
Dimensional analysis of electroencephalogram
data for pre-operative vs post-operative states

Item Type text; Thesis-Reproduction (electronic)

Authors Jolly, Timothy Dennis, 1954-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:13:22

Link to Item http://hdl.handle.net/10150/276666

http://hdl.handle.net/10150/276666


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again-beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Microfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





Order Number 1333239 

Dimensional analysis of electroencephalogram data for 
pre-operative vs. post-operative states 

Jolly, Timothy Dennis, M.S. 

The University of Arizona, 1988 

UM-I 
300 N. Zeeb Rd. 
Ann Arbor, M 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 

1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages i/ 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) 3 lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Dissertation contains pages with print at a slant, filmed as received 

16. Other 

UMI 





DIMENSIONAL ANALYSIS OP ELECTROENCEPHALOGRAM 

DATA FOR PRE-OPERATIVE VS. POST-OPERATIVE 

STATES 

by 

Timothy Dennis Jolly 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 
WITH A MAJOR IN ELECTRICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 8 8 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial ful
fillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknow
ledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript 
in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when 
in his or her judgment the proposed use of the material is 
in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNED: 0. 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Kenneth Mylrea 

Au.. 

Date 
Professor of Electrical and Computer Engineering 



4 

ACKNOWLEDGMENTS 

Dedicated with gratitude to the University of Arizona 

for providing the opportunity of freedom of scientific 

inquiry. I would also like to thank Professor Alwyn 

Scott, Dr. Stuart Hameroff, and Richard C. Watt for their 

invaluable support and advice. Finally, I would like to 

thank Professor Kenneth C. Mylrea for the outstanding 

education, motivation, and support. 



5 

TABLE OF CONTENTS 
Page 

LIST OF ILLUSTRATIONS 6 

LIST OF TABLES B 

ABSTRACT 9 

1. INTRODUCTION 10 

1. 1. Origin of the EEG 10 
1.2. General Anesthesia and the EEG 12 
1.3. Dimensional Analysis of the EEG 13 

2. THEORY 16 

2.1. EEG Power spectra 16 
2.2. EEG Dynamics 17 

3. EXPERIMENTAL METHOD 29 

3. 1. Data Collection Procedure 29 
3.2. Data Collection Strategy 32 
3.3. Description of Computer Programs 34 
3.4. Calibration Routines 36 

4. EXPERIMENTAL RESULTS AND DISCUSSION 42 

4. 1. Introduction 42 
4.2. Results of Dimension Calculation for 

Clinical Patient #1 42 
4.3. Results of Calculations for All 

Clinical Patients 45 

5. CONCLUSIONS 51 

APPENDIX A: EQUIPMENT LIST / PATIENT DESCRIPTIONS. 57 

APPENDIX B: PROGRAM LISTINGS 59 

REFERENCES 72 



6 

LIST OF ILLUSTRATIONS 

Figure Page 

1. Typical Human Electroencephalogram 11 

2. Classification of EEG Frequency Components 11 

3. Power Spectrum of an EEG from an awake subject..11 

4. A One Dimensional State Space with a static 
Attractor 18 

5. A Two Dimensional State Space with a periodic 
Attractor 20 

6. A Two Dimensional State Space with a Chaotic 
Attractor, "The Henon" Map 22 

7. Constructing the EEG in a two dimensional 
Phase Space 24 

8. The effect of changing the Phase Delay in 
the Phase Space 25 

9. A Correlation Integral Plot for Four Embedding 
Dimensions 25 

10. Block Diagram of Experimental Setup 30 

11. Power Spectrum of an EEG from an anesthetized 
subject 33 

12. Example of a Correlation Curve used for 
Graphical Inspection. 30 

13. Calibration Tests time series, phase space 
representations and power spectra for random 
number 8 38 

14. Calibration Tests time series, phase space 
representations and power spectra for 10 sine 
frequencies 39 

15. Correlation Curves for Calibration Tests. 41 

18. EEG Dimension Change Histogram: Anesthetized 
vs. Awake; Embedding Dimension = 25 53 



7 

LIST OF ILLUSTRATIONS (continued) 

Figure Page 

17. EEG Dimension Change Histogram: Anesthetized 
vs. Awake; Embedding Dimension = 20 53 

18. EEG Dimension Change Histogram: Anesthetized 
vs. Awake; Embedding Dimension = 15 54 

19. EEG Dimension Change Histogram: Anesthetized 
vs. Awake; Embedding Dimension = 10 54 

20. EEG Spectral Edge Change Histogram: Anesthetized 
vs. Awake 55 

21. Histogram of EEG Dimension difference Between 
Brain Hemispheres; Embedding Dimension = 25.... 55 

22. Regression Analysis of Dimension Difference 
and Spectral Edge Difference for awake vs. 
Anesthetized states. Embedding dimension 
is 25 56 



a 

LIST OF TABLES 

Table Page 

1. Results of Dimension Algorithm Calibration 
Test 41 

2. Patient EEG Dimensionality Results 43 

3. Change in Patient EEG Data: Anesthetized vs. 
Awake 46 

4. Difference in Patient EEG Data: Right to left 
hemisphere 4a 

5. Patient EEG Spectral Data 49 

6. Statistical Summary of 10 Patients EEG 
Changes: Anesthetized vs. Awake 50 



9 

ABSTRACT 

The fractal dimension of the phase space represen

tation of the EEG of 8 clinical patients undergoing 

general anesthesia is determined. An attempt is made to 

correlate the trends in EEG dimensional with the depth of 

anesthesia. 

WhiJ.3 the EEG showed marked changes in dimensional 

complexity when passing through anesthetic stages, a 

uniform depth-dimension trend consistent with all of the 8 

patients was not observed. The only significant trend 

observed was a distinct change in dimension for individual 

EEG's with anesthesia. 

The dimensional complexities measured were very high 

and non-convergent, so that the presence of a "fractal 

attractor" in the EEG was not evident in this analysis. 

The most significant trends observed were the close 

correlation of both brain hemispheres simultaneously 

exhibiting the same EEG dimension, and the close correla

tion of change in spectral edge frequency with change in 

fractal dimension with anesthesia. 
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1. INTRODUCTION 

1. 1. Origin of the Electroencephalograim 

The electroencephalogram (EEG) is a graphic tracing 

of the averaged electric impulses of the cells in the 

brain. These electric impulses have their origin within 

the complex interactions of the neuronal cells of the 

cerebral cortex; within themselves, and with other cells 

of the brain and brainstem. The combined electrical 

activity of these cells appears at the surface of the 

scalp as small potential changes, on the order of 5 to 200 

microvolts in a frequency band of from 1 to 50 hz. Figure 

1 gives a representation of a typical segment of a human 

EEG. 

Each cortical neuron has an ability to "pump" 

electrically charged ions across its membrane. When 

triggered by itself or by the impulses received from other 

cells, the neuron membrane "fires" and briefly becomes 

highly permeable to the ions, which then transfer across 

the membrane, creating a net charge transfer. Thus, the 

electric potential between the cell and the surroundings 

become more equalized. The continual firing and 

recharging of interacting cells manifests itself at the 

scalp as the EEG. 

When viewed casually, the EEG would appear to be 

random noise. However, spectral analysis of 

electroencephalograms show pronounced components at 

several frequency bands, with some unpredictable activity 

over a continuous range of frequencies. Figure 2 gives 

the frequency bands and the usual definitions for 

classification of the EEG rhythmic activity. Figure 3 

shows a power spectrum vs. frequency plot for an awake but 

quiet subject. 
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Numerous clinical uses of the EEG are well 

documented, such as localization of tumors, sleep disorder 

studies and diagnosis of disease. In addition, studies 

have demonstrated that the EEG changes significantly 

during administration of drugs used for general 

anesthesia9. 

1.2. General Anesthesia and the EEG. 

A number of measures are available to the operating 

room anesthesiologist to estimate intraoperative 

anesthetic depth. These measures cover a wide range of 

physical manifestations such as blood pressure, 

respiration rate, muscle twitch, and pupil diameter. 

However, these do not yield specific information on the 

well being of the critical organ: the brain. They also do 

not yield an univariate descriptor of the depth of 

anesthesia. 

Significant research has been conducted which has 

demonstrated changes occurring to the EEG during 

anesthesia. The object of some of these studies was to 

provide the physician with a quantitative measure of 

anesthetic depth as manifested by EEG changes. However, 

these studies have met with limited success, due in part 

to complex and unpredictable changes of the EEG and in 

part to the multiplicity of drugs commonly administered 

during operations3. These studies are encouraging in that 

they have shown that the EEG frequency spectrum changes 

with anesthetic drug dose. 

The object of this study is to investigate the 

possibility that a new measure of the dynamics of the EEG 

correlates with anesthetic depth. This measure involves 

determining the chaotic complexity, or the number of 
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degrees of freedom that the EEG manifests. 

1.3 Dimensional Analysis of the EEG. 

Recent advances in the theory of non-linear dynamics 

have provided methods to assist with the analysis of 

information contained in seemingly random signals. These 

methods have enabled the researcher to address questions 

about dissipative dynamical systems; specifically, whether 

it is an ordered (although very complicated) system or a 

system comprised of truly random, irreducible and 

unpredictable events. The system under study may not be 

entirely ordered or entirely random, but may be hovering 

on the edge (transitioning) from a regular state to a 

random state. Examples of such transitioning behavior are 

found in nature, such as a column of cigarette smoke 

breaking up into swirls, atmospheric thermal vortices, 

cloud shapes, and certain electronic oscillations. The 

degree of chaotic complexity of the EEG and how it changes 

with anesthesia is investigated in this study. 

