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Abstract—

We have already proposed a method to evaluate the in-
fluence of dynamical noise on chaotic systems [1]. It
was demonstrated that the influence of dynamical noise
on a typical chaotic system Chua’s electronic circuit can
be extracted by the temporal fluctuation of singular val-
ues (TFSV) obtained from singular value decomposition
(SVD), independently of the presence of measurement
noise. However, the obtained results have not yet been suf-
ficiently verified from the statistical perspectives so far.

In this study, some statistical tests are performed regard-
ing the influence of data length. Among them, the results
of famous Akaike’s Information Criterion (AIC) [4] are
mainly illustrated. As a result, it is found out that the valid-
ity of the results of our already proposed method is proved
and the adequate conditions to obtain statistically correct
results can be determined by the analyses.

1. Introduction

Every physical system is subject to noise in the real
world. In general, there are two types of noise in any
physical system, namely, measurement noise and dynam-
ical noise. Different from the former, the latter type of
noise is said to be realistically intrinsic to a physical sys-
tem and yields an extremely complicated mechanism ac-
companied by feedback. As a result, it is quite difficult to
analyze both on the theoretical and experimental levels. On
the other hand, since a chaos system displays particularly
strong nonlinearity and sensitivity to its initial condition,
dynamical noise may have a remarkable and fatal influence
on a chaos system. Numerous studies concerning dynami-
cal noise in chaos have appeared.

We have already proposed a method to evaluate the in-
fluence of dynamical noise on chaotic systems [1]. It
was demonstrated that the influence of dynamical noise
on a typical chaotic system Chua’s electronic circuit can
be extracted by the temporal fluctuation of singular val-
ues (TFSV) obtained from singular value decomposition
(SVD), independently of the presence of measurement
noise. However, the obtained results have not yet been suf-
ficiently verified from the statistical perspectives so far.

In this study, some statistical tests are performed regard-
ing the influence of data length. Among them, the results
of famous Akaike’s Information Criterion (AIC) [4] are
mainly illustrated.

As aresult, it is found out that the validity of the results
of our already proposed method is proved and the adequate
conditions to obtain statistically correct results can be de-
termined by the analyses.

2. Proposed Method

2.1. Noise

Generally, dynamical noise and measurement noise are
defined for a flow system, respectively, as follows:

f(x, &), (1)
= gx)+&M, )

X

where x and y are, respectively, the underlying state vec-

tor and the observed one; f is a governing function of the
system; g is an observation function; and £ and é™ are
dynamical and measurement noise, respectively.

2.2. Temporal Fluctuation of Singular Values (TFSV)

SVD is the operation to diagonalize the singular ma-
trix. Now, if the Nxn rectangular matrix X is diagonal-
ized, the covariance matrix X'X can be decomposed into
X'X = VE2V', where ¥? is the nxn diagonal matrix and
V and V' are the nxn orthogonal matrix and the trans-
posed matrix of V, respectively. Here, VV! = V'V =
I, is satisfied using the nxn unit matrix I,. As X =
diag(o-z(l),(rz(Z),. ..,02(n)) is obtained, we can extract sin-
gular values (SVs) {o(i)|i = 1,2,...,n}, which are non-zero.
The relatively larger SVs correspond to the principal or-
thogonal basis of the deterministic system. In general, mea-
sured data is frequently obtained as a scalar time series.
The procedure of SVD for such data is explained. Now,
a (n, J)-window:{x;,Xi+;,. . ..,Xi+(u—1)s} 1S prepared, where n
is the number of elements of the window and J is a sam-
ple time in applying the method of delays as described
in Ref.[2]. Here, a finite measured time series {x;ER|i =
1,2,...,N+n— 1} is transformed into the Nxn(N>n) matrix
X and the nxn covariance matrix X'X can be obtained.

2.3. In the presence of Measurement Noise

In the presence of measurement noise, each SV uni-
formly increases, since the underlying state vectors and the
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noise are uncorrelated, as explained in Ref.[2]. If the sys-
tem remains steady, uniformly increased SVs are expected
to be nearly constant independent of the passage of time.

2.4. In the presence of Dynamical Noise

On the other hand, in the presence of dynamical noise,
the result is utterly different from the case of measurement
noise [1, 5]. As a result, SVs temporally fluctuate for con-
secutive time series. Thus, the influence of dynamical noise
on chaos can be extracted with a different form from that of
measurement noise. This result means that the influences
of dynamical noise and measurement noise can be distin-
guished even in the case of the noise-mixed data composed
of both noises.

