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ABSTRACT 

Design criteria for construction of a device for moni-

~oring the frequency of 'the alpha rhythm of the human EEG 
, 

a~e presented in this thesis~ Power spectral analysis is , , 

implemented on a minicomputer'system and its limitations are 
~ 

illustrated. The need for a form of pattern recognition 

of alpha activity is revealed and satisfi~d s~sequently 

by use of amp Ii tude and d'bratiop discrimination. The'se 

techniques along with zero-crossing analysis constitute the' 

main ideas whi~h.are recommended in-the ,monitor design. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Many atteropts have been made to relate the major 

characteristics of the electroencephalogram (EEG) to physio-

logical condi tions'. These inv~stigations have relied heavily 

on the visual inspection of the, EEG record by trained tech-

nicians and neurologists. With the recent advances in 

e~ectronic and computer technologies, more objective, quan-
" , 

titative techniques have been introduced. Some of these such 

as spectral analysis, auto- and cross-correlation and.period 

1 ' 11 d '~ d' f, bl' t' (1-3) ana ys~s, are \,'e escrloJ,.Ie ~n varloous pu ~ca loons • 

It is ~oped that a practical, alpha-rhythm monito~ ~hich in-

corporates some of these recent techniques can be designed 

~ and constructed. The monitor would then be applied to clinical 

research on hypoxia and respiratory problems that are current-

ly being investigated at the McMaster University Medical 

Centre. 

'The object of this research is to analyze the alpha 

rhythm of the EEG in order to identify and quantify the major 

parameters involved. Based o~ these results, design criteria 

will be recommended for the construction of a practical, low 

cost alpha-rhythm monitor. 

1 



2 • 

f 1.2 The Electroenceehalogram and thecalpha rhythm 
~ , 

ElectricalYactivity within the brain is observed in 

~he form of surface pote,ntials by the proper placement OI 

elect=odes on the scalp. The resulting electrical signal, 
• 

~nown a$ the EEG, has been directly correlated ~ith neurolo-

gical processes and thus has become a valuable aid in the 

diagnosis of mental disorders., 

Traditionally, the EEG is recorded on paper using ., 
special amplifiers feeding into multichannel chart rec~rders. 

Due to the nature of the EEG recording, special care 'is re-

quired in its execution. Standard recording procedures have 

therefore been developed (4) • Of particular importance is the 

guarding o'f 'the EEG recording from the effects of extra-
'-. 

cerebral activities which may introduce artefacts. Several . 
common 'causes of artefacts are eye-movements, heart-beat i 

respiration, electrical interference, and faults in the recor-

ding apparatus" Electroencephalographers ar.e therefore trained 

in the accepted recording procedures as well as in recognizing. 

and minimizing artefacts. , 

Describing the complex shape of the BEG can be a dif-

ficult task. Classification therefore begins with the recog-

nition of basic features. The three most commonly accepted 

components of the EEG are ,the rhythmic wave forms, the shorter 

lasting transients, and the background activity. THe frequent 

occurrence of the rhythmic wave-like feature has resulted in 

, " 
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the EEG being described in ,terms of wav~s and spindles. A 

wave can" be thought of as one complete cycle while a spin.dle . 

or burst represents a number of waves occurring in succession. 
, , 

Each wave has a specific wave-length and is therefore classi-

fied according to its respective frequency (reciprocal ot 

wave-length) . 

The commonly ~ecognized bands of frequency are: 

DELTA: below 4-Hz 

THETA; from 4 to 8-Hz 

ALPHA: from 8 to l,3-HZ 

BETA: above l3-H:l; • 

Alpha rhythm is the term used when referring to the· 
. '. 

rhythmic spindl'es which fall within the 8 to 13-ijz range. 
, 

These alpha, spindles are genera'lly observed. in the EEG. taken 

from the posterior portion of t~e s~alp and are most predominant ~ 

wheh the subject is relaxed with his eyelids closea. In most 
. '\ 

adults the alpha rhythm has a mean frequency in the 9 ·to lO-Hz 

• reg ion. Generally, this fr~quency' may vary about its mean by 

±O.S Hz in normal subjects under stable ,conditions (4). It, 

ha~ been found that the alpha frequency is affected'by various 

physlological aondi tions s'uch as changes in concentrations' of 

sugar, carbon dioxide, an9 oxygen in the bi~Od(5) . The re-

sults of .this a'nd more recent ipv~stigations indicate that a 

, ciinical apparatus which could rnoni tor and display the'~alpha 

frequency would"be a valuable tool in both research and hospi-

tal care. 



L 3 Specifications for an alpha-rrhythrn monitor 

The main runction of the monitor is' to determine the 

mean frequency of the alpha Fhythm. The result should be im­

mediately visi~le though it m~y be automatically recorded 

for further stkdy. It is foreseen that once the reliabili~y 
of the monitor has been proven, it would ult~mately become a 

w ~ 
bed-side monitor as well as a research instrument. Therefore 

it ought to be compact, portable, inexpensive, and not in need 

of attention of someone specifically trained in its operation. 

Furthermore, one should be able to set minimum and maximum 
~ 

" limits on the alpha frequency whereby a. visual and/or' au'dibl~ 

alarm 'would be issued by the monitor ·if 'the 'frequency deviated 

beyond the set limi ts .. 

