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(57) ABSTRACT

This method for detecting activity (A) of a physical system
carrying a motion sensor comprises the following steps:
extracting (100) a sequence (M) of measurements provided
by the motion sensor; deducing (102) therefrom an obser-
vation sequence (O) calculated on the basis of the measure-
ment sequence (M); determining (104) the activity (A) of the
physical system in the form of a sequence of states corre-
sponding to the observation sequence, using a statistical
model of components of the observation sequence in view of
a plurality of possible predetermined states of the physical
system.
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At least one component of the observation sequence (O) is
calculated on the basis of a reference value (A) of a vector
representing a reference axis. In addition, the method com-
prises the following calibration steps: calculation (106) of a
likelihood value of the observation sequence (O) in view of
said statistical model; comparison (106) of this likelihood
value with a predetermined threshold; on the basis of this
comparison, activating an estimation (108) of a new refer-
ence value () of the vector representing the reference axis.

13 Claims, 3 Drawing Sheets

(51) Imt.CL
A61B 5/00 (2006.01)
GOIP 15/18 (2013.01)
(58) Field of Classification Search
CPC ... GO6K 9/00087, GO6K 9/00348; GO6K
9/00369; GO6K 9/00604; GO6K 9/00711;
GO6K 9/00892; GO6K 9/2027; GO6K
9/22; GO6K 9/46
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2010/0010383 Al
2011/0060215 Al1*

1/2010 Skelton et al.

3/2011 Tupin, Jr. ..o AG61B 5/0507
600/425

2012/0143094 Al

2014/0229410 Al

6/2012 Jallon
8/2014 1Jallon et al.

OTHER PUBLICATIONS

Bilmes, J.A. “A Gentle Tutorial of the EM Algorithm and its
Application to Parameter Estimation for Gaussian Mixture and
Hidden Markov Models” International Computer Science Institute,
pp. 1-15, Apr. 1, 1998 XP 002594206.

Rabiner, L.R. et al. “An Introduction to Hidden Markov Models”
IEEE ASSP Magazine, vol. 3, No. 1, Jan. 1986 XP 011353445.
Jallon, P. “A graph based algorithm for postures estimation based on
accelerometers data” Proceedings of 2010 annual international
conference of the IEEE EMBC, pp. 2778-2781 (4 pages), 2010.
International Search Report dated Jan. 4, 2013 in PCT/FR12/
052394 Filed Oct. 19, 2012.

* cited by examiner



US 9,801,569 B2

Sheet 1 of 3

Oct. 31, 2017

U.S. Patent

10
\

Fiqure 1

lllllllllllllllllllllllllllllllllllllllllllllllllllll

-22-

N
HMM

-24-

-18-

Fiqure 2

40




U.S. Patent Oct. 31,2017 Sheet 2 of 3 US 9,801,569 B2

Fiqgure 3

> —p

< [—>

o
A

108




U.S. Patent Oct. 31,2017 Sheet 3 of 3 US 9,801,569 B2

Figure 5 Figure 6
200 300
108
202 302
A A
204 304
206

Eisisko
4 o i { i i g
B <A 0 A 478, 140



US 9,801,569 B2

1
METHOD OF DETECTING ACTIVITY WITH
A MOTION SENSOR, AND
CORRESPONDING DEVICE AND
COMPUTER PROGRAM

This invention relates to a method for detecting activity
with a motion sensor. It also relates to a corresponding
detection device and computer program.

More specifically, it relates to a method for detecting the
activity of a physical system carrying a motion sensor,
comprising the following steps:

extracting a sequence of measurements provided by the

motion sensor,

deducing therefrom an observation sequence calculated

using the sequence of measurements,

determining the activity of the physical system in the form

of'a sequence of states corresponding to the observation
sequence, using a statistical model of components of
the observation sequence in view of a plurality of
possible predetermined states of the physical system.

A method of this type is, for example, described in the
article of P. Jallon, entitled “A graph based algorithm for
postures estimation based on accelerometers data”, pub-
lished in Proceedings of 2010 Annual International Confer-
ence of the IEEE EMBC, pages 2778-2781. In this article,
the sensor is an accelerometer with three measurement axes,
worn on the body (waist or torso) of a person being
observed: the accelerometer thus provides a sequence of
measurements consisting of projections in the three axes
thereof of a sum of the acceleration due to the earth’s
gravitational field and an acceleration specific to the sensor.
These vector measurements with three components are not
directly interpreted in order to determine the activity of the
person being observed, but are first processed in order to
separate the information associated with the gravitational
acceleration from the information relating to the sensor-
specific acceleration. Thus, three low-frequency compo-
nents of an observation sequence are calculated by low-pass
filtering of each vector measurement and three high-fre-
quency components of the observation sequence are calcu-
lated by subtracting the three low-frequency components of
the vector measurement. The resulting observation sequence
is a sequence of vector values with six components. The first
three are interpreted as indicating gravitational acceleration
projections on the measurement axes of the sensor, so that
they indicate the posture (sitting/standing or lying) of the
person, while the following three are interpreted as indicat-
ing the acceleration specific to the sensor, so that they
indicate the degree of activity (none, light, significant, etc.)
of the person.

In addition, a statistical model of the components of the
observation sequence is defined on the basis of a plurality of
possible predetermined states of the person: sitting position,
sitting/standing transition, static standing position, walking,
standing/sitting transition. In consideration of the constraints
of transitions from one state to another, these states are
modeled as hidden states of a statistical Markov model and
a classic method for analysis by Bayesian inference is
applied to determine the activity of the person in the form of
a sequence of states corresponding to the observation
sequence.

