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Abstract—The problem of calculation of dynamical parameters of chaotic regimes of self-sustained oscilla-
tions using point processes is discussed. The “integrate-and-fire” model is used to exemplify the constraints
of the method for attractor reconstruction using a sequence of time intervals between the time instants of
pulse generation. The conditions of validity for calculation of the largest Lyapunov exponent and recommen-
dations for the most accurate determination of dynamical parameters for complex oscillatory regimes in
dynamical systems reconstruction using point processes are formulated.
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Point processes in which information on the system
dynamics is contained in time instants of occurrence
of some events (for example, single pulse generation
instants) are widely known in many fields of science
and technology [1]. One of the conventional models
of point pulse generation is the integrate-and-fire
model, which is capable of describing the dynamics
of systems of different nature: from delta—sigma con-
verters applied in communication engineering [2] to
the electric activity of neurons and their ensembles
[3—5]. The integrate-and-fire model implies integra-
tion of signal S(7) at the input of the threshold device,

Ti

I S(r)dt = 6, (1)

T;
beginning from time instant 7, When integral (1)
reaches fixed threshold value 0, a single pulse is gener-
ated and the integral value is set to zero. The time
intervals between the pulses I, = T, | — T, are the car-
riers of information on the input process, and, with
this information available, it is necessary to quantita-
tively describe the dynamics of the process S(7) at the
input of the threshold device. In the framework of the
dynamical systems theory, the problem of recon-
structing the attractor corresponding to the dynamical
regime S(7) can be solved based on intervals /; [6—S8],
and its metric and dynamical characteristics can be
calculated [8—10], including the correlation dimen-
sion, Lyapunov exponents, etc. Strict theoretical
results substantiating the fundamental possibility of
reconstruction were obtained in the framework of
Sauer’s theorem [11], which is a generalization of Tak-
ens’ theorem [12] to the case of point processes. This

theorem, however, holds only under the condition of
high pulse generation rate in the integrate-and-fire
model. In the case of low generation rate the possibil-
ity of attractor reconstruction can only be verified
numerically. Numerical studies performed for the
integrate-and-fire and other models of threshold sys-
tems established the possibility of diagnostics of cha-
otic and hyperchaotic dynamics regimes for point pro-
cesses [13—17]. The domain of their applicability for
the integrate-and-fire model, however, has not been
studied in detail.

In this letter, we discuss the capabilities and con-
straints of quantitative description of dynamical
parameters of complex oscillation regimes for point
processes of the integrate-and-fire model. For a high
pulse generation rate, integral (1) can be approxi-
mately calculated based on a simple variant of numer-
ical integration, the method of rectangles,

T.
f T,+T, T+T,
[ sar=s|——" 1, = 5|~ =9
2 2 1,

T;

If the pulse generation rate is high, i.e., /; takes small
values (conditions of applicability of Sauer’s theorem
[11]), the accuracy of attractor reconstruction for the
point process is high. With decreasing generation rate,
approximate equality (2) does not hold any more. In
accordance with the mean value theorem, there exist
time instants 7; < #, < T; , , for which the values of
the input process S(#;) can be exactly reconstructed,
S(#,) = 0/I. However, since information on the
dynamics between instants 7} is absent in the analysis
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The largest Lyapunov exponent as a function of the
parameter defining the domain of applicability of linear
approximation for the pulse generation rates correspond-
ing to the threshold values 6 = 5, 30, and 50. Black circles
show the results of calculation using the signal x(7) of
model (3). Constraints (5) and (4) are shown in insets /
and 2. Dashed line shows the factor calculated using the
equations of model (3).

of point processes, there appears uncertainty 0 in
determining corresponding times 7 = (7, + T, ,)/2 +
9,. Let us consider the consequence of this uncertainty
in calculation of the standard parameter of chaotic
oscillation regimes, the largest Lyapunov exponent.
Let us take the following input signal as an example:
S(r) = x(r), where x(#) is the coordinate of Rossler
model,

d
‘;—x=—(y+z), d—y=X+ay,
t t (3)

£=b+z(x—c),
dt

for a = 0.15, b = 0.2, and ¢ = 10. Threshold level 6
determines the pulse generation rate in the integrate-
and-fire model. The studies demonstrated that, in the
range 6 < 0.53, which corresponds to approximately
four pulses per characteristic oscillation period, the
application of the reconstruction method [10] pro-
vides correct estimation of the largest Lyapunov expo-
nent (A,). This can be performed, however, only for
appropriately chosen parameters of the algorithm for
calculating the largest exponent [18], first of all, the
domain of applicability of linear approximation (/) in
determining the average exponential rate of trajecto-
ries divergence (see figure). Our studies explain such
a dependence of the results on parameter /.