.' 

i 
/ 

I' 
if 
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CHAPTER 2 

SPECTRAL ANALYSIS 

2.1 Spectral analysis and the Fast Fourier Transformation 

Spectral analysis of the EEG has advanced notably_ 

since wave count~ng by manual means was employed. The Fourier 

Transformation (FT) of a time series into its frequency com-

ponents has long been regarded as the classic technique for 

spectral analysis. However, its implementation tended to be 

c~stly and ,time consuming, requiri,ng large-s~ale comput.~r 

systems which allowed only off-line analysis. The later de­

velopment of the Fast Fourier Transformation (FFT) algorithm(6) 

introduced a substantia~ saving in the computational time 

required to perform the FT. This technique has now come into 

wide-spread use and, in conjunctio9 with the increased availa-

bility of computer data-processing systems, has become, the 
, . 

basis for s~ectral analysis'in innumerable fields. 

Much of the pr'e~ent day research on, spectral analysis 

of the EEG still- rely ~n off-line data analysis and there) ---fore cannot provide irnn\~diate results to the, investigator . 
. ~ 

This drawback can now he easily overcome with the use of 

physically small, low-cost minicomputers which are readily 

available. An even more attractive solution is now possible 

5, 
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with the advent of .microp~ocessors and semiconductor mernori~~ ~ 

which have drastically reduced the size and cost of c~mputer 
systems. 

2.2 Proposed study 

This thesis describes the implementat~on of the FfT 

algorithm on a min~omputer system for the purpose of per- . 

forming power spectral analysis of the EEG in real-time. Se-

veral graphical presentations of frequency spec;:tra shown 

throughout this text give some indication of the dif!iculty 

in determining the mean alpha frequency. This difficulty 

which arises from ·the occurrence of a ·number of alpha 'peaks .. 
in the frequency'spectrum was previously report~d(7). The 

origin of these. multiple peaks will be explairled with the aid 

of illustrated simulations of alpha spindles. It will be shown 

that multiple peaks can be eliminated if some form of pattern 

recognition of alpha spind~es were applied prior to spectral 

analysis. The need for pattern recognition has been expressed 

and electronic devices aimed at accomplishing this have been 
. (8 9)' 

reported ' • 

Power spectral analysis using the FFT is capabl~ of 

providing information spre~ding over a wide frequency range. 

Methods of tracking the mean alpha frequency over a more limi­

ted range have been proposed. Zero-crossing analysis (10) 

and phase-locked loop(ll) are two ~xamples which have 'been 

applied to EEG analysis. These techniques appear attractive 

, ) 

.. 
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since either can be implemen~ed at a much lower cost than the 

FFT. Later in this study, results from zero-cro.ssing analy:sis 

wil~ be compared with tho~e from FFT analysis. This will 

eventu~lly lead to a monitor design based on pattern recog-/ /---

nition and zero-crossing analysis. ( 
2.3 Equipment 

~ ~ ----- --- --' . 
The study of power spectral analysis of the EEG required 

the use ot .a system which was flexible enough to allow various 

modes of analysis to be performed. For this reason a sys~em 

based on a mintcomputer was adopted. Equipment for.a more 

~pecific application need not be as complex. The design of 

a compact alpha-rhythm mon~tor is presen~ed later in this thesis. 

EEG samples used in this research were prerecorded on 

a frequency-modulated tape recorder. The analog signal was 

then band limLted by a 30-H2, l2-dB!octave, low-pass filter 

prior to digitization. since on-line spectral analysis was 

initially the primary objective, the use of a NOVA minicomputer 

(Data Ge~eral Corporation) with a floating-point arithmetic 

processor app~ared to suit the requirements well. This miniJ 

computer sys tern consis ted of 32 K of' l6-bi t words of magnetic 

core memory, a SM-byte disk~ and a Real-time Disk Operating 

System (RDOS)-. A Discrete Fourie.r Transformation (OFT) program 

.capable of performing a ~ast Fourier transformation of' an array 

of 1024 complex P?ints within 2 seconds was used throughout 
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this research. This software package was developed and sup-

plied by Data General cor~ora-tion. 

A second minicomputer, a PDP~15 (Digital Equipment 
, 

Corporation) with 8K of IS-bit words of memory was also used 
I> 

since it was already equipped with an analog-to-digital conver-

ter (ADC) and a graphic video-display unit. The 12-bit ADC 

(BURR-BROWN ADC30-l2Z-BTC) had a maximum conversion time of, 40 

microseconds and was therefore fully capable of digitizing the 

much slower EEG wave-forms. A block diagram indicating the 

, flow of data within ,the c,omputer system is, shown in figure 2.1. 

Computer programs for both the PDP-IS and NOVA ,com-

puters were written in the respective assembly language qf 

each 

that 

com~uter. These programs were designed in such a way 

impJ.,rtant' parameter.s could be easily changed'. . The para-
t 

meters torsi~ered were: 
\ 

(i) sampling rate, 

(ii) record length, and 

(iii' horizontal and vertical scaling £o~ the 

graphic display. 
'\ 

Alteration of other input parameters allo~ed various modes 

of anal~sis to be selected. These modes were: 

(i) power spectral analysis with no averaging, 

(ii) averaging over, a number of records, 

(iii) continuous time-weighted averaging, and 

(i v) 'smoothin,9 in tl1e frequency domain. 

