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ABSTRACT

Purpose: The goal is the timely detection of uncharacteristic behavior of the observed processes in the
systems of situational management, leading to the development or occurrence of emergency situations.
Methodological approach: In the article, it is proposed to analyze the change dynamics in the correlation
dimension of the attractor in order to detect anomalies in the behavior of the observed process. A sharp
change in the correlation dimension is a reflection of the uncharacteristic (anomalous) nature of the data of
the observed processes. This anomaly is a consequence of external influences on the generating system and
requires an analysis of the causes of its occurrence.

Uniqueness/value: The uniqueness of the proposed approach consists in the fact that an abrupt change in
the correlation dimension of the attractor is the information about the occurrence of uncharacteristic
behavior of the observed system. The value of the study is determined by the relevance of the problem of
modeling the development and occurrence of emergency situations in situational management systems
based on the analysis of the time series of observed processes.

Summary: The proposed approach is designed to identify the critical states of the generating dynamical
systems by their time series. Timely response to the transition of the monitored system to a critical state
will allow preventing any critical consequences.

Keywords: Correlation dimension, Attractor, Anomalous behavior, Data of information sensors.
1. INTRODUCTION processes and takes a long time, substantially

The identification of anomalies of the data
received from information sensors is an integral
part of the situational centers’ activity. In most
processes observed in them, the measured
parameters are of oscillatory nature with no obvious
trends. Therefore, it is difficult to identify the fact
of the information parameter's change in such

exceeding the period of the parameter change. In
this article, the anomalous data mean a qualitative
change in the behavior of the observed processes.
Such an unusual behavior, in most cases, reflects
the objective development of the process, but
differs significantly from the general trend.
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The purpose of this study is the timely
detection of the unusual behavior of the observed
processes in situational management systems,
leading to the development or occurrence of
emergency situations.

To achieve the goal, we need to solve two
problems:

1) To substantiate the choice of the
approach to revealing anomalous data based on the
calculation of the correlation dimension of the time
series attractor;

2) To determine the conditions for
treating the given time series as anomalous based
on an analysis of the dynamics of the change in the
correlation dimension of the attractor.

2. LITERATURE REVIEW

Situational management systems are currently
intensively implemented in various application
areas. For example, publication [1] presents the
concept of a management system for earthquake
consequences. Publication [2] deals with an on-
board situational awareness system for the control
of unmanned aerial vehicles. Publication [3]
describes a system for the traffic situation
monitoring, enabling travelers and road traffic
controllers to make decisions. Publication [4] deals
with solving problems arising in the system for
livestock facility management based on monitoring
harmful environmental factors.

It is obvious that there is no universal
technology for data processing in situational
management systems in various fields. Methods,
ways, and technologies of comprehensive
processing of monitoring data depend on the
purpose of such situational management systems
and the physical meaning of the observed
processes. The existing methods for processing the
data of the observed processes can be divided into
two classes: with continuous time and with discrete
time. Publications [5-7] suggest methods of
identification and prediction of stochastic systems
and processes with continuous time: [5] describes a
method for determining the Bayesian identification
of stochastic nonlinear systems using the Kalman
filter; [6] suggests a method for predicting the
performance of large-scale stochastic linear hybrid
systems with a small probability of failure, [7]
offers a method for predicting the state of nonlinear
stochastic differential systems with multiplicative
noises.

A promising direction for studying the
behavior of a potential emergency situation is the
analysis of a data anomaly based on the calculation
of the metric characteristics of the time series

attractor. Non-linear dynamics methods, in
particular methods for analyzing the characteristics
of the time series attractor, enable the detection of
qualitative changes in the behavior of the observed
process. Such changes are anomalous, because at
this point in time the system changes to a new
qualitative state. The applications of nonlinear
dynamics methods based on the analysis of the
attractor’s characteristics can be found in
publications [8-10]. Publication [8] proposes to use
an attractor-based approach, estimate the attractors’
duration, and decide whether to use the attractor (if
it is single) or the last of the attractors (if there are
several attractors) as a learning data sequence.
Publication [9] adds the white and color noises to a
chaotic time series to verify the change in the
topology and structure of the attractor. Article [10]
considers a strange attractor with an infinite set of
embedded invariant tori in the state space. Articles
[11-13] study the influence of the parameters of the
attractors of oscillatory processes on the stability of
the stochastic regime in nonlinear dynamical
systems.

