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Nonlinear response of the driven Duffing oscillator to periodic or quasi-periodic signals has been well studied.

In this paper, we investigate the nonlinear response of the driven Duffing oscillator to non-periodic, more specifically,

chaotic time series. Through numerical simulations, we find that the driven Duffing oscillator can also show regular

nonlinear response to the chaotic time series with different degree of chaos as generated by the same chaotic series

generating model, and there exists a relationship between the state of the driven Duffing oscillator and the chaoticity of

the input signal of the driven Duffing oscillator. One real-world and two artificial chaotic time series are used to verify

the new feature of Duffing oscillator. A potential application of the new feature of Duffing oscillator is also indicated.
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1. Introduction

Since in 1963 Lorenz firstly described chaos!!]
and tried to model weather patterns by a system of
coupled differential equations known as the Lorenz
equations, the research on chaos has drawn increas-
ingly great attention.>~71 A chaotic system is sensi-
tive to regular signals but immune to noise. When
the system is in the critical state, a small pertur-
bation of the system may lead to the change of the
state of the system.[8! It is now widely agreed that a
dynamic system can be called chaotic only if it ex-
hibits the property of sensitive dependence on ini-
tial conditions (SDIC).[! The property of SDIC of a
chaotic system has been applied for the detection of
In 1992, Birx and Pipenberg firstly
developed a complex-mapping-feed-forward-networks
(CMFFNS) in conjunction with Duffing oscillator to
detect signals in noise environments.['%) In 1999, Wang

a weak signal.

et al investigated more deeply the method for the de-
tection of weak signals buried in strong noise based
on the bifurcation behaviour of the driven Duffing os-
cillator, the detection limit in signal-to-noise (SNR)
ratio reached 68 dB.['"!] Then Wang et al proposed a
method for estimating the amplitude and phase of a
weak signal based on the intermittent state transition

in Duffing oscillator.[2:13]

The driven Duffing oscillator mentioned above
can be described by

j+ay —y+y’ = rycos(wt) + 2(t), (1)

where « is the damping ratio, —y + 3 is the nonlin-
ear restoring force, 7 cos(wt) is the build-in signal and
x(t) is the detected weak signal. In 2003, Li and Yang
developed a modified Duffing oscillator for detecting
weak signals buried in strong noise,['¥ that is

j+ay—y® +y° =vcos(wt) + x(t), (2)

which has a higher order nonlinear restoring force, i.e.,
—y3 + y®, compared with the normal Duffing oscilla-
tor. The modified Duffing oscillator has an improved
property of SDIC, and a lower limiting detection SNR
ratio up to -91dB was obtained based on the modi-
fied Duffing oscillator.™ Later Li et al also discussed
the application of the modified Duffing oscillator in
seismic signal processing.[w*w]

The common features of the researches mentioned
above are that they all made use of the property of
SDIC of the normal or modified driven Duffing os-
cillator, and the detected signals were all periodic or
quasi-periodic. Therefore, it is natural to consider how
about the results if the detected signal (z(t) in Egs.(1)
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and (2)) is aperiodic, or even in a more complex case,
chaotic? In practice, a great many kinds of signals are
not regular, for example, the physiological signals such
as hand tremor, electrocardiograph (ECG), electroen-
cephalogram (EEG), heart rate variability (HRV), are
aperiodic, even chaotic.[17—19]

We found during research that the chaotic time
series could make Duffing oscillator generate phase
plane diagrams with different degrees of chaos, and
there exists a relationship between the degree of chaos
of the input signals and the degree of chaos of the
phase plane of Duffing oscillator. This potential fea-
ture makes it possible to apply Duffing oscillator to
deal with non-periodic signals. We will make use of
two kinds of artificial and one real-world chaotic time
series to verify the new feature of Duffing oscillator.
EEG signals, which have been widely proved to be
chaotic time series,20=22 are employed as real-world
signals to verify the new feature of Duffing oscillator.
Moreover, based on the results of the numerical exper-
iments on normal and epileptic EEG signals, an initial
method based on the new feature of Duffing oscillator
is proposed to detect epileptic seizure, which indicates
the applicability of the new feature of Duffing oscilla-
tor.