I 
I 
I 
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A sampling rate of 64 Hz was selected thus prov~ding 

analysis of frequencies up to 32 Hz. Since the'DFT program 

handled a maximum array size of 1024 points, the duration of 

the sampled record was limited to a maximum of 16 seconds. The 

lower limit was set at 2 seconds when all the data handling 

procedures were taken into account. 

The system as describe~above constituted a feasible , 

on-line EEG spectrum ana,lyser. In order to utilize such a 

sy stem as a more specialized real-time EEG moni tor, one would 

need only to implement convenient means of inputing and ex-

tracting various control and si~nal parameters. An immediate 

refinement to the system 'would be to eliminate one of the two 

processors; the function of the PDP-lS could be assumed by 

the NOV~ computer. 

Once'it was demonstrated that the system could analyze 

and display EEG fr~quency spectra ~n real-time, the system was 

reorganized to facilitate a closer study of the DFT as a 

suitable ~echnique for ,analyzing EEG records. The digitized 

EEG data was stored as a NOVA ROOS disk file thus allowing 

repeated access to the same data for comparison 0; different 

types of ·~al¥sis. All subseque~t analyses were performed 
, ~ 

on the NOVA computer using programs written in FORTRAN. Hard-

copy graphs were made ava£lable througn a strip-chart plotter 

which was interfaced to the NOVA. This setup is shown in 

figure 2.2. 
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CHAPTER 3 

RESULTS OF SPECTRAL ANALYSI~ 

3.1 Results 

The EEG analyzed in this study consisted of recor-

dings taken from the left parieto-occipital lobes ~f a normal 

,male subject. These recordings were made while the subject 

was relaxed, with his eyelids closed, and not actively thin-

king. The first eight graphs to be shown illustrate typical 

results of the spectral analysis used. Figure 3.1 shows thfi 

frequency spectrum which was calculated from consecutive 16-

s~~ond records ~ One di stinct. fea ture revealed is the fine 

structure of thespec,trurn which gives the impression that 

the l6-second EEG record consists of a number of alp,ha spindles 

each occurring at sharply defined frequencies. Also observable ... 
is the intermittent nature of alpha spindles in that some of 

the 16-second records show no activity within the 8 to'13-HZ 

region. 

, Since one objective of this analysis was to determine 

the mean frequ~ncy of the alpha rhythm, it appeared desirable 

to eliminate the fine fluctuations oy smoothing the spectrum 

\ in the frequency domain. This WqS achieved by performing a 

3-point average whereby each point in the resulting spectrum 

12 

'\ 
\ 
\ 
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was derived from the arithmetic mean of three points of 

the original spectrum. This procedure is equivalent to con-

volution (see appendix A) of a 3-point rectangle with the 
I 

power spectrum. The result af this smoothing process can 

be seen in figure 3.2 when compared to the original spectra 

previously shown in figure 3.1.' 

In general. the smallest d~scernable increment on 

the frequency scale is given as the reciprocal of the record , 

duration. Thus for a 16-second record the minimum frequency . ~ 

step is 0.06 HZ~ Figuies 3.2 to 3.5 show the effects of using 

16, 8, 4, and 2-second record durat(:ns. The d~gradati~n 
of the frequency resolution can be clearly seen in light of the 

, 
previous ,discussion. Moreover~ the nqrnerous mUltiple peaks 

observed in the power spectra of l6-second records have been 

averaged into almost one in the 2-second spectra. Thus the 

alpha peak can be more'easily identified in the latter case. 

When the spectra of 2~second records were examined, alpha 

activity was observed in only some of the spectra. This 

findi~g supports the concept that the alpha rhythm consists 

of short bursts of alpha spindles, occurring with durations 

which perhaps may be even shorter than 2 seconds. 

In an attempt to display an· averaged representation 

of/the alpha activity, each group of 8, 4, and 2-second re-

suIts were separately summed to encompass the activity occur­

r' ~ing over 16-se~nd p~riods. The results of this procedure 

.. 
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.... , 
as shown in figures 3.6, 3.7, and 3.8 can be c9mpared. Be-

cause of its smoothed appearance the sum of eight 2-'second 
... 

records shown in figure 3.8 may be an acceptable way of pre-

senting a less complicated view of the alpha activity. 

Finally, for ea'ch ,of the 16, 8, 4 and 2-second results 

the mea,n alpha frequency was determined within the 8 to 13-Hz 

range. These results were then plotted, as shown in figure 

\ 
3.9/ to reveal the variatio,n in the mean alF!ha frequency with 

time. ,The alpha frequency of 2-second records displayed wide 

fluctuations ranging from 9.5 to 11.5 Hz. When averaged over 

16-second records these short-term fluctuations were substan-

tially reduced. 