According to the classification of Bill M.
Williams [14], there are four types of attractors:
point, cyclic, strange attractors and the Torus
attractor. The first attractor is the attractor of first
dimension; the second one is in the second
dimension of the plane; the third one starts a
complex circulation, which reiterates as it moves
forward; the fourth attractor is perceived at a
superficial glance as the absolute chaos. In article
[15], a system of three coupled nonlinear ordinary
differential equations, whose dynamics, with
parameter variation, support the cyclic and strange
attractors, is studied. In article [16], the possibility
of mutual fusion of evolutionary algorithms and
methods of deterministic chaos is discussed. And in
publication [17], two approaches, the nonlinear
deterministic and linear stochastic approaches, are
combined. This combination allows considering the
detailed geometric structure of the strange attractor.
It is possible to determine the state, in which the
system under consideration is, based on the analysis
of the stochastic characteristics of the attractor of
the observed processes’ time series.

Scientific publications dealing with the
calculation of these stochastic characteristics of the
time series attractor provide improved approaches
to the calculation and justification of the obtained
results. Article [18] proposes a new approach to
estimating the correlation dimension in the
frequency domain using the power spectrum of the
fractal set under study. And article [19] describes
the developed model method for calculating the
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correlation dimension, Lyapunov exponents, and
synchronization by the depth signals. Article [20],
using the example of a boiling water reactor, shows
how to detect the stability (instability) of a system
based on the analysis of orbits and radii of the
attractor of the time series of the processes
occurring within this system. Publication [21]
analyzes the relationship between the correlation
dimension, the theoretical entropy of a nonlinear
system, and the entropy of an experimental sample.
An improved algorithm for estimating the
correlation dimensions of the time series of a
hyper-chaotic structure based on cell counting was
proposed in [22]. Publication [23] offers an
algorithm for efficient and reliable calculation of
the correlation dimension in cases when the
correlation integral is set up using all pairs of the
points. Publication [24] compares the correlation
and Lyapunov dimensions and studies the
relationship between the correlation dimension and
the Kaplan-York dimension of three-dimensional
chaotic flows.

We present an overview of the most significant
results of the data anomaly detection based on the
analysis of the stochastic characteristics of the
attractor. Publication [25] studies the threat of
flooding of the terrain from the river runoff based
on the analysis of the dynamics in the correlation
dimension and Lyapunov exponents’ change.
Publication [26] considers the characteristics of
nuclear reactors at nuclear power plants. An
analysis of the dynamics of the Lyapunov
exponents and their prediction makes it possible to
predict possible failures and anomalies. Similar
results are presented in [27], which suggests
measuring the Lyapunov exponents of ultrasonic
waves in order to detect small defects in steel pipes.
In addition, the successful application of the
analysis of stochastic characteristics of the time
series attractor to detect data anomalies can be seen
in communication systems and medicine. For
example, article [28] proposes a method for
detecting a weak signal with high detection
accuracy and a low signal-to-noise ratio. Article
[29] studies the noise effect on the correlation
dimension of a chaotic attractor and suggests the
following conclusion: the presence of noise leads to
an increase in the correlation dimension. Article
[30] provides an analysis of the Doppler signals
using the largest Lyapunov exponent and the
correlation dimension in healthy and stenotic
carotid artery patients. And publication [31]
proposes a method for calculating the correlation
dimension of the human electroencephalogram and

estimating the variability of the human brain
functioning.

An important step in the process of timely
response of a person to a possible anomalous state
of the observed dynamic system is the prediction of
its behavior. A reconstruction of the attractor of the
phase path allows predicting the states of the
dynamic system. Publication [32] suggests
methods, by which the delay and implementation
measurement can be selected for a typical
reconstruction of the delay coordinate. The use of
the autocorrelation function and mutual information
in the quantitative determination of the delay are
compared.