2.5. Performance Index S

In practice, TFSV can be estimated as follows (see
Fig.1). First, temporally consecutive time series data sets
are prepared. Each of sets is called an “interval” {I;|k
= 1,2,...,Ny,} in this study. In each I;, N elements are
included such as {xN(k_l),xN(k_1)+1,. . -,xN(k—1)+N}- SCCOIld,
SVs {o(D)|i = 1,2,...,n} are calculated in each I, where i
is an “Index” of SVs lined in descending order. Third, each
standard deviation S (i) of SVs over all intervals is calcu-
lated every ith Index. Finally, S ,,, the average of S (i) over
all “Indices”, is obtained as concrete expression of TFSV.

interval interval
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Figure 1: The concept of the extraction of TFSV. Tempo-
rally consecutive time series data sets are prepared. Each
of sets is called an “interval” {I|k = 1,2,...,N;;:}. N ele-
ments; {xN(k—l),xN(k—l)-H ye e ~,XN(k—l)+N} are included in each
I. Meanwhile, each performance index S (i) of SVs over
all intervals is calculated for every ith Index. TFSV can be
estimated by the average S ,, as a proxy of S (i).
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where m is the average of o (i) over all “intervals” for
ith Index.

3. Numerical Analysis

3.1. Preparation

Chua’s electronic circuit is used as a typical chaos sys-
tem, which is described by the 3-dimensional ordinary dif-
ferential equations that follow [3],

dVv, 1
C—2t = Ve -Ve)-fulVe). ()
dV, 1
v = (Ve = Vo) +iL, (6)
dip
L— = —Vg, 7
dt @ 2

where fi,(Ve,) = GyVe, + 5(Ga - Gp)lVe, + Byl - Ve, -
B,|. V¢,, V¢, and ij, indicate voltage of two capacitors Cy,
C; and the current of coil L, respectively. fy,(Vc,) denotes
the 3-segment odd-symmetric voltage-current characteris-
tic of the nonlinear resistor Ng, by which the system ex-
hibits a large variety of typical chaotic behaviors. The i.i.d.
dynamical noise & with a 0 mean is added to V¢, such as
Ve,— Ve, + € as additive noise. In this work values of pa-
rameters giving rise to double-scroll chaos are selected as
follows, C; = 10 nF, C, = 100 nF, L = 18 mH, 1/R =
0.55 1/Q, G, = —=0.758 mA/V, G, = —0.409 mA/V, and
B, = 1.17 V. Here, the analyses are performed for the
scalar time series of V¢,. In this study, 4 kinds of time
series are prepared, these being noise-free data (NF—data),
measurement noise data (M—data), dynamical noise data
(D—data), and noise-mixed data composed of both dynam-
ical noise and measurement noise (DM —data). Each noise
level is given as a ratio of a standard deviation of noise
data to that of the time series V¢, in NF _data. The range
of the noise amplitude is 0.01%-20.0% for M—data and
0.01%-3.7% for D—data, where 3.7% is the maximum, be-
low which a chaotic state can be retained. For DM—data,
measurement noise with a 20.0% noise level is added to all
D—data. The 4th-order Runge-Kutta method is used with
a constant time step 7, = 0.000005. The number of data
length N in each interval and the number of intervals Nj,,
are 100,000 and 10, 000, respectively. SVD is performed
for all intervals to extract TESV. However, ahead of SVD,
an adequate (n,J) window should be determined, satisfying
the window length 7,, = nt; = nJt,, where the lag time
7 is expressed as 7, = J7,. In this study, the adequate
window length should satisfy nJ = 60 and SVD is under-
taken for (n,J) = (4,15) [1]. Although n = 4 is not satisfied
with Takens’ embedding theorem, the embedding dimen-
sion 4 was selected as the condition, on which the change
of TFSV can be more clearly captured, from the prelimi-
nary verification with various combinations of (n,J).

3.2. Results of TFSV

In figure 2(a), the distribution of TFSV of the representa-
tives for 4 types of time series is illustrated. From standard
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deviations of these distributions, each S,, is obtained as
shown in figure 2(b).
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Figure 2: (a) The distribution of TFSV of the representa-
tives for 4 types of time series. (b) Results of TFSV for the
4 representatives. (c) Influence of the data length in each
interval. (d) Influence of the number of intervals.

3.3. Estimation of Data Length V in each Interval

The influence of the data length in each interval on S ,,
is estimated with the normalized index S ,,, as follows [5],

S_avz \/Nxsaw (8)

where N is the number of data points in each interval. The
result can be shown in Figure 2(c) for NF—data. The data
length from 1,000 to 100, 000 are used for this estimation.
As the data length increases, S, seems to converge to a
constant value in the range of more than nearly 30, 000 data
length. It can be said that the data length 100, 000, which
has been used in this study, seems to be statistically suf-
ficient to obtain the adequate results. In Figure 2(d), the
influence of the number of intervals is shawn. Few change
of S, is recognized as the number increases. However, N
and N;,should be carefully determined. Next, as one of
the famous analytical methods, AIC is introduced for the
selection of adequate N and Nj,.

4. A Statistical Test (AIC)

Some statistical approaches to select an adequate model
to a given system or phenomenon have been proposed.
Akaike’s Information Criterion (AIC) is one of the most
famous method among them [4]. In general, AIC can be
expressed as following equation,

AIC = -2X MLL + 2 X k, )

where M LL means maximum logarithmic likelihood and &
the number of degree of freedom.