Of course, this analysis method requires preliminary
learning on known state sequences in order to define the
parameters of the statistical model, in particular those of the
laws of probability of observation associated with the dif-
ferent hidden states of the model.
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This analysis method and the learning thereof also require
calibration of the sensor, in particular in order to know its
orientation in a predetermined reference posture such as the
standing posture, for example. Then, the successtul opera-
tion of the method requires that the sensor always be carried
in the same way by the person being observed, although with
a certain range of variations around the optimal positioning
being tolerated. It is also assumed that the values learned
under calibration do not vary from one person to another or
from one experience to another, making this approximation
both rough and restrictive.

Another method of this type is described in the interna-
tional patent application published under number WO 2010/
122174 Al. The same sequence of measurements is obtained
from an accelerometer, and an observation sequence of
which the values are vector values having four components
is deduced therefrom. The first three components correspond
to those obtained in the aforementioned article, while the
fourth component is the norm of the output of a high-pass
filter applied to the measurements sequence. As above, the
activity of the person being observed is determined in the
form of a sequence of states corresponding to the observa-
tion sequence by means of a predefined statistical model.
Also as above, the method requires learning and calibration
and has the same disadvantages.

It may thus be desirable to provide an activity detection
method that makes it possible to overcome at least some of
the aforementioned problems and constraints.

The invention therefore relates to a method for detecting
activity of a physical system carrying a motion sensor,
comprising the following steps:

extracting a sequence of measurements provided by the

motion sensor,

deducing therefrom an observation sequence calculated

using the sequence of measurements,

determining the activity of the physical system in the form

of a sequence of states corresponding to the observation

sequence, using a statistical model of components of

the observation sequence in view of a plurality of

possible predetermined states of the physical system,
wherein at least one component of the observation sequence
is calculated on the basis of a reference value of a vector
representing a reference axis, the method comprising the
following calibration steps:

calculating a likelihood value for the observation

sequence in view of said statistical model,

comparing this likelihood value with a predetermined

threshold,

on the basis of this comparison, activating an estimation

of a new reference value for the vector representing the
reference axis of the motion sensor.

Thus, by making at least one component of the observa-
tion sequence explicitly dependent on a vector reference
value indicating a preferred direction and providing means
enabling this reference value to be reconsidered on the basis
of a likelihood test that can be executed during the obser-
vation of the system, the method is made capable of per-
forming a calibration at any time. This method is thus
rendered less sensitive to how the sensor is carried by the
physical system and more robust with respect to any change
in the system observed, experience or arrangement of the
motion sensor during an observation.

Optionally, the reference axis can be estimated, via its
representative vector, by means of measurements provided
by the motion sensor. Thus, the calibration can be performed
automatically and autonomously owing to the motion sen-
sor.



US 9,801,569 B2

3

Also optionally, a method according to the invention can
further comprise a step of invalidating at least some of the
sequence of states corresponding to the observation
sequence, on the basis of the likelihood value.
This makes it possible not to take into account the
determination of an activity, at least in part, when the latter
is obtained from observations for which the reference value
is not representative of the reference axis.
Also optionally, the observation sequence is deduced
from the measurement sequence in the following way:
calculation of a first component, on the basis of a possible
decimation of the measurement sequence, a low-pass
filtering with a predetermined cutoff frequency, for
example 0.125 Hz, of each component of the sequence
of measurements possibly decimated, then a projection
of the resulting components on the reference value,

calculation of at least one second component, on the basis
of'a possible decimation of the measurement sequence,
then a band-pass filtering with predetermined cutoff
frequencies, for example a low cutoftf frequency of
0.125 Hz and a high cutoff frequency of 0.75 Hz, of
each component of the measurement sequence possibly
decimated.

Also optionally, the statistical model is a single Markov
model with hidden states, each hidden state of which cor-
responds to one of the possible predetermined states of the
physical system, the law of conditional probability of the
observation of each hidden state being modeled by a sum of
normal laws.

Also optionally, the calibration comprises:

the calculation of the value V of the likelihood of the

observation sequence in view of said statistical model
in the form:

1
V= ﬁ10g(p(01:N)),

where N is the number of observation samples in the
observation sequence, O, ., designating the N successive
samples,

a comparison of this likelihood value with a predeter-
mined threshold, this threshold being defined on the
basis of the random drawing of a plurality of theoretical
observation sequences based on said statistical model,
and

the activation of the estimation of a new reference value
for the vector representing the reference axis only if the
likelihood value is lower than the predetermined
threshold.

Also optionally:

at least one component of the observation sequence is
calculated independently of the reference value of the
vector representing the reference axis,

at least one state of the physical system corresponding to
a measurement sequence is detected on the basis of this
observation sequence component independent of the
reference value,

the new reference value is estimated on the basis of the
measurement sequence corresponding to this state
detectable on the basis of the observation sequence
component independent of the reference value.

Also optionally, the estimation of a new reference value

of the vector representing the reference axis comprises steps
consisting of:
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4

detecting and recovering, on the basis of said at least one
observation sequence component independent of the
reference value, a measurement sequence correspond-
ing to a predetermined state wherein the vector repre-
senting the reference axis must have, on average, the
reference value in consideration of said statistical
model,

calculating the average values of the components of said
representative vector in this measurement sequence
corresponding to the predetermined state, for example
by possible decimation of the measurement sequence
corresponding to the predetermined state, low-pass
filtering with a predetermined cutoff frequency, for
example, 0.125 Hz, of each component of this mea-
surement sequence possibly decimated, then calculat-
ing the averages of the filtered components, and

assigning these average values to the new reference value.