3. MATERIALS AND METHODS
3.1. Estimation of the time delay of the phase
path of the attractor

Denote the time series in the general form as:

Z=(z),i=12,...,m. (1

The phase path of time series (1) is a sequence
of points in the 7 -dimensional space

CD(Z): (Zi’ZiJrr""’ZH(nfl)r)’ 2)

where 7 is the time delay; 7 is the
embedding dimension.

When analyzing the phase path attractor, the
correct choice of the time delay 7 plays an

important role. It is necessary to try to choose T

so that the correlation between Z; and Z;,, was

as small as possible. The traditional way to choose
the time delay consists in calculating the
autocorrelation function of the time series [32]

m—1
W)=~ (g, -2) (e - 2).
m -
m=M -1 (3)

Delay 7 1is chosen equal to the time of the
first zero crossing of the autocorrelation function.
In addition to the time delay in plotting the phase
path, an important step is to choose the embedding
dimension. The embedding dimension determines
the number of variables that objectively describe
the behavior of the dynamic system. The upper
bound of the embedding dimension is chosen using
the Takens’ theorem [32], the meaning of which is
as follows. Let the state of the system be
completely  described by m variables:

X (t ), X, (t ),...,xm (l‘ ) With interval T, any one
of them is measured, for example Xx, (t) According
to the theorem, instead of a sequence consisting of

2199



Journal of Theoretical and Applied Information Technology
30" April 2018. Vol.96. No 8

AN

| N
| <%

© 2005 — ongoing JATIT & LLS

" A mmmm—
oY)

ISSN: 1992-8645

Www.jatit.org

E-ISSN: 1817-3195

m  variables X, (f), X, (t),...,xm (t) , We can
consider sequence
xl(t + T),xl(t + 2T),...,x1(t + (m —l)T), ie.

at any time point the state of the system can be
described with 71 values of one variable, taken

with shift 7 . This article uses the standard
embedding dimension n=3.

3.2. Estimation of the attractor's correlation
dimension

The attractor's correlation dimension is defined
through the correlation integral

1 n-1 n
C(r) = n_zz Z@(r —Hzi - Z]H) 4)

i=l j=itl
where € is the Heaviside function: (Z ) =0

at z <0 and (Z)=1 at z > 0; 7 is the radius

of the ball, circumscribed alternately around each of
the path points.

Function C (V) is the measure of the
connection of close points of the path. Therefore,
C (I”) is the integral correlation function of the
attractor. With comparatively small 7, function
C (I’) changes as follows:

C(r) ~r. )

The dimension of the attractor d for the given
phase space is calculated as the limiting tangent of
the inclination angle of dependence In C(r) from

In7 within determined range 7 :
InC(r)~dinr. 6)
If the system has an attractor, then starting with
certain d , the angle of inclination of the graphs

ceases to increase. Value [J, i.e. the tangent of the
dependence inclination angle that has ceased to

increase, was considered as the correlation

dimension of the attractor.

3.3. Conditions for considering the data
anomalous based on the estimate of the
correlation dimension

It is proposed to consider the estimate of

correlation dimension D B ] = 1, m over time. If

the correlation dimension of the attractor at certain
time point j sharply decreases, and then at time

point j +1 again increases, it should be assumed

that the generated system at time point j generates
anomalous values.

The presence of anomalous data in the time
series can be confirmed with the help of a statistical
indicator such as standard deviation O : when
there is a data anomaly, either sharp convergence or
sharp discrepancy of the line of its change with
respect to the line of change in the mathematical

expectation M j occurs.

4. RESULTS
Consider the time series of experimental data
X:<xi>,i:1,2,---,m, m:60. (7)

Figure 1 shows a graph of this series and Table
1 provides its values. Next, we demonstrate the
proposed approach to the detection of anomalous
data on the example of time series X (7). To do
this, we should consider the correlation dimension
of series D over time. Take the initial segment of

the time series of length 30: X~ = <x1,...,x30>.

