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ABSTRACT

We study the appearance, development and depression of the alpha-rhythm in human EEG data during a psy-
chophysiological experiment by stimulating cognitive activity with the perception of ambiguous object. The new
method based on continuous wavelet transform allows to estimate the energy contribution of various components,
including the alpha rhythm, in the general dynamics of the electrical activity of the projections of various areas
of the brain. The decision-making process by observe ambiguous images is characterized by specific oscillatory
alfa-rhytm patterns in the multi-channel EEG data. We have shown the repeatability of detected principles of
the alpha-rhythm evolution in a data of group of 12 healthy male volunteers.
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1. INTRODUCTION

A study of nonlinear processes in the brain neural network during perception of ”ambiguous” (also known as
bi- and multistable) images is very important for the understanding of both the visual recognition of objects
and the decision-making process. Nowadays, the perception of ambiguous images attracts huge attention of
many scientists. In a sense, such images are good objects for studying the visual perception in general as well
as the decision-making mechanisms. Images of this type have been the object of research for psychologists for
a long time.1,2 Recently, ambiguous images awoke interest of physicists and mathematicians.3,4 Despite of
considerable efforts of many researchers, the main mechanisms underlying interpretation of a multistable image
are not well understood. At present, perception is known to be a result of nonlinear processes which take place
in the distributed neural network of occipital, parietal and frontal regions of the brain cortex.2,5

The perception of ambiguous (bistable) images was thoroughly investigated in the last decade. The most
popular bistable images are Rubin vase, Mach bands, Rorschach test, Boring’s old/young woman illusion, Necker
cube, etc.6–9 From a mathematical point of view, visual perception of bistable images comprises two metastable
states, each with a duration that varies from seconds to tens of seconds. One of the perceived images usually
dominates over the other for a relatively long period of time. The distribution of the intervals of dominance in each
image has a stochastic nature with gamma probability distribution.10–14 Bifurcation analysis and catastrophe
theory show that the shift between two percepts of an ambiguous image is linked to the intensity of intrinsic
individual ”cognitive brain noise” caused by neuronal spontaneous activity.3,4

These fundamental results are important to create an objective paradigm for data processing in cognitive
research, because the application of traditional neurophysiological methods solely, such as, expert estimations and
simple measures of the signal amplitude, may simplify our understanding of the process. Therefore, the fine and
short-lasting process might be overlooked. The development of standardized methods has an important practical
application in neurophysiological experiments, including data acquisition, evaluation, analysis and processing
of results in already recorded data, as well as in real time, and it is still an open field for research activity.
International research in cognitive studies readily engages in the modeling of cognitive and neurophysiological
processes using nonlinear dynamics tools.15,15–19
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2. METHODS

2.1 Experiment

In our physiological experiment with EEG activity registration we used a set of images based on a well-known
bistable object, the Necker cube,20 as a visual stimulus. This is a cube with transparent faces and visible ribs;
an observer without any perception abnormalities treats the Necker cube as a 3D-object thanks to the specific
position of the cube ribs. Bistability in perception consists in the interpretation of this 3D-object as to be
oriented in two different ways, in particular, if the different ribs of the Necker cube are drawn with different
intensity. In our experimental works we have used the Necker cube images with varying parameter I to be the
brightness of the cube wires converging in the right upper inner corner (Fig. 1). The brightness of the wires
converging in the left lower inner corner is defined as (1− I).

The experimental studies were performed in accordance with the ethical standards of the World Medical
Association.21 Twelve healthy subjects from a group of unpaid male volunteers, between the ages of 18 and 25
with a normal visual acuity participated in the experiments. The purpose of this experiment is the study of
EEG data registration in the unconscious decision on ambiguous image interpretation. We demonstrated the
Necker cube images with different wireframe contrasts for a short time, each lasting between 0.5 and 0.9 seconds,
interrupted by a background abstract picture for 2.5 – 3.5 seconds. The subject was instructed to press the
left or right key depending on his/her interpretation of the projection being observed at each demonstration.
The use of the background abstract images allows the neutralization of possible negative secondary effect of the
previous Necker cube image. The whole experiment lasted about 40 min for each patient.

time

t=0..700 ms t=3200..3900 ms t=5500..6200 ms

Figure 1. Examples of distinct Necker cube images with different wireframe contrasts characterized by control parameter
I

During the experiment we exhibited the pictures of the Necker cube randomly, each for about 100 times, and
recorded brain activity with multi-channel EEG. As a tool for EEG recording we used the electroencephalograph–
reorder Encephalan-EEGR-19/26 (Russia) with multiple EEG channels and the two-button input device. To
study EEGs the monopolar registration method and the classical ten-twenty electrode system were used. Figure
2 shows an example of a typical EEG data set.

2.2 Wavelet-based method

In our work we used continuous wavelet transform (CWT)18,22–24 for time-frequency analysis of oscillatory
patterns in EEG. CWT is a convolution of investigated signal x(t) (EEG signal in our case) and a set of basic
functions φs,τ :

W (x, τ) =

∫ ∞

−∞
x(t)φ∗s,τdt (1)

Each basic function from this set can be obtained from one function φ0, the so-called mother wavelet, by
following transform:

φ(s, τ) =
1√
s
φ0

(
t− τ

s

)
(2)

In equation (2) φ0 — mother wavelet, s — time scale, which determines extension or compression of initial
mother function, τ — time shift of wavelet transform.
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There are a lot of different mother wavelets that find a use according to the problems of the current study.
In present work we used CWT with Morlet mother wavelet with parameter ω0 = 2π:25,26

φ0(η) = π− 1
4 ejω0ηe−

η2

2 (3)

According to papers27–31 the Morlet wavelet is one of the most effective in analysis of complex experimental
signals of biological nature (including EEG) because of its optimal time-frequency resolution.