3.2 A closer examination of spectral analysis 

In order that a bet~er understanding of the fine struc-
I 

ture of the power spectrum could be obtained, the spectra of . 

mathematical functions closely resembling alpha spindles were 

studied. c6nsequently, a number of interesting, features were 

revealed. In the following discussi~n the convolution theorem 

is frequently mentioned. ,The reader who. is not too familiar 

with this theore'm should, refer to appendix. A where some defini-

,tions and properties of ~he FT are briefly presented .. 
, 

Th~ forlowi~g five figures illustrate ~Y the use of 
\ 

mathematical simulations, properties of the FT in relation to 
• f' ~. 

alpha spindles. 'l'his analysis consisted of creation of time 
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series from specified functions followed by determination of 

the corresponding power spectra. Results drawn were slightly 

degraded by inaccuracies in the plotter. Nevertheless, the 

important features are still evident. Figure 3.10 shows the 

frequency spectrum of the basic lO-Hz sine function·, fol~owed 

by the effects of limiting the duration of the function with 

rectangular window functions. The spectrum of the lO-Hz sine 

function consists of a narrow peak centered about +0 Hz. When 

the sine function is multiplied by a rectangular window, 1-

second wide, the spectrum becomes the convolution of the two 

separate spectra, resulting in a widen~ng of the IO-HZ peak 

as shown. A narrower window creates'an even wider peak in 

the frequency domain. Note that since the resulting spe9trum 

is represented by the square of the sinc function, minor side' 

peaks are present in the spectrum. 

Figure 3.11 shows the effec't of employing sinusoidal 

windows in an attempt to simulate alpha spindles. This re-

suIts in a spect~um which has a wider peak and negligible side 

frequencies. In figure 3.12 simulated alpha bursts were placed 

a t various positions wi thin' the record to show that all phase 

information is lost in pow~r spectral analysis. lin general, 

phase relationships are retained by the ratios of ' the arnpl~-
( , 

tudes of the real and imaginary frequency components,' Know­

ledge bf these ratios is then lost when the power spectrUm is 

computed from the sum of 'the squares of the two components. 

Also seen in figure 3.12 'is t!1e fact that the spectrum is un-
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affected by the array s~~e/of the time series. The results 
J 

rerna~n unchanged provlded that the extent of the time record 

is enough to contain the entire alpha spindle. 
I 

Two interesting features are displayed in figures 

" 3.13 and 3.14. In the former, when two identical spindles 

were position~d at different times apart, multiple peaks were 

created in the frequency domain. These results can be ~nter-

preted empirically frpm experience with the FT. Centering 

of the spectrum about 10 Hz arises from the basic IO-Hz content 

of [the time series. The bell-shaped envelope is the result 

o the I-second duration of the spindles. The.pai~ of spindles 

can be considered to h~ve resulted from a single spindle con-

volved with a pair of impulse functions. Since the FT of a 

pair of impulse functions is a cosine functlon the net result 

consists of a cosine function multiplied by the FT of a single 

spindle. This effect is clearly seen in figure 3.13. The 

peri~ of the cosine function is equal to one-half of the time 

interval between the two spindles. 

Flgure 3.14 shows the power spectrum of two spindles 

whose IO-Hz sine-wave contents differed in phase. The first 

spindle cons~sted of a lO-Bz sine function commencing with 

O-degree phase angle while the second spindle began with 

phase angles from 0 to 270 degrees. The plots clearly indicate 

a dramatic change as the phase difference is varied. These 

results demonstrate that even though all phase ~formation 
,~ 

r 
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is lo~t in the final pow'r spectrum, phase differences 

certainly determine the structure of the spectrum. 
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It is now not difficult to appr~ciat.e, in t'erms of 

the last two effects, tbe.~reat complexity of power spectra 

derived from EEG records. ,Figures 3.5 to 3.17 show 

that' these ef£ects do contribute to the overall structure of 

the spectra. A typical 8-second segment of an actual EEG 

re~ord, along with its powe~-freguency spectrum, is shown in 

figure 3.15. This segment was then fil~ered using an idealized 

digital band-pass filter ranging from B to 13-Hz. The fil-

tered signal is shown as the lower graph of figure 3.15. 

From tpis ~ecordr segments of alpha activity were selected 

and ~en transformed to show how drastically the spectrum 
IT 

becomes modified as different bursts are incl,uded. N'ote th,at 

the power spectr~ of real alpha spindles are not much dif-

ferent from those of the simulated spindles' used previously. 

However, when a segment with two or more spindles are 

analyzed the net spectra shows no resemblance to the spectra. 

of the individual spindles~ 

3.-3 Discussion 

The analysis. clearly shows that the occurrence of many 

sharply defined peaks in the alpha region of the power spectra 

of an EGG record can be"mainly attribut~d to (i) the shape 

of the amplitude envelQpe of the fundamental lO-Hz alpha wave .. 

r 
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and- ~{-i;i.) phase shifts within the lO-HZ alpha wave.· When 

interpreting the Eower spectra of EEG as typically shown in 

figure 3.1, one can maketne_following general conclusions. 

(i) The spread of spectral inf6rma~~on about the 8 to 13-Hz 

reqion is not caused exclusively by a~ph~~~ves at 

these frequencies but is due also to the short dura-

tion of alpha spindles. 

(ii) The existence of multiple peaks within this region is 

due to the combined e£fect of the random occurrence 

of alpha sp~ndles and the phase relationship of the 

al~ha waves which constitute the spindles. 
j •• 

(iii) The width of the multiple peaks is inverse~y related 

to the extent of the time record. ... 
As a result of these observations a number of questions 

have arisen. 

(i) Is it possible to determine a ?leaningful estimate 

of the mean alpha frequency from a typical power 

spectrum as shown in figure 3.15 or figure 3.16? 

(ii) What significance should be att~ched to the determination 

of a mean alpha f·requency when in fact there is no 

(iii) 

(i v) 

. alpha activity present in the EEG segment? 