Calculate correlation dimension D(X *) of the

attractor of the phase path of this time series
segment.
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60,00 1 X,
50,00
40,00
30,00 -+
20,00
10,00 -
0,00 4T T N
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58
1]
Figure I — Time series X
Table 1. Values of time series X . Sq. | . Sq. | Sq. |
i i i
Sq. ¥ Sq. Sq. No. s No. No.
No. | ™1, No. | i No. | i 16 | 46011 [ 36 |10.8494 | 56 | 12.4857
Ji 52254 | 21 | 9.8079 | 41 12.9323 17 | 1.4767 | 37 | 234518 | 57 | 5.3302
2 41846 | 22 1 9.2878 42 | 20.0149 18 | 2.8300 | 38 | 252218 | 58 18.6605
3 34549 | 23 | 6.0586 | 43 | 8.5581 19 1.3719 | 39 16.4739 | 59 11.6832
4 25182 | 24 18.0361 | 44 | 48.9311 20 ] 2.6223 40 12.0126 | 60 10.7452
5 2.2051 25 18.6659 | 45 149117
6 21016 |26 | 104328 | 46 | 12.8288 To set up phase pathCD(X*), it is necessary to
U 6.3710 | 27 13.9763 | 47 19.0789 define two parameters: embedding dimension 7
8 10.2251 | 28 8.1415 48 12.9329 dti d 1p r w ) h f%
9 24134 129 54383 149 193599 and time delay 7 . We suggest the first parameter to
10 | 4.1846 | 30 | 9.8085 | 50 | 6.5799 be taken equal to 72 =3 ; the second parameter to be
11 | 13719 | 31 |3.4074 | 51 | 18.8688 estimated by formula (3). The results of
12 13.5597 |32 | 75166 | 52 | 6.0592 calculations of selective correlation coefficients
13 | 14767 | 33 | 44970 |53 | 3.0383 r(z’) for time series X are provided in Table 2.
14 | 5.5378 34 | 5.7461 54 | 4.5884
15 1.4761 35 ] 9.0795 55 | 5.3302

Table 2. Calculation of sample correlation coefficients for the segment of time series X "

30 _ _ _
Delay, T Z(xi —x)'(xl.ﬂ —X)'(tzT —x) }"(T)
i=1
1 504.48 18.02
205.27 7.89
3 -297.80 -12.41

As can be seen in Table 2, autocorrelation
coefficient 7 (T) becomes negative with delay

7 = 3. This means that the correlation between
3

elements X,

%
; and X, 3 is minimal. With

embedding dimension n =3 and time delay 7 = 3
, the phase path can be represented as a sequence of
the point pairs

(D(X )= {(xi > X135 Xt )} (®)
Now estimate correlation integral C(r) (4) of
phase path (D(X *). Column 2 of Table 3 shows the
calculated values of correlation integral C (r) with

the radius values7 =1,10. Columns 3 and 4

contain the corresponding values of the logarithmic
function of r and c(r).
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Table 3. Calculation of correlation integral C (r) of the segment of time series X " at delay 7 =3

7 C(r) In(7) ln(C(r))
1 0.0000 0.0000 -

2 0.0004 0.6931 -7.9149
3 0.0015 1.0986 -6.5182
4 0.0032 1.3863 -5.7582
5 0.0105 1.6094 -4.5573
6 0.0236 1.7918 -3.7459
7 0.0389 1.9459 -3.2474
8 0.0546 2.0794 -2.9077
9 0.0730 2.1972 -2.6168
10 0.0949 2.3026 -2.3549

Correlation dimension D(X *) is the value of
the tangent of the inclination angle of function
1n(C (r)) from In(r). Figure 2 shows line graph
ln(C (r)), the linear trend of which is found by
function

y=3.599x-10.442. 9

The coefficient for variable X is the
magnitude of the tangent of the inclination angle, so
the correlation dimension will be

D(x")~3.60. (10

Estimate the correlation dimension of the
segments of time series X of length 30 when
shifted by one to the right. In this paper, we
estimate the correlation dimension for the shifts of
initial segment X " successively by 21 (denote the
shifts of variable ¢ =0,21, where 0 means that

there is no shift).

0,0000

0,0000
-1,0000 -

0,5000
-2,0000

-3,0000 -

-4,0000 -

-5,0000

-6,0000 -

-7,0000 -

-8,0000 -

-9,0000 -

1,0000

1,5000 2,0000 2,5000

y =3,599x- 10,442

Figure 2. Dependence of In(C(r)) from In(r) in phase path o(x*)

For segments X; s Sample correlation obtained: 7 =3 at shifts q= 1- 4,13 - 15,19 -21
coefficients were calculated and optimal time : 7=5 at shift g=7; 7=2 at shifts
delays 7 were determined (See Table 4). In Table ¢=5,6,8—12,16—18.

