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Attempt to distinguish electric signals of a dichotomous nature
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Three types of electric signals were analyzed: lon current fluctuations in membrane chH@RC),
Seismic electric signals activiti€SES, and “artificial” noises(AN). The wavelet transform, when applied to
the conventional time domain, does not allow a classification of these signals, but does so in the “natural” time
domain. A classification also becomes possible, if we stgel)—(x)? versusqg, where y stands for the
“natural” time. For q values approximately between 1 and 2 the signals are classified and ICFMC lies between
the other two types. Fog=1, the “entropy” S={(xInx)—{x)In{x) of ICFMC almost equals that of a “uni-
form” distribution, while the AN and SES have larger and smafvalues, respectively. The recef.
Varotsos, N. Sarlis, and E. Skordas, Phys. Re%7E021109(2003] finding that, in short time scales, both
SES and AN(which are shown to be non-Markovignesult in comparable detrended fluctuation analysis
exponentsx € (1.0,1.5) is revisited. Even a Markovian dichotomous time series, in short time scales, leads to
similar & exponents.
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I. INTRODUCTION sis in the “natural” time domair(see belowwas also made
and led to the following resultgl0]: In the low frequency
Single ionic channels in a membrane open and clos¢éange, it seems that certain power spectrum characteristics
spontaneously in a stochastic way, resulting in current andistinguish SES activities from AN, while ICFMC lie in the
voltage changes, which resemble the realizations of randomoundary between the other two types of signals. The natural
telegraph signals, RTSsee Refs.[1,2], and references timeyx isintroduced5,12] by ascribing to théth pulse of an
therein. A second type of signals, which have also an RTSelectric signal(Fig. 1), consisting ofN pulses, the valugy
feature, are the so-called seismic electric sign8ES ac- —K/N and the analysis is made in terms of the couple
tivities. These are low frequency<(1 Hz) changes of the (Xk,Qi whereQ, stands for the duration of thieth pulse.
electric field of the earth that have been found in Greecd Ne quantityQ, is the so-called dwell time, but for the high-
[3—7] and Japaiig, 9] to precede earthquakes with lead times/€Ve! 0Ny, Q=T . Figure 2 shows how the electric sig-
ranging from several hours to a few months. It has beef@!S Of Fig. 1 are read in the natural time, 1By, or P(X)
suggested3] that SES activities are emitted whercetical ~ VErSUSX« Or x, respectively, whergy=Qy/=,_;Qy.

stress is approached in the focal area. Beyond the SES ac- S!"C€ thelpgvlé/er spectrum and th? correlation ana{ylsm;.]s

tivities, however, the data collection systésampling rate conventiona A can measure only one exponent, these
fou=1 Hz) also records “artificial” noise¢AN), i.e., elec- methods are more suitable for the investigation of monofrac-
exp , L€,

trical disturbances due to nearby man-made electrica@! signals. In several cases, however, the records cannot be

sources. Figure 1 shows excerpts of a number of these thr qount.ed for by a single scaling exponére., do not ex-
types of signals, ie., ICFM(Iign current fluctuations in ibit a simple monofractal behavioiRecall[14-17 that the

membrane channg|sSES activities and ANthey are pre- 50 WP PRI TR ICEMC
sented in normalized units, i.e., by subtracting the mgan 45 bl N AL AL KA
and dividing by the standard deviatiar). The latter have S 40 LI LU U LIWIUT LY K2
been intentionally selectefllO] to exhibit a RTS feature T 36 Ny L { A
similar to that of SES activities. This RTS feature allows us 2 307 ‘ g U
to construc10] the time series of subsequently high-level 3 2 n
(Th) and low-level ) durations(dwell timeg {Th,j};\lﬁl, = fg ‘ Ty :2
{T|YJ—}JN;1, whereN;, andN;(=Np—1) are the total number 8 1o 1 : n4
of the high- and low-level states’ duratioffkl], respectively. 5F \ n5

