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Abstract

This work presents a methodology for the simulation of human electroencephalographic
signals. Firdt, the advantages and disadvantage of the two main methods for simulating
complex signals are discussed (using autoregressive filters and using the oscillator model
with  “extremes-dopes’ double modulation). After, a novel method is proposed, which is a
kind of fusion of the two before mentioned methods. Results for the simulation of two
characteristic EEG segments are shown: for vigil — mostly beta waves, and for deepy —
mogtly alpha waves. The qualitative analysis of the results indicates that the proposed
methodology is efficient for the simulation of rhythmic EEG signalsand isvery promising.

1. Introduction

The dectricd activity of the human brain is cdled dectroencephdographic (EEG) sgnd, and
was firg sysematicaly andlyzed by the German psychiatris Hans Berger, in 1929. Due to the
complex nature of the EEG rdated to the underlying brain activity, it cannot be considered
neither patterned nor random. The interest in the smulation of human EEG emeged the early
70's, especidly with the work of Zetterberg and colleagues (1973, 1975). Then, it followed a
large gep, probebly due to the difficulty of devisng mahematicd modds for this problem.
The gmuldion techniques for EEG dgnds found in the literature gill don't give saifactory
results when comparing to red human dgnds dthough this objective has been pursued for
more than three decades. This work presents some contribution to the smulaion of EEG
sgndsusing anove technique.

2. Smulation methods

The computationd smulaion of the EEG is a chdlenging task due the sgnd is very
complex, stochadtic by nature and dependent of a number of vaiables, sich as the point in the
scadp where the Sgnd is acquired, the level of awareness and the underlying mentd date of
the individua, among others (Lopes da Silva, 1987)). Some approaches to this task have been
proposed in the past, most based on mathemaicd modds. Zetterberg and colleegues (1973,
1975) have proposed a method for Imulaing some petterns. This method is based on the
filtering of awhite noise by an Autoregressive (AR) filter of order p, as shown in figure 1.
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Figure 1: Autoregressivemodeling for EEG simulation, where: g, is the input (white noise,normal
distribution, average zero and variance s, plane spectrum from 0 to 100 Hz), X, is the output of
thefilter, g, are the filter coefficients.



The filter order is very important for a successul dmulation, and it is dependent of the
complexity of the smulated sgnd. Large vaues for the filter order can introduce spurious
noise, such as fadse pegks in the spectrum. In the other hand, smal vaues produce diased
peeks. Therefore, the filter order is dependent, & the same time, of the number of pesks, the
distance (in the gpectrum) among them, and the overlgpping ratio.

Usng the autocorrdation method (dso known as Yule-Waker method), the filter coefficients
can be cdculated for a red EEG segment. However this modding is linear, snce thai, if the
input ey has a Gaussan didribution, the output xv will be dationary and dso Gaussan. This
goproach produces dgnds that roughly resemble the red EEG. Another way to find the filter
coeffidents is proposad by Janeczko and Lopes (2000) using genetic dgorithms, which is
described elsawhere.

Another dmulaion method is the double modulation of a triangular wave generator and was
proposed by Balow (1993). It is accomplished by modulating the extremes and the dope of a
triangular wave. These moduldions, when gpplied done or combined, give origin to four
badc types of waves, shown in the figure 2.
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Figure 2: The basic oscillator in the “ extremes-slope” modulation model is atriangular wave
generator. Intheright sideit is shown its four operation modes.

Inherent to the “extremesdope’ smulaion modd is the fact tha the two most Sgnificant
paanders of an EEG sgnd ae its amplitude and its indination. Tha is, by contralling both
the amplitude and indination of the wave, a generic EEG dgnd could be depicted. More
precisely, Balow (1993) daes that according to the “extremes-dope’ hypothess for the
EEG, the two most important parameters are the envelop of he dgnd and the envdop of its
fird derivdive. In order to obtan the envdop of the sgnd, or better, the average amplitude,
three dtages are required. Firg, the absolute vaue of the signd & obtained, that is dl negative
vadues are turned into postive This is done by a precise full-wave rectifier. In the second
sage, a low-pass RC filter (with 0,1 s time condant), is used to dias the Sgnd (smoothing
filter). The third gep the resulting sgnd has its mean computed within a 05 s time-moving
window.

The average dope can be obtaned in a smilar way to that previoudy described for the
average amplitude. The only difference is that, indead of usdng the origind EEG dgnd, it is
done with its firg deivative Sgnds then obtaned with the computation of the average
amplitude and average dope can be usad for the recongtruction of the EEG, provided they are
used as the modulding input of the oscillaor modd. The modulating inputs for the extremes
and dopewill be, respectivdy, the average amplitude and the average dope (figure 3).
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Figure 3 — Oscillator model: reconstruction of an EEG signal by means of its envel ope (that modul ates the
extremes) and its first derivative (that modulates the slope).



The smulator, 0 far, generates modulated triangular waves, which have to be turned into
senoidd waves. This is done with a low-pass digitd filter with cut frequency & 20 Hz. This
filter has 15 coefficients and transforms the triangular wave in aquas-Snusoidd wave.