The invention also relates to the application of a detection
method as defined above to the observation, by means of a
three-dimensional accelerometer, of a person capable of
being located, at each instant, in one of the following
predetermined states: a “sitting position” state, a “sitting/
standing transition” state, a “static standing position” state,
a “walking” state, and a “standing/sitting transition” state;
the reference value being the value, in the frame of the
measurement axes of the three-dimensional accelerometer,
of the components of a vertical downward-oriented unit
vector when the person being observed is wearing the
three-dimensional accelerometer and is in the “static stand-
ing position” or “walking” state.

The invention also relates to a device for detecting the
activity of a physical system comprising:

a motion sensor intended to be carried by the physical
system in order to provide a sequence of measure-
ments,

means for storing a statistical model associating possible
values of observation sequence components with a
plurality of possible predetermined states of the physi-
cal system,

a calculator, connected to the motion sensor and to the
storage means, programmed to calculate an observation
sequence on the basis of the measurement sequence and
to determine, using the statistical model, the activity of
the physical system in the form of a sequence of states
corresponding to the observation sequence,

wherein the calculator is programmed to calculate at least
one component of the observation sequence on the basis of
a reference value of a vector representing a reference axis,
the device comprising calibration means designed to:
calculate a likelihood value for the observation sequence
in view of said statistical model,

compare this likelihood value with a predetermined
threshold,

activate an estimation of a new reference value for the
vector representing the reference axis on the basis of
this comparison.

Optionally, the motion sensor is an accelerometer with
three measurement axes, the reference axis estimable by
means of the measurements provided by the motion sensor
being the axis of the earth’s gravitational field, the reference
value of a vector representing this axis being calculated on
the basis of an estimation of the coordinates of an accelera-
tion due to the earth’s gravitational field in the frame of
reference of the measurement axes of the accelerometer
when the physical system is in a predetermined state.
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The invention also relates to a system for detecting the
activity of a physical system, comprising:

a belt intended to be worn on the torso or the waist of a

person, and

a housing secured to the belt and comprising a detection

device as defined above.

Finally, the invention also relates to a computer program
that can be downloaded from a communication network
and/or recorded on a computer-readable medium and/or run
by a processor, comprising instructions for carrying out the
steps of a detection method as defined above, when said
program is run on a computer.

The invention will be better understood in view of the
following description, provided solely as an example, and
with reference to the appended drawings, wherein:

FIG. 1 schematically shows the general structure of a
detection device according to an embodiment of the inven-
tion,

FIG. 2 shows a specific use of the detection device of FIG.
15

FIG. 3 shows an example of a statistical Markov model
with hidden states having transition constraints between
hidden states and capable of being taken into account by the
detection device of FIG. 1,

FIG. 4 shows the successive steps of a detection method
according to an embodiment of the invention,

FIG. 5 shows the detail of a calibration step of the method
of FIG. 4,

FIG. 6 shows the successive steps of a method for
calculating a threshold parameter taken into account in the
method of FIG. 4, and

FIG. 7 shows a set of three time diagrams of intermediate
or output data of the device of FIG. 1 implementing the
method of FIG. 4.

The device 10 shown in FIG. 1 is a device for detecting
the activity of a physical system observed by at least one
sensor. It comprises, to this end, a measurement module 12,
a processing module 14 and an interface module 16.

The measurement module 12 comprises one or more
sensors, comprising at least one motion sensor, represented
by the single reference 18 for the observation of the physical
system.

In a non-limiting manner, the sensor 18 can, for example,
comprise a motion sensor with one, two or three measure-
ment axes, in particular a three-dimensional accelerometer
worn by a person, in order to determine the activity of said
person in the form of a sequence of attitudes among a
plurality of possible attitudes capable of occurring in suc-
cession (for example, sitting, standing, sitting/standing or
standing/sitting transition, walking).

More generally, it can comprise a motion sensor for
determining the activity of a mobile physical system in the
form of a sequence of states among a plurality of predeter-
mined states capable of occurring in succession.

The motion sensor 18 can also comprise a plurality of
sensors each providing measurements that, combined, make
it possible to envisage detecting more complex situations.

It takes measurements of the physical system in order to
provide a measurement signal, transmitted in the form of a
sequence M of measurement data to the processing module
14. The measurement data is obtained directly from a
sampling of the measurement signal, for example 100 or 200
Hz. In the case of a three-dimensional accelerometer, each
measurement data sample is a three-component vector, each
component representing the projection of the total accelera-
tion measured by the sensor on one of its three measurement
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axis. This total acceleration comprises the earth’s gravita-
tional acceleration and the acceleration specific to the
motion sensor 18.

The motion sensor 18 also has the property of enabling,
by means of the measurements that it provides a reference
axis to be estimated, represented by a reference vector A, for
example of norm 1, indicating its direction and its sense. As
will be described in detail below, the coordinates of this
reference vector can be expressed in the frame of reference
of'the motion sensor 18 and have a particular reference value
X:(Xx,xy,xz) when the motion sensor 18 is in a predeter-
mined and preferred orientation corresponding, for example,
to at least one of the possible states of the physical system.
In the case of an accelerometric sensor worn by a person, the
reference axis is advantageously the axis of the earth’s
gravitational field.