How can the presence of alpha activity be ascertained? 

. 
What other methods are there of determining the'mean 

alpha frequency? 
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It is hoped that at least some of these questions may be re­

solved by use of a spindle recognition mechanism based on 

amplitude and duration criteria. 



\ 

CHAPTER, 4'· 

AMPLITUDE AND DURATION DISCRIMINATION 

4.1 Implementation 

In an effort to establish the presence of alpha acti-

vity, minimum threshold levels of spindle amplitude and dura-

tion were applied to the EEG. These processes were implemented 

in the form of computer analyses performed on previously stored 
, . 

EEG data. Figure 4.1 illustrates the first three steps of 

this procedure. Figure 4.l(a) represents an 8-second segment 

of a typical EEG recording. This segment was then filtered 

by an idealized digital band-pass filter, ranging from 8 to 

13 Hz, to produce the result shown in figure 4.1(b}. The 

filtered data'was then squared, figure 4.l(c), and finally 
, 

smoothed by means of a filter of O.25-second time constant. 

This resulted in a curve, shown in figure ,4.l(d), which repre-

sen ted the instantaneous power of the EEG record. This curve 

will be referred to as the power envelope. The purpose of 

creating the power envelope is to obtain a signal which relates 

to the absolute value of the EEG, a~d which will assist in the 

identification of spindles: Since the power envelope varies as 
< 

the square of the amplitude of the EEG, the dynamic r~nge in' 

amplitude is expanded. It therefore becomes easier to dis-

37' 
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criminate against lower amplitudes associated with noise. 

Before an amplitude threshold was applied, the distri-, 

bution of the peak val ues of the power envelo'pe were examined. 

Peaks were identified by making use of first and second dif·- ) 

ferences. Zero values of the first differences,indicated 

the preaence of maxima or. minima. Negative values of the 

second differences signified maxima.. Peak values determined 

in this manner from the powe~ envelope of a 64Q-second EEG 

record were ordered into b,ins to produce the result shown in' 

figure 4.2. The arithmetic mean power occurred at the 0.1 

level (arbitrary units) 'as shbwn on the graph. A power threshold 

at this level was selected, thus r~sulting in discrimination 

against any power peaks which fell below the mean power value. 

Power discrimination at the selected threshold was 

then applied to the power envelope as illustrated in figure 

4.3(b). Whenever the power env~lope exceeded the threshold, 

EEG data was accepted. This produced segments of the EEG 

record as shown' in' figure 4 .3(c). ~Application of duration 

criterion in effect determined the number of continuous waves 

which had to appear before the segment was accepted as an , 

alpha spindle. Figure 4.4 shows the result from the previous 

figure when only bursts of duration longer than 0.25 seconds 

were analyzed. Each alpha spindle which satisfied the two ,. , 

criteria was isolated and the corresponding power spectrum 

was determined. 
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4.2 Results 

A 640-second EEG record was analyzed using a power 

threshold of 0.1 (arb~trary units) and duration thre~hold of 

0.1 seconds. A sample of these re.ults is shown in table 4.1. 

\ 
The first column, TIME, gives the time in seconds at which the 

alpha spindle appeared.MEAN ALPHA frequency was determined 

from the power spectrum by computing the mean value within 

'the 8 to i3-Hz range. The ENERGY column shows the area oc-

cupied by an isolated peak of the power envelope and therefore 

represents the total.energy of the alpha spindle. Zero-

crossing (ZC) alpha is the alpha frequency determined by 

counting the number of times the signal crossed the zero-~mpli-

tude axis, while still satisfying the amplitude and duration 

criteria. The ZC-alpha can be computed as 

ZC-alpha = number of half cycles 
2 x time interval between first and last crossings 

(4~) 

HOwever, s~nce the time scale was quantized by a sampling rate 

of 64 Hz, the time interval was determined from the number of 

samplings within the first and last zero-crossings. Thus 
, 

ZC-alpha = number of half c~cles x 32 (Hz). 
number of sampl~ngs (4-2) 

Note that both the numerator and denominator ~re integers. 

This therefore results in the ZC-alpha having discrete values 

as can be seen in table 4.1. 
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TABLE 4.1 SPINDLE ANALYSIS FOLLOWING . 
APPLICATION OF POWER AND 
DURATION THRESHOLDS 

TIME DURATI ON ("lEAN "ALPHA ENERGY lC- ALPHA 
( SEC) ( SEC) (HZ> (ARSI TRAR'r' ) (HZ) 

I .9 0.30 1~.7B 3. 10 112'.b7 
2.t; 0dl 10.63 fL79 10.67 
3.9 0. 17 10.45 1 .89 ~0.6 7 
4.2 0. 1 7 10.71 1 .54" 0.67 
6 .7 0.19 10.EH~ 1 '. 86 10.67 
7 .2 0.20 10.32 1 .9 1 9.60 
7.8 0."17 10.68 1 .45 10.67 
8.~ 0.12 10.60 1 .53 10.67 
8.4 0-012 10.62 0.88 10.67 