It has been shown that using a time series to 

construct a phase-space picture may reveal the existence 

of a limit set to which the state of the system converges 

with time1*. The phase-space picture is basically the 

time series plotted against itself, shifted in time. The 

phase-space picture of a limit set could be a regular 

entity such as a circle symbolizing the current and 

voltage variables through a capacator in an oscillator. 

For a system which is transitioning from regular to 

chaotic, the limit set could be a bizarre phenomenon known 

as a "strange" at/tractor. The strange attractor has been 

conjectured to be responsible for this systems' complex 

evolutionary behavior with time13. The states of the 
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system asysmtotically approach the attractor, which is the 

limiting set of the process representation. 

A strange attractor in phase space is frequently 

characterized by the fractal (Hausdorff) dimension D. The 

Hausdorff Dimension has been shown to be an estimate of 

the number of degrees of freedom of the system and 

quantitatively measures the degree of "strangeness" of the 

system'4. Another measure of the dimension (the measure 

used in this study) is an estimate of the dimensionality 

<v), which has been shown to be less than or equal to D. 

One method now in standard use, of characterizing a 

fractal dimensional attractor, is to determine the lower 

bound of its dimensionality by calculating v using the 

method of Grassberger and Proccocia®. 

In this study, the dimensionality v is determined for 

8 patients before and during surgical procedures involving 

the administration of general anesthesia. By calculating 

v, the assessment of the presence of a chaotic attractor, 

and the dynamical complexity of the EEG as it changes with 

general anesthesia are determined. If the degree of 

complexity as measured by its' fractal dimension 

correlates well with level of anesthetic depth, a 

refinement of this technique may be a useful clinical tool 

for intra-operative patient monitoring. 

Other EEG research using similar lines of analytical 

techniques has produced conflicting and pessimistic 

results* * 1 0 . With some anesthetics the EEG complexity 

increases. With other anesthetic agents a decrease is 

observed. This study explores the usefulness of this 

measure as a descriptor of anesthetic depth with the 

compliment of drugs used during routine sugical 

procedures. Attempts were made to study similar types of 



15 

suguries, anesthetic agents, patients, and conditions, in 

order to isolate consistent EEG trends out of the ten 

patients. 
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2. THEORY 

2.1 EEG Power Spectra 

The EEG is assumed to be a non-periodic function and 

was analyzed using the standard Fourier transformation 

given by: 
F(jw) = f f(t)e"J,tdt 

%0 -co 

Where: 

F<jw) is the fourier transform of f<t) 

f(t> is a non-periodic time domain function 

j is the square root of -1 

t is the time variable (continuous) 

w is the angular frequency 

Since the definition of the fourier transform above 

involves the integration over a continuous time variable, 

it was necessary to modify this equation to accommodate 

the EEG, which has been digitized at discrete intervals. 

Thus, the standard Fast Fourier Transform (FFT) routine 

was used for this analysis. The FFT calculates the 

coefficients of a vector Cj such that: 

Cj = j.* Z array, (exp(J2nk/n> 

Where: 

cj are the values of the fourier transform 

n is the number of EEG points in the 

transformation 

array is the array of digitized EEG values 

k is the number of data points used in the 

transformation 

The last one half of the values in the array c were 

discarded, since they are the conjugates of the first 

half. To obtain the power spectrum the values of the c 
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array were squared. 

The total power of the EEG power spectrum was 

calculated by adding up the values of Cj squared. The 

frequency at which 30V. of the total power is below was 

calculated and shown on the power spectrum plot. The 

frequency of maximum power occurrence was also determined 

and shown. 

The 90% power frequency was used as the "spectral 

Edge" in this study. 

2.2 EEG Dynamics 

2.2.1. Asymptotic Behavior. Static Attractors 

One of the simplest examples found in nature that 

illustrates the concept of the dynamics of asymptotic 

behavior of trajectories in a state space is the tempera

ture of a person (figure 4). Here the state space is a 

one dimensional number line with markings corresponding to 

a typical oral thermometer. The "state" of the system 

description consists of the instantaneous temperature 

reading of the person. When the thermometer is placed in 

the mouth," the temperature registered by the thermometer 

begins to change in the direction toward the body temp

erature, with the rate of change of temperature indication 

on the thermometer being asymptotically related to the 

difference between the temperature reading and the actual 

body temperature. 

If at each point in the state space a vector is 

associated with it that gives the magnitude and direction 

of the change of the thermometer temperature when the 

system is at that point, a velocity vector field is 

created. At one point (98.6 degrees F) the system is at 

thermal equilibrium, and the velocity vector is zero. 

Thus, this is the critical point, or equilibrium point of 
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Figure 4: A One Dimensional Dynamical System with a single 
limit point, an attractor at 98.6 degrees. 
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the vector field. This critical point is also the limit 

set for all of the trajectories of states of this simple 

system. 

Higher dimensional state spaces can be constructed to 

model various phenomena. For instance, plotting temp

erature vs. blood pressure would result in a two 

dimensional state space portrait with the associated 

vector field representing the trajectories of physical 

measurements. 

All trajectories in a state space do not necessarily 

need to approach the limit point, some of the trajectories 

apparently "leaving" the critical point, some arriving, 

and some merely cruising by. 

A type of limit set of the trajectories in a 

dynamical system is called "attractor". This represents 

the behavior of a system in dynamical equilibrium after 

the start up transients die away. In the case of 

measuring body temperature, 98.6° F is the attractive 

limit set (just a point in this case). 

2.2.2. Asymptotic Behaviors Periodic Attractors 

Limit sets of trajectories in a state space are not 

confined to points only. An example of a familiar 

periodic attractor appears in electronics when modelling 

the dynamics of an oscillator. A dynamical model for a 

capacitor in an oscillator is constructed by using the 

voltage and current as the state space axis (figure 5). 

The instantaneous values of voltage and current through 

the oscillator are measured and plotted on the state 

space. At turn on time of the circuit, the capacitor 

begins to charge, and the trajectories of the voltage and 

current values approach the stable periodic relationships 



20 

A 

Figure 5: A Two Dimensional Dynamical System with a single 
limit cycle, a periodic attractor. All trajectories tend 
asymptotically to this limit cycle. 
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represented by a periodic attractor in this state space. 

2.2.3. Asymptotic Behavior: Chaotic Attractors 

Some very unusual limit sets in state spaces 

modelling chaotic dynamical systems have been discovered 

in the past few years. The trajectories of a chaotic 

dynamical system trace out a pattern which is not entirely 

ordered or entirely random. An attractor detected in a 

chaotic dynamical system is termed "strange". The Henon 

Attractor (figure 6), Rossleur Band, Lorenz equations, and 

Kaplan-Yorke map are some familiar examples of these limit 

sets'•19. One method of classification of strange 

attractors is to calculate their fractal dimension. For 

instance, the Henon Attractor is determined to have a 

fractal dimension of approximately 1.27. 

In order to calculate the dimension of an attractor 

which is assumed to exist in an EEG (or any single 

variable time series) the following basic procedure was 

used in this study: 

1. Select an embedding dimension for the state 

space. 

2. Optimize the phase delay for efficient 

construction of an attractor. 

3. Create a phase-space representation of the EEG. 

4. Calculate the EEG dimension. 

1. Select an embedding dimension for the state 

space. 

The "embedding dimension" is the normal Euclidian 

dimension (a whole positive integer) of the state space in 

which the dynamical system is modelled. In the case of 

body temperature (figure 4) the embedding dimension was 
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Figure £>: A Two dimensional State space with a Chaotic 
Attractor; 400 Points on the Henon Map. 
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one: the real number line. In the case of the periodic 

attractor (figure 5) the embedding dimension was 2. It 

has been shown4 that the optimal minimal embedding 

dimension to use to calculate the dimension an attractor 

of dimension n, is (2*N)+1. Since other researchers have 

reported not detecting strange attractors in an EEG, up to 

very high embedding dimensions (greater than 8), the 

embedding dimensions selected for this study were 

10,15,20, and 25. Figure 7 demonstrates constructing an 

EEG in a state space of embedding dimension of 2. 

2. Optimize the phase delay for efficient 

construction of an attractor. 

The phase delay is the amount of time between the 

elements of the vector representing the point in the state 

space. In figure 7 the phase delay (*t) is equal to two 

digitization intervals. When a time series is constructed 

into a state space in this manner the state space is 

referred to as "phase space". For a very large data sets 

the accuracy of calculating attractor dimension is 

relatively insensitive the size of the phase delay, 

however, very large data sets present practical 

computational problems. The major problems being very 

long CPU times, and very large data buffers. To 

efficiently construct an attractor for a limited size data 

set, the choice to optimize the phase delay used in this 

study corresponds to the first minimum of mutual 

information*. This procedure estimates the redundancies 

contained in 2 streams of information and calculates the 

decay of mutual information as a function of phase delay. 

For this paper the phase delay was selected using the MUIN 

code*. Figure 8 shows the effect of changing the phase 



Digitization interval 

Figure 7: Constructing the EEG into a Two Dimensional 
Phase Space. 
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delay, t, for an EEG In a two dimensional phase space. 