In previous publications, various statistical methoéels)., 0 LA A, . | né
Hurst and detrended fluctuation analysis, DFiead to 0 200 400 600 800 1000
power-law exponents, which are consistent with long-range t(units of 1/fexp)
correlations for both SES activitigd?] and AN [10], as FIG. 1. Excerpts of ICFMC fey,= 10 kHz), four SES activi-

earlier found 13] for ICFMC. Aiming at the classification of i, labeleck1, K2, A, U, and six artificial noises, labeletl 6
these three types of electric signals, a power spectrum analYfesz 1 Hz). The signals are presented in normalized units, i.e., by
subtracting the mean valye and dividing byo (see the text For
the sake of clarity, all signalexcept ofn6) are displaced vertically
*Electronic address: pvaro@otenet.gr by constant factors.
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0.001 { ' ' ' ' ] called generalized Hurst exponent. For stationary time series,
Ig)g%% SRS NSRRI h(2) is identical[24] to the well known Hurst exponer,

e PO YL WY VNP i.e.,h(2)=H. For monofractal time serigs(q) is indepen-
0.02 MAMM dent of g, while for multifractal serieh(q) depends ory.
i MF-DFA was recently applieflL0] to the time series of SES
activities and AN. This multifractal analysis, when carried
out in the conventional time frame, did not lead to any dis-
tinction between these two types of signals. On the other
hand, if the analysis is made in the natural time domain, a
distinction becomes possib[d0]. One of the aims of the
present paper is to investigate whether this holds, if wavelet
transform, instead of MF-DFA, is employed.

Beyond the two points mentioned above, the present pa-
per aims, in general, at the classification of the three types of
- i signals, which although look to be similar, they are emitted
0 02 04 06 08 1 from systems of different dynamics. More specifically, it pro-

X vides an attempt to find rules in order to distinguistue)
SES activities from AN, which is practically an important
problem. The parallel study of ICFMC is motivated by the
aforementioned findin§10] that the power spectrum analy-
is in the natural time domain reveals that ICFMC lie—very
lose to a uniform distribution and—in the boundary be-
tween the other two types of signals.
The present paper is organized as follows: In Sec. Il, DFA
revisited in order to shed light on the exponent 1.2 that
has been found in short scales for both SES activities and
AN. These two types of signals are studied in Sec. Il by

. . - ; . applying the wavelet transform. In Secs. IV and V, we show
point was found necessary to be revisited in this paper IDhat the fluctuation functiox®) — (x)9 and the “entropy”

order to elucidate the possible origin of the DFA behavior at<)(q|n)(>_<X>q|n<)(> may serve for the classification of the

the short time scales. In general, if a multitude of Scal'ngthree types of signals. Sec. VI is reserved for a short discus-

expongnts is required for a fL.J” description O.f the SCa”ngsion of the results, while the conclusions are summarized in
behavior, a multifractal analysis must be appliedy., Ref. Sec. VII '

[18], and references therginA multifractal analysis can be
performed by the wavelet transfortae.g.,[19-22) as well
as by the multifractal detrended fluctuation analy&i3,24] Il. DETRENDED FLUCTUATION ANALYSIS REVISITED
(MF-DFA). In MF-DFA [24], the gth order fluctuation func-
tion Fo(1) scales a& (1) ~1"®, where the functiom(q) is

pix)
o
8

FIG. 2. The signals of Fig. 1, but read in the natural time do-
main (for p(x) see also Refgd5,12)).

root mean square variability of the detrended process in DF/%
varies with scalé asFpga(l)~1%. In some examples, there
exist crossoveftime) scales separating regimes with differ-
ent scaling exponents. This was the case of the SES activitiqg
in Ref. [12] (see their Fig. Bwhich reported different DFA
exponents for timeat smaller than around 30 s and larger
than~30 s(Fig. 3 (i.e, a~1.2 and 0.9, respectivelyThis

The relation betweeR 5 and the power spectral density
S(w) is given by[16]

T oMe | Sg e , | (e
. Foral)= 2_f S(W/H)rpea(w)dw, (1)
4t ™Jo
_. 3 &«2"'# wherew denotes thelimensionlessrequency and pga(w)
3 i is given from[16]
=
o 2 &5
”:g fﬁf/ /,v‘f rora(W)=[w*—8w?— 24— 4w?cogw) + 24 cogw)
o
T //// e + 24w sin(w) /w8, 2
0 P In a Markovian dichotomous time series the probability
- densities(dwell-time distribution$ for the time spent in a
-1 o ] » s . 5 single sojourn in the states “high” and “low,” respectively,

are both exponential, i.e.pi(T)xexp(—T/mgn), P2(T)
cexp(—T/74w), Whereas the field-field conditional probabili-

FIG. 3. The DFA analysis for three indicative signals mentionedties vary [25] exponentially with a “relaxation” time
in Fig. 1. The continuous straight line correspondsitel and is  Teff, 1/7e11=1/7hignt /70, (S€€ also Ref[11]). Assuming
drawn for the sake of convenience. The dotted straight lines correthat the states low and high have amplitudes 0 A we
spond toa=1.2. find [11]

logqo(At) (units of 1/fexp)
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FIG. 4. The case of a Markovian dichotomous sigrial: the
variability measurd=pg, (thick line, in units ofAE) vs /7.4 and
(b) the normalized power spectral dens8fw)/S(0) (thick line) vs
wlwets. The thin straight continuou&otted lines correspond to
the short(long) time ranges.