A test for the oscillaior modd is to verify its ability to recondruct a red EEG sgnd by means
of the mehod explaned before (figure 3). According to Balow (1993), this tet has
demondrated that it is ible to recongruct dower EEG such those condituted by dpha
waves with long spindles, but the modd does not shows the same performance with irregular
EEG's such those with short epileptiform patterns. For the recondruction of irregular EEG's
it is necessary to use the ingantaneous envelop of the red EEG and the ingtantaneous envelop
of the fird derivative (indantaneous dope) of the red EEG. A practicd way to find the
ingantaneous envelop of the EEG is shown in figure 4.
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Figure4 —Block diagram to compute the instantaneous envelop and the instantaneous slope.
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Balow (1993) has tested the oscllaor modd introducing low-frequency noise in both
moduleting inputs, as shown in figure 5. The smulaed patterns were visudly (quditativey,
not quantitaively) compared to red dgnds This tes has indicated the capability of the modd

to Smulate severd different EEG paiterns.
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Figure5 —Oscillator model: simulation introducing two different low-frequency noise sourcesin
the modulating inputs.

The characteridtics of the modulating noise generators are represented by a scattering diagram
(dope versus amplitude). This diagran was expeimentdly obtaned by andyzing
smultaneous average amplitude and average dope of red EEG's. Fgure 6 shows the
scattering diagram for the four different types of waves generated by the oscillator modd with
the “extremes-dope’ modulaion.
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Figure 6 —Scattering diagram (slope versus amplitude) for: a) constant slope waves; b) constant
amplitude waves; c) constant frequency waves; d) irregular waves.
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1gpindles: grouping of rhythmic waves being characterized by a progressive increasing of the amplitude
followed by agradual decreasing.



The recondruction of an EEG segment usng the before mentioned procedure with the

ingtantaneous envelop of the extremes and the dopeis shown in figure 7.
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Figure 7 — Reconstruction of an EEG segment using double modulation (“extremes-slope”) of a
triangular wave: a) original real EEG; b) envelop of the EEG (solid line) and rectified signal
(dashed line); c) envelop of the slope (solid line) and rectified signal of the first derivative of the
EEG (dashed line); d) reconstructed EEG.

In this dear that the mogt difficult task in this type of dmulaion is to generate gppropriate
modulating inputs, since it is necessry to have a tight control of the properties of the noise
generaiors. To cope with this problem, we propose in this work a novd modd for EEG
gmulatiion, which uses both autoregressve modd and the osdllaor modd with “extremes
dope’ modulation.

3. Material and methods

In order to have a more a better modding of the EEG, we chose to work with the
ingantaneous vaues of the envelops of the extreme and the dope (as shown in figure 4),
ingtead of the average vaues.

Andyzing the two modulating ggnds in figure 3 (indantaneous envdop and indantaneous
dope) in wha is concerned to ther mean dandard deviation and frequency spectrum, it is
found that they are not promptly reproducible usng smple noise generators (for the purpose
of EEG smuldion). To solve this problem, it is proposed the generation of such modulating
inputs by means of filtering a white noise with an autoregressive filter, whose coefficients are
etimated for the ingantaneous enveop of a red EEG, as wdl as for the ingantaneous
enveop of the fird deivative of the EEG (tha is its dope). This proposed methodology is in
fact, a fudon of the two methods for EEG smulaion described in section 2 and a full block
diagram of the system is depicted in figure 8.
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Figure 8 —Block diagram of the proposed model for simulating EEG signals.



To generate the modulating inputs, firg the ingantaneous envelop and the indantaneous dope
of a redl EEG segment are extracted. Then, the coefficients of autoregressve filters are
cdculated for both. After, the modulating inputs are Smulated using the autoregressve filters
and a white noise generator. These signds modulate the amplitude and dope of a triangular
wave generator. Findly, the output is again filtered to transform the triangular-like waves into
senoida-like ones usng alow-pass filter.

Before dgmuldion, the coefficients of the autoregressve filters are cdculaed usng EEG
segments from red patients. All Sgnals were extracted from routine EEGs of a reference
hospitd, beng acquired by a digitd sysem in 16 chands during 20 minutes a& 200
samples/sec and gain 14142,

The criteria for choosng segments was the visud ingpection by an EEG expert, obsarving
regions of the plot (and channds) that could represent with fiddity certain characterigtics like
dpha waves (deepy) or beta waves (vigil). A totd o 32 segments from two different patients
were sdected. These ssgments were divided into: 16 segments with predominance of beta
waves and 16 segments with predominance of dphawaves.

4. Resaults

The proposed modd was tesed usng background EEG from vigil (modly beta rhythm) and
degp (modly dpha rhythm). The smulated and red dgnds were visudly compared both in
time and frequency domain. Fgure 9 shows this comparison for vigil, and figure 10 is the
same for deepy.
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Figure9 —Simulation of two vigil EEG segments (mostly beta waves), showing the original signal
and the simulated one in both time and frequency domains.
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Figurerlo — Simulation of two sleep EEG Jéegrr;ents (moétly a phéwaves),rshowi né the ori ginal
signal and the simulated one in both time and frequency domains.

5. Conclusions

The quditaive andyss of the results reveded tha the method here proposed can smulae
sgnds with acceptable fiddity to red ones. Results suggest that the method is adequate for
the smulation of rhythmic sgnds of the EEG.

The dmulaion of EEG dgnds through the double modulaion of a triangular waves generator
was satidactory, a lees for dgnds without DC leve or without very low frequency
components. This is due to the characteridtics of the triangular waves generator, dnce it is
dways modulated by a podtive dope moduldion Therefore, the negative dope does not
exig, doing with that the dope changes of course just when the vdue of the generated sgnd
islarger a equd to the vaue of the modulaion of extreme.

More experiments shdl be done in the future to improve the method circumventing its present
limitations. Notwithganding, we bdieve thet it is very promisng to the rather difficult task of
amulaing human EEG sgnds.
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