3. Create a phase-space representation of the EEG. 

For an embedding dimension equal to q, the procedure 

to create the phase space representation is to construct a 

series of vectors, Xt , from the time series; i goes from 1 

to the number of elements in the phase space. Each Xi 

defines a point in the phase space. The elements of Xi 

are: 

Xt = (e<ti ), e<tt),e(t»+2i), ... , e<tt+(q-1)t)) 

Where: 

e(t() is the digitized value of the EEG at time 

equal to tt. 

*t is a fixed time delay (phase delay), 

i ranges from 1 to the number of data points 

(minus q>. 

q is the embedding dimension. 

4. Calculate the EEG dimension. 

Since it is not known if strange attractors exist in 

the phase space representation of the EEG, the term "EEG 

dimension" is defined in this paper to be the resultant of 

the analysis described in this section. This is necessary 

because the notion of attractor refers to stationary or 

asymptotic properties, and the author can make no 

assumptions regarding these properties of EEG dynamics. 

The EEG dimension is used in a comparative sense to 

attempt correlation with anesthetic depth. The analysis 

described in this section has been demonstrated to 

correctly estimate the fractal dimension of strange 

attractors. 
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The method developed by Grassberger and Procaccia* is 

used in this paper to compute the EEG dimension. This 

method states that a properly defined correlation function 

< C(r) ) goes as "hyperepace" radius r raised to the power 

of the attractor dimension (d). 

Or: 

logio <C(r)) a d(logio<r)) 

Where: 

C(r) is the correlation function (or correlation 

integral). 

d is equal to or less than the Hausdorff dimension of 

the attractor. 

r is the radius covering an appropriate portion of 

the attractor.. 

Thus a log-log plot of C(r) vs. r would show the slope "d" 

in an appropriate region - the "scaling region". The 

correlation function C(r) is calculated by: 

1 M IN 
C (r) = Lim E ( E 0 (r - I Xt - X, I ) ) 

N, M*a> M i = l N j = l 1 1 

Where: 

N is the number of data points. 

M is the number of "reference" data points. 

0 is the Heavyside function: returns 0 for arguments 

less than zero, one for arguments greater than 

zero. 

r is a radius, or a distance over the attractor 

Xj are the data points in the phase space <a q 

dimensional vector for a q dimensional phase 

space >. 

Xi are the reference data points. 



C(r) is the correlation function. 
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This equation says that C(r) is the average number of 

data points remaining in a subset located within a radius 

r on the attractor, averaged over the number of reference 

points used. There will be an increased error in the 

attractor dimension calculation by decreasing the number 

of reference points used. However, increasing the number 

of reference points significantly affects the computation 

time. 

Figure 9 shows the result of a correlation integral 

calculation for 4 different embedding dimensions. The 

axes are the logarithmic values of C(r> vs. r. The value 

of the dimension is obtained by inspecting the graph and 

selecting the points which are on the straight line 

segment between the initial and final "knees" of the 

curve. This is the scaling region of the attractor. The 

slope can be calculated by determining the best fit of 

these points to a line using the least squares method. 

When a time series representing a low dimensional 

chaotic system is analyzed, the dimension of the attractor 

should converge to the appropriate value as the embedding 

dimensions are increased. Thus, the slopes of C(r) should 

converge to some final value provided there exists an 

attractor in the signal. The existence of an attractor 

as evidenced by a converging dimension with embedding 

dimension was investigated in this study. 



29 

CHAPTER 3 

EXPERIMENTAL METHOD 

3.1 Data Collection Procedure. 

A block diagram of the experimental equipment setup 

appears in figure 10. The equipment used and a 

description of the patients studied in this experiment are 

described in appendix A. 

Five silver/silver chloride electrodes were attached 

to the individuals' forehead and behind the ears. The 

locations of the electrodes were approximately Fpe-Aa 

(right hemisphere), Fpi-At (left hemisphere) and center of 

forehead (ground). Electrode placement designations are 

per the international 10-20 system. 

Two different clinical EEG amplifiers were used to 

detect, amplify and filter the EEG signal prior to 

recording on an FM tape recorder. One of the EEG 

amplifiers was Puritan Bennett ABM2 which provided a 

signal of 0-4.7 Volt with a 3 dB frequency response from 

1.5 hz. to 25 hz. The second EEG amplifier was a Life-

Scan, which provided an EEG signal of 0 - 3.25 Volt with 

a 3 dB frequency response from 0.5 to 30 Hz. Two channels 

on the FM tape recorder were used, channel one for right 

hemisphere, and channel two for the left hemisphere. The 

elapsed feet counter of the recorder was used to allow the 

operator to make notations regarding the status of the 

operation (intubation, cautery, etc.) vs. the tape 

position. 

After completing the operation the tape was replayed 

on an HP-3964A 4 channel FM instrumentation recorder. The 

EEG analog signal was fed directly into a 12 bit analog to 

digital conversion board which was interfaced to a 

laboratory IBM-AT compatible personal computer. The 
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Figure 10: Block diagram of experimental setup. 
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Figure 12: Example of the Correlation Integral 
Curve used for Graphical Inspection to 
determine slope. The points in this figure 
are from 15000 points in an EEG, averaged over 
ISO reference points. The embedding dimension 
is 25. The axis are log values. 
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digitizing rate was 300 Hz. Sections of the digitized EEG 

were viewed on a display and the "cleanest" epochs 

selected for analysis. This was necessary since the EEG 

magnitude is in microvolts, and there were numerous 

electronic devices used in the surgical procedure which 

created unwanted interference in the EEG signal. Signals 

such as motion artifact and electro-cautery were typical 

interfering sources. 

Once an EEG epoch was selected and digitized, the 12 

bit EEG data was stored in ASCII integer arrays on floppy 

diskettes. This data was then transmitted via dial up 

modem to the University of Arizona engineering VAX 11-780 

computer for input to the algorithm for the correlation 

integral calculation. 

The results of the correlation integral calculation 

were output in the form of hyperspace radius size vs. 

number of points within this radius, for four different 

embedding dimensions. Four different embedding dimensions 

were selected in order to conserve computer time, but 

still be able to demonstrate that EEG dimension 

convergence occurred at EEG dimensions of around ten. 

Convergence of the correlation curves to the same slope, 

measured in the different embedding dimensions, would 

indicate the presence of an attractor. The embedding 

dimensions selected were 10, 15, 20, and 25. One 

analysis of 15000 data points averaged over 150 reference 

points for four embedding dimensions takes approximately 9 

hours of VAX CPU time. The correlation integral data was 

then plotted out graphically (figure 12). The appropriate 

location of the scaling region on the correlation integral 

curve was determined by graphical inspection. The 

points to use in the curve slope calculation were 
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identified, and this information was transmitted back to 

the VAX for the final curve slope calculation. The points 

selected were checked for goodness of fit to a straight 

line, and the selection of points altered if necessary to 

achieve the best representation of the slope of the line. 

Points near the upper and lower knees of the curves were 

disregarded. All points within the selected line segment 

were retained. 

The power spectrum, 90% spectral edge frequency and 

maximum power frequency for the digitized EEG data were 

also calculated using 2048 points (6.8 seconds) of the EEG 

(figure 11). 

The EEG dimension for the four embedding dimensions, 

spectral edge, maximum power, and anesthetized state, was 

then stored in an array for processing by a standard 

statistical package. 

3.2 EEG Data Collection Strategy. 

Because other researchers have reported high EEG 

attractor dimensions and non-stationaryness* • • the 

strategy for data collection was developed partly to 

attempt to correlate the EEG dimensional stability with 

time and dimensional stability between brain hemispheres. 

Therefore all epochs selected for analysis consisted of 

pairs. Each pair consisted of one epoch for right 

hemisphere, and one for left hemisphere, taken at the same 

time. 

Four pairs (L - R hemisphere) of EEG epochs for each 

patient were selected for analysis. Two pairs at the 

beginning of the procedure, when the patient was awake, 

quiet, and unanesthetized (with the exception of whatever 

pre-operative drugs which have been administered). Two 
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Figure 11: Power vs. Frequency plot for Patient #3, 
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further pairs of epochs from the middle of the procedure 

were taken, when the patient was approximately at 

anesthesia stage 3 (surgical anesthetic sleep). Care was 

taken to avoid stages of EEG burst suppression, but to 

locate epochs of surgical anesthetic sleep with assisted 

ventilation. 

3.3 Description of the Computer Programs. 

A complete listing of the programs developed for this 

experiment appears in appendix B. The program developed 

for power spectrum, spectral edge, and maximum power were 

developed in a high level mathematics language (MathCad). 

A fortran code was developed for the computation of 

the correlation integral. The program accepts as input: 

1) the name of the data file to be analyzed, 2) two 

different radius decrement parameters, 3) the number of 

data points and the number of reference points, 4) the 

name of the output files. 

After reading the input data file (EEG epoch, or any 

ASCII sequence of numbers) the correlation integral 

program computes the maximum hyperspace radius for the 

current embedding dimension. Any embedding dimension or 

sequential combination of dimensions can be selected. 

However, this selection is internal to the code in the 

form of the indexes of a do-loop. Therefore if different 

embedding dimensions are desired, a slight modification to 

the code is required. 

The program then selects random integers between 1 

and the number of data points. The quantity of random 

integers selected is equal to the number of reference 

points desired. These random integers are used as the 

index in the data array to be the random reference points. 
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Thus: if 15000 points are used in the input array XDATA, 

then XDATA<random No's. 1 through N) will be used for the 

reference points, where N is the number of reference 

points, and the random numbers magnitude does not exceed 

the number of data points. 