This paper is organized as follows: Section 2 de-
scribes the time series for testing; Section 3 gives the
results of numerical experiments of testing the new
feature of the driven Duffing oscillator; Section 4 con-
tains discussions; Section 5 introduces a potential ap-
plication of the new feature of the driven Duffing os-
cillator; Section 6 gives the conclusion.

2. Testing chaotic time series

2.1. Artificial chaotic time series

In this paper, the new feature of Duffing oscilla-
tor is verified by three kinds of chaotic time series,
two of which are the time series generated by artificial
mathematical models and the remaining one is a real-
The first kind of chaotic
time series is generated by Hénon map, described as

world chaotic time series.

Tn+1 zyn—i—l—a-xi,
Ynt1 = b Tn. (3)
Hénon map is related with the parameters a and

b, usually set at @ = 1.4 and b = 0.3.[23] The second
artificial chaotic time series is the output of Logistic

map, shown by

Toy1 =kzn(l—xy), € (0, 1), ke [1, 4. (4)

Logistic map is only related with the bifurcation pa-
rameter k. When k € [3.569, 4], Logistic map is in
chaotic state.?*] These two artificial chaotic time se-
ries generating models (CTSGMs) are used to gener-
ate 120000 sample points with the sampling interval
0.005.

2.2. Real-world chaotic time series

The real-world chaotic time series used for veri-
fying the new feature of the driven Duffing oscillator
are the normal and epileptic time series. The raw
EEG time series used in this paper were recorded ac-
cording to the International Standard 10~20 system.
Data were digitized with a 12-bit analogue-to-digital
converter at a sampling rate of 200 Hz and stored on
a hard disk. We recorded 80-second-long EEG data,
thus getting 16 000 sample points for each channel.
Four groups of EEG time series were obtained, two of
which were recorded from two healthy persons, and
the remaining two were recorded from two epileptic
patients. Volunteers were relaxed in an awake state
with eyes closed. The epileptic EEG signals were
recorded for patients during induced epileptic seizure.
It has been widely accepted that the largest Lyapunov
exponent (LLE) of EEG time series during seizure

[21]

descends, i.e. normal and epileptic EEG time se-

ries have different chaoticity.

3. Numerical experiments

As the modified Duffing oscillator shows improved
SDIC, in this paper, all the numerical experiments are
done based on the modified Duffing oscillator, and all
Dulffing oscillator mentioned below refers to the mod-
ified Duffing oscillator. Figure 1 shows the block di-
agram of the driven Duffing oscillator. We use the
following steps to verify the new feature of Duffing os-
cillator: firstly, adjust the amplitude ~ of the built-in
signal v cos(wt) of Duffing oscillator without input sig-
nal z(t) to make Duffing oscillator in critical chaotic
state, the value of v we obtained here is v = 0.7256.
Then put the testing time series into Duffing oscil-
lator as input signal, and solve the Duffing equation
by the fourth-order Runge—Kutta algorithm to get the
numerical solutions; finally the states of Duffing oscil-
lator can be shown by the output signals of Duffing
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oscillator, the phase plane diagram or Poincaré section

diagram.
b1}i1t-in » > y(t)
signal
Duffing
oscillator
system
11‘1put » /(1)
signal

Fig.1. Block diagram of the driven Duffing oscillator.

y(t)

3.1. Artificial chaotic time series

The testing chaotic time series are put into Duff-
ing oscillator. For Hénon map, two groups of parame-
ters are taken respectively to generate different testing
time series, a = 1.4, b = 0.1 for Hy(t) and a = 1.4,
b = 0.3 for Hy(t). Hi(t) and Ha(t) are put into Duffing
oscillator as input signal respectively. Then the cor-
responding phase plane diagrams of Duffing oscillator
can be obtained. As shown in Fig.2, we note that there
exists obvious difference between the phase plane di-
agrams corresponding to Hi(t) and Ha(t). The phase
plane diagram corresponding to Hz(t) is more chaotic
than that corresponding to H;(t), in other words, the
phase plane diagram corresponding to H;(¢) is closer

to periodicity.

y(t)

Fig.2. Phase plane diagrams of the driven Duffing oscillator obtained with (a) Hi(t) and (b) Ha(t) as

input signal respectively.

