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Abstract—The aim of this paper is to provide a new
methodology for the detection of an increased risk of fallig

in community-dwelling elderly. A new extended method of the —— aged people with self-degraded
empirical mode decomposition (EMD) called multivariate-BMD ~ ©:06 population control
is employed in the proposed solution. This method will be population aged self
mainly used to analyze the stabilogram center of pressure 204 :
(COP) time series. In this paper, we describe also the remote ;’002
non-invasive assessment method, which is suitable for stat é
and dynamic balance. Balance was assessed using a miniature§ 0
force plate, while gait was assessed using wireless sensplaced =
in a corridor of the home. The experimental results show the ;0_02
effectiveness of this indicator to identify the differencs in
standing posture between different groups of population. —g,gg
10
. INTRODUCTION "
Me 0 X
Due to the resulting loss of the elderly autonomy, th m) 0020 2 Time (s)

deterioration of their balance is a major problem in bioroati

Thus, several risk factors have been identified to minimize Fig. 1. Time evolution of ML and AP in young people and elderly
the effects of the falls. The muscular weakness is recognize

as the most commonly cited factor. Recent analysis [[1]-[3]

STdOWI that thle economic cost ‘f)f the fallslls p;]roportmnlal ® h,1d powerful method to explore these signals and then eéxtrac
elderly population. In France, for example, the annua n‘mmt}he relevant parameter. In this paper, in order to extract

of death_s caused by the falls is estlmated. t_o be more tr\ﬂ'fbrmations from the stabilogram and to characterize the
9.000, with a re_su_ltant cost over thgn two billion eurias [4]. postural stability, we propose the use of a new version of
To capture clinically relevant episodes accurately and ranpirical mode decomposition of bivariate signals. Thithes

liably, in a pervasive healthcare monitoring system, miéti apijlogram signal, which may be seen as a multi-component
sensors are employed to measure, both physiological and cgfn, [7]. Fig.[1 depicts an example of real data scenario.

textual informations. The postural equilibrium is maintil Th d thod the d i fth
by reacting information from all the sensory systems, idlg . € proposed method ensures the decomposition of the
signals into elementary rotating functions, oscillatingdtions

vestibular, visual, and proprioception systems. . . . 2
brop P y d tendencies. The technique is based on recursive eatract

To evaluate postural sway, a force plate is used Whi&? | d il tating. functi d th
integrates wireless sensors recording data captured fnem pt non planar and rapidly rotating functions, and then a
Gprsive extraction of rapidly oscillating functions ascase

body mouvements. The force plate measures the displacen{

of the COP, which represents the location of the resultal) univariate-EMD. Our concept is based on a theoretical

force exerted on the surface of a force plateform. The C(ﬁcomposition and is confirmed on simulated signals (see Fig

which can be used as a measure of postural stability, 35

defined in the horizontal plane in both anteroposterior (AP) We propose to exploit the stabilogram to extract a relevant

and mediolateral (ML) directions[[1]. The representatién dndicator that allows diagnosing a risk of falling and monit

the COP time series, in the AP and ML directions, is knowid of the evolution of imbalance quality in the elderly.

as the stabilogram (see FIg. 1). The remaining of the paper is organized as follows. Firstly,
Authors in [5] and [[6] have proved that the stabilograrnthe experimental protocol, mv-EMD, and the data processing

signals are nonstationary. Hence, the use of these curaes presented in Section Il. Section Ill summarizes the main

presents a lack of ability to decide whether the person hasult, obtained by applying our proposed method on the

a risk of falling or not. Therefore, we need a more precisabilogram. Finally, Section IV concludes the paper.



data recording data displaying results

Database Stabilogram Indicator
Fig. 2. Schematic diagram of a remote monitoring system &arre assessment
I[I. MATERIALS AND METHOD The decomposition is an intuitive and adaptive signal-

In this section, we give a detailed description of the prélépendent and does not require any conditions about the
posed method and the materials employed for signal acqugatmnarlty and linearity of the signal. The waveforms ex-

tion and data analysis. tracted by EMD are named IMFs (Intrinsic Mode Functions).
) o Each IMF is symmetric, assumed to yield a meaningful local
A. Population Groups and data Acquisition frequency, while different IMFs do not exhibit the same

During all manipulations, we assume that all measuremeffitsquency at the same time. In other words, each IMF satisfies
are taken from two classes of people: the first class is cothe two following constraints:

posed of ten healthy control subjects (three males and seveQ the number of extrema and the number of zero crossings

females) while the second includes ten healthy elderlyesubj are identical or differ at most by one;
(four males and six females). _ « the mean value between the upper and the lower envelope
Control subjects mean age, height, and weigharg+7.4 is equal to zero at any time.