Once the first reference point is selected, the 

maximum attractor radius is "drawn" around this point, and 

the points within this radius are counted. The program 

proceeds to the next reference point, draws the same 

radius and counts again. When all of the reference points 

have been analyzed, an array of the number of data points 

counted within the current radius for all reference 

points, is passed to a subroutine. This subroutine 

calculates the average and standard deviation of number of 

data points counted within the current radius, for all the 

reference points. This information of radius size, 

average number of points counted, and standard deviation 

of number points counted is placed in the output. 

After this counting, and finding the average and 

standard deviation for the first attractor radius value, 

the program decrements the radius by the first radius 

decrement value <large), and repeats the procedure. When 

the program begins to see a change in the average number 

of points counted, the program automatically begins to 

use the small radius decrement value. Thus, the program 

will produce more values on the correlation curve in the 

area when points are starting to be excluded from the 

phase space "picture". This region is presumably the 

scaling area of interest. The radius decrement values can 

be made as small as desired, however this will 

dramatically increase computing time. 

Operator trial and error led the author to the best 
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values of radius decrements for 12 bit EEG digitized data. 

They were: dividing the atttractor radius by 3.0 for the 

large radius decrement value and by 1.16 for the small 

radius decrement value. Command files for input of the 

information to the dimension algorithm were developed so 

that low priority nighttime computing could be used. 

A typical plot of the correlation curves used for 

graphical inspection appears as figure 12. 

An additional program developed for this experiment 

calculated the slope, slope standard deviation, and 

goodness of fit (to a line) of the correlation integral 

curves at the points specified. These points are selected 

by inspection of the correlation integral graph (the 

output of the first program). 

3.4. Calibration Routines. 

Three different signals of known dimensions were 

selected to analyze in order to verify the proper 

operation of the routines developed for this project. The 

dimensions of: the Henon Attractor, a time series 

consisting of 10 different incommensurate sine wave 

frequencies, and random numbers were calculated. 

A specific case of the Henon attractor is defined by 

the recursive equations: 

Xi = 1 + y - 1.4xfi 

yt = 0. 3x 

400 points on the Henon Attractor appear in figure 6. The 

points given by the above formulas were decomposed to 

simulate a time series for input to the dimension program. 

Therefore, when the program reconstructs the series in a 

two dimensional phase space the Henon attractor is 

reproduced. The approximate fractal dimension of the 

Henon Attractor is 1.27. The value calculated by this 
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method was 1.15. 

The next calibration routine generated 15000 random 

integers between 1 and 4012. This is the same quantity 

and range of numbers produced by the EEG digitizing 

process. The frequency spectrum and two dimensional phase 

space representation of this "signal" appears in figure 

13. The dimension of this "signal" was calculated at 

embedding dimension of 10, 15, 20, and 25. The calculated 

dimension of this signal was within reasonably close 

limits to the embedding dimension. This illustrates that 

random numbers were "space filling" and they were 

disappearing out of the "picture" at the same rate as the 

embedding dimension. A three dimensional analogy of this 

is the volume of a solid sphere decreases as the cube of 

the diameter. If the random numbers were filling the 

sphere they would be excluded as the cube of the radius as 

it is decreased. 

A routine was created which generated a simulated 

time series which was the sum of ten different and 

incommensurate sine frequencies (Appendix B). The ten 

frequencies selected were in the range of EEG frequencies. 

The frequency spectrum, two dimensional phase space 

representation and the time series of this simulated 

signal appears as figure 14. The dimension of this 

simulated signal was calculated at an embedding dimension 

of 25. The dimension was calculated to be 10.01 at the 

appropriate location on the correlation curve. 

Table 1 summarizes the results of the calculated and 

expected dimensions of the calibration routines. In all 

three cases the results were within reasonable errors, 

with the exception of the very high embedding dimension 

result of random integers. This is attributed to the 
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Figure 13: Calibration Tests: Time Series, Phase Space 
Representation and Power Spectra for Random Numbers. 
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Figure 14: Calibration Tests: Time Series, Phase Space 
Representation and Power Spectra for 10 sine frequencies. 
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inadequate number of points used in the calculation. 

Since the rule of thumb for the number of points to use is 

5 to the power D, it is not practical to carry this 

computation to the fullest extent. Therefore the same 

number of points were used in all the calibration routines 

as were used in the EEG calculations. In all cases 15000 

points were used in the EEG calculations, a limit set by 

the capabilities of the digitizing facilities. 

The correlation integral plots for all of the 

calibration tests appear in figure 15. 
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Calibration 
Routine 

Embedding 
Dimension 

Calculated 
Dimension 

Expected 
Dimension 

Henon 
Map 2 1. 15 1. 21 

10 Sine 
Frequencies 25 10. 06 o

 

o
 

o
 

Random 
Numbers 10 9. 1 o

 

o
 

o
 

15 i-*
 

o
 

o
 

15. 00 

20 20. 5 to
 

o
 

o
 

o
 

25 28. 7 25. 00 

Table 1: Results of Dimension Algorithm Calibration Tests. 
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Figure 15i Calibration Tests: Correlation Integral Plots. 
All Axis are in log values. 
A: Henon Hap; 15000, data points, 300 reference points, 
embedding dimension * 2. LSF to points on slope • 1.15. 
Bi Superposition of 10 incommeasurate sine frequencies, 
15000 points, 150 reference points, embedding dimension = 
25. LSF* fit to points on slope "= 10. OS 
C: Random numbers, 15000 points, 150 reference points, 
embedding dimension • 10, 15, 20, 25 (Slopes in text). 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Introduction. 

Patient number 1 was used as the prototype for the 

clinical EEG dimension study. More epochs of the EEG of 

the first patient were analyzed in order to obtain a more 

complete operative event vs. EEG dimension history for one 

operation, and to perfect the study techniques. The EEG 

dimension trends of the first patient are presented 

separately. 

Since long computation times were required to analyze 

one epoch of EEG data, and the object of this study was to 

investigate level of anesthetic depth vs. EEG dimension 

for a number of clinical patients, the choice was made to 

select only one pair of right-left hemisphere EEG data for 

pre-operative and one pair for intra-operative dimension 

calculation. Based on the more detailed EEG dimension vs. 

operative event experience with patient #1, the 

appropriate EEG epochs were selected, I. E. the epoch for 

representing level 3 anesthesia with assisted ventilation 

was obtained just after patient intubation. 

4.0 Results of Dimension Calculations for Clinical Patient 

# 1. 

The results of the dimension calculations for 

clinical patient # 1 as well as all of the clinical 

patients appears in table 2. 

Patient #1 was a 47 year old female undergoing a 

hysterectomy. Six epochs were processed for patients #1. 

The specific events occurring during the operation for 

this patient were as follows: 

Epoch: 

1 Awake, but resting in the operating room, pre-
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Patient Epoch Attractor Dimension State 

Embedding Dimension 

25 20 15 10 

1 1 13. 3 10. 4 10. 6 7. 9 1 
2 10. 1 8. 1 8. 5 4. 6 1 
3 8. 8 10. 3 10. 9 6. 9 2 
4 9. 7 8. 3 8.2 6. 9 2 
5 9. 6 8. 5 8. 0 5. 4 2 
6 9. 2 8. 2 7. 1 5. 8 2 

2 1 11. 5 11. 0 9.6 7. 0 1 
2 10. 4 11. 7 9. 4 7. 3 1 
3 9. 9 10. 8 7. 7 8. 0 2 
4 9. 1 7. 3 6. 8 6. 0 2 

3 1 8. 5 5. 5 1. 3 6. 6 1 
2 8. 8 8. 3 8. 3 4. 3 1 
3 11. 3 10. 6 9. 7 5. 3 2 
4 10. 6 9. 0 8. 0 6. 6 2 

4 1 16. 3 16. 5 14. 4 11. 0 1 
2 10. 9 8. 2 9. 3 7. 6 1 
3 12. 3 11. 0 10. 3 8. 1 2 
4 15. 5 11. 2 9. 5 8. 2 2 

5 1 15. 3 12. 7 5. 7 10. 3 1 
2 13. 7 12. 8 11. 7 10. 1 1 
3 12. 3 13. 3 6.9 6. 2 1 
4 12. 4 10. 2 9. 1 6. 4 1 
5 11. 3 10. 1 12. 1 6. 4 2 
6 11. 2 9. 9 11. 4 5. 9 2 
7 12. 3 11. 2 9. 7 9. 3 2 
8 12. 1 12. 1 9. 0 8. 1 2 

6 1 13. 3 11. 2 10. 0 6. 5 1 
2 10. 8 11. 1 7. 7 8. 0 1 
3 15. 7 14. 2 9. 8 7. 9 2 
4 14. 6 12. 3 12. 3 9. 9 2 

7 1 8. 1 8. 9 7. 9 5. 7 1 
2 14. 4 11. 0 8. 7 7. 3 1 
3 18. 6 12. 0 7. 6 8. 6 2 
4 9. 9 8. 6 9. 7 7. 9 2 

8 1 13. 5 11.6 13. 5 7. 6 1 
2 12. 0 13. 9 10. 6 8. 0 1 
3 15. 2 14. 6 10. 5 9. 5 2 
4 15. 6 11. 6 7. 8 8. 6 2 

Table 2: Patient EEG Dimensionality results. State 1 
refers to awake but resting in the O.R., state 2 refers to 
stage 3 anesthesia with assisted ventilation. 
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-anesthetic drugs administered: 2 mg Medezolan, 

2.5 mg Droperidol, 100 mg Demerol. Waiting for the 

Surgeon. 