Let us first consider the case 6 = 5, which corre-
sponds to generation of approximately 43 pulses per
characteristic period of chaotic oscillations. For such a
high pulse generation rate, signal x(7) is reconstructed
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using the point process with relatively low error. This
results in the applicability of Sauer’s theorem [11] and
the possibility of attractor reconstruction. Note that
these results practically coincide with A, calculated
using the signal x(7) (see figure, black circles). Depen-
dence A,(/) decreases both for large / and small /. The
reason that dependence A,(/) decreases for / > 0.1 is
that this interval is beyond the domain of applicability
of linear approximation. If the distance between tra-
jectories in the phase space exceeds approximately
10% of the attractor size, the rate of trajectories diver-
gence is no longer exponential. As a consequence, the
value of A, is underestimated because the perturbation
vector becomes smaller than its expected value. The
corresponding constraints can be approximately
described as

A (1) ~ tl'ln (c —di), )

where 7 is the time between renormalizations and ¢
and d are the constants (¢ > d). These constraints
appear independently of the threshold level value,
including in calculation of Lyapunov exponent using
variable x(7) of model (3). It can be seen from the fig-
ure that they are approximately the same in all the
considered cases.

In the region of small values of /, the decreasing
character of A, (/) in calculations using time realization
x(7) is connected with the errors of vector orientation
that arise in the case of very frequent renormaliza-
tions. One more factor limiting from above the esti-
mate of the Lyapunov exponent in analysis of point
processes is uncertainty  in input signal reconstruc-
tion. If 0 takes small values (as is in the considered case
0 =135), A, calculated using the sequence 7, is almost the
same as that determined using the known realization
x(7) (see figure). With increasing 0, however, the value
of A, decreases. Let us consider for simplicity the case
of a similar uncertainty for the perturbation vector
before and after renormalization [18]; then, depen-
dence A;(/) can be approximately estimated as

. (1)~11n(’+5), (5)

r \r+9
where r is the initial chosen perturbation vector. The
larger O, the more strongly A, is limited from above
(see figure). As a consequence, the range of / in which
the largest Lyapunov exponent can be correctly deter-
mined exhibits significant narrowing with increas-
ing 0. Thus, for 6 = 30 (seven pulses per characteristic
oscillation period), it is noticeably smaller than for 6 =
5, and for 6 = 50 constraints (4) and (5) for A, result in
the fact that the interval corresponding to correct esti-
mates of A, = 0.087 is narrower by approximately a fac-
tor of 2, which illustrates the importance of choosing
parameter /.

Thus, in this letter, we elucidated the constraints of
the method for calculating dynamical parameters
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using the point process of the integrate-and-fire
model. In our opinion, the calculation of the func-
tion A, (/) and the maximum of this function (averaged
over variation of the algorithm parameters, the delay
time, and the dimension of the space of embedding) is
a method for very accurate determination of the
dynamical parameters of complex oscillatory regimes
in reconstructing dynamical systems using point pro-
cesses. This improvement of the method [10] increases
the reliability of estimates for the largest Lyapunov
exponent.

Acknowledgments. This study was supported by the
Russian Science Foundation, project no. 14-12-
00224.

REFERENCES

1. D. J. Daley and D. Vere-Jones, An Introduction to the
Theory of Point Processes, 2nd ed. (Springer, New York,
2008).

2. S. R. Norsworthy, R. Schreier, and G. C. Temes,
Delta—Sigma Data Converters—Theory, Design and
Simulation (IEEE Press, New York, 1997).

3. W. Bialek, F. Rieke, R. R. De Ruyter van Steveninck,
and D. Warland, Science 252, 1854 (1991).

4. D. M. Racicot and A. Longtin, Physica D 104, 184
(1997).

TECHNICAL PHYSICS LETTERS

PAVLOV et al.

5. A. E. Hramov, A. A. Koronovskii, V. A. Makarov,
A. N. Pavlov, and E. Sitnikova, Wavelets in Neurosci-
ence (Springer, Berlin, Heidelberg, 2015).

6. T. Sauer, Phys. Rev. Lett. 72, 3911 (1994).

T. Sauer, Chaos 5, 127 (1995).

8. R. Hegger and H. Kantz, Europhys. Lett. 38, 267

(1997).

9. R. Castro and T. Sauer, Phys. Rev. E 55, 287 (1997).

10. N. B. Janson, A. N. Pavlov, A. B. Neiman, and
V. S. Anishchenko, Phys. Rev. E 58, 4 (1998).

11. T. Sauer, in Fields Institute Communications, Ed.
by C. Culter and D. Kaplan (American Mathematical

Society, Providence, RI, 1997), Vol. 11, p. 63.

12. F. Takens, in Lecture Notes in Mathematics, Ed. by
D. A. Rang and L. S. Young (Springer—Verlag, Berlin,
1981), Vol. 898, p. 366.

13. R. Castro and T. Sauer, Phys. Rev. E 59, 2911 (1999).
14. A. N. Pavlov, O. V. Sosnovtseva, E. Mosekilde, and
V. S. Anishchenko, Phys. Rev. E 61, 5033 (2000).

15. A. N. Pavlov, O. V. Sosnovtseva, E. Mosekilde, and
V. S. Anishchenko, Phys. Rev. E 63, 036 205 (2001).

16. A. N. Pavlov, O. N. Pavlova, Y. K. Mohammad, and
J. Kurths, Chaos 25, 013 118 (2015).

17. A. N. Pavlov, O. N. Pavlova, Y. K. Mohammad, and
J. Kurths, Phys. Rev. E 91, 022 921 (2015).

18. A. Wolf, J. B. Swift, H. L. Swinney, and J. A. Vastano,
Physica D 16, 285 (1985).

~

Translated by E. Baldina

Vol. 41  No. 11 2015



		2015-11-27T13:34:36+0300
	Preflight Ticket Signature