If a stochastic density distribution of the target system
f0) { xx lk =0,1, ---, n } , B:parameters is given, a
logarithmic likelihood function LL can be defined as LL =
logL = X} _,logf(x;,8). Accordingly, MLL is decided by
O,p: satisfying 0% LL s, = Z;_, logf(xk,0) lg,, = 0.

In this work, AIC is used to statistically verify the va-
lidity of the results in Sections 3.2 and 3.3 and find the
minimum data length in each interval and the minimum
number of intervals, where statistically stable results can
be obtained. Two types of tests are performed correspond-
ing to the purposes. The first is to determine the minimum
data length, where S,, converges to a constant value cor-
responding to the results of Section 3.3. The second is to
determine the minimum number of intervals, where the re-
sults can be regarded as statistically stable.

As each set {S(i)} indicates a normal distribution as
shown in Figure. 2(a), the four types of models to compare
the characteristics of two distributions are prepared for AIC
test, as follows.

Modell (M) : uy = o, vi = v,
Model2 (M2) : uy # o, v = v,
Model3 (M3) : uy = o, vy # va,
Modeld (M4) : uy # uo, vy # va,

where y and y, are averages, and v; and v, are variances
for the two distributions, respectively.

Here, a general procedure is explained for this case. Two
sample sets such as {x,x2, - -,x,,} and {y;,y>, - -,y,,} are pre-
pared. Each set has a normal distribution N(u;,v;) and
N(uz,v2), where p; and y, are averages, and v; and v, are
variances for x; and y; (k = 0,1, - - -, n), respectively.

The stochastic density distributions can be expressed,

l _(kk*lll)z
(X, o1, v1) = e (10)
S, pr, v ‘/ﬁ
1 _ ymm)?
SOk, 2, v2) = e ™M (11)

27y,

Accordingly, logarithmic likelihood function can be given,

LL(l'lh/'lZ’ Vi, VZ) =

2oy log f(x, py, vi) + Zi_, log f (i, 2, v2).(12)

For the two given distributions, the four AIC values are cal-
culated corresponding to the four above-mentioned models.
The adequate model to the given distributions can be deter-
mined by selecting the model with the minimum AIC value
among the four calculated AIC values.

For the first test, two distributions of SVs corresponding
to the two different time series of NF-data with a defferent
N are compared. One is the distribution at the data length
N = 100,000 and the other is at another N value. If S,
converges to a constant value as data length increases, the
selected model should be M1 or M2, which has a relation
v| = 2. Accordingly, from the model selection, it becomes
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Figure 3: A selection of a model indicating the smallest
AIC value in determination of the minimum data length in
each interval in NF-data. (a) Selected models are different
dependent on data length in each interval. (b) A model M2
is selected at the data length 60, 000 for example.

possible to determine the minimum data length, where the
statistically stable results can be obtained. For the second
one, two distributions of SVs of NF-data are also com-
pared. One is the distribution at N;,, = 10, 000 and the other
is at another N;,, value. If S ,, becomes stable as the num-
ber of intervals increases, the selected model should be M1
or M2 analogously to the first case. Accordingly, from the
model selection, it becomes possible to determine the min-
imum number of intervals, where statistically stable results
can be obtained.

The results of the analyses are illustrated in Figures 3
and 4 only for a set {S(1)}. The selected model is indi-
cated for each data length and each number of intervals,
respectively. As in other sets {S (i)} similar tendencies can
be seen and the first SV can be regarded as dominant in
the system, it is enough to estimate only the results of a set
{S(D)}. In Figures 3, a model M1 or M2, which has a rela-
tion v; = v, is selected in the range of more than the data
length 60,000 in each interval under the fixed number of
intervals 10,000. Furthermore, in 4, a model M1, which
has a relation v; = v», is selected in the range of more than
5,000 intervals under the fixed data length in each interval
10,000. Accordingly, it is found out that the previous cal-
culation condition N = 100, 000 and N;,, = 10, 000 are reli-
able enough and the minimum numbers can be determined
as N = 60, 000 under the fixed data length 10, 000 and N;,,
= 5,000 under the fixed number of intervals 10,000, re-
spectively. Similar results are obtained by other statistical
tests; F-test and Kolmogorov—S mirnov test as a conven-
tional hypothesis test. These tests, however, need a sig-
nificance level and some preprocesses. While, AIC is free
from those operations. Accordingly AIC is more conve-
nient than other methods and hence the results of statistical
analyses are illustrated by only AIC.

5. Conclusions

Some statistical methods are introduced for the verifica-
tion of the results by the proposed method, particularly, the
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Figure 4: A selection of a model indicating the smallest
AIC value in determination of the minimum number of
intervals in NF-data. (a) Selected models are different de-
pendent on the number of intervals. (b) A model M1 is
selected at the number of intervals 5,000 for example.

analyses of AIC is mainly explained here. The adequate
models are selected from the smallest AIC value for both
the minimum data length in each interval and the number
of intervals. As a result, it is found out that the validity of
the results of our already proposed method is proved and
the adequate conditions to obtain statistically stable results
can be determined by the analyses.
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