2 Just after epoch one, no other drugs administered. 

3 Immediately post-induction, patient intubated with 

nitrous oxide + isoflurane. Drugs: 400 mg 

Thiopental, 125 mg Sux-Choline, 100 mg Demoral, 

100 mg lidocane. 

4 3.S minutes after epoch 3, no new drugs, washing 

patient in preparation for surgery. 

5 Just prior to first incision. 

6 During surgical procedure. 

At an embedding dimension of 25 the calculated dimension 

of all EEG epochs were greater than 8, which is comparable 

to noise, but still less than the random integers used in 

the calibration tests. An encouraging trend for patient 

#1 was noticed; the signal dimension decreased 

significantly just after the pre-induction drugs had time 

to take effect, and again after induction (epoch 3). 

Therefore even though the dimensional complexity was quite 

high,, there was a downward trend; which correlated with 

anesthesia deepening. From the point of induction, and 

continuing into the operative procedure, the 

dimensionality seemed to remain relatively constant. This 

was viewed as a significant results. Therefore, in order 

to establish the repeatability of these trends, epochs 

similar to patient #1 intraoperative conditions were 

selected to study. 
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4.2. Results of Calculations for all Clinical Patients. 

4.2.1. Dimensional Calculations. 

The results of the dimension calculations for all of 

the clinical patients appears in table 2. 

In general two pairs of epochs were chosen to attempt 

anesthetic depth - dimension correlation, (from the eight 

epochs digitized for each patient). Each pair consisted 

of concurrent right and left hemispheres. One pair during 

the time when the patient was awake and resting in the 

operating room Just prior to general anesthesia. The 

second pair taken when the patient was in anesthetic 

sleep. The detailed listing of all patient data appears 

in appendix A. For the purpose of the statistical 

extractions, state ."1" and state "2" were attached to the 

two pairs of epochs; state 1: awake but quiet, state 2: 

anesthetic sleep. 

The change in EEG dimension from state 1 to state 2 

was determined (table 3) for each of the embedding 

dimensions and plotted in histogram form, figure 16 

through 19. The dimension change under the conditions of 

this experiment for all the patients was not seen to be a 

regular or predictable change. In some instances the 

dimension increased, and in others there was a decrease. 

At the highest embedding dimension, the average 

dimensional change was seen to be about & with a 

standard deviation of 2.0. Thus the standard deviation 

overlapped into the positive dimension change. This is 

reflected by the histograms, some patients changed 

dimension upwardly by as much as 4 and some downward as 

much as 4. This trend may be the result of the continued 

very complex interactions of the billions of cortical 



Patient Epochs Dimensionality Change Spectral 
Edge 

Change Embedding Dimension 

Spectral 
Edge 

Change 

25 20 15 10 

1 1 - 3  
2 - 4  

-4. 5 
-0. 4 

-0. 1 
0. 2 

0. 3 
-0. 4 

-1. 2 
2. 3 

-10. 4 
4. 8 

2 1 - 3  
2 - 4  

-1.6 
-1. 5 

-0.2 
-4. 4 

-2. 2 
2. 6 

0. 1 
1. 3 

0. 0 
0. 3 

3 1 - 3  
2 - 4  

2. 8 
1. a 

5. 1 
0. 7 

5. 0 
-0. 3 

-1. 3 
6. 3 

2. 7 
1. 2 

4 1 - 5  
2 - 6  

-4. 0 
4. 6 

-5. 5 
2. a 

-4. 1 
0. 2 

-2. 9 
0. 5 

4. 7 
7. 4 

5 1 - 5  
2 - 7  

-4.0 
-1. 4 

-2.6 
-1. 6 

3. 4 
-2. 0 

3.9 
-1. 4 

-2. 0 
1. 4 

6 1 - 3  
2 - 4  

2. 4 
3. a 

3. 0 
1.2 

-0. 2 
4. 6 

1.4 
1.9 

9. 9 
9. 4 

7 1 - 3  
2 - 4  

a. s 
-4. 5 

3. 1 
1. 1 

-0. 2 
4. 6 

1. 4 
1. 9 

10. 3 
-2. a 

a 1 - 3  
2 - 4  

1. 7 
3. 6 

3. 0 
-2. 3 

-3. 0 
-2. 8 

1. 9 
-4. 7 

0. 9 
1. 9 

Table 3: Change in patient EEG dimension, awake 
anesthetic sleep. 
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neurons continuing when subjected to these anesthetic 

drugs. Also the patients' individual reaction to the 

specific agents used may be different. 

Asymptotic approach to stationary dimensions were not 

observed for all of the patients in general. This can be 

seen from table 2; the general trend in the calculated 

dimensions continues increasing as the embedding dimension 

increases. The EEG did tend to a value lower than the 

random numbers, so the signal was not comparable to a 

random stochastic process, just very complex. 

The difference in EEG dimension from left to right 

brain hemisphere were calculated (table 4) and plotted in 

histogram form, (figure 21). The average dimensional 

change between concurrent epoch from left to right 

hemisphere was 0.2. This indicates a very close 

dimensional correlation between hemispheres. This is 

viewed as a good verification of the experiment since it 

is known that anesthetic agents affect the brain globally 

and the EEG is usually bilaterally symmetrical. 

4.2.2. EEG Spectral Change 

The results of the EEG power spectral analysis appear 

in table 5. The change in spectral edge frequency from 

awake to anesthetic sleep, and right left hemisphere were 

determined and included with tables 3 and 4. A histogram 

of the change in spectral edge frequency from awake to 

anesthetic sleep is shown in figure 20. The average 

spectral edge change was +1.8 hz. indicating anesthetic 

EEG desynchronization (decrease in amplitude, increase in 

frequency), or increase in beta activity. These effects 

have been reported for Halothane, Enflurane, and various 

combinations of intravenous drugs3 • 13 . 



Patient Epochs EEG Dimension differnce Spectral 
Edge 

Change Embedding Dimension 

Spectral 
Edge 

Change 

25 20 15 10 

2 1 - 2  
3 - 4  

0. 9 
0. 8 

-0. 7 
3. 5 

0. 2 
0. 9 

-0. 3 
2. 0 

2. 2 
2. 1 

3 1 - 2  
3 - 4  

-0. 3 
0. 7 

-2. 8 
1.6 

-7. 0 
1. 7 

2. 3 
-1. 3 

0. 1 
1.6 

4 1 - 2  
3 - 4  

5. 4 
-3. 2 

8. 3 
-0. 2 

5. 1 
-0. 8 

3. 4 
-0. 1 

2. 2 
-0. 5 

5 1 - 2  
3 - 4  
5 - 6  
7 - 8  

1.6 
-0. 1 
0. 1 
0. 2 

-0. 1 
2. 9 
0. 2 
-0. 9 

-6. 0 
-2. 2 
0.7 
0. 7 

0. 2 
-0. 2 
0. 5 
1.2 

2. 5 
-0. 4 
O. 3 

-0. 1 

6 1 - 2  
3 - 4  

2. 5 
1. 1 

0. 1 
1.9 

2. 3 
-2. 5 

-1. 5 
-2. 0 

-1. 4 
-9. 4 

7 1 - 2  
3 - 4  

-6. 3 
6. 7 

-2. 1 
-3. 4 

-0. 8 
2. 1 

-1.6 
-0. 7 

-15. 7 
-2. 6 

8 1 - 2  
3 - 4  

-1. 5 
0. 4 

2. 3 
-3. 0 

-2. 9 
-2. 7 

0. 4 
-0. 9 

-0. 6 
0. 4 

Table 4: Difference in patient EEG dimension, left 
right cerebral hemisphere <left - right = value) 
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Patient Epoch Spectral Data State H 

Spectral Maximum 
Edge <90'/.> Power 
Frequency Frequency 
(hertz) (hertz) 

1 1 26. 8 0. 9 1 R 
2 15. 7 1. 0 1 R 
3 16. 4 1.5 2 R 
4 20. 5 1. 5 2 R 
5 23. 3 1.9 2 R 
6 57. 2 1. 3 2 R 

2 1 11.0 1. 6 1 L 
2 8. 9 0. 7 1 R 
3 11.0 1.2 2 L 
4 9. 2 1. 5 2 R 

3 1 11. 4 2. 5 1 L 
2 11. 3 2. 5 1 R 
3 14. 1 1. 9 2 L 
4 12. 5 2.6 2 R 

4 1 16. 0 1. 3 1 L 
2 13. 8 2. 2 1 R 
3 20. 7 14. 4 2 L 
4 21. 2 8. 8 2 R 

5 1 19. 3 0. 6 1 L 
2 16. 8 0. 6 1 R 
3 16. 7 0. 9 1 L 
4 17. 1 0. 3 1 R 
5 17. 3 9. 7 2 L 
6 17. 0 10. 0 2 R 
7 18. 2 9. 5 2 L 
8 18. 3 9. 4 2 R 

6 1 10. 3 1. 5 1 L 
2 11. 7 1. 8 1 R 
3 10. 8 1. 5 2 L 
4 20. 2 11. 6 2 R 

7 1 3. 6 0. 7 1 L 
2 19. 3 0. 3 1 R 
3 13. 9 0. 7 2 L 
4 16. 5 0. 7 2 R 

8 1 20. 5 10. 1 1 L 
2 19. 9 10. 8 1 R 
3 21. 4 19. 4 2 L 
4 21. 8 15.2 2 R 

Table 5: Patient EEG Spectral Data. State 1 refers to 
awake but resting in the 0.R., state 2 refers to 
anesthetic sleep. "H" refers to right or left hemisphere. 
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A statistical summary of the patients EEG dimension 

changes for anesthetized v. awake, and left to right 

hemisphere appear in table 6. 

