactivity period are detected in the measurements.

[0096] The analysis performed by the processor 8 in step
201 will not be described in further detail herein, but those
skilled in the art will be aware of various algorithms and
techniques that can be applied to determine whether a user
may have suffered a fall from accelerometer and/or pressure
sensor measurements.

[0097] Ifno potential fall has been detected in step 201 (i.e.
no characteristics of a fall are evident from the measurements
from the accelerometer 4 and/or pressure sensor 6, or insuf-
ficient characteristics of a fall are present in order for a poten-
tial fall to be detected), the method returns to step 201 and
repeats on the next set of measurements.
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[0098] Ifapotential fall has been detected in steps 201/203,
the method moves to step 205 in which the processor 8 deter-
mines the activity level and a measure of the ANS response of
the user (e.g. heart rate) that is associated with the potential
fall event. The activity level and measure of the ANS response
can be determined from measurements from the appropriate
sensors (for example the accelerometer 4 and physiological
characteristic sensor 16) that are collected shortly before
and/or shortly after the potential fall event occurred. The
length of time before and/or after the potential fall event for
which measurements from the appropriate sensors are pro-
cessed (and thus the amount of measurement data from those
sensors that is to be processed) can depend on the power
budget of the fall detector 2. In some embodiments, measure-
ments in a 2-minute time window before the potential fall
event and/or in a 2-minute time window after the potential fall
event are processed.

[0099] The activity level and measure of the ANS response
can be determined as described above with reference to step
101 of FIG. 3. Thus, an instantaneous activity level and mea-
sure of the ANS response can be determined or an average of
the activity level and ANS response can be obtained for a
predetermined time period. In some embodiments, the pro-
cessor 8 can determine a measure of the change in activity
level and ANS response across the event, i.e. the processor 8
can determine the activity level/heart rate measure before the
event and the activity level/heart rate measure after the event,
and calculate the difference.

[0100] Insome embodiments, the physiological character-
istic sensor 16 is only activated once a possible fall (or simply
achange in altitude of at least 0.5 m detected in the measure-
ments from the pressure sensor 6) has been detected from the
analysis of the accelerometer 4 and/or pressure sensor 6 mea-
surements, thus reducing the power consumption of the fall
detector 2. As the analysis in step 201 is performed by the
processor 8 substantially in real time or with only a small
delay, the physiological characteristic sensor 16 will be acti-
vated shortly after a fall event has occurred. Where a separate
sensor to the accelerometer 4 is used to determine the activity
level, the separate sensor can be activated following the detec-
tion of a potential fall in the same way as the physiological
characteristic sensor described above.

[0101] Inalternative embodiments, the physiological char-
acteristic sensor 16 may measure the physiological charac-
teristic constantly or frequently whenever the fall detector 2 is
in use (i.e. even when a possible fall has not yet been
detected). This way, physiological characteristic measure-
ments will be available to the processor 8 as soon as a possible
fall is detected. Again, where a separate sensor to the accel-
erometer 41is used to determine the activity level, the separate
sensor can be activated constantly or frequently whenever the
fall detector 2 is in use in the same way as the physiological
characteristic sensor described above.

[0102] In step 207, the processor 8 compares the deter-
mined activity level and ANS response (e.g. heart rate) to the
profile determined according to the method in FIG. 3 repre-
senting typical daily activities in order to determine whether
the determined activity level and ANS response are consistent
with that profile.

[0103] Insome embodiments, step 207 can comprise using
the profile to determine the likelihood of the user behaving
with the determined activity level and ANS response. In these
embodiments, a likelihood value p(x,|®) can be calculated
where x_=[c,, r,|7 denotes the activity level and ANS
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response (e.g. heart rate) describing the potential fall event
that are determined in step 205.

[0104] In other embodiments, the log-likelihood can be
computed to simplify computations where a Gaussian model
is used, for example.

[0105] FIG. 51is a contour plot of an exemplary joint distri-
bution of heart rate and activity level (c,, r,) for a user using a
Gaussian mixture model with M=3. In this example, the activ-
ity level was calculated using equation (1) above and the
values averaged every 128 samples after removing the mean
value. In general, data points (i.e. pairs of activity level and
heart rate, (a;, r;)) that fall outside of the outermost contour
curve have a low likelihood. The likelihood of the user behav-
ing with a given activity level and ANS response further
decreases with increasing distance of the data point from this
curve.

[0106] In step 209, the processor 8 uses the result of step
207 to determine whether the potential fall detected in step
201 is an actual fall by the user.