The processing module 14 is an electronic circuit, in
particular that of a computer. It comprises storage means 20,
for example a RAM, a ROM or another type of memory,
wherein the parameters of at least one statistical model are
stored, for example an HMM hidden-state Markov model.

In general, this statistical model stored in the memory 20,
or the structured assembly of these statistical models if a
plurality of them are combined, associates a succession of
possible observation data values with a succession of states
corresponding to at least some of the hidden states of the
statistical model HMM and identifying the possible states of
the physical system carrying the motion sensor 18.

The processing module 14 also comprises a calculator 22,
for example a central computer unit equipped with a micro-
processor 24 and a storage space for at least one computer
program 26. This calculator 22, and more specifically the
microprocessor 24, is connected to the motion sensor 18 and
to the memory 20.

The computer program 26 performs four main functions
illustrated by modules 28, 30, 32 and 34 in FIG. 1.

The first main function, performed by a filtering module
28, is a function for transforming the measurement sequence
M provided by the motion sensor 18 into an observation
sequence O capable of being checked against the statistical
model HMM stored in the memory 20. Like the measure-
ment sequence M, the observation sequence O is formed by
a succession of samples, each of these samples being
capable of being a vector, each component of which results
from a specific processing of the measurement sequence M.
In general, according to the invention, at least one compo-
nent of each sample of the observation sequence O is
calculated on the basis of the reference value A.

As a non-limiting example, when the motion sensor 18 is
a three-dimensional accelerometer worn by a person whose
activity is to be determined in the form of a sequence of
predetermined possible attitudes of the person (comprising:
sitting position, sitting/standing transition, static standing
position, walking, standing/sitting transition), the sequence
M is a sequence of acceleration vectors y,=y,%+y,”, n
designating the time index of the samples, y,% the low-
frequency part of these acceleration vectors corresponding
to the acceleration due to the earth’s gravitational field
capable of being obtained by a simple low-pass filtering and
v,X the high-frequency part of these acceleration vectors
corresponding to the acceleration specific to the sensor
capable of being obtained by a simple pass-band filtering.
These vectors are known by their components projected in
the three measurement axes of the motion sensor 18.

The filtering module 28 can thus separate these two parts
v, and y,? and provide an observation sequence O with two
components:
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a first sequence of components O, (1), obtained by deci-
mation at 5 Hz of the measurement sequence M,
low-pass filtering of the resulting samples with a cutoff
frequency of 0.125 Hz, then normalized projection of
the vector y,# thus obtained on the reference value A,

a second sequence of components O,(2), obtained by
decimation at 5 Hz of the measurement sequence M,
band-pass filtering of the resulting samples with a low
cutoff frequency of 0.125 Hz and a high cutoff fre-
quency of 0.75 Hz, then calculation of the norm of the
vector v, % thus obtained.

More specifically, and as an example:

4

,
Iyl

0,(1) = 100-

where {,) designates the scalar product and || || the Euclid-
ean norm,

0,()=1 0ly,7.

It is thus noted that the first component O, (1) of each
sample of the observation sequence O is calculated on the
basis of the reference value A while the second component
0,,(2) is independent of this reference value.

The second main function, performed by an activity
detection module 30, for example in the form of an instruc-
tion loop, is a function of detecting a sequence of possible
predetermined states of the physical system, on the basis of
a sequence O of observation data provided by the filtering
module 28. More specifically, the activity detection module
30 is programmed to enable the microprocessor 24 to
provide an activity A in the form of a sequence of states by
processing the observation sequence O by means of the
statistical model HMM stored in the memory 20.

The third main function, performed by a test module 32
is a function of calculating a likelihood value of the obser-
vation sequence O in view of the model HMM stored in the
memory 20 and of comparison of this likelihood value with
a threshold & for a possible update of the reference value A.

Finally, the fourth main function, performed by a thresh-
old calculation module 32, is a function of calculating the
threshold value & for the HMM model considered.

The interface module 16 has an interface 36 making it
possible to display the result of a detection performed by the
microprocessor 24, for example in the form of a time
diagram of the successive states corresponding to the obser-
vation O. As one of the possible benefits of the detection
device 10 is optionally also to detect a predetermined critical
situation, this interface 36 can in particular comprise an alert
activator. The interface 36 or its alert activator can, for
example, comprise a screen for displaying results or a
warning message, a loudspeaker for emitting a sound signal
or a transmitter for transmitting a signal to a remote alarm.
The alert activator can be activated upon detection of one or
more particular activity or activities. An example of a
detectable event/activity capable of activating an alert is, for
example, a fall.

It should be noted that the observation 12, processing 14
and interface 16 modules are structurally separable. Thus,
the detection device 10 can be designed in one piece or in
multiple distinct hardware pieces connected to one another
by wire or wireless data transmission means. In particular,
the processing 14 and optionally interface 16 modules can
be implemented by a computer. Only the observation mod-

10

15

20

25

30

35

40

45

50

55

60

65

8

ule 12 is necessarily in the vicinity or even in contact with
the physical system observed since it comprises the
sensor(s) 18.

In FIG. 2, a particularly compact embodiment is shown,
for use in monitoring the activity of a person 40. According
to this embodiment, the detection device 10 of FIG. 1 is
entirely integrated in a housing 42 worn by the person 40.
The sensor is a three-dimensional accelerometer and there
are, for example, five successive attitudes characteristic of
the activity of the person 40: a “sitting position™ attitude, a
“sitting/standing transition” attitude, a “static standing” atti-
tude, a “walking” attitude and a “standing/sitting transition”
attitude, each of these attitudes being represented by a
hidden state corresponding to a single Markov model HMM.
For this application, the housing 42 is, for example, firmly
held on the torso or waist of the person 40 by means of a belt
44.