A regression analysis to determine correlation 

between the change in spectral edge frequency and change 

in dimension indicates a fair correlation (correlation 

coefficient = 0.75, figure 22) This is encouraging in 

that trends which have been identified to have high degree 

of spectral correlations may also have high degree of 

dimensional correlation. ! 

Quantity Number 
of 

Patients 

Change Quantity Number 
of 

Patients Average Standard 
Deviation 

Awake - Anes. EEG 
Dim (Emb Dim = 25) 8 -0. 5 3. 1 

Awake - Anes. EEG 
Dim (Emb Dim = 20) 8 -0. 2 3. 2 

Awake - Anes. EEG 
Dim (Emb Dim = 15) 8 0. 2 2. 6 

Awake - Anes. EEG 
Dim (Emb Dim = 10) 8 0. 9 2. 6 

EEG Power Spectral 
Edge, Awake to 
Anesthetic Sleep. 

8 1. 8 5. 43 

L-R Hemisphere EEG 
Dim (Emb Dim = 25) 8 0. 2 3. 0 

L-R Hemisphere EEG 
Dim (Emb Dim = 20) 8 0. 9 3. 1 

L-R Hemisphere EEG 
Dim (Emb Dim = 15) 8 -0. 5 3. 5 

L-R Hemisphere EEG 
Dim (Emb Dim = 10) 8 0. 4 1. 7 

Table 6: Statistical Summary of patients EEG changes: 
Anesthetized vs. Awake, and left to right hemisphere. 
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CONCLUSIONS 

Neither stationary nor convergent EEG dimensional 

trends were observed in general for the eight patients 

analyzed in this study. Therefore strange attractors, 

which characterize asymptotic or stationary processes, do 

not seem to exist in the EEGs studied (as analyzed by the 

methods of this project). The concept of "EEG dimension" 

was used in this study to compare the relative complexity 

(the number of degree of freedom) of EEG epochs. 

The EEG dimension changed significantly for patients 

undergoing anesthesia. Some patients EEG dimension 

increased with anesthesia, some decreased. There were no 

regular trends in the amount or direction of change. 

There were no limitations placed on the multiplicity of 

drugs used in anesthetic induction on the patients 

selected in this study. Since some drugs were excitatory 

and some depressing, this may explain the conflicting 

dimension change with anesthesia. Further study on the 

EEG dimension with isolated anesthetic drugs is indicated. 

The change in EEG dimension showed a fair degree of 

correlation (0.75) with the change in spectral edge 

frequency in the patients selected in this study. 

Therefore, studies which has shown other types EEG 

spectral edge correlations could possibly be extended to 

dimension. This is a very encouraging result, and could 

could indicate a correlation of anesthetic depth with EEG 

dimension, since EEG spectral edge has been shown to 

correlate with certain anesthetic drugs8. 

If dimensional analysis of the EEG were to be used 

clinically, a significant refinement in the analytical and 

hardware technique (beyond that used for this study) would 
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have to take place. In particular, a single optimum 

embedding dimension for constructing the phase space 

should be determined and used, and the computations should 

be restricted to detecting, magnifying and analyzing the 

scaling region. To attempt to do this in real time would 

present a challenging electronic engineering project. 
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Figure 16: Histogram of 8 Patients EEG Dimension Change 
from Awake to Anesthetized. Embedding Dimension = 25. 

Figure 17: Histogram of 8 Patients EEG Dimension Change 
from Avake to Anesthetized. Embedding Dimension = 20. 
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Figure 18: Histogram of 8 Patients EEG Dimension Change 
from Awake to Anesthetized. Embedding Dimension = 15. 

Figure 19: Histogram of 8 Patients EEG Dimension Change 
from Awake to Anesthetized. Embedding Dimension = 10. 
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Figure 20: Histoaram of 8 Patients EEG 90% power Spectral 
Edge Change from Awake to Anesthetized. 

Figure 21: Histogram of 8 Patients EEG 
Difference from Right to Left Brain Hemisphere. 
Dimension = 25. 

Dimension 
Embedding 
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{egression Analysis - Linear Model< Y • a+bX 

Dependent variable: DIHDIF.dif25 Independent variable: DIHD1F. difspedge 

Parameter tstiute 
Standard 

Irror 
T 

Value 
Prob. 
Level 

Intercept 
Slope 

-0.645758 
0.525135 

0.734396 
0.127899 

-1.15164 
4.10588 

0.266759 
1.069791-3 

Analysis of Variance 

Source 
Hodel 
Irror 

Sub of Squares tf 
118.35269 1 
96.266687 14 

Mean Square 
118.35269 

7.020476 

F-Fatio Prob. 
16.85821 

Level 
.00107 

Total (Corr.) 216.63936 IS 

Correlation Coefficient » 0.739129 K-stuared c 54.63 percent 
Stnd. Error of 1st. • 2.64962 

(egression of S!KD!F.dif25 on ClHDir.difspcdge 

10 

7 

4 

1 

-2 

•5 
•11 

NWir.dlfsrcdge 

Figure 22: Regression Analysis for Change in EEG 
Dimension vs. Change in EEG 90V. Power Spectral Edge 
Frequency. The change is caused by Anesthesia. 
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APPENDIX A 

EQUIPMENT LIST AND PATIENT DESCRIPTIONS 

List of Equipment: 

1. Electrodes; NDM, silver/silver chloride. 

2. EEG Amplifier; Lifescan, model # 38-A2351. 

3. EEG Amplifier; Puritan Bennitt, model # ABM-2 

4. Recorder; Hewlet-Packard, model #3964A. 

5. Recorder; Hewlet-Packard, model #3964A. 

6. Computer; Artisoft, AT compatible. 

7. A to D converter, Metrabyte 2391. 

8. Computer; Personal XT compatible. 

9. Modem; Haynes Compatible. 

10. Computer; Digital Equipment Corp, Model VAX 11-780 

List of Software: 

1. Asystant Software, MacMillan Software Co. 

2. Procomm; DataStorm Technologies. 

3. Fortran Compiler; Digital Equipment Corporation. 

4. Fortran Compiler; Microsoft Corporation. 

5. DCL; DEC Command Language. 

6. Personal Editor; International Business Machine. 

7. MathCad; MathSoft Corp. 

8. Statgraphics; Statistical Graphics Corp. 

9. MS DOS, Microsoft Corp. 

10. Fontasy, ProSoft Corp. 

11. MUIN, Mutual Information Code, Andy Frazer, TX. 



EQUIPMENT LIST AND PATIENT DESCRIPTIONS (oon't) 

Patient Descriptions; 

1. Female, 47 yr, Total Vaginal Hysterectomy, 2/18/87 

2. Female, Total Abdominal Hysterectomy, 1/21/87 

3. Female, Total Abdominal Hysterectomy, 1/22/87 

4. Female, Total Vaginal Hysterectomy, 1/28/87 

5. Female, Total Abdominal Hysterectomy, 1/26/87 

6. Female, Vaginal Hysterectomy, 1/21/87 

7. Female, Lt Cartoid Endartectominy, 3/21/86 

8. Female, Total Vaginal Hysterectomy, 3/28/87 



APPENDIX B: PROGRAM LISTINGS 

Contents: 

1. Routine for generating random numbers. 

2. Routine for generating composite sine wave signal. 

3. Routine for calculating least squares fit of points 

a line. 

4. Routine for calculating Correlation integral. 

5. Routine for generating Henon map. 

6. Routine for calculating power spectrum and spectral 

edge. 
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This fortran program generates random integers, of desired 
quantity and size. 

PROGRAM RANDAT 
DOUBLE PRECISION X 
INTEGER I 
REAL ZI 
DIMENSION X(30000) 
PRINT 502 

502 FORMAT(' HOW MANY RANDOM NUMBERS <N.T.E. 30000): ') 
ACCEPT 501, N 
PRINT 503 

503 FORMAT (' BETWEEN 0.0 AND (INCLUDE DECIMAL PT. ): ') 
ACCEPT 505, UPLIM 

505 FORMAT (F8.3) 
OPEN (100,FILE='INDATR.DAT',STATUS='UNKNOWN') 
PRINT 500 

500 FORMAT ( ' INPUT SEED (LARGE ODD INTEGER): ') 
ACCEPT 501, ISEED 

501 FORMAT (18) 
DO 101 1 = 1, N 
X(I)=UPLIM»RAN(ISEED) 

101 CONTINUE 
WRITEdOO, 10) (X(I), 1 = 1, N) 

10 FORMAT(E19.13,IX,E19.13,IX,E19.13) 
STOP 
END 
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This fortran program generates a series of integers 
representing a summation of 10 sine functions of 
differrent frequencies. 