Similarly, for Logistic map, different bifurcation
parameters k = 3.7 and k = 4 are taken respectively
in order to get two groups of output signals of Logis-
tic map, L1(t) and Lo(t). The phase plane diagrams

0 04 08 12 16
y(t)

corresponding to L1 (t) and Lo(t) are shown in Fig.3,
from which it can be seen that the phase plane dia-
gram corresponding to Ls(t) is more chaotic than that

corresponding to Lq(t).

y(t)

Fig.3. Phase plane diagrams of the driven Duffing oscillator obtained with (a) Li(¢) and (b) L2(t) as

input signal respectively.



No. 3

Regular nonlinear response of the driven Duffing oscillator to chaotic time series 961

Based on Fig.2 and Fig.3, we find that the phase
plane results are similar for the two kinds of test-
ing chaotic time series, namely that Duffing oscillator
shows phase plane diagrams with different degree of
When H;(t) and Ly(t) are as
input signals respectively, the Duffing oscillator are in

chaos in both cases .

chaotic state, yet the phase plane diagrams are close
to periodicity to some extent (shown in Fig.2(a) and
Fig.3(a)). When Ha(t) and Lo(t) are as input signals
respectively, the orbits of phase planes of Duffing os-
cillator are more chaotic, in summary, the degree of
chaos is higher (shown in Fig.2(b) and Fig.3(b)).

3.2. Real-world time series

In this paper, EEG time series are employed as
real-world time series to verify the new feature of Duff-
ing oscillator. It has been widely proved that the LLE
value of EEG time series during epileptic seizure is

smaller than that of normal EEG time series,20~22]
scalp electrode-C3
40 — ———
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y(t)

which means that the degree of chaos of epileptic EEG
time series is weaker than that of normal EEG time

series.

Normal and epileptic EEG signals are put into
Duffing oscillator as input signal respectively. Then
the corresponding phase plane diagrams of Duffing os-
cillator can be obtained. As shown in Fig.4, for both
normal and epileptic EEG signals, Duffing oscillator
shows chaotic phase plane, but there exists obvious
difference between the phase plane diagrams corre-
sponding to normal and epileptic EEG signals. The
orbit of the phase plane corresponding to the normal
EEG signal covers a small zone, concentrates around
a ‘core’, and is more chaotic, whereas the orbit of
the phase plane corresponding to the epileptic EEG
signal covers a larger zone, and is smooth and more
ordered comparatively. It can be seen that the real-
world time series with different degree of chaos also
lead the driven Duffing oscillator to different states.

scalp electrode-C3

40
20t
o0
>
720.
(b) 7
-40 . ,
-4 -2 0 2 4

y(t)

Fig.4. Phase plane diagrams of the driven Duffing with (a) normal EEG time series and (b) epileptic

EEG time series as input signal respectively. The normal and epileptic EEG signals were taken from the

scalp electrode with the same index, C3.

4. Discussion

4.1. Analysis of the results of numerical
experiments by LLE

An important parameter for describing the non-
linear dynamical behaviour of a chaotic oscillator is
the largest Lyapunov exponent,?5l which is used in
this paper as a quantitative indicator of degree of
chaos of a chaotic time series. A positive LLE means
that the system exhibits chaotic behaviour and the
orbit is unstable, whereas a negative LLE indicates
the orbit is attracted to a stable fixed point or sta-

ble periodic orbit. Negative Lyapunov exponents are
characteristic of dissipative or non-conservative sys-
tems. The LLE is employed in this paper to make a
quantitative analysis on the chaoticity of a time series.