A4(AE)? 75

S(w)= ©)

S
(Tiow™ Thign) (1 + w? 7o)

Using Egs.(1)—(3), we plot in Fig. 4a), the Fpga(l)
versusl/74¢s for a dichotomous Markovian process, while
Fig. 4(b) depicts S(w) versus w/weir Where wess
=27/ 7455, Using Eq.(3). Concerning the DFA exponet,
Fig. 4(a@ shows the following:

(i) For short time scaleghigh frequencies i.e., At
<7eff, the DFA exponent approaches the value1.5.
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the existence of the aforementioned characteristic intermedi-
ate scaling regions that appear in the conventional time
frame.

We now turn to the appearance of the crossoveAmt
~30 s for both the SES activities and AN found in Rdf0].
We first clarify that these signals are non-Markovig@md
their long-range correlations mainly arise from their dichoto-
mous naturg¢10,12)). Here their non-Markovianity was fur-
ther investigated by calculatinpl1] the (non-Markovian
guantitative global measui®, as defined in Ref.1]. As an
example, for the casasl andnl, we found[11] G values
that exceed by one order of magnitude the correspon@ing
values for computer-generated Markovian dichotomous se-
ries of comparable length. This suggests the non-Markovian
character of the experimental data. The non-Markovianity of
both SES activities and AN was also investigated by means
of the dwell-time distributions: The cumulant$/u?, skew-
ness andkurtosiswere calculated11] for the series of the
high-(T,,) and low-(T,) level states’ durations for all the SES
activities and AN; the resulting values shp®d] that none of
the time series could be compatible with an exponential
(dwell-time) distribution and hence Markovian. We now de-
fine for non-Markovian time series the quantify) in an
analogous way with the quantity,; introduced above for
the Markovian ones, i.e., @My=1KT,)+ 1KT,). These val-
ues of(T) for all SES activities and AN mentioned in Fig. 1,
are given in Ref[11]. In Fig. 5@a), we give examples of DFA
plots for Markovian time series that have various values of
Tetf, two of which (7.;=4 s and 10 s, upper two curyes

(Note that such a behavior is expected for any signal with §ave been intentionally selected to be comparable it

high frequency spectrum as given in E8), see below.
(i) For large time scaleglow frequenciey i.e., At
> 71051, We finda=0.5, as expected.
(iii) For intermediate scales, comparablerfe;, DFA ex-
ponents exceeding unite.g., 1.2 or spnaturally emerge.

of the SES activities and AN. We note that a crossover oc-
curs almost at thesameregion (with almost thesame «
exponents at the short scalesly) for the upper two curves

of both Figs. 3 and &). In other words, in short time scales,
even Markovian dichotomous time serigisat haver,¢s val-

Recall that the points above hold in the conventional timel€S comparable t0T) of the SES activities and ANesult in
frame. If the analysis is performed in the natural time domain® Values in the range £ «<1.5 (with a crossover af\t

(cf. considering as “high” either of the two states in the
Markovian serieg we find DFA exponentvr=0.5[e.g., Fig.

~30 s). More generally, we can state that not only signals of
dichotomous nature, but any signal with a high frequency

elucidate the Markovian nature of the time series, avoiding’@havior ofFpea(At) for small time lagsAt (irrespectively

(@) 4 (b) 3
= o0
g3 = 23
< 2 =
w E 2
e ! w 15
S 0} =
g A g 1
s 5

0. H
05115 2 25
logo(h
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FIG. 5. (a) The variability measur&ppa(At) (in units of AE)
for three Markovian dichotomous time-series, calculated with
=4 (triangles, 10 (open circley and 100 s(open squargs The

of the particular shape of the signal; for example, a Gaussian
signal with this spectrum will be much smoother and will
display a continuity of values rather than only two speps