PROGRAM SINEDAT 
DOUBLE PRECISION X 
INTEGER I 
DIMENSION X(30000),F<10) 
OPEN (100,FILE='INDATR.DAT',STATUS='OLD') 
PRINT 500 

500 FORMAT(' HOW MANY SINE NUMBERS? N.T.E. 30000') 
ACCEPT 501, N 

501 FORMAT(18) 
PRINT 502 

502 FORMAT( ' BETWEEN 0 AND (USE DEC. PT. ):') 
ACCEPT 504, D 

504 FORMAT(E10.5) 
C 
C INPUT THE FREQUENCIES 
C 

DO 50 1=1,10 
PRINT 505, I 

505 FORMAT (' INPUT FREQUENCY #',14,' (USE DEC. PT.)s 
+ ' ) 

ACCEPT 504, F (I) 
50 CONTINUE 

C 
C FORM THE SERIES 
C 

DO 101 1 = 1, N 
F1 = 0. 
DO 57 NN=1, 10 

F1=F1 + SIN(I*F(NN > »(2.094395E-02)) 
57 CONTINUE 

X(I) = (Fl + 10. > *D/10. 
101 CONTINUE 

WRITE(100,10)(X(I),1=1,N) 
10 FORMAT(E19.13,IX,E19.13,IX,E19.13) 

STOP 
END 
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This fortran program calculates the slope of a line which 
is the best fit to a series of points. The method of 
least squares fit is used. The input array is the output 
array ox the correlation proaram, and the program prompts 
the operator for the points to use in the LSF calculation. 

PROGRAM GSTAT 
C 
C THIS PROGRAM FINDS THE SLOPE AND SD OF SLOPE FOR C(r) 
C AND r DATA 
C 

DIMENSION 
+ RI< 25), RD <5000), X(1000>,Y(1000),OP(20),TP < 50), 
*SIG(100> 
INTEGER RI,0P, TP 
CHARACTER»8 FILEIN,FILERE 
REAL RD 

C 
C INPUT THE FILENAMES TO BE ANALYSED 
C 

PRINT 910 
910 FORMAT(' ENTER INTEGER FILE (USE APOSTROPHIES): ') 

ACCEPT *,FILEIN 
PRINT 911 

911 FORMAT<' ENTER DATA FILE (USE APOSTROPHIES): ') 
ACCEPT «,FILERE 

C 
C OPEN AND READ ALL FILE DATA 
C 

C 

C 
C ASK 
C 

900 

901 

100 
950 
C 
C FORM THE VECTORS AND ANALYSIZE 
C 

0FFS=0 
DO 300 1=1,5 
NDATA=TP(I) 
J=3+(5»(I-1)) 
DO 200 N=l,TP(I) 
IC0UNT-0FFS+(3*RI(J)>+1-N-OP(I> 
X < N)=RD<ICOUNT) 
Y < N)=RD(ICOUNT-(RI(J)»2)) 
SIG< N)=RD(ICOUNT-RI(J)> 

200 CONTINUE 
OFFS=OFFS+< RI(J)*3) 
CALL FIT(X, Y, NDATA, SIG, 1, A, B, SIGA, SIGB, CHI2, Q) 
PRINT 960, RI( J+2), B, SIGB, Q 

OPEN(UNIT=1,FILE=FILEIN,STATUS='OLD'> 
OPEN(UNIT=2,FILE=FILERE,STATUS='OLD') 
OPEN(UNIT=3,FILE='GSTAT.DAT',STATUS='NEW') 
READ< 1, ») (RI(I),1=1,25) 
N=(RI<3)+RI(S)+RI(13)+RI(lB)+RI(23))*3 
READ(2,«) (RD<I),1=1,N> 

FOR WHICH POINTS TO USE 

DO 100 1=1,5 
PRINT 900, RI(5»I) 
FORMAT(' FOR EMB DIM = ',14,' OMIT LAST PTS=') 
ACCEPT 950, OP(I) 
PRINT 901, RI(5*1> 
FORMAT(' FOR EMB DIM = ',14,' TOTAL # PTS=') 
ACCEPT 950, TP(I) 
CONTINUE 
FORMAT (18) 
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Program BSTAT (continued). 

960 FORMAT(' ED= ',13,' SL0PE=',F10.5,' SSD= 
+ ', F10. 5, ' GOF=',F10.5) 

300 CONTINUE 
STOP 
END 
SUBROUTINE 
FIT(X, Y, NDATA, SIG, MWT, A, B, SIGA, SIGB, CHI2, Q) 

•••DIMENSION X (NDATA), Y (NDATA >, SIG (NDATA) 
SX=0. 
SY=0. 
ST2=0. 
B=0. 
IF(MWT.NE. O) THEN 

SS=0. 
DO 11 1=1,NDATA 

IF (SIG(I) .LT. .000001) THEN 
SIG(I)=. 00001 
END IF 

WT=1./(SIG(I)**2) 
SS=SS+WT 
SX=SX+X(I)*WT 
SY=SY+Y(I)»WT 

11 CONTINUE 
ELSE 

DO 12 1=1,NDATA 
SX=SX+X(I) 
SY = SY + Y <I) 

12 CONTINUE 
SS=FLOAT(NDATA) 

ENDIF 
SXOSS=SX/SS 
IF(MWT.NE.0) THEN 

DO 13 1=1,NDATA 
T=(X <I)-SXOSS)/SIG(I) 
ST2=ST2+T»T 
B=B+T»Y(I)/SIG(I) 

13 CONTINUE 
ELSE 

DO 14 1=1,NDATA 
T=X(I)-SXOSS 
ST2=ST2+T»T 
B = B-«-T»Y (I) 

14 CONTINUE 
ENDIF 
B=B/ST2 
A=(SY-SX»B)/SS 
SIGA=SQRT((1.+SX»SX/(SS»ST2 >)/SS) 
SIGB=SQRT(1. /ST2) 
CHI2=0. 
IF(MWT!EQ.O) THEN 

DO 15 1=1,NDATA 
CHI2=CHI2-MY(I)-A-B*X(I))*»2 

15 CONTINUE 
0=1. 
SIGDAT=SQRT(CHI2/(NDATA-2)) 
SIGA=SIGA»SIGDAT 
SIGB=SIGB»SIGDAT 

Pt CP 
DO 16 1=1,NDATA 

CHI2=CHI2+((Y <I)-A-B*X(I))/SIG(I))»»2 
16 CONTINUE 



Program GSTAT (continued). 

Q=GAMMQ< 0.5» < NDATA-2)f 0.5*CHI2) 
ENDIF 
RETURN 
END 
FUNCTION GAMMQ(A, X > 
IF< X. LT.0..OR.A.LE.O. >PAUSE 
IF < X.LT.A + l. )THEN 

CALL GSER(GAMSER,A, X, GLN) 
GAMMQ=1.-GAMSER 

ELSE 
CALL GCF< GAMMQ,A,X,GLN) 

ENDIF 
RETURN 
END 
SUBROUTINE GSER(GAMSER,A,X,GLN) 
PARAMETER <ITMAX=100,EPS=3.E-7) 
GLN=GAMMLN(A) 
IF(X.LE.O.)THEN 

IF(X.LT.O.)PAUSE 
GAMSER=0. 
RETURN 

ENDIF 
AP = A 
SUM=1./A 
DEL=SUM 
DO 11 N=l,ITMAX 

AP=AP+1. 
DEL=DEL»X/AP 
SUM=SUM+DEL 
IF < ABS(DEL >.LT.ABS<SUM)*EPS)GO TO 

11 CONTINUE 
PAUSE 'A too large, ITMAX too small 

I GAMSER = SUM»EXP(-X+A»LOG(X)-GLN > 
RETURN 
END 
SUBROUTINE GCF<GAMMCF,A,X,GLN> 
PARAMETER (ITMAX=100,EPS=3.E-7) 
GLN=GAMMLN(A) 
G0LD=0. 
A0=1. 
A1 = X 
B0 = 0. 
Bl = l. 
FAC=1. 
DO 11 N=l,ITMAX 

AN=FLOAT(N) 
ANA=AH-A 
A0=(A1+AO»ANA)*FAC 
B0=< B1 + B0»ANA)»FAC 
ANF=AN*FAC 
A1=X*A0+ANF»A1 
B1=X*B0+ANF*B1 
IF(Al.NE.O.)THEN 

FAC=1./Al 
G=B1«FAC 
IF<ABS((G-GOLD)/G).LT.EPS)GO TO 
GOLD=G 

ENDIF 
II CONTINUE 

PAUSE 'A too large, ITMAX too small 
1 GAMMCF=EXP <-X + A»ALOG(X >-GLN)»G 

RETURN 



Program GSTAT (continued). 

END 
FUNCTION GAMMLN(XX) 
REAL*8 COF(6),STP, HALF, ONE, FPF, X, TMP, SER 
DATA 
COF,STP/76.18009173D0, -86. 50532033D0, 24. 01409S22D0 
• -1.231739516D0, . 120858003D-2, 
* 536382D-5,2.50662827465D0/ 
DATA HALF,ONE,FPF/O.5D0,1.ODO, 5. 5D0/ 
X=XX-ONE 
TMP=X+FPF 
TMP=< X + HALF > *LOG(TMP >-TMP 
SER=ONE 
DO 11 J = l, 6 

X=X+ONE 
SER=SER+COF < J)/X 

11 CONTINUE 
GAMMLN=TMP+LOG(STP*SER) 
RETURN 
END 
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This fortran program calculates the correlation integral 
for various embedding dimensions. 