An example of a statistical model HMM capable of being
stored in the memory will now be described in detail in
reference to FIG. 3, for the application mentioned above.
This model HMM is a hidden-state Markov model, each
hidden state of which corresponds to one of the five attitudes
mentioned above. It is defined by the following parameters:

the number of hidden states of this model HMM, equal to
5 in the example of FIG. 3,

7T, . . ., %s, the five initial probabilities, independent of
any observation, of each hidden state of this model
HMM, for example all equal to 0.2,

(8, /)1 5 =5, the matrix of probabilities of transition of each
hidden state i to each other hidden state j of this model
HMM, and

for each hidden state, the parameters of a law of prob-
ability of the observation provided at each instant at the
input of this model.

The hidden states of the model HMM of FIG. 3 are thus
the following: K1 for the “sitting position” state, K2 for the
“sitting/standing transition” state, K3 for the “static standing
position” state, K4 for the “walking” state and K5 for the
“standing/sitting transition” state.

It is also noted that this model imposes certain impossible
transition constraints, such as, for example, the transition
from the “static standing position” to the “sitting position”
state, which cannot be performed directly without going
through the “standing/sitting transition” state. This results,
for example, in the following matrix of transition probabili-
ties:

l-e ¢ 0 0 0

0 1l-e &/2 &/2 0
(aij)ss=| O 0 l-g &/2 &/2],
0 0 &/2 1-g &/2
&

0 0 0 1-¢

where the variable € is, for example, between 1072 and 107,

In FIG. 3, only the non-zero transition probabilities are
shown.

The laws of probability of observation at each instant and
for each hidden state are defined by parameters that are of
course dependent upon the reference value A arbitrarily
chosen. For example, in the application described above, the
reference vector A is a vertical unit vector oriented down-
ward in the terrestrial reference frame, the reference value A
being the value of the components of this reference vector A
in the coordinates of the frame of the measurement axes of
the three-dimensional accelerometer when it is worn by the
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person being observed and when the person is in the “static
standing position” state K3. By choosing such a reference
value A, it is possible to initialize it to a first value obtained
by calibration, taking a series of measurements when the
person being observed is wearing the motion sensor 18 and
is in the static standing position. A then corresponds in effect
to the measured acceleration vector that must simply be
averaged over the series measured. More generally, it is
advantageous to choose a reference value that can be

10

projection of the acceleration measured on each measure-
ment axis of the motion sensor 18.

In a step 102, during reception 100 of the successive data
transmitted by the motion sensor 18, the microprocessor 24
of the calculator 22 launches the execution of the filtering
module 28 as described above, to produce a sequence of N
observation data items denoted O, .,={O,, . . . O}, wherein
each sample O,, is a vector with two components O, (1) and
0,,(2) as defined above.

In the next step 104, the microprocessor 24 of the calcu-

deduced dlrectly.fromthe measurements associated with o€ 10 1ator 22 launches the execution of the activity detection
of the predetermined states. It should also be noted that it is .
ble 1o initialize & 1 bit ) ithout calib software module 30. By means of the statistical model
possible to 1nitialize A 1o an arbitrary value without calibra- HMM mentioned above, the activity of the person wearing
tion. . . the motion sensor 18 is determined in the form of a sequence
Any one of the laws of conditional probability of obser- of states (or a sequence of attitudes) corresponding to the
vation knowing the state to be determined can be chosen 15 observation sequence O,.,. This sequence of states is
from the famlly of nqrmal lgws. A normal law is deﬁneq by denoted ALA{AL AL, wherein each sample A, is a
its expectation p and its variance z. When the date} provided natural integer between 1 and 5 identifying one of the five
at the input of the model HMM is multi-valued, 1 is a vector states of the model (“sitting position”, “sitting/standing
comprising as many components and X is a matrix compris- transition”, “‘static standing position”, “walking”, “standing/
ing as many rows and columns as values provided at each 20 sitting transition”). In consideration of the hidden state
instant at the input of the model HMM. Markov model HMM chosen:
In the above-mentioned example, as the observation
sequence has two components, [l is a vector with two
components and X is a 2x2 matrix. Also in the above- Apy =argmax [p(Ary | Ol
mentioned example, each law of conditional probability of 25 ALy
observation knowing the state to be determined is, in prac-
tice, advantageously a sum of two normal laws capable of
being written in the form:
=argmax [p(Arn, Oun)/ p(Orn)]
30 ALN
— LD
PO, | A, =)= Ci,jﬂexp[__(on )"y O - |,
2 —
y= 2x |§ | P
=argmax [p(A;n, On)ls
35 ALN
where the parameters c,, 1, and X, are, for example,
defined as indicated by the following table:
State Ki ¢, Hi g 2 Ci2 Hio 25
i=1 0424 78.28 1772 0.024 0.576 95.072 1640 -0.016
[0.0059} [0.024 0.0177} [0.0085} [—0.016 0.0164}
i=2 0308 85.26 7125 4.99 0.692 99.37 0.496 -0.155
[1.5033} [ 4.99 4.36} [0.461} [—0.155 0.51 }
i=3 0950 99.73 0.078  0.000067 0.050 99.82 0.016  —0.00045
[0.0044} [0.000067 0.0001 } [0.137} [—0.00045 0.0135 }
i=4 0083 99.33 0.133 -0.09 0916 99.9 0.0098 0.021
[ 1.61 } [—0.09 2.69 } [1.567} [0.021 236 }
i=5 019 93.62 5798 -2.44 0.810 93.31 48.61 -0.02
[ 3.04 } [—2.44 4.16 } [ 0.22 } [—0.02 0.08 }
The operation of the detection device 10 will now be  with:
described in detail in reference to FIG. 4. More specifically,
the execution of the filtering module 28, the activity detec- 60
tion module 30 and the test module 32 by the microprocessor X
. L A, Orw) = p(ADP(OL | A An | An)p(Oy | An).
24 produces the sequence of steps illustrated in this figure. P, Q) = pADp(O | I)B Plonl Ar-0p(Or | A4n)
In a first step 100, the motion sensor 18, in this particular Classically, the sequence of states AIW is estimated by
case the three-dimensional accelerometer, transmits a g5 means of a Viterbi algorithm.