[0107] Ifitwas found in step 207 that the determined activ-
ity level and ANS response are consistent with the profile
which represents the user’s conditioning and typical daily
activities, (e.g. the determined likelihood of the behaviour is
high), then the behaviour is probably related to adaily activity
by the user, and the potential fall event is classified as a
‘non-fall’.

[0108] However, if it was found in step 207 that the deter-
mined activity level and ANS response are not consistent with
the profile (perhaps a low activity level with an unusual AN'S
response), e.g. the likelihood of the behaviour is low, then the
behaviour is probably not related to a normal daily activity by
the user and the potential fall event identified in step 201 is
classified as an actual fall by the user.

[0109] In the embodiment of step 207 described above
where the likelihood p(x,10) is determined, the value of
p(x,10) will be quite low for a fall event as the physical fall
can be traumatising and is often accompanied by little move-
ment and a higher heart-rate. Therefore, in these embodi-
ments, the value of the likelihood function p(x,|0) calculated
in step 207 is compared to a threshold v, ., to determine if
the potential fall is an actual fall. If the value of p(x,10) is less
than the threshold 1), then the potential fall event detected
in step 201 can be classified as a fall. Otherwise, the potential
fall event detected in step 201 is classified as a non-fall.
[0110] The value of 1), is data-dependent and can be set
according to the spread of the current probability density
functions or the individual components of the mixture model
in case a Gaussian mixture model is used, for example. The
threshold value can also be based on prior data collected from
a large number of users.

[0111] The threshold value can determine the overall per-
formance and often involves a trade-oft between the number
of false-alarms and missed detections of real falls. It should be
set to reach a given level of performance required for the
application.

[0112] Inanother embodiment, the system can initially use
a fixed threshold value and an initial probability density func-
tion estimate which is based on prior training data collected
from a large number of users, or the threshold can be initially
set using the user’s personal data such as age, mobility, and
overall cardiac health at time of subscription. The threshold
can later be updated based on a fall rejection option where the
user notifies the fall detector 2 if a detected fall (i.e. where an
alarm is triggered) was actually a false alarm through a user
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input such as the use of another push button on the detector 2
or by holding down more than one button on the detector 2, for
example. This way, a more personalized threshold can be set.
The approach of using user feedback to correct the device
might be less reliable in a system that does not use physi-
ological data since certain movement features are often still
not distinguishable between ADLs and actual falls. In that
case, using such a user feedback approach might actually lead
to an increase in missed real falls. In another embodiment, a
computer in the call-centre with which the fall detector 2 is
associated can send a signal to the fall detector 2 to adjust the
threshold based on the activity level and heart-rate data col-
lected during false alarms.

[0113] Ifthe user is determined to have fallen, the processor
8 can trigger an alarm to obtain help for the user. After
triggering the alarm, the process can return to step 201 to
continue the monitoring of the user. If it is determined in step
209 that the user has not fallen, no alarm or alert will be
triggered, and the process returns to step 201 to continue the
monitoring of the user.

[0114] There is therefore provided a method for detecting
falls and a fall detector that provides increased fall detection
reliability compared to conventional techniques.

[0115] While the invention has been illustrated and
described in detail in the drawings and foregoing description,
such illustration and description are to be considered illustra-
tive or exemplary and not restrictive; the invention is not
limited to the disclosed embodiments.

[0116] Variations to the disclosed embodiments can be
understood and effected by those skilled in the art in practic-
ing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word
“comprising” does not exclude other elements or steps, and
the indefinite article “a” or “an” does not exclude a plurality.
A single processor or other unit may fulfill the functions of
several items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot
be used to advantage. A computer program may be stored/
distributed on a suitable medium, such as an optical storage
medium or a solid-state medium supplied together with or as
part of other hardware, but may also be distributed in other
forms, such as via the Internet or other wired or wireless
telecommunication systems. Any reference signs in the
claims should not be construed as limiting the scope.

1. A method of detecting a fall by a user, the method
comprising:
detecting whether a user has potentially experienced a fall
event from measurements of the movements of the user;

on detecting a potential fall event, determining the activity
level of the user and a measure of a autonomic nervous
system, ANS, response for the user associated with the
potential fall event;

comparing the determined activity level and the measure of

the ANS response to a user profile relating activity level
and ANS response for the user; and

determining whether the potential fall event is a fall based

on the result of the comparison.

2. The method as claimed in claim 1, wherein the step of
comparing the determined activity level and the measure of
the ANS response to a user profile comprises using the profile
to determine the likelihood of the user having the determined
activity level and measure of ANS response, and wherein the
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step of determining whether the potential fall event is a fall
uses the determined likelihood.