years,168.0+6.5 cm, and65.7+17.6 kg, respectively. Elderly

subjects mean agde, height al?d weight ame’;j £ 4.7 years, geries is the residual. The first IMF component is obtained by
165.6 £ 7.0 cm and71.9 + 9.9 kg, respectively. sifting process. This procedure is then applied on the veasid

We notice here’ that the data related to center of PreSSi&rder to extract the second IMF, and so forth. Thus all the
(COP) are obtained from a BerteﬁGO—OS forc_e_plate (Beftec IMFs are iteratively extracted. The nonstationary signgl)
Corporation, Columbus, Ohio, USA)._The initial COP signaly 0, represented as a linear sum of IMFs and the residual
are recorded for several non-normalized values of the Cen&%mponent
of force plate and by subtracting the mean value. The datapiﬁ '
sampled at the rate df00 Hz and then filtered using a&th-
order lowpass Butterworth filter with a cutoff frequency o
10 Hz. Then the data are recorded and treated using ProTags x(t) = Z ci(t) +r(t), (1)

and Labview (National Instruments Corporation, Austing,Te k

USA). Finally, all subsequent calculations are performsidgi wherer(t) is a residual tendency angi(¢) are the intrinsic
MATLAB. modes IMFs. (IMF : intrinsic mode function) It relies heavil

B. Experimental protocol on the calculation of the extrema that do not have any meaning

Subjects are tested barefoot or wearing socks. The tet stit such rr_1u_|t|d|_men3|onal S|gnals._ . .
The originality of our method lies in the fact that it drops

with subjects standing upright with their arms by their side the step of sifting and consequently its drawbacks. In estr

front of the force-plate while looking at B) cm cross fixed on to the classical EMD d method h i
the wall in2 meters in front of them. Upon verbal instructions 0 the classica » OUr proposed method uses the convexity

subjects stepped onto the force plate and they are not mhuﬁbhanges of the signal instead of its extrema. These new

to use a preordained foot position. Data recording lasted ilgaptatlons are easy to deal with, since they have no natural

seconds, during which subjects maintain an upright posturé'gn'f'cance for vectorial or_conjplex functlons._ Some reclea
works related to the applications of EMD, in the case of

C. Data processing vectorial and complex signals, are provided by authors ih [8

1) Overview of the mv-EMDThe EMD concept was first [9] respectively .

introduced by Huang et al[][7]. It is based on the simple Our proposition is to be able to decompose any signal
assumption that any data may have many different Coexistiiﬁ‘go elementary bivariate IMFs which is a bivariate funatio
modes of oscillations one superimposing on the others.dt igharacterized having the following forms :

signal processing decomposition technique that decomspose. Rotating IMFs: are non-planar curves which are turning
each signal into waveforms modulated in both amplitude and around the time axis (they have a spiral shape). In ad-
frequency by extracting all modes that the signal contaifis [ dition, they are "locally symmetric” as explained bellow.

For exampldsin(t), cos(t)) is a non planar rotating IMF.

The difference between the original signal and the IMF time

er the convergence of this algorithm the signdk) can
1(hen be written as:



o Oscillating IMFs: are planar curves having manyand then extract instantaneous amplitudes and frequerfities
changes of the convexity and have a "local symmetry” asdicator that allows to quantify the risk of falling is iogluced
well. In their containing plan, they can be seen as a uras a deviation from the equilibrium amplified by the time gpen
variate IMFs. For example, the functidsin(t), 2sin(¢)) in this imbalance state.

is a simple planar oscillating IMF. Indeed, for each IMF extracted from the stabilogram and
« Tendencies: are planar or non planar curves which haveach simple oscillation, the parameter we propose is given
no inflexion. by I = AT, where A is the amplitude of a given local

What will be considered as tendency is any function which h@scillation andT' its corresponding period. The amplitude
no change in the sense of its convexity. Somehow, a tenderbyweighted by the period’, quantifies the influence of the
may be seen as a piece of an IMF that one cannot obsefl@viation from equilibrium which is amplified by the duratio
entirely because of the relative short time of observatior® the imbalance. In practice, especially when it comes pirra

In order to decompose the signal into elementary IMF8sCillation IMFs, it is unnecessary to process the data tior a
the procedure consists on identifying the inflexion poings tper.iods but rather at fixed Iaps_of time that we.choose. The
searching the points for which the convexity of the curvi@dicator has been extracted using the forthcoming rules:
changes. These inflexions give an idea about the apparent Data acquisition and extraction of the stabilogram.

rotation and oscillatory nature of the studied signal. « Signal decomposition using the mv-EMD and extraction
2) Model motivation and physical explanatiofihe balance of all the IMFs and trends (Suppose we obt&nMFs).

of a person, moving or in a static state, can be described by The indicatorl;,k = 1..., K is calculated for all the

the fundamental rule of dynamics, illustrated by a diffeian IMFs and for every local oscillation.