4, the values, for which autocorrelation function
r(z) (3) intersects zero for the first time, are put in
bold. As a result, the following delays were
Table 4. Results of the calculation of delays 7 for segments X ; ,qg=1,21
The value of the .
shift of segment Sample coefficients Delay, T
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*

X .q r= r=2 r=3 r=4 r=>5
1 19.84 9.05 -13.24 - - 3
2 16.46 8.47 -19.66 - - 3
3 16.59 7.63 -19.20 - - 3
4 15.33 3.65 -19.75 - - 3
5 9.49 -0.25 - - — 2
6 2.14 -6.87 — — - 2
7 -7.94 -20.53 -29.62 -15.60 16.85 5
8 9.32 -35.47 - — — 2
9 73.91 -31.21 - - - 2
10 80.41 -29.41 — - - 2
11 65.34 -7.46 - - — 2
12 35.25 -3.03 - - — 2
13 25.22 4.60 -2.69 — — 3
14 -95.67 -23.72 6.29 — — 3
15 -122.66 -12.67 48.40 — — 3
16 -115.83 12.13 - — - 2
17 -101.20 7.96 — — - 2
18 -89.24 2.89 — — - 2
19 -93.79 -1.06 38.12 - - 3
20 -96.68 -12.70 35.78 - - 3
21 -103.38 -25.94 64.42 — - 3

Table 5. Correlation dimensions

Table 5 shows the results obtained for

segments X, ¢ =1,21 analytical dependencies

1n(C (r)) from In(7) in phase paths (I)(X )

D(X;) of segments X;, q=121.

*
q

The value of the shift of Functions of dependency ln(C (r)) from Correlation dimension,
segment X, ¢ In(r) D
1 y=3,58x-10,03 3.58
2 y=3,57x-10,01 3.57
3 y=351x-9,94 3.51
4 y=3,45x-9,89 3.45
5 y=3,64x-10,59 3.64
6 y=3,71x-10,65 3.71
7 y=3,42x-9,47 3.42
8 y=3,46x-10,04 3.46
9 y=3,38x-9,95 3.38
10 y=338x-9,95 3.38
11 y=331x-9,86 3.31
12 y=3,25x-9,79 3.25
13 y=3,15x-9,53 3.15
14 y=3,13x-9,51 3.13
15 y=3,08x-9,57 3.08
16 y=296x-9,51 2.96

e
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17 y=4,23x-12,48 423
18 y=4,20x-12,44 4.20
19 y=4,09x-12,18 4.09
20 y=4,09x-12,18 4.09
21 y=4,58x-13,49 4.58

Figure 3 shows the dynamics of the change in
correlation dimensions D for segments X;,

q= ﬁ It is obvious that starting from point 18,

there is a sharp increase in the correlation
dimension (it becomes more than 4). A sharp
increase in the correlation dimension indicates that
in these time intervals, the behavior of the
generating system has changed significantly:
previously uncharacteristic anomalous values have
appeared. Consider the dynamics of the change in
mathematical expectation M  and standard

deviation o of segments X; , q :m. Figure 4
shows graphs M (X ;) and o-(X ;) for shifts
q=121.

Figure 4 shows that the line of mathematical
expectation M (X q) grows smoothly and is not

affected by the anomalous data. And the line of
standard deviation O (X ; ), starting from point

g =15, demonstrates an increasing divergence
from line M (X;). This discrepancy indirectly

indicates a qualitative (anomalous) change in the
behavior of the dynamic system.

In Figure 5, highlighted in black are the bars
that determine the values of time series X for
critical values D(X 1*8) - D(X ;2); the entire time

series X is empirically divided into five periods of

oscillations Ql, Qz, Qg, Q4, Qs-

As can be seen from Figure 5, the values of the

time series in periods Q3, Q4 significantly

exceed the values in periods Ql, Q2 . This proves
the fact that the behavior of the generating system
changes from the reference time point ;=18. In
other words, according to the sharply increased
correlation dimension of the time series attractor, it
was possible to detect the moment of

transition of the generating system from the usual
mode to the sharp mode.