IIl. THE WAVELET TRANSFORM

We start with the application of the continuous wavelet
transform to the original time series of the SES activities and
AN depicted in Fig. 1. As an example, we present in Fig. 6
the results of the wavelet transform modulus maxima
(WTMM) method that was appligd 1], using theLASTWAVE
[26] software and theg, wavelet(i.e., the fourth derivative
of the Gaussiafil1]). An inspection of Fig. 6 reveals that the

continuous lines, in each case, correspond to the theoretical estimgUrves showing the dependence oh(q): (i) suggest the

tion described in Sec. I(b) Same as irfa), but calculated when the

multifractal character of both types of signals diiglare not

time series are read in the natural time domain. The straight lineglassified, thus not allowing any obvious distinction between

[dotted in(a), solid in (b) correspond tax=0.5]. The curves are
shifted relative to each other by constant factors.

SES activities and AN.
The same conclusion is dravysee Fig. 7a)] if we apply
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FIG. 6. Theq dependence of the generalized Hurst exponent 008
h(q), resulting from the application of the WTMM method using a 0 0.5 1 1.5 2
g, wavelet[11]. For the sake of clarity, the continuous curves cor- q
respond to the four SES activitigbold symbol$, while for AN 0.15
thinner symbols were used. ) ’
. 0.1
the orthogonal wavelet transform analy§id] to the time €<
series of the signals mentioned in Fig. 1. This analysis was £ g o5
made with the program provided by Veitet al.[27], using = o2
a Daubechies li.e., Haay wavelet[28]. In summary, the & Ol i & eI L i
‘ 0.10
A .
1 T T T T T Cx‘o.os A 0.8 -~ _— T o .. .
(a) : : : : . ; ‘ 0.06
09f - B7 S {/{ -01 Nz 4
: . /// 0.04) . .
-0.15 4!
08 : - 0 0.5 1 1.5 2
q
h(q) 0.7F g
- _ e FIG. 8. (a) and(b) correspond to the functiofy ) —(x)? and its
o6l ﬁf;,;r*jf”; e |-e-u derivative (x9Inx)—{x)n(x) with respect toq, vs q. ICFMC—
o i 5 o n; thick continuous line; SES activities—thin solid lines; AN—broken
: : | : e lines. The uncertainties, fogq=2 in (a) and forq=1 in (b) are
08r |-=+-n4 given in Table I.
-»-nd
; ; ; . L , : .
04, 1 > 3 4 5 wavelet transform analysis when applied to the conventional
q time frame does not seem to provide a distinction between

SES activities and AN.

We now proceed to the application of the wavelet trans-
form to the signals as they are read in the natural time do-
main (Fig. 2). The results of the orthogonal wavelet trans-
form analysis(cf. WTMM could not be reliably applied in
view of the small number of points using again a
Daubechies 1 waveld28], are depicted in Fig. (B). An
inspection of thesh(q) versusg curves, in spite of the large
estimation errorg¢see Table), seems to show a classification
as follows: Forq values around 2 or larger the resultihg
values for the SES activities are higher than those of the AN.
In summary, the wavelet transform analysis allows a distinc-
5 : g 1 : tion between SES activities and AN it is applied to the
044 1 2 3 4 5 natural time domain.

h(a)

FIG. 7. Theq dependence of the generalized Hurst exponent IV. THE FLUCTUATION FUNCTION  {(x®—(x»¢
h(q) resulting from the orthogonal wavelet transform analyig i .
using a Daubechies 1 wavelet. The continuous curves correspond to | € gth order fluctuation functiorx) —(x)? versusq,
the SES activities and the broken to Alg) of the original time  for all the electric signals, is depicted in Fig(ag in the
series(Fig. 1) and (b) of the series read in the natural time domain range 0<q<2 (recall that[5] (X™=2xx'Py). This figure
(Fig. 2). Note that the signal& andn6 could not be analyzed in the shows that the curves for the SES activities and AN, at least
natural time domain due to the small number of data points. in the rangeqe(1,2], fall practically into two different
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TABLE I. Summary of the results in the natural time-domain.