sequence M of measurement data to the calculator 22. This
data is vector data with three components indicating the

Then, in a step 106, the microprocessor 24 of the calcu-
lator 22 launches the execution of the test module 32 in order
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to calculate a likelihood value V of the observation sequence
O, . in view of the statistical model HMM. The likelihood
value V is, for example, given by the following formula:

1
V= ﬁlOg(p(ol:N))a
wherein the expression p(O,.,) is developed in the form:

M

M
p(ol:mzz o D POy, ALw)
A=l A=l
M M N
= Z Z pADP©OL LAD] | P(AR | A 1)P(0n ] A,),
A=l fryv) n=2

where M is the number of states, i.e. 5 in the example
considered. N is for example equal to 10 or 20.

In view of the laws of probability mentioned above, this
likelihood value V can be calculated directly without any
particular difficulty. It is higher as the reference value A
remains adapted to the observation in progress. Indeed, the
situation may have changed since the initialization of the
reference value or since its last update, due to a change in the
position of the accelerometric sensor on the body of the
person being observed, due to a change in the person being
observed or due to another disruptive event. In this case, the
likelihood value V can be degraded. It is therefore beneficial
to regularly verify that this value remains greater than a
predetermined threshold denoted . This threshold & is
dependent only on the model HMM stored in the memory 20
and a method for calculating its value will be described in
detail in reference to FIG. 6. In consideration of the numeric
parameters of the model HMM described above, the method
shown in FIG. 6 provides the value 6=-8.

In step 106, the likelihood value V is compared to the
threshold value §. If V>3, the method returns directly to step
100 to process a new measurement sequence. Otherwise, the
method activates a step 108 of updating the reference value
A before returning to step 100.

The updating step 108 is performed in parallel with the
loop of steps 100 to 106 and is based on sequences of
successive states provided at the output of step 104. In the
example considered, it is based on the detection of a state
wherein a sufficient proper acceleration is measured for a
minimal duration. In effect, this proper acceleration is
detected by the second component of the samples of the
observation sequence, which is independent of the reference
value A and therefore insensitive to its drifts. In addition, by
imposing a minimal duration, for example 12 seconds, the
walking state is distinguished from the sitting/standing tran-
sition or standing/sitting transition states, which do not last
as long and which are the only ones, with the walking state,
to have a sufficient proper acceleration. Thus, independently
of the reference value A, it is possible to detect precisely
when the person being observed is in the walking state.
However, this walking state is also a state wherein, as in the
static standing position state, the low-frequency portion of
the acceleration vector measured must be, on average,
co-linear to the reference vector A in order for the statistical
model to be applied optimally, as was defined in the con-
struction of the model.
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Thus, step 108 consists, as shown in FIG. 5, in:

detecting (200) a sequence of successive observation data,

during which a sufficient proper acceleration is mea-
sured over a duration greater than a predefined minimal
duration (for example 12 seconds),
recovering (202) the corresponding measurement
sequence, truncating this sequence by a few seconds at
the beginning and at the end so as to be sure that only
a walking sequence is preserved,

on this truncated measurement sequence, performing
(204) a decimation at 5 Hz, then a low-pass filtering of
the resulting samples with a cutoff frequency of 0.125
Hz,

calculating (206) the average on the truncated sequence of
each vector component measured and filtered, and
assigning this average to the corresponding component
of the reference value A.

To detect a sufficient proper acceleration (even denoted,
for example, ACC, the opposite even then being denoted
‘ACQC), it is possible to astutely define two new posterior
probability laws for the second observation component
0,2):

0,(2) - 2
P(0,2)| ACC) = _(On(2) —ptacc) ],

2
2%

AY 1 (
exp
172 12
n o A/CC

with, for example, n,..~=1.282134 and o,..=1.09, and

P(0,(2)| ACT) =

_(0,2)- /JW)Z]

2
2U—ACC

1
exp|
172 172 (
Vorx Tace

with, for example, 1==0.008 and 05-=0.045.
It is then decided at each instant (i.e. for each sample) that
the proper acceleration is sufficient if:

PO ACC)
P(0x(2) | ACC) + p(0,(2) | ACC)

It is therefore necessary for this condition to be verified
for at least 12 seconds in order for the update of the reference
value A to be capable of being performed.

Step 108 is optionally but advantageously followed by a
step 110 of invalidating the activity determined, at least
partially by invalidation of at least some of the sequence of
states determined on the basis of the observation sequence in
step 104. More specifically, the states determined for which
the likelihood value is less than the threshold value 8 can be
invalidated. Also optionally, information can be generated
making it possible to warn the user that an activity has been
determined even though the likelihood value was low. This
information can be displayed by the interface 36.