Correlation dimension |
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Mathematical expectation, M
Ay

Standard deviation,

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

g =1.22

Figure 4. Dynamics of the change in mathematical expectation A/ (X;) and standard deviation o-(X ) for

*
q

shifts g =1,21.

50 1 x.
45
40 o, 0,

Qo

35 4
30 4
25 1
20 -
15

10

[T
5 _||7|l|‘|

NE ”IHI i |:|”
1
‘lll:ll:lll"lll ) I l:l

1 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

1o

h||| HI Il

I

Figure 5. Oscillation periods of time series X

5. DISCUSSION

This article suggests an approach for detecting
data anomalies from information sensors based on
estimating the correlation dimension of the time
series attractor in situational management systems.
The application of the proposed approach will make
it possible to unambiguously detect the changes in
oscillatory processes that result in the occurrence of
anomalous data. Such anomalousness is not a
measurement error, but reflects the objective
reality. Therefore, it is necessary to analyze the
causes that have led to such a qualitative change in
the behavior of the generating system.

6. CONCLUSION

The results obtained within this article can be
interpreted as follows. The correlation dimension of
the attractor is traditionally considered as a measure
of stochasticity of the process: the smaller it is, the
more this process is determined. Sharp drops and
rises in the values of the correlation dimension are
an indication of the
instability of the generating system and the change
in its characteristic states to uncharacteristic ones.

7. ACKNOWLEDGMENTS
This research was carried out as part of the
scientific project “Development of High-Speed

2205



Journal of Theoretical and Applied Information Technology Bl
30" April 2018. Vol.96. No 8 -

© 2005 — ongoing JATIT & LLS

" A mmmm—
oY)

ISSN: 1992-8645

Www.jatit.org

E-ISSN: 1817-3195

Data Processing Facilities for Information Sensors
in Situational Management Systems” within the
framework of FCNIR 2014-2020 (unique identifier
RFMEFI57916X0135) with the financial support of
the Ministry of Education and Science of the
Russian Federation.

REFERENCES

[1].Zambrano, O. M., Zambrano, A. M., Esteve, M.
and Palau, C., “An Innovative and Economic
Management of Earthquakes: Early Warnings
and Situational Awareness in Real Time”,
Wireless Public Safety Networks: Applications
and Uses, Vol. 3, 2017, pp. 19-38,
http://doi.org/10.1016/B978-1-78548-053-
9.50002-0

[2].Verba, V.S., Merkulov, V.I. and Milyakov,
D.A., “The features of the information
integration and complex processing in the
airborne situational awareness systems”, XIIth
International Symposium “Intelligent Systems”
(INTELS’16), Procedia Computer Science, Vol.
103, 2017, pp. 273-279,
https://doi.org/10.1016/j.procs.2017.01.105

[3]Xu, D.-w., Wang, Y.-d., Jia, L.-m., Li, H.-j.,
Zhang, G.-j., “Real-time road traffic states
measurement based on Kernel-KNN matching
of regional traffic attractors”, Measurement,
Vol. 94,2016, pp. 862-872,
https://doi.org/10.1016/j.measurement.2016.08.
038

[4].Graya, J., Banhazia, T.M., Kista, A.A.,
“Wireless data management system for
environmental ~ monitoring  in  livestock
buildings”,  Information  Processing  in

Agriculture, Vol. 4 No. 1, 2017, pp. 1-17,
http://doi.org/10.1016/j.inpa.2016.12.001
[5].Erazo, K., Nagarajaiah, S., “An offline approach
for output-only Bayesian identification of
stochastic nonlinear systems using unscented
Kalman filtering”, Journal of Sound and
Vibration, Vol. 397, 2017, pp. 222-240,
https://doi.org/10.1016/j.jsv.2017.03.001
[6].Zhao, Zh., Quan, Q. and Cai, K.-Y., “A health
performance prediction method of large-scale
stochastic linear hybrid systems with small
failure probability”, Reliability Engineering &
System Safety, Vol. 165, 2017, pp. 74-88,
https://doi.org/10.1016/j.ress.2017.03.014
[7].Cacace, F., Cusimano, V., Germani, A.
Palumbo, P., “A state predictor for continuous-
time stochastic systems”, Systems & Control