equation of Langevin type: o The interval of 10 secondl%aé)s( fractionated into small
dii(t) intervals. Then, we calculatg ~ the maximum value of
—2(t) = —k(t) . U(t) +7i(t), 2 the indicator over an interval of 2 seconds corresponding

dt to the 1 IMF.
wherev = (&, ) is the velocity vector, andi(t) is the resul- , The final indicator, represented in figure (Fig.9), is equal

tant of forces applied by the muscles to maintain the balance K

The termk(t)v(t) represents the resultant forces responsible to 7 = Z mnax
for the imbalance. Ir]7], it was shown that the empirical mod
decomposition is more suited to this kind of systém (2) in its *
one-dimensional version. It breaks down the movement into
elementary displacement which can be described by intrinsi I1l. SIMULATION RESULTS

components (IMFs). In this paper we use the bi-dimensional-l-he idea of control (or visual performance) is inspired

version of the EMD introduced in[_[10] which will consider]crom technique of management and quality control which
the hmu':)ua;l link b\?vtweem andy ar:\d tf;elrEcl\(A)gblr;led influence are classically used in manufacturing processes and system
on the balance. We are aware that the will not NeCeSSaBiability. This is achieved by establishing a control t{&ig.

find exactly the real elgme_ntary behavprs thaF gqve_nsbeto E) which is composed of a curve representing the evolution
;novement. Howeyera 'thW'" gr:\/i gxplonable Intrinsic mF)deof the indicator for ten seconds over three regions: a nhqgrmal
unctions summarized through their instantaneous anuesu alert and risk zones. The bounds of these regions are obtaine

and frequenc_les. These mstantane(_)us compon_e_nts wily al_lf?om a large control population. This control chart reflects
the construction of an accurate indicator permitting tonpoi . ability of an older person to maintain his balance and

out the stlate. of balance degradat!on of a given pat.ient. eventually detect the risk of fall,
3) An indicator for precarious imbalance detectiohe
idea is based on a physiological explanation of the eqidlibr A. Signal decomposition

Firstly, in order to maintain equilibrium, muscles mustlbp  For the implementation of our technique, we illustrate its
more energy proportionally to the gap between the COP aggllity to separate our data. For this purpose, we propose to
the center of gravity (COG). This means that equilibriurgtydy an interval o2 seconds of the real signal.

becomes more precarious as well as this gap is larger. ThisFig.[3 to[8, we give the curve shape of an example and its
distance between the COP and COG will manifest as @Bmponents respectively. We see clearly that the technique
amplitudein the stabilogram. On the other hand, the precarioggroduced in this paper is able to decompose the signal into

state of the equilibrium worsens when the patient spende m@yIFs and separate rapidly rotating and oscillating compisie
time in this situation of imbalance. This fact will be seeraas

the timeperiodto return to the state where the COP coincides . o

with the COG. The idea of the indicator we introduce her@- EXtraction of the indicator

consists in exploiting these periods and amplitudes. Tleste  Taking curve corresponding to a representative population
guantities cannot be directly extracted from the stabdogr of young controls as a reference and a large number of
but only from its corresponding IMFs. For this reason, wautonomous and non autonomous older persons; we have
begin first by decomposing the stabilogram using the mv-EM&stablished the chart given in Figl 9. In this chart we

k=1
We repeat the same process for each subject and for each
category.
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Fig. 4. the shape of the extracted first IMF Fig. 6. the shape of the extracted third IMF

IV. CONCLUSION

qlis?inguish three zones delimiteql by two bounds: t_he_lowerIn this paper we give a simple indicator which can put
limit corresponds o the the maximum value of the_mdlcat% evidence the state of equilibrium of vulnerable or older
correspor_1d|ng o the worst situation O.f young Sl.JbJeCtS' T2rsons. This is based on a novel technique of signal pro-
dash_ed line corresponding to the limit Of. the risk zone éessing using multivariate EMD. This signal decomposition
obtained from the worst case corresponding to autonom gthod is applied to the stabilogram whose goal is to give a
but older persons. This way we have sketched_ a referer}:"f&ssical tool that allows diagnosing a risk of falling. Bkes
graph t_hat shows the variation bounds O_f the |nd|ca_tor_\£ersllt15 simplicity, the proposed indicator alow monitoring the
time. Fig.[9, shows the temporal evolut|0n_of the md'catoévolution of balance quality in the elderly. This is imparta
It clearly shows that the curve corresponding to the you ce it can be used to detect or prevent some pathologydinke
controls is less ghgotic than the elderly. This is quite dagi to equilibrium in elderly populations. Another advantage i
because of the limited autonomy of the latter. that this indicator can be adapted to a real-time trackintpef
state of the equilibrium and can be incorporated into pexsth
Furthermore, the difference of behavior between elderty agystems for real time monitoring.
autonomous persons is clearly highlighted by our indicator
The detection of a fall risk is reflected simply by the fact of REFERENCES
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