The method for calculating the threshold value 9, illus-
trated in FIG. 6, comprises a first step 300 involving a
random drawing of a large number of theoretical observation
sequences on the basis of the observation model defined
above, for example at least 1000. Practically speaking, to
perform this random drawing, for each theoretical observa-
tion sequence, a first initial state A, is randomly drawn, then
an observation value according to the law p(OlA,) is ran-
domly drawn. This is performed iteratively until the Nth
observation value by randomly drawing the next state
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according to the transition laws defined for the model HMM,
then the next observation value according to the law, which
corresponds to the performance of this next state.

Then, in a step 302, the likelihood value V is calculated
for each of the theoretical observation sequences obtained in
step 300.

Finally, in a last step 304, the value of § is determined so
that, for example, 95% of the likelihood values V calculated
in step 302 are greater than this value 3. In particular, as
indicated above, this gives =8 for the model described
above and illustrated in FIG. 3.

Three examples of time diagrams of intermediate or
output data of the device of FIG. 1 implementing the
detection method of FIG. 4 are shown in FIG. 7.

The first diagram provides an example O of an observa-
tion data sequence with two components as defined above.
The sequence of the first components O,,(1) is denoted O(1)
and the sequence of the second components O,,(2) is denoted
0(2).

The second diagram provides the resulting activity A
estimated by the activity detection module 30 in the form of
a sequence of states: on the y-axis of this diagram, 1
identifies the sitting position state (hidden state K1), 2
identifies the sitting/standing transition state (hidden state
K2), 3 identifies the static standing position state (hidden
state K3), 4 identifies the walking state (hidden state K4) and
5 identifies the standing/sitting transition state (hidden state
K5).

The third diagram provides a resulting sequence of like-
lihood values V, estimated by the test module 32 in sliding
windows. The likelihood values V are compared at each
instant to the threshold 8.

It is noted, in the first and third diagrams, that until around
the 25th sample, the reference value A appears to be poorly
adapted to the model since a sitting/standing transition state
is detected for an excessive duration, confirmed by the
likelihood value V<4.

After the detection of a sufficiently long proper accelera-
tion period measured between the 15th and 25th samples (cf.
curve O(2)), the reference value A is updated toward the 25th
sample, confirmed by the likelihood value V> after this
instant.

It is then noted that, after another proper acceleration
period between the 75th and 80th samples, during which the
motion sensor 18 must have been inadvertently moved, the
likelihood value again goes below the threshold 9.

The situation is reestablished around the 112th sample,
after the detection of a new sufficiently long proper accel-
eration period (cf. curve O(2)), when the reference value A
is again updated, confirmed by the likelihood value V>8
after this instant.

It is noted that the decisions made while V<§ could
alternatively not be indicated in the activity sequence A. It
is also noted that this activity sequence A could be directly
displayed, or represented in one way or another, on the
interface 36.

It appears clearly that a detection device such as that
described above is capable of detecting drifts in the estima-
tion of the states observed and consequently being automati-
cally calibrated. It is therefore more robust than similar
devices of the prior art.

It should also be noted that the invention is not limited to
the embodiment described above.

In particular, the reference value A is not necessarily that
defined above, namely the value, in the frame of the mea-
surement axes of the three-dimensional accelerometer 18, of
the components of a unit vector, vertical and oriented
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downward when the person being observed is wearing the
three-dimensional accelerometer and is in the “static stand-
ing position” state. This reference value is of course very
closely linked to the application chosen as a non-limiting
example.

More generally, the reference value is the value, in a
frame associated with the motion sensor 18, of the compo-
nents of a reference vector that can be estimated by means
of the measurements provided by the sensor when the
physical system being observed is in a predetermined state
wherein this reference vector is assumed to be stable, this
state preferably being detectable on the basis of observation
components independent of the reference value.

It will also appear more generally to a person skilled in the
art that various modifications can be made to the embodi-
ments described above, in light of the teaching disclosed
above. In the claims below, the terms used must not be
interpreted as limiting the claims to the embodiment
described in the present description, but must be interpreted
so0 as to include all equivalents that the claims are intended
to cover due to their wording and that can be envisaged by
a person skilled in the art applying general knowledge to the
implementation of the teaching disclosed above.

The invention claimed is:

1. A method for detecting activity of a physical system
carrying a motion sensor, the method comprising:

obtaining a reference value (A) of a vector representing a

reference axis that indicates a preferred direction;
extracting a time sequence of measurements provided by
the motion sensor;

deducing therefrom a time observation sequence calcu-

lated using the time sequence of measurements, at least
one component of the time observation sequence being
calculated from the time sequence of measurements
using the obtained reference value (A);
using a statistical model of components of the time
observation sequence in view of a plurality of possible
predetermined states of the physical system, determin-
ing the activity of the physical system in the form of a
time sequence of states corresponding to the time
observation sequence; A
determining whether a calibration is needed by
calculating a likelihood value for the time observation
sequence in view of said statistical model, and
comparing said likelihood value with a predetermined
threshold (9); and
on the basis of the comparison, performing the calibra-
tion, in response to determining that the calibration is
needed, by updating the obtained reference value ().

2. The detection method as claimed in claim 1, wherein
the reference axis is estimated, via its representative vector,
with measurements provided by the motion sensor.

3. The detection method as claimed in claim 1, further
comprising invalidating at least some of the time sequence
of states corresponding to the time observation sequence, on
the basis of the likelihood value.