,- 9.9 0.25 HL41 3.82 10.61 
1 1 .9 0.25 10.59 3.50 1 1 .43 
13.9 0.3 1 9.99 5.53 10.00 
14.3 o • 14 10.59 1 • 14 10.67 
14.9 0.58 9.99 9 .61 9.70 
15.6 0ol1 1':'-39 0.83 1'" .6 7 
15.8 0. 19 10. 10 2.44 10 .6 7 
16 .12' 0.22 10.47 2.54 1".67 
16 .9 0·3~ 10.63 4 .86 10.67 
17 .8 0.2~ 9.9B 1 .64 9 • 14 
19 • '7 o • 1 I 10.67 l1.91d 10 .67 
19.9 ~.23 U1.81 3.64 11 .64 
20.2 0.22 I ~ .67 3. 15 I 1 .64 
21 .2 o • 16 10 • 16 I • 19 10 .67 
21 .9 0.25 10.76 3. 1l:1 10 .67 
24.", o • 14 UL38 1 • 38 10 .67 
25.9 0.23 10.32 2.3"7 10 .67 
27.9 ~.27 )(1.74 3.50 10 .67 
29.0 ~. 16 10 .54 1 • 17 9 • 14 
3\:L0 0-19 10.44 2.04 10 .6 '7 
33.2 e.25 10.59 4.25 10.67 
33.6 0.22 I 1 .04 2.76 1 1 .64 
34.0 0.25 10 .46 4.32 10 .67 
36.0 0.20 10.66 2.~2 10 .67 
3'7.8 12' • 19 10 • 19 2.34 9 • 14 
40.0 ~L 17 10dH 4.38 12.00 
41.8 0.20 10 .17 1 .78 10 .67 
42.2 1 .98 10.68 40.05 10.75 
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4.3 Statistical analysiSfof result~ 

The results ~ollected from the analys~s of a'640-

, 'second EEG were examined in search for any important treQds . 

Figure 4.5 shows the distribution of spindle energy, in'dica-

ting that the number of spindles fell expqnentially as ener-gy .. 
increased. The distribution of the time interval between 

sp.i,ndles is disp,layed in figure 4'.6, with the same data drawn .' 
on a semi-rog" scale in figure' 4. 7 . In g~ner~l, events which 

occur at totally random intervals display an inverse-exponential 

distribution of time intervals. Thus the·clo~e linear fit, 

apparent in figure 4.7 suggests that triggering of alpha 

spinples may be modelled as a random process. 

Figure 4.8(a) shows the distribution of spindle dura-

tion along with the variation of mean alpha frequency and mean 

spindle energy. ';fhere appears to be a downward tr,end in' th~ 
.......... ~~ , 

mean alpha frequency as spindle duration increases, figure 

4.8(b'). However, a linear least-squares fit which was per­

formed on the data revealed that any such tendency could not 

be supported wi~h a reasonable degree of contidence. This 

was mainly due to poor statistics resulting from a sample 

which was too small. 
! 

The data used in figU!e 4.8 ar,e "also shown in table· 

4.2. Mean a'lpha fra.~uency I mean zero:..crossing al~ha frequency, 

and energYf together with their respective standard de~ia­

tions are indicated for e,ach group of SP,indles havi'ng: a fixed 
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SPooLE DURATION (SEC) 
. . 

FIG. 4.8 (0) DISTRIBUTION OF SPINDLE DURATION 
(b) MEAN ALPHA VS DURATION 
(c) MEAN ENERGY VS DURATION 
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TABLE 4. 2 STATISTICS OF SPINDLESc-~ROlJPED ACCORDING TO DURATION 
~ " . 

~ 

lJUHHTI ON COUNTS .(t) Ef'lN !jTU .l>EV llC STD .DEV COlm. ENERGY STI) 
Al. PIIA ALPHA CO~Y • m:v 

( SEC) ( 111.) (lll) (ARB. ) 
r 

It1 • 1 III Hl2."'''' Iv\.51 " • 16 10 .52 1 .46 0.36 1 .06 'L:-t4 
111.20 199.1ll0 1 Ill. S3 0.27 10.63 0~78 0.63 2." 3 0.62 
0.31ll 108.0~ 1 III .5 1 1ll.4~ 1'" • 58 0.69 0.84 4.11 2.25 
"'.41ll 21.1ll0 HI.45 e.79 1~ .4'9 fll.BH III .97 7.17 4.03 
"'.51ll 22.0'" 1111 .47-" ~.64 1~ .49 0.Hl "'.96 9.5t 4.37 
0.611 12 .I/:I~ 1 III .3111 0.56 1'" • 35 0.13 . 0.97 12.61 3.77 
0 .• 11:1 6.00 10.21 0.52 10.16 (1.65 0.96 16.99 6.26 
Ill. fH1 6.lllfll J \II • ,n '" .6 III 10.44 0.16 0.9H 19.01 6 .41 
0.90 4.~", f) .1 J "'.39 9.H'" 111.34 " .97 21 .07 7 .16 
1 .fll0 2.lI11ll 1'" • '16 1ll·23 1 Ill. 33 0.24 0.99 24.65 1.31 

In 
o 
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range of duration. Linear-correlation coefficients for the 

two types of alpha frequencies were determined. These coef-

ficients indicate how well the variations in the ZC-a1pha 

frequency agree with those of the mean alpha frequency. A 

value of unity implies perfect correlation whereas zero result 

shows no correlation whatsoever. The results show that the 

two alpha frequencies are In close agreement for spindles 

whose durations exceeded 0.4 seconds. This would therefore 

apply to spindles which were at least four cycles in length. 