The LLEs of the input and output signals of the
driven Duffing oscillator are computed. The LLEs
of the output signals of the driven Duffing oscillator
can indicate the state of the driven Duffing oscillator.
The LLE results of Hy(t), Ha(t), L1(t), L2(t) and the
corresponding y(t) are shown in Table 1. It can be
seen that all the LLE values are positive, which in-
dicates that all the analysed signals are chaotic time
series. The LLE value of y(t) with H;(t) as input sig-
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nal is smaller than that of y(t) with Hy(¢) as input
signal, which shows that the Duffing oscillator with
H(t) as input signal is in a more chaotic state than
that with H;(¢) as input signal. At the same time,
we note that the LLE value of Hy(¢) is smaller than
that of Ha(t).
occur when Lj(t) and Lo(t) are used as input signals

The phenomena described above still

of Duffing oscillator respectively. Therefore, we can
summarize that the output signals with different de-
gree of chaos generated by the same CTSGM can lead
to Duffing oscillator in different states, and the higher
the degree of chaos of the input signal of Duffing os-
cillator, the more chaotic the state of the Duffing os-
cillator.

Table 1. LLEs for Hi(t), Ha(t), L1(t), L2(t) and
the corresponding output signals of the driven Duffing

oscillator.
input signal of LLE
Duffing oscillator y(t)
Hiy(t) 0.3187 0.0132
Hj(t) 0.4215 0.0364
L1(t) 0.3459 0.0109
Lo(t) 0.6932 0.0372

The LLE values of normal and epileptic EEG sig-
nals and the corresponding output signals y(t) of Duff-
ing oscillator are shown in Table 2. It can be seen
that all the LLE values are positive, which indicates
that they are chaotic time series. The LLE value of
y(t) corresponding to the normal EEG signal is larger
than that of y(t) corresponding to the epileptic EEG
signal, which implies that the Duffing oscillator with

Amplitude

(a)

0 200 400 600 800 1000

Number of sample point

normal EEG signal as input signal is in a more chaotic
state than the Duffing oscillator with epileptic EEG
signal as input signal. Moreover, the LLE value of the
normal EEG signal is larger than that of the epileptic
EEG signal, which also shows that the input signal
of higher degree of chaos induces the corresponding
Duffing oscillator to more chaotic state. This is con-
sistent with the results of the verification of the new
feature of the driven Duffing oscillator by the artificial
time series.
Table 2. LLEs for normal and epileptic EEG sig-

nals and the corresponding output signals of the driven
Duffing oscillator.

input signal of LLE
Duffing oscillator y(t)
normal EEG 0.2355 0.1726
epileptic EEG 0.0833 0.0623

4.2. Influence of the amplitude of input
signals on the state of Duffing oscil-
lator

In the experiment, we note that the amplitude of
H,(t) is smaller than that of Hy(t) (shown in Fig.5),
therefore, it is needed to consider whether the dif-
ference between the phase plane diagrams of Duffing
oscillator with Hy(t) and Ha(t) as input signal respec-
tively only resulted from the difference in amplitudes
between H(t) and H(t). The influence of amplitude
of the input signal on the phase plane of Duffing os-
cillator is discussed below.

Amplitude

|
(b)
1000

0 200 400 600 800
Number of sample point

Fig.5. Output time series of Hénon map with different parameters, (a) Hi(t) obtained with a = 1.4
and b= 0.1, (b) H2(t) obtained with a = 1.4 and b= 0.3.

We use the following steps to survey the influence
of the amplitude of the input signal on the state of
Duffing oscillator. Hj(t), which is of smaller ampli-

tude, is multiplied by the coefficient o to have the
Then
a - Hy(t) is put into Duffing oscillator as input signal

same average value of amplitude as Ha(t).
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to get the phase plane diagram, which is to be com-
pared with that of the Duffing oscillator with Hs(t)
as input signal. Before the experiment, it is needed to
ensure that the coefficient o has no influence on the
chaoticity of Hy(t). It is proved below that the LLE
value of Hy(t) does not change after being multiplied
by the coefficient a.