Letters, Vol. 98, 2016, pp. 37-43,
https://doi.org/10.1016/j.sysconle.2016.10.004
[8].Demidova, L., Zhdankina, E., Krylova, O.,
Reshetova, V., Sofyin, E., “Attractors in the
Development Problem of the Forecasting Model
on the Base of the Strictly Binary Trees”,
Procedia Computer Science, Vol. 103, 2017,

pp. 214-221,
https://doi.org/10.1016/j.procs.2017.01.068

[9].Rinku, J., Harikrishnan, K.P., Misra, R.,
Ambika, G., “Characterization of chaotic
attractors under noise: A recurrence network
perspective”, Communications in Nonlinear
Science and Numerical Simulation, Vol. 41,
2016, pp. 32-47,
https://doi.org/10.1016/j.cnsns.2016.04.028

[10]. Sprott, J.C., “A dynamical system with a
strange attractor and invariant tori”, Physics
Letters A, Vol. 378, No. 20, 2014, pp. 1361-
1363,
https://doi.org/10.1016/j.physleta.2014.03.028

[11]. Kopytov, V.V., Kostenko, K.S. “The
structure of the oscillation spectrum of a
nonlinear dynamical system in the supercritical
range”, Physics of Wave Processes and Radio-
Electric Systems, Vol. 6, No. 1, 2003, pp. 5-8,

[12]. Kopytov, V.V., Kostenko, K.S,
“Investigation of the intermittency effect in a
system of coupled nonlinear oscillators”,
Journal of Radio Electronics, Vol. 3, 2003,
URL.: http://jre.cplire.ru/mac/mar03/3/text.html

[13]. Kopytov, V.V., “Estimation of the
stability of the stochastic mode of a nonlinear
dynamic system”, Physics of Wave Processes
and Radio Engineering Systems, Vol. 8, No. 3,
2003, pp. 17-20.

[14]. Williams, B., “New dimensions in the
exchange trade. How to make profit out of
chaos: stock and bond markets”, Moscow: 1K
Analitika, 2001, 156 p.

[15]. Akgul, A., Moroz, I., Pehlivan, I,
Vaidyanathan, S., “A new four-scroll chaotic
attractor and its engineering applications”, Optik
International Journal for Light and Electron
Optics, Vol. 127, No. 13, 2016, pp. 5491-5499,
https://doi.org/10.1016/j.ijle0.2016.02.066

[16]. Zelinka, 1., “Evolutionary identification
of hidden chaotic attractors”, Engineering
Applications of Artificial Intelligence, Vol. 50,
2016, Pp- 159-167,
https://doi.org/10.1016/j.engappai.2015.12.002

[17]. Chekroun, M. D., Simonnet, E.,
Ghil,.M., “Stochastic climate dynamics:
Random attractors and time-dependent invariant
measures”, Physica D: Nonlinear Phenomena,

2206



Journal of Theoretical and Applied Information Technology e
30" April 2018. Vol.96. No 8 >

AN

=

© 2005 — ongoing JATIT & LLS

" A mmmm—
oY)

ISSN: 1992-8645

Www.jatit.org

E-ISSN: 1817-3195

Vol. 240, No. 21, 2011, pp. 1685-1700,
https://doi.org/10.1016/j.physd.2011.06.005
[18]. Dlask, M., Kukal, J., “Application of
rotational spectrum for correlation dimension
estimation”, Chaos, Solitons & Fractals, Vol.
99, 2017, pp. 256-262.
https://doi.org/10.1016/j.chaos.2017.04.026
[19]. Shayegh, F., Sadri, S., Amirfattahi, R.,
Ansari-Asl, K., “A model-based method for
computation of correlation dimension,
Lyapunov exponents and synchronization from
depth-EEG signals”, Computer Methods and
Programs in Biomedicine, Vol. 113, No. 1,
2014, pp. 323-337,
https://doi.org/10.1016/j.cmpb.2013.08.014
[20]. Gavilan Moreno, C.J., “Boiling water
reactor instability analysis using attractor
characteristics”, Annals of Nuclear Energy, Vol.
88, 2016, Pp- 41-48.
https://doi.org/10.1016/j.anucene.2015.10.026
[21]. Zurek, S., Guzik P., Pawlak, S., Kosmider,
M. and Piskorski, J., “On the relation between
correlation dimension, approximate entropy and
sample entropy parameters, and a fast algorithm
for their calculation”, Physica A: Statistical
Mechanics and its Applications, Vol. 391, No.