In present work intrinsic frequency dynamics was investigated using “skeletons” of wavelet surfaces.31,32 The
“skeletons” of wavelet surfaces are constructed to extract dominant EEG frequencies and determine the evolution
of main rhythms in EEG data, in particular, alpha-rhytm. First, the momentary wavelet energy distribution
Ei(fs, t0) was constructed for some time moment t0.

Ei(fs, t0) = |W (fs, t0)|2 (4)

Then the function Ei(fs, t0) was examined for the presence of local maximum Emax. If several local maxima
Emax,k were detected in Ei(fs, t0), then the highest maximum was selected and its frequency was considered
as dominant frequency of oscillatory pattern at given time moment t0. In order to construct full “skeleton” of
wavelet surface the procedure described above was repeated consequently for all points in time series of given
EEG signal.

3. RESULTS

In our experimental studies we separated all Necker cube images on the “left” and “right” in accordance with the
apparent position of the front face of the cube. Obviously, the intensity I of the ribs provided on the impact of
the perception of the observer. In particular, an image with a small parameter I is usually interpreted as “left”
one, respectively, with a large parameter I — as “right”. All images that are close to symmetrical distribution
of the intensity of the edges are perceived as left- or right-handle cube with a probability determined by the
personal characteristics of the observer (e.g., the level of cognitive noise).3,33,34
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Figure 2. Fragments of time depending on the frequency spectrum of the wavelet, which account for maximum energy
components hesitation. These curves are plotted according to the data in the channel register Pz volunteer number 4.

Figure 2 shows the temporal variation over the frequency bands, which account for the first two components
of the maximum energy of the wavelet spectrum. In this case, we process the EEG data from only one channel Pz,
which is located in the occipital region. This figure have a event marking — presentations of cubes with different
intensity parameter. It is clearly seen that there are certain values of frequencies, for which the maximum of the
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energy spectrum of the vibrational modes are observed regularly. In particular, most qualitatively similar energies
allocated range of frequencies is 8 – 12 Hz, traditionally referred to as the alpha-rhythm. In the present work we
will focus on the analysis of the alpha-rhythm evolution in the process of staged cognitive psychophysiological
experiment. In this case, we are limiting our processing of multi-channel EEG data exceptionally occipital area
of a brain electrical activity registration, in particular O1, O2, P3, Pz, P4, C4 and Cz channels of the classical
ten-twenty electrode system. So, in rest period between the presentations of controversial facilities, most of our
volunteers have demonstrated evolution alpha-rhythm, which sharply depresses and stops existence immediately
upon presentation of the cube image.

We introduce a numerical criterion for the presence of alpha-rhythm in every time moment: the values of
first two skeletons are in the range of 9 to 12 Hz in this time. In other words, if the condition is satisfied for a
particular channel of the occipital region, the alpha-criterion α is equivalent to the constant, and otherwise α is
zero, then α – criterion:

αi =

{
1 if 8 < f i

1,2 < 12
0 in other cases

In Figure 3 a shows the result of calculation of the proposed specifications at any given time for the channel
Pz. However, with the continuous calculation of the characteristic is unstable, it is possible to compensate for
the calculation of criteria in the time window. For further calculations of the value of the time window was
chosen as universal for all 12 subjects and was 400 ms. The averaging is necessary in this case, as so structure
of the alpha-rhythm is spindles, and due to possible failures relating to the imperfection of any equipment and
methods.

Then, this presented calculation method for processing of EEG data can be extended to the entire occipital
region. In this case the presence or depression of calculating the alpha-rhythm criterion for each channel, it can
simple sum the “0” and “1”:

α6i =
∑



1 if 8 < fO1
1,2 < 12 or 0 in other cases

1 if 8 < fO2
1,2 < 12 or 0 . . .

1 if 8 < fP3
1,2 < 12 or 0 . . .

1 if 8 < fPz
1,2 < 12 or 0 . . .

1 if 8 < fP4
1,2 < 12 or 0 . . .

1 if 8 < fCz
1,2 < 12 or 0 . . .

4. CONCLUSION

In this paper we have considered the technique for study alpha-rhythm evolution in human EEG data during
a psychophysiological experiment by stimulating cognitive activity with the perception of ambiguous object.
The new method based on continuous wavelet transform allows to estimate the energy contribution of various
components, not only the alpha-rhythm, in the general dynamics of the electrical activity of the projections
of various areas of the brain. In addition, in further the use of approach can be directed objectively evaluate
motivation and conscious involvement of volunteers in the experiment. Suffice it to appreciate that the alpha
rhythm is associated with relaxation processes and apparently destroyed when cognitive performance associated
with the perception of complex objects. At the same time, if the volunteer is interested in participation of the
experiment and focuses on solving the problem, this phenomenon of periodic destruction and restoration of the
alpha rhythm is not be observed. Furthermore, it becomes more clear that to detect EEG data complex processes
“cognitive noise” we must bring it involved people volunteer for the relevant group.

5. ACKNOWLEDGMENTS

This work has been supported by the Russian Science Foundation (Grant No. 16-12-10100).

Proc. of SPIE Vol. 10337  1033713-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/19/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 0

 1

 450  455  460  465  470  475  480

 0

 1

 2

 3

 4

 450  455  460  465  470  475  480

a

t

b

t

I = 50 I = 45 I = 36 I = 51 I = 64

I = 50 I = 45 I = 36 I = 51 I = 64

α
i

α
6i

Figure 3. (a) The dependence of the alpha-criterion α over time for Pz channel. The green line demonstrates the result
of calculation itself directly, the thick red line is the result of the characteristics averaging in time window about 400 mc.
(b) The dependence of the alpha-criterion α6i for brain occipital region.
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