Based on the steps for calculating LLE,[?% the
vector X; is multiplied by the coefficient «, that is,

Q- X.j = - [1'1,.1'2, Z3, ... 7xi+m—1]
= [O[Il, a2, ATy, . . . ,OéIH»m,l] )
hence the vector distance is D= [aX; —aX,;| = a -

|X,; — Xi| = a-d, then the LLE L, of o - Hy(t) can

be written as:

1 ='1. D
Lo = Z—lbg—“

n—m t D;
1
1 K1 a-diga
= ~1b
n—m ; t 2 a-d;
1 R d
LSt
n—m ~ t d;

and the LLE L; of Hy () is:

n—m

1 1. dipr
L= by &L
1 n—m Zl ¢ 2 dl )

therefore, L, = L;. That is, the nonlinear dynamic
characteristic of H;(t) does not change after being
multiplied by the coefficient a.

Next, we plot the phase plane diagram of Duff-
ing oscillator with « - Hy(t) as input signal. Firstly,

L0

the average value of the amplitude As = T
of Hy(t) is computed and As = 0.6772 is obtained.
In a similar way, the average value of the amplitude
of Hy(t) is obtained as Ay = 0.6062. Then, H;(t) is

multiplied by the amplitude factor a = A_2 = 1.1172
1

to make « - Hy(t) have the same average value of am-
plitude as Hs(t). Finally, «- H;(t) is put into Duffing
oscillator as input signal and the corresponding phase
plane diagram is obtained as shown in Fig.6. There
exist some slight differences of the orbits between the
phase plane diagrams corresponding to « - Hy(t) and
H,(t) (Fig.6 and Fig.2(a)), which we think are reason-
able. After all, the amplitudes of « - Hy(¢) and H;(¢)
are different, and because of the property of SDIC of
Duffing oscillator, the change of the amplitude of the

driving signal must have an influence on the state of
Dulffing oscillator. But in general, the phase plane dia-
gram of Duffing oscillator with «- H (t) as input signal
keeps basically consistent with that of Duffing oscil-
lator with H;(t) as input signal, and is different from
that corresponding to Hz(t). The change of the am-
plitude of the input signal in a limited range has little
influence on the state of Duffing oscillator. Hence, the
difference of degree of chaos of phase plane diagram of
Duffing oscillator with H;(t) and Hz(t) as input sig-
nal respectively has not resulted from the difference
in amplitude between Hy(t) and Ha(t).

y'(t)
[e=]

y(t)

Fig.6. Phase plane diagram of the driven Duffing oscilla-
tor with o - H1(t) as input signal.

4.3. Influence in detail of the degree of
chaos of the input signal on the state
of the driven Duffing oscillator

As Logistic map is only related with the bifur-
cation parameter k, it is convenient to make use of
Logistic map to investigate the relationship between
the degree of chaos of input signals and the state of
Duffing oscillator. Figure 7 shows the bifurcation pro-

1.0

0.8r

0.6

0.4}

0.2

30 32 34 36 38 40
k

Fig.7. Bifurcation diagram of Logistic map plotted by =
versus k.
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cess of Logistic map. When k increases from 1 to 4,
Logistic map transits from periodic state to chaotic
state. The number of bifurcation times corresponding
to a certain value of k indicates the degree of chaos of
Logistic map. When k = 3.569, Logistic map begins
to go into chaotic state; when k = 4, Logistic map
is in completely chaotic state. The output signals of

y'(t)

0 04 08 12 16

y'(t)

0 04 08 12 16

y'(t)

0 04 08 12 16

Logistic map with k taken as 3.5, 3.6, 3.7, 3.8, 3.9 and
4.0 are put into Duffing oscillator respectively, and the
corresponding phase plane diagrams of Duffing oscilla-
tor are shown in Fig.8, which shows that the degree of
chaos of the phase plane of Duffing oscillator increases

as k increases.