24, 2012, Pp- 6601-6610,
https://doi.org/10.1016/j.physa.2012.07.003
[22]. Harikrishnan, K.P., Misra, R,

Ambika, G., “Revisiting the box counting
algorithm for the correlation dimension analysis
of hyperchaotic time series”, Communications
in Nonlinear Science and Numerical Simulation,
Vol. 17, No. 1, 2012, pp. 263-276,
https://doi.org/10.1016/j.cnsns.2011.05.006
[23]. Toledo, E., Toledo, S., Almog, Y., Akselrod,
S., “A vectorized algorithm for correlation
dimension estimation”, Physics Letters A, Vol.
229, No. 6, 1997, pp. 375-378.
https://doi.org/10.1016/S0375-
9601(97)00186-2
[24]. Konstantinos, E., Chlouverakis, J.C., Sprott,
A., “Comparison of correlation and Lyapunov
dimensions”,  Physica  D: Nonlinear
Phenomena, Vol. 200, No. 1-2, 2005, pp.
156-164,
https://doi.org/10.1016/j.physd.2004.10.006
Ghorbani, M. A., Kisi, O., Aalinezhad, M., “A
probe into the chaotic nature of daily
streamflow time series by correlation
dimension and largest Lyapunov methods”,
Applied Mathematical Modelling, Vol. 34, No.

[25].

[26].

[27].

[28].

[30].

[31].

[32].

2207

. Argyris, J.,

12, 2010, pp- 4050-4057,
https://doi.org/10.1016/j.apm.2010.03.036
Montesino Otero, M.E., Rolo Naranjo, A.,
Azoy Carralero, A., “The attractor dimension
determination applied to monitoring and
surveillance in nuclear power plants”,
Progress in Nuclear Energy, Vol. 43, No. 1-4,
2003, pp- 389-395,
https://doi.org/10.1016/S0149-
1970(03)00053-2

Jing Wu, Yu Wang, Weiwei Zhang, Zhenhua
Nie, Rong Lin, Hongwei Ma, “Defect
detection of pipes using Lyapunov dimension
of Duffing oscillator based on ultrasonic
guided waves”, Mechanical Systems and
Signal Processing, Vol. 82, 2017, pp. 130-
147,
https://doi.org/10.1016/j.ymssp.2016.05.012
Gokyildirim, A., Uyaroglu, Y., Pehlivan, I,
“A novel chaotic attractor and its weak signal
detection application”, Optik - International
Journal for Light and Electron Optics, Vol.
127, No. 19, 2016, pp. 7889-7895,
https://doi.org/10.1016/j.ijle0.2016.05.150
Andreadis, 1., Pavlos, G.,
Athanasiou, M, “The influence of noise on the
correlation dimension of chaotic attractors”,
Chaos, Solitons & Fractals, Vol. 9, No. 3,
1998, pp- 343-361,
https://doi.org/10.1016/S0960-
0779(97)00120-3

Yimaz, D., Giiler, N. F., “Analysis of the
Doppler signals using largest Lyapunov
exponent and correlation dimension in healthy
and stenosed internal carotid artery patients”,
Digital Signal Processing, Vol. 20, No. 2,
2010, pp- 401-409,
https://doi.org/10.1016/j.dsp.2009.06.016
Mekler, A., “Calculation of EEG correlation
dimension: Large massifs of experimental
data”, Computer Methods and Programs in
Biomedicine, Vol. 92, No. 1, 2008, pp. 154-
160,
https://doi.org/10.1016/j.cmpb.2008.06.009

Nichols, J.M., Nichols, J.D., ‘“Attractor
reconstruction for non-linear systems: a
methodological note”, Mathematical

Biosciences, Vol. 171, No. 1, 2001, pp. 21-32,
https://doi.org/10.1016/S0025-
5564(01)00053-0