PROGRAM FX 
C 
C THIS PROGRAM CALCULATES DIMENSION OF A CHAOTIC ATTRACTOR 
C USING PHASE SPACE ANALYSIS OF A SINGLE TIME SERIES 
C WITH AN EMBEDDING DIMENSION OF 10,15,20, AND 25. 
C 

DOUBLE PRECISION RPART,CORX,RADX, B, ALLCOR 
INTEGER NDATA,ND,NREF, NDPS, D 
DIMENSION 

+ XDATA(20000),CORX < 200, 2), RADX < 200), IXREF< 400), 
ALLCOR (200) 
CHARACTER*10 FILEIN,FILEOIN, FILEORE 
PRINT 905 

905 FORMAT(' INPUT DATA FILE TO BE ANALYSED (USE 
+ APOSTROPHIES>: ') 

ACCEPT #,FILEIN 
PRINT 906 

906 FORMAT(' INPUT NAME OF INTEGER FILE OUT 
«• (APOSTROPHIES): ') 

ACCEPT •.FILEOIN 
PRINT 907 

907 FORMAT(' INPUT NAME OF RESULTS FILE OUT 
C (APOSTROPHIES): ') 

ACCEPT »,FILEORE 
PRINT 900 

900 FORMAT(' INPUT PHASE LAG (ITAU): ') 
ACCEPT 600,ITAU 
PRINT 901 

901 FORMAT (' NUMBER OF DATA PTS (NTE 20000): ') 
ACCEPT 800,NDATA 

800 FORMAT (18) 
PRINT 902 

902 FORMAT (' NUMBER OF REFERENCE POINTS (NTE 400): ') 
ACCEPT 800, NREF 
PRINT 903 

903 FORMAT( ' INPUT LG. RADIUS DECREMENT (USE DEC. 
C PT. ) : ' ) 

ACCEPT 801, DECRBI 
PRINT 904 

904 FORMAT( ' INPUT SMALL RADIUS INCREMENT (USE DEC. 
C PT):') 

ACCEPT 801, DECRSM 
801 FORMAT(F8.3) 
C 
C OPEN THE I/O FILES 
C 
2 OPEN(UNIT=1,FILE=FILEIN, STATUS='OLD') 

OPEN(UNIT=3,FILE=FILEOIN,STATUS='UNKNOWN') 
OPEN(UNIT=2,FILE=FILEORE,STATUS='UNKNOWN') 

C 
C READ DATA 
C 
20 READ(1,*) (XDATA(I), 1 = 1, NDATA) 

C 
C DO THE CALCULATIONS FOR ALL OF THE EMBEDDING DIMS 
C 

DO 1000 ND=10,25,5 
C 
C DETERNIME THE NUMBER OF POINTS IN THE PHASE SPACE 
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Correlation Integral program (Continued). 

NDPS=NDATA-(ITAU» (ND-1)) 
C 
C CREATE A SET <SIZE=NREF) OF RANDOM INTEGERS BETWEEN 1 
C AND NDPS 
C 
25 MMM = 3 

DO 40, 1=1,NREF 
Y=NDPS»RAN(MMM) 
NTEMP=INT<Y) 
IF (NTEMP.EQ. 0.0) THEN 

NTEMP=1.0 
ENDIF 

IXREF <I)=NTEMP 
40 CONTINUE 
C 
C DETERMINE THE HYPERSPACE RADIUS 
C 
C 
C FIRST, FIND LARGEST VALUE OF DATA 
C 

11 = 1 
DO 50 1=1,NDATA 
IF (XDATA(II).GE.XDATA(1 + 1)) GOTO 50 
11=1+1 

50 CONTINUE 
XDAMAX=XDATA(II) 

C 
C NOW, FIND SMALLEST VALUE OF DATA 
C 

11 = 1 
DO 55 1=1,NDATA 
IF (XDATA(II).LE.XDATA<1+1)) GOTO 55 
11=1+1 

55 CONTINUE 
XDAMIN=XDATA(II) 

C 
C DETERMINE ARADX 
C 

ARADX=SQRT(<ND-1>»((XDAMAX-XDAMIN)*«2. )) 
C 
C INITIALISE FOR THE N DIM CALCS 
C 

B=0. O 
NC=0 
M = 0 

C 
C BEGIN THE N-DIM ITERATIONS 
C 
C 
C BEGIN THE CORX ITERATIONS 
C 
70 DO 80 J=l,NREF 

IREFPTR=IXREF(J) 
C 
C BEGIN THE INDIVIDUAL DATA POINT ITERATIONS 
C 

DO 75 1=1,NDPS 
IF (I .EQ. IREFPTR) GO TO 75 
RPART=0.O 
DO 74 D=l,ND 

C RPART=RPART+(XDATA(IREFPTR+(D-l. >* 
C ITAU)-XDATA(1+(D-l)*ITAU))*«2 



Correlation Integral program (Continued). 

74 CONTINUE 
RPART=SQRT< RPART) 
IF <RPART .GE. ARADX) GOTO 75 
B=B+1. 

75 CONTINUE 
B=B/NDPS 
ALLCOR< J)=B 

80 CONTINUE 
C 
C FILL UP THE OUTPUT VECTOR 
C 

M=M + 1 
AE = 0. 
CALL TAKELOGS(ALLCOR,NREF,ARADX, ARADL, AE) 
IF <AE .EQ. 1.) GO TO 95 
CALL STAT(ALLCOR,NREF, AVG, SD) 
CORX(M,1)=AVG 
CORX< M, 2) =SD 
RADX(M)=ARADL 

C 
C DECREASE RADIUS UNTIL VERY SMALL AND GO AGAIN 
C 

B=0. O 
IF (M.LT. 3) GOTO 93 

IF<CORX(M,1) .EQ. CORX<(M-l),1)) GOTO 
DECR=DECRSM 
GO TO 94 

93 DECR=DECRBI 
94 ARADX=ARADX/DECR 

GO TO 70 
95 NITERX=M-1 

DECRBI=DECRBI**.9 
DECRSM=DECRSM»*.9 

C 
C WRITE OUT THE RESULTS 
C 

WRITE<3,105) NDATA,NREF,NITERX,ITAU, ND 
WRITE(2, 106)((CORX(I,J),1 = 1,NITERX), J = l,2), 

+ (RADX(I),1=1,NITERX) 
106 FORMAT(E19.12) 
105 FORMAT<IX,18,5X,18,5X,18,5X,18,5X,18,5X) 
1000 CONTINUE 

STOP 
END 
SUBROUTINE STAT(X,N,AVG,SD) 
DIMENSION X(200) 
DOUBLE PRECISION X 
X2SUM = 0. O 
XSUM2=0. O 
DO 120 1 = 1, N 

X2SUM=X2SUM+X(N)»*2 
XSUM2=XSUM2+X(N) 

120 CONTINUE 
AVG=XSUM2/N 
XSUM2=XSUM2**2 
SD=SQRT(ABS((X2SUM-<XSUM2/N))/<N-l))) 
RETURN 
END 
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Correlation Integral program <Continued). 

C 
C THIS SUBROUTINE TAKE L0G10 OF R AND C(R) 
C 

SUBROUTINE TAKELOGS < ALLCOR,N,ARADX, ARADL, AE) 
DIMENSION ALLCOR< *> 
DOUBLE PRECISION ALLCOR, ARADX,ARADL 
DO 100 1=1.N 

IF (ALLCOR < I) .LE. 0.0) THEN 
AE=1. 
GOTO 120 
ENDIF 

ALLCOR <I)=L0G10(ALLCOR(I)> 
100 CONTINUE 
110 ARADL=L0G10(ARADX) 
120 RETURN 

END 
AZ 
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This program generates the numbers on the Henon Map. 

PROGRAM HA 
DIMENSION X(10000),Y<10000) 
OPEN <100,FILE='HA.DAT',STATUS='UNKNOWN') 
Y (1) =0. 0 
X<1>=0.0 
DO 101 1=1,7499 

X(I+1)=1+Y(I)-(1.4»X(I))«(X(I)) 
Y(I + l)=0.3«X <I) 

101 CONTINUE 
WRITE(100,10)(X(I),Y(I),I=1,7500) 

lO FORMAT(F15.9,2X,f15.9) 
STOP 
END 



This program calculates the power spectrum and SOX powere spectral edge 
for 2048 data points of any sequence of ASCII numbers. 

a := 0 ..2048 xdata Is READ(x) c := fft(xdata) H I= laBt(c) J := 
a 

c ! = 0 
0 

2 Maxc := max(C2> 100 
C2 := He j"| Relative_Power t» C2 

3 LI 3 IJ 3 3 Maxc 

e := until |Haxc - 1 - C2 ,Jj H :» •lze(e> M » 5 

power :» M'. 1465 
power « 0.732 

Sum != > C2 '. 9 Suml : •» Sum 
^ 1 3 0 
j 

• Suml !« until 
Wtnl := Sum Sp : ° size (Suml) j*l 

O 
spectral_edge 1 = Sp.1465 

Fifty :» 350 

Suml , Suml 
3 3 [I 

Print area: 30,0 to 50,80 

100 

Relative_Pover 

0. 0 iS-A. 
0 . 0  

Frequency <hz) 
Fifty 

Figure 10: Power vs. Frequency plot for Patient #1, 
epoch 1. 90X Power spectral_edge • 3.663 hz. 
Maximum power » 0.732 hz. 
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