4. The detection method as claimed in claim 1, wherein
the time observation sequence is deduced from the time
sequence of measurements by

calculating a first component, on the basis of a low-pass

filtering with a predetermined cutoff frequency of each
component of the time sequence of measurements, then
projecting the resulting components onto the reference
value A (R); and
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calculating at least one second component, on the basis of
a band-pass filtering with predetermined cutoff fre-
quencies of each component of the time sequence of
measurements.

5. The detection method as claimed in claim 1, wherein
the statistical model is a single Markov model with hidden
states, each hidden state of which corresponds to one of the
possible predetermined states of the physical system, the law
of conditional probability of the observation of each hidden
state being modeled by a sum of normal laws.

6. The detection method as claimed in claim 1, wherein
the calibration comprises:

calculating the likelihood value for the time observation

sequence in view of said statistical model in the form:

1
V= Nlog(p(Ol:N)),

where N is the number of observation samples in the time
observation sequence (O), O, ., designating the N successive
samples and p(O, .,,) the probability thereof;

comparing said likelihood value with a predetermined

threshold (9), said threshold being defined on the basis
of the random drawing of a plurality of theoretical time
observation sequences based on said statistical model;
and

activating the estimation of a new reference value (&) for

the vector representing the reference axis only if the
likelihood value is lower than the predetermined
threshold (9).

7. The detection method as claimed in claim 1, wherein:

at least one component of the time observation sequence

is calculated independently of the reference value (A) of
the vector representing the reference axis,

at least one state of the physical system corresponding to

a time sequence measurement is detected on the basis
of the time observation sequence component indepen-
dent of the reference value (A), and

the updated reference value (A) is estimated on the basis

of the time sequence measurement corresponding to the
state detectable on the basis of the time observation
sequence component independent of the reference
value (R).

8. The detection method as claimed in claim 7, wherein
updating the obtained reference value (&) of the vector
representing the reference axis comprises:

detecting and recovering, on the basis of said at least one

time observation sequence component independent of
the reference value (A), a time sequence measurement
corresponding to a predetermined state wherein the
vector representing the reference axis must have, on
average, the reference value in consideration of said
statistical model;

calculating the average values of the components of said

representative vector in the time sequence measure-
ment corresponding to the predetermined state, by
low-pass filtering with a predetermined cutoff fre-
quency of each component of the time sequence mea-
surement, then calculating average values of the filtered
components; and

assigning the average values to the updated reference

value.

9. The detection method as claimed in claim 1, wherein

the plurality of possible predetermined states include: a

“sitting position” state, a “sitting/standing transition”
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state, a “static standing position” state, a “walking”
state and a “standing/sitting transition” state, and

the reference value () is the value, in the frame of the

measurement axes of a three-dimensional accelerom-
eter, of the components of a vertical downward-ori-
ented unit vector when a person being observed is
wearing the three-dimensional accelerometer and is in
the “static standing position” or “walking” state.

10. A device for detecting activity of a physical system,
the device comprising:

a motion sensor configured to be carried by the physical

system to provide a time sequence of measurements;

a memory configured to store a statistical model associ-

ating possible values of components of a time obser-
vation sequence with a plurality of possible predeter-
mined states of the physical system; and

processing circuitry, connected to the motion sensor and

to the memory, programmed to

obtain a reference value (A) of a vector representing a
reference axis that indicates a preferred direction,

calculate a time observation sequence on the basis of
the time sequence of measurements, at least one
component of the time observation sequence being
calculated from the time sequence of measurements
using the obtained reference value (R),

determine, using the statistical model, the activity of
the physical system in the form of a time sequence of
states corresponding to the time observation
sequence,

calculate a likelihood value for the time observation
sequence in view of said statistical model,

compare the likelihood value with a predetermined
threshold (9), and

perform a calibration of the device by updating the
obtained reference value (&) on the basis of the
comparison.

11. The detection device as claimed in claim 10, wherein
the motion sensor is an accelerometer with three measure-
ment axes, the reference axis estimable by the time sequence
of measurements provided by the motion sensor being the
axis of the earth’s gravitational field, the reference value (&)
of a vector representing the axis being calculated on the
basis of an estimation of the coordinates of an acceleration
due to the earth’s gravitational field in the frame of reference
of the measurement axes of the accelerometer when the
physical system is in a predetermined state.

12. A system for detecting the activity of a physical
system, comprising:

a belt to be worn on a torso or a waist of a person, and

a housing secured to the belt and comprising the detection

device as claimed in claim 10.

13. A non-transitory computer-readable storage medium
including computer executable instructions, wherein the
instructions, when executed by a computer, cause the com-
puter to perform a method for detecting activity of a physical
system carrying a motion sensor, the method comprising:

obtaining a reference value (A) of a vector representing a

reference axis that indicates a preferred direction;
extracting a time sequence of measurements provided by
the motion sensor;

deducing therefrom a time observation sequence calcu-

lated using the time sequence of measurements, at least
one component of the time observation sequence being
calculated from the time sequence of measurements
using the obtained reference value (A);

using a statistical model of components of the time

observation sequence in view of a plurality of possible
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predetermined states of the physical system, determin-
ing the activity of the physical system in the form of a
time sequence of states corresponding to the time
observation sequence;
determining whether a calibration is needed by 5
calculating a likelihood value for the time observation
sequence in view of the statistical model, and
comparing the likelihood value with a predetermined
threshold (8), and
on the basis of the comparison, performing the calibra- 10
tion, in response to determining that the calibration is
needed, by updating the obtained reference value (A).
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