3. The method as claimed in claim 2, wherein the user
profile relates typical activity levels and typical ANS
responses for the user, and wherein the step of determining
whether the potential fall event is a fall comprises determin-
ing that the potential fall event is a fall if the determined
likelihood is below a threshold, and determining that the
potential fall event is not a fall if the determined likelihood is
above a threshold.

4. The method as claimed in claim 2, wherein, in the event
that it is determined that the potential fall event is a fall and an
indication is subsequently received that the fall event was not
a fall, the method further comprises the step of adjusting the
value of the threshold.

5. The method as claimed in claim 4, wherein the indication
that the fall event was not a fall is an input to the fall detector
by the user or a signal received from a remote computer
associated with the fall detector.

6. The method as claimed in claim 1, further comprising the
step of:

determining the user profile relating activity level and ANS
response for the user by:

(1) obtaining pairs of measurements of the activity level and
ANS response for the user for a plurality oftime periods;
and

(i) determining a joint distribution of activity level and
ANS response for the user from the obtained pairs of
measurements.

7. The method as claimed in claim 6, wherein the step of
determining the user profile relating activity level and ANS
response for the user comprises determining a plurality of
user profiles relating activity level and ANS response for the
user, wherein each profile relates the activity level and ANS
response for a particular time period during the day.

8. The method as claimed in claim 6, wherein the step of
obtaining pairs of measurements of the activity level and ANS
response for the user comprises discarding any pair of mea-
surements obtained for a time period in which a potential fall
by the user is detected.

9. The method as claimed in claim 1, wherein the step of
determining the activity level and a measure of an ANS
response comprises determining the activity level and/or the
measure of ANS response from the measurements of the
movements of the user.

10. The method as claimed in claim 1, wherein the step of
determining the activity level and a measure of the ANS
response comprises determining the activity level from the
measurements of the movements of the user and the measure
of ANS response from measurements of a physiological char-
acteristic of the user by a physiological characteristic sensor.

11. The method as claimed in claim 1, wherein the measure
of ANS response is one or more of skin temperature, skin
conductance, electromyography, heart rate and any other
heart-related characteristic of the user.

12. The method as claimed in claim 1, wherein the step of
detecting whether a user has potentially experienced a fall
event comprises:
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measuring the movements of the user; and

analyzing the measurements of the movements of the user
to identify one or more characteristics associated with a
fall.

13. The method as claimed in claim 12, wherein the one or
more characteristics associated with a fall are selected from:
(i) aheight change, (ii) an impact, (iii) a free-fall. (iv) achange
in orientation from upright to horizontal, and (v) a period of
inactivity.

14. A computer program product comprising computer
readable code embodied therein, the computer readable code
being configured such that, upon execution by a suitable
computer or processor, the computer or processor performs
the method claimed claim 1.

15. A fall detector for detecting falls by a user, the fall
detector comprising:

a movement sensor for measuring the movements of the

user; and

a processor configured to:
detect whether the user has potentially experienced a fall
event from measurements of the movements of the user from
the sensor;

on detecting a potential fall event, determine the activity

level of the user and a measure of a autonomic nervous
system, ANS, response for the user associated with the
potential fall event;

compare the determined activity level and the measure of

the ANS response to a profile relating activity level and
ANS response for the user; and

determine whether the potential fall event is a fall based on

the result of the comparison.

16. The fall detector for detecting falls by a user according
to claim 15 wherein the movement sensor is an accelerometer
Or an air pressure sensor.

17. The fall detector for detecting falls by a user according
to claim 16 wherein the measure of an automatic nervous
system response is in dependence of measurements of the
accelerometer or air pressure sensor.

18. The fall detector for detecting falls by a user according
to claim 15 wherein fall detector further comprises a skin
conductivity sensor, a skin temperature sensor or a heart rate
sensor for determining the measure of an automatic nervous
system response.

19. The fall detector for detecting falls by a user according
to claim 15 wherein the fall detector comprises a user inter-
face enabling the user to notify the fall detector if the fall
determined based on the result of the comparison was a false
alarm.

20. The fall detector for detecting falls by a user according
to claim 19 wherein a result of the comparison of the deter-
mined activity level and the measure of the ANS response to
a profile relating activity level and ANS response for the user
is dependent on a threshold, the processor being configured to
adjust the threshold in dependence of the user notifying the
fall detector that the determined fall was a false alarm.
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