Signal h(2)? h(2)® S P

K1 0.98+0.08 0.910.10 0.067-0.003 0.0630.003
K2 0.92+0.10 0.94-0.17 0.081-0.003 0.0780.004
A 0.87+0.27 0.07@-0.008 0.068 0.004
U 0.98+0.13 1.16:0.27 0.092-0.004 0.0710.004
ICFMC 0.86+0.07 0.096+0.003 0.086:0.003
Uniform In(2)/2—1/4 1/12

nl 0.68+0.07 0.86-0.12 0.1430.003 0.11%0.003
n2 0.79+0.03 0.81+0.05 0.1030.003 0.0930.003
n3 0.78+0.06 0.69-0.11 0.1170.010 0.10@-0.008
n4 0.76+0.06 0.84-0.13 0.106-0.010 0.10@-0.013
n5 0.68+0.05 0.72-0.08 0.0910.011 0.086-0.007
né 0.78+0.20 0.102-0.007 0.084:0.004

8 rom MF-DFA in the natural time domain.

®From the orthogonal wavelet transform in the natural time domain.

°From Ref.[10]. Note thatn1-n5 correspond tdN1-N5 andn6 to N9 (cf. the symbolsN1-N5 andN9,
instead ofn1-n6, were used in Ref.10]).

4This exponent corresponds to the closed states for ICFR2EL

classegthus allowing a distinction while the ICFMC curve  ances, forc; andSfor a uniform distribution as a function of
lies just between them. The results of SES activities,ffor he number of the high-level stathls . The values ok, and
=2, scatter around the valugl2l: «i[=(x*)=(x)’]  Stor all the SES activities and AN of Fig. 1 are shown in
=0.07, obtained5,12| from the theory of critical phenom-  Tapje |. The fact that onlj5 among AN seems to have a
ena. Thex, value that corresponds to the ICFMC dat@li8]  smaller entropy tharS, (S[n5]=0.091+0.011) might be
0.080+0.003, while for the AN it is larger than around 0.083 nderstood as follows: Far5, we haveN,~400 for which
[10]. The latter value £,=1/12~0.083) is just that corre- Ref.[11] reveals that the aforementioned value of 0.091 dif-
sponding to a unifornfu) distribution forp (see Ref[10]);  fers only by an amount smaller than one standard deviation
thus, the difference (1/12)«; (=A«) could be considered from s, .
as a measure of the deviation of a signal from that having a Therefore the three types of electric signals appear to be
uniform distribution. classified as follows: AN have an entropy larger than that of
the uniform distribution, i.e.$>S,, while the SES activities

V. THE ENTROPY
1.2

The derivative of the functiofiy?) —(x)9, with respect to
g, i-e.,{x%nx)—{(x)In(x), is plotted in Fig. 8o) versusy. We 11| .
may see again a classification, but here we pay attention to
the region around=1. The term x In x)—{x)In{x) is remi- Tr
niscent of an excessive entrofsee pp. 26—28 of Ref3],
but recall that the usual expressions of the thermodynamic
potentials, in terms of macroscopic variables, break down far
from equilibrium [3] and the behavior of entropy is still a
matter of intensive investigatiof29]). In such a simplified j
scheme, the ICFMC lies just in the boundary between the 06}
SES activitiegcritical dynamic$ and the AN(more “disor- 0.5 . . . .
der”). 20.04 -0.03 -0.02 -0.01__ 0

Let us now further study the aforementioned values of the Ax
quantity ( x In x)—{x)In{x). For reasons of brevity, this will
be hereafter called entropy and labeldi.e., S=(x In )

~09¢
AN

Sosgl

0.7}

“ICFMCs

0.01 002 003

FIG. 9. Combined results of the analyses made in the natural
. time domain: SES activitiesk1, K2, A, U (full square$, AN—
—(xIn(x). It consists of two terms$,=—(xInx) and S, 11 (o e (open squarés The h(2) values were obtained by MF-
E_<X>Inz<)(> anzd henceS=—S,+5,, . Cons_'de”ng that  pea (Table ). For ICFMC, the power-law exponents reported in
(d/dx)[x/4—(x“/2)Inx]=—xInx and taking into account Ref [32] for the open statedabeled ICFMG) and the closed states
that for a uniform(u) distribution (x)=1/2, we findS, ,  (labeled ICFMG) were used. The thick straight lines show the two
=1/4 andS,,=(1/2)In 2~0.3466. Thus, the entrop§, of  groups resulting from the applicati¢m1] of the k-MeaNs clustering
the uniform distribution has the valug,~0.0966. In Ref.  algorithm (the full and open circles correspond to the centroids of
[11], we study the expected values, along with their vari-the two groups
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exhibit S values smaller thas,. As for the ICFMC, theS ¢, seems to allow a classification of the three types of signals