y'(t)

0 0.4 0.8 1.2 1.6

0 0.4 0.8 1.2 1.6

Fig.8. Phase plane diagrams of the driven Duffing oscillator with the output time series of Logistic map as
input signal when the parameter k of Logistic map are taken as 3.5 (a), 3.6 (b), 3.7 (c), 3.8 (d), 3.9 (e) and 4.0

(f), respectively.
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Table 3. LLE for the output time series of Logistic map
with different bifurcation parameter k and the corresponding

The LLE values of the output signals of Logistic

map with different & values and the corresponding y(t)
are computed. As shown in Table 3, when k = 3.5,

output signals of the driven Duffing oscillator.

LLE
the LLE value of the output signal of Logistic map is )
. . o o o k output signal of y(t)
negative, that is, Logistic map is in periodic state at .
N . . . . Logistic map
this point, and the corresponding output signal is a e 0.87%5 T 0.0052
periodic time series. When k& > 3.569, Logistic map 3.6 0.1853 _0.0015
begins to go into chaotic state, and the degree of chaos 37 0.3459 0.0109
of Logistic map becomes higher and higher as % in- 3.8 0.4482 0.0158
creases up to k = 4.0, at which the Logistic map is in 3.9 0.5012 0.0242
completely chaotic state. 4.0 0.6932 0.0372
0.4 0.4
0.2 ' 0.2t ‘
=0 = ot
=N =
0.2 -0.2
-0.4 (a) 0.4 (b)
0 0.4 0.8 12 0 0.4 0.8 1.2
y(t) y(t)
0.4 0.4
3 -
0.2 ’ 02} f
=0 = ot
=N =
0.2 -0.2
-0.4 (©) -0.4 (d)
0 0.4 0.8 12 0 04 08 12
y(t) y(t)
0.4 0.4
0.2 xe 0.2 Lt
. s ‘ z‘... : -.....: .:..":...s:'...
= :; Nee ’-f . - .::.030:’.. :.:'}:0
S 0 Ak g 0 BT
= = RS I
St .
-0.2 0.2 .-,
-0.4 (e) -0.4 ° (f) 1
o 04 08 12 0 04 08 12

Fig.9. Poincaré section diagrams of the driven Duffing oscillator with the output time series of Logistic map as
input signal when the parameter k of Logistic map are taken as 3.5 (a), 3.6 (b), 3.7 (c), 3.8 (d), 3.9 (e) and 4.0

(f), respectively.
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We compare the phase plane diagrams shown in
Fig.8 with the corresponding LLE values shown in Ta-
ble 3. When k = 3.5, after the output signal of Logis-
tic map in periodic state is put into Duffing oscillator,
Duffing oscillator transits from transient chaotic state
into stable periodic state because of the sensitivity
of Duffing oscillator to (quasi-) periodic signals, the
corresponding negative LLE value of y(t) also proves
the periodic state of the driven Duffing oscillator here.
When k£ = 3.6, Logistic map shows low degree of
chaos, but is still close to periodicity, since the bi-
furcation time with & = 3.6 shown in Fig.7 is limited.
Therefore, the degree of chaos of the output signal
of Logistic map at this point is not strong enough to
drive Duffing oscillator to the chaotic state, the output
signal of Logistic map only disturbs the phase plane
of Duffing oscillator lightly, and the LLE result of y(¢)
corresponding to k = 3.6 shows that Duffing oscillator
is still in periodic state, which is close to chaotic state.
After k becomes larger than 3.6, the degree of chaos
of the output signal of Logistic map is high enough
to drive Dufling oscillator to chaotic state, the LLE
value of y(t) becomes positive, which indicates that
the Duffing oscillator is in chaotic state, and the LLE
value of y(t) increases as the LLE value of the output
signal of Logistic map increases, that is, the degree of
chaos of Duffing oscillator increases as the degree of
chaos of input signal increases. The Poincaré section
diagrams of Duffing oscillator with the output signals
of Logistic map as input are also plotted. As shown
in Fig.9, the Poincaré section diagrams clearly show
the process that the state of Duffing oscillator transits
from periodic to chaotic as the degree of chaos of the
input signal increases.