It is probable that the lower values of the linear-correlation 

coefficient for "shorter spindles wer~ caused by round~off 

errors ~ntroduced by the discreteness of the ZC-alpha fre-

quen,cy as previously explained. This can be clarified by 

increasing the sampling rate, thus improving the accuracy to 

which time interval is determined. 

Finally, the combination of a power threshold of 0.1 

(arbitrary units) and a duration threshold of 0.4 seconds 

was applied to a new 640-second EEG record. A section of these 

results is shown in table 4.3. From this reco~d a total oD 

65 spindles wnich satisfy the two criteria were detected and 

ahalyzed. The results show that Z~C_alpha results.do-agree 

closely with mean alph~ results. 

given below. 

\ 

The overall are 

.. 
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TABLE 4.3 

TIME D!J!-'!ATl ON 
, SEC) (SEC) 

1 .7 0.42 
5.4 v".47 

27.} e.52 
33.9 0.52 
4301 13 .·44 
56 ;9 o .81 
59.6 0.84 
65. £1 0.41 
80.3 0.41 
fj 7 .4 0.53 

129.9 ~.64 

134 .4 0.48 
166 .7 0.50 
177 .6 0.61 
224.1j 0.55 
233.6 0.67 
240 • 1 0.67 
241 .2 0.6 1 
2-43.~ 0.62 

'249.1 1 .03 
258.4 0.4 1 
266 • <..? 0.6 ). 
27 1 .4 0.58 
273.8 0.47 
279.3 0.73 
280.0 0.77 
281 .9 0.42 
286 .6 1 .02 
288.5 ~.6 7 
289.2 11.62 
345.8 0.4 1 
360.7 0,.55 
41:10. 1 1 .136 
401 .7 0.92 
405.3 0.47 
412. 1 0.42 
412.6 0.94 

SPINDLE INFORMATION FOR 
POWER THRESHOLD = e. 1 
DURATION THRESHoLD = 0.4 

(YJ[AN ALPHA ENERGY lC-ALPHA 
(HZ) (ARBI TRARY) (HZ) 

10 d~9 6 .00 1 ~ • 18 
H'J. 4 3 9.02 10.29 
9.44 7.90 9.48 

1'" .,57 5.67 11 .03 
11 .45 6.35 1 1 .6;4 
11 .25 19 .38 11!:7 
9.88 26.94 ~.8S 
9.73 8.51 9.6~ 

1 1 .44 4.98 1 1 • 1 3 
11.42 14.58 1 1 .73 
11 .02 14.08 1 1 .24 
9.t12 5.81 9.48 

10'}2' 14 .8'7 10 .29 
II .06 8.84 1 1 .29 
9.88 10.76 9.60 
II.} 3 2~.55 11.24 
10.31 ' ; 5.86 9.85 
10.24 10.07 10 .1:16 
10.53 6 • 10 11:1 .35 
10 .6:1 29.86 10 • 16 
10 • 32 8.30 ( 10 • 18 
10 • 58 11.64 1 ~ .67 

',11.03 15013 11 .64 
11.26 6.21 11 .08 
10.57 22. 14 10 .67 
9.98 20.49 9 .67 

11.08 ' 5.22 1 1 • 13 
10.30 19.44 , 

10 .49, 
9.75 23.96 ? .51 

10.05 16.74 H:l.06 
1 1 .0B 8.09 11 .20 
1~.23 8. 18 9'.93 
10.23 31 .46 9.91 
9.76 1 1.22 9 .71' 

10.24 11 .70 9.85 
9.46 6.67 ,9.33 
9.33 ,18.6 1 9.48 

52 
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Mean alpha frequency = 10.36 Hz Stand. dev. = 0.63 

Mean ZC-alpha frequency = 10.36 Hz Stand. dev. = 0.75 

Linear-correlation coefficient = 0.96 • 

The value of, the correlation coefficient close to unity sup-

ports the close agreement between the two frequencies and 

suggests that zero-crossing analysis can be successfully ap-

plied to alpha frequency analysis. 

4.4 Conclusions . 
, 

The foregoing analysis illustrated the application of 

power and duration criteria for establishing the presence of 

alpha acti vi ty. This techniqCue allowed individual alpha 

spindles to be isolated for a~alysis: Frequency spectra of 

spindles' were determined by the DFT process and were used to 

calculate the mean frequency of the alpha spi~dles. Zero-cros-

'sing analysis was proposed as an alternative method over 
. 

spectral analysis for determining the me~n alpha frequency.' 

This method was shown to produce results which were in very 

close agreement with those obtained frorn(power spectral analy-

sis. In addition, zero-crossing analysis can b~ performed 

using inexpensive electronic components and does not require 

the use 6f costly computer sys terns. 

Statisticai analysis of alpha spindles was limited some-

what by the small quantity of data: Naturally, this can be 

corrected by a more extensive study. For future research one 

. ,may wish t'? .compare natural V'aria tions with induced variations. 
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CHAPTER 5 

ALPHA FREQUENCY MONITOR 

Design recommendatiqns 

The design of an inexpensi.ve alpha-rhythm monitor 

can now be presented. The overall design is based on two con-

clusions which have resulted from this study. Firstly, the 

need for some ~orm of pattern recognition of the alpha rhythm 
\ 

has been demonstrated. A technique based on amplitude and 

duration discrimination has bee.n successfully implemented 

and is therefore one of the recommendations used in the design. 