value lies very close t&, . as follows: Forq values approximately between 1 and 2, the

curve of ICFMC lies in the boundary between the other two

types of signals; specifically, the AN have values larger than

those of the ICFMC, while the SES activities are character-
We first discuss the results of the wavelet transform in thdézed by smaller values, i.e.,

natural time domain. Recalling thdt(2)=H, the results

(see the third column in Table tould be understood in the XN =00 Nse<<XD =) N iceme=X® — (X)) an

following context: The fact that the Hurst exponéhfor the

SES activities(critical dynamics[3]) is close to unity, may in the range X g=<?2 (for the special casq=2, elaborated

reflect[10] that the intensity of their long-range correlations in Ref. [10], this rule revealsk;ses<kijcEMc=K1AN:

is appreciably stronger than that for the AWhoseH lies  wherex;cpyc=~0.080).

approximately in the range 0.69-0)86 his finding is con- (2)The entropy, i.e., the quantit$={x In x)—{)In{x),

sistent with the results deducgtD] by MF-DFA in the natu- may also serve for a classification: The SES activities have

ral time domain, which for the sake of comparison are alsan entropy smaller than that of the unifoiion distribution,

VI. DISCUSSION

inserted in the second column of Table I. i.e., S<S,, while AN exhibit S values larger thais,;:
We now plot in Fig. 9 théh(2) values versus the devia-
tions from the uniform behaviorA « valueg defined in Sec. Sses<SicMFc=San:

IV. A more elaborated classification of the results depicted in
this figure can be obtained through a clustering algorithmwhere the value 08,cgyc is comparable to that of the uni-
We used[11] here ak-MEANS type [30] which is a least- form distribution, i.e.S;cpmc~0.096~S,.
squares partitioning method allowing users to divide a col- (3)The application of the wavelet transform in the con-
lection of objects intoK groups(e.g., see Sec. 8.8 of Ref. ventional time frame does not seem to provide a distinction
[31]). This clustering algorithm reveal41] the existence of between SES activities and AN, but does so in the natural
two groups: the first group includes the four SES activities time domain. Recall that the same conclusion was drawn in
while the second the six AN1-n6, if the h(2) values of Ref.[10], where DFA and MF-DFA had been employed. The
MF-DFA (Table ) are usedTwo groups, i.e., one including following rule emergesin the natural time domajn
the three SES activitieK1, K2, andU and the other con-
sisting of the five ANn1-n5, are again found if we take into HansH cemc c<Hses
account thén(2) values determined by the wavelet transform
method, instead of MF-DFATable |). where Hges is close to unity andH cgmc,.~0.86, while

In summary, the following classification seems to emergeH ,,<0.86.
First, the SES activities, which correspond to laye val- Finally, the fact thatboth SES activities and ANwhich
ues A«>0), are characterized by the strongest “memory” are non-Markovian time series, as it results from their quan-
(largeH, close to unity; both theirAx andh(2) values are titative global measur& as well as their dwell-time distri-
consistent with those expected for a critical behavior. Secbutiong give [10] on short time scales a DFA exponent 1
ond, AN simultaneously have small&rx values Ax<0) <a<1.5 was illuminated in this paper. We showed that in
and weaker memorytheir H values are markedly smaller the conventional time domain even a Markovian dichoto-
than unity. Third, concerning the ICFMC, the values related mous time series can, in short time scales, resudt iralues
with the closed states, which have been fo{82] to exhibit  in the range ¥ a=<1.5; in general, any signal with a high
the stronger memorgbetween the two states, i.e., closed andfrequency spectrum as given in E&) will lead to the same
open, seem to lie in the boundary between the aforemenscaling behavior oF pea(At) for small time lagsAt.
tioned two regimes. Note added in proofin Ref.[5], it has already been no-

Finally, we emphasize that the randomly “shuffled” seriesticed that the entropys (defined here in Sec.)Vcan have
of all the three types of electric signals investigated lead taiseful applications to electrocardiograt®CG). Actually, it
H~0.5 (simple random behaviprand Ax~0. These two has been recently shown that the standard deviaéign
values are internally consistent, because in the shuffling pravhen calculatingS by a sliding window of short length, can
cedure the values are put into random order, and thus afeveal important properties in ECG. Details will be published
correlations(memory are destroyed. elsewhere.
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