5. A potential application of the
new feature of the driven Duff-

ing oscillator

Epilepsy is characterized by unexpected recur-
rent and transient disorder of mental function and
movements of the body. It results from the exces-
sive discharging of groups of brain cells.[?6:2") Detec-
tion of abnormal EEG activity plays a significant role
in the diagnosis of epilepsy. In recent years, many
indexing methods, such as LLE,[?22 approximate

(28] correlation dimension,!?229 time-varying

entropy,
dimension,*® and permutation entropy,*! have been
developed to detect or predict epileptic seizure and
achieved good results. The feature in common of
these methods is that they all compare the charac-
teristic quantities extracted from normal and epilep-
tic EEG signals to detect or predict epileptic seizure.
For example, the LLE values of EEG signals during
epileptic seizure become smaller than those of normal
EEG signals. Similar as observed from the results of
the numerical experiments shown in the previous sec-
tion, Duffing oscillator shows obviously different phase
plane responses to normal and epileptic EEG signals.
It is convenient and obvious to distinguish between
normal and epileptic EEG signals based on the phase
plane diagrams of Duffing oscillator. Therefore, the
method based on the new feature of Duffing oscilla-
tor for detecting epileptic seizure is proposed initially.
Figure 10 shows some supplementary phase plane dia-
grams of Duffing oscillator corresponding to the EEG
signals, which are recorded together with the EEG
signals used in the previous section but from different
scalp electrodes. The phase plane diagrams shown in
Fig.10 are similar with those shown in Fig.4, which
illustrates that the different phase-state response of
Dulffing oscillator to normal and epileptic EEG signals
is not occasional. The potential application of the new
feature of the driven Duffing oscillator recommended
in this paper for detecting epileptic seizure, which is
different from the indexing methods of comparing the
characteristic quantities extracted from normal and
epileptic EEG signals, makes use of the difference of
degree of chaos of phase plane of Duffing oscillator
aroused by the difference of chaoticity between nor-
mal and epileptic EEG signals.

Because of the immunity of Duffing oscillator to
random noise, it is not needed to pre-denoise the raw
EEG signals, which makes the detection process sim-
pler. As the structure of Duffing oscillator is not com-
plex compared with the indexing methods, the run-
ning time of the method based on the new feature of
Dulffing oscillator to detect epileptic seizure is so short
as can even be ignored, hence it is easy for this method
to meet the real-time requirements. The low compu-
tation load, visualization of the results and no need of
pre-denoising are the advantages of the method based
on the new feature of Duffing oscillator for detecting
epileptic seizure.
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Fig.10. Supplementary phase plane diagrams of the driven Duffing oscillator, (a) and (c¢) correspond to normal
EEG, (b) and (d) correspond to epileptic EEG. EEG signals for (a) and (b) were taken from the scalp electrode
with the same index, P3. EEG signals for (c) and (d) were taken from the scalp electrode with the same index,

O1.

6. Conclusion

We have disclosed a new feature of the driven
Duffing oscillator, i.e., its regular nonlinear response
to time series with different degrees of chaos. The re-
sults of numerical experiments on two artificial and
one real-world time series showed clearly that the
higher the degree of chaos of the input signal, the
more chaotic the state of the driven Duffing oscilla-
tor is. We proposed a potential application of the new
feature of the driven Duffing oscillator based on the
results of the numerical experiments on EEG signals

as well. The method based on the new feature of the
driven Duffing oscillator for the detection of epileptic
seizure still needs further research to be suitable for
different types of seizure. Despite this, the method
indicates the potential application of the new feature
of the driven Dufling oscillator.
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