The ~econd conclusion is t~at zero-crossing analysis is a ... ; 

suitable method of determining the mean frequency of'alpha 

spindles. This technique also has been imp~emented and 
\ 

verified in the study. -
The various processes which were used in the computer 

analysis are illustrated 'in figure 5.1. These processes are 

now reviewed with the purpose of showing how they are to be 

adopted in the desig~. The EEG signal was preconditioned by 

an a to 13-Hz ba~d-pass filter to eliminate frequency compo-

nents which occur outside of this range. The idealized filter 

used is characterized by its flat response in the pass ~egion 

and an abrupt c~t-off in the transition regions. For practical 

reasons a simpler filter would have to be adopted. Selecting 
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a filter having the most appropriate response function may 
~ 

require some investigation. An excellent source of active­

filter designs is therefore included in the reference(12). 

The power envelope qf the EEG is produced by the 

squaring function and 4-Hz low-pass filter. Various designs 

as well ~s ready-made circuits which perform an analog 

multiplication are available. Since the main function of the 
,. 

squaring circuit is to produce an absolute value of the EEG, 

this circuit may be replaced by a simpler full-wave rectifi-

cation circuit. If this is done the system becomes Tess dis-

criminating against non-alpha activi ty. The requirements of· 

the 4-Hz low-pass filter are not stri~~~t and a simple~first-
v~ ~ 

order filter should suffice. 

Amplitude ~iscrimination is most easily implemented 

by use of analog comparators. These techniques and circuits 

are widely known. D~ration discrimination and zero-crossing 

analysis are two functions which may require some clever 

thinking. One possible design may make use' of the output sig-

nal from the amplitude d~scriminator to dictate when the zero­

crossing ,analyzer i~ to function. The output from the duration 

discriminator then determines if. the resul t o'f zero-crossing 

analysis is acceptable. Whatever solution is a'rrived at, the 

design in this area requires some" knowledge and ~xperienc,in 

digital electronics. Nevertheless, the complexity and cost of , 

this design should pe. minimal. It is beyond the scope of this 

study to attempt to solve this design problem. 
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Finally, the alpha frequency result can be displayed 

directly or may be recorded on a suitable medium for study 

at a later time. Features such as maximum and minimum fre-

quency limiters, and audible or visible alarms may be in-

corporated as required. Implementation of these features 

should not present any problems. 

, " 



APPENDIX A 

FOURIER TRANSFORMS 

The purpos~ of this appendix is to demonstrate through 

the use of illustrated examples some properties of the DFT 

which relate to power spectral analysis of the EEG'. This 

is not lntended to be a comprehensive treatise on the DFT. 

For more information the reader may wish to consult the litera-

. . h f (13,14) ture glven ~n t e re erences . 

The Fourier transform X(f) of the function x(t) is 

defined as 

\. 

:::; 
1

+00 

X(f) x(t)e-i2nft dt . (A.l ) 

-00 

The inverse transform is given as 

+00 . • 

x(tJ = J X(fJe i2• ft df • (A.2 ) 

-co 

" . '~.:j. 

The two functions x(t) and X(f) are called Fourier t~nsform 
~, 

pairs. 
':' -~ 

When continuous time signals are sampled for, digita,l" 

processing the FT ~.tS-.. approxjmated by the Discrete ~ier '-

transform (DFT). 'The DFT pair then becomes '-., 

58. 

• 

, ,. 
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1 N-l 
x{t}e-i21Tft/N X( f) = 1: 

N t=O 

(A.3) 

N,-l 
X(f)ei21Tft/N x (t) = r (A.4) 

f=O 

The fast Fourier transform (FFT) is an efficient algorithm' 

for computing the OFT. The frequency-domain funct~on X{f) is, 

in.general, complex. The power spectral 'density fu~ction 

p(f) represents the distribution of power along the frequency 

axis and can pe calculated. as 

(A.5) 

-
. This function'is therefore always real and positive. 

Convolution theorem 

The convolut~on of twO functions get) and h(t) is 

defined as 

-ex> • 

The convolution .theorem can be ,represented as 

g(t)*h(t} = G(f)H(f) (A.7) , 
and conversely' as 

G (f)*H(f) = g(t)h(t) (A. 8) 

where G (f) and H (f) are the Fourier transforms of 9 (t) 'and 

\ 
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h(t) respectively. Thus a multiplication 'in one domain is 

represented as a convolution in the other domain. 

Examples 

Figure A.I illustrates the use of the convolution 

theorem when t~ time signals are multip~ied. Figure A.lCa) 

shows the FT of a infinite, continuous cosine function. The 

result is represented by a pair of impulse functions that 

are symmetric about zero frequen~y. Figure A.l(b) shows a 

rectangular window function along w~th its Fourier transform. 

When the cosine function is multiplied by the window function" 

a cosine function of finite duration is produced as s~own in 
, . 

figure A.I(c). This multiplication in time domain is equi-

valent to convolution in frequency domain. Tnus the FT of 

the produc~ of th~ time functions is the convolution of the 

individual transforms. This result is shown in figure A.I(c) 

wher~ the pair of impulse functions takes on the shape of 

the transform of the window function. 

, 
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