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ABSTRACT

The human electroencephalogram (EEG) has a long history of clinical application,
for correlating various pathological processes with brain electrical activity. Localization of
the physical sources of brain electrical activity remairls a more elusive goal.

Traditonal methods of EEG interpretation are problematic in that they are largely
visual, subject to inconsistencies resulting from differing expcﬁcncc levels between
clinicians. There is an additional and largely ignored problem associated with the choice of
an electrical reference in certain electrode / amplifier configurations Modem techniques arc
exploiting the benefits of recent improvements in the cost / performance ratio of digital
comput“crs. by automatiné much of the interpretation process. This is significant because
of the large volumes of information generated by the EEG.

This thesis focuses on a techmque called topographic mapping. Here, the computer
1s used to generate color graphic representations of the topology of brain electrnical activity
as measured on the scalp. Bi-cubic splines arc;invcstigatcd. to provide smoother graphic
representations. The Laplacian is investigated in conjunction with bi-cubig spline
interpolation, to provide topological representations of scalp currents rather than voltages.
Standard digital filtering techniques are applied to reduce the EEG into its constituent
rhythmicities. The scalp cum:nt; obtained through the application of thee Laplacian to scalp
potentials flow perpendiculd¥ to the scalp and are independent of the choice of electrcal
reference in'the unipolar montage. An additional benefit of these radial’ current
representations is that based on a dipole model of cortical generators, they serve to better

localize these generators.
. /’
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Chapter 1
INTRODUCTION

1)

In 1929 the firstin a senies of T4 papers entded "On the electroencephaloviam ot
man” was published by Hans Berger, a relattvely unknown Gennan protessor ot
pavehiatry at Jena At this time, the study of the central nervous svstem phyvsiology wasan
s intancy and was httle more than tuncuonal neurvanatomy  Prerre Gloor [ 24] desanbes
the study of ncurophystology at the tme.

“Only Shermington 1n his work on the spinal cord had begun

to come to gnps with the phystological pnnciples of the

central nervous system function. These principles,

however, were still denved from observations of events

taking place outside the central nervous system, such as the

carefully méasured pull or relaxanon of muscles in response

to well defined stmuh ©

- ;
The screnutic community took little notice of Berger, who had "t=aptrogged across all the
intermediate stages . of the Shermngtonian approach . and addressed himselt direcily to
~

the electrophysiological investigation of the most complex functions of the hurman brain”
Berger-himself was not particularly well schooled or interested 1n electrophysiology, but

tollowing his own particular interests tn psychophysiology [24], ,

“he believed that ... he had found the key which would
unlock the secret of man's nature as a psychophysical being
He believed that 1n the EEG he was able to discern some
well defined and measurable physical properties which
represented true expressions of mental processes.”.

Ber ger continued to publish his findings, and by 1934 noted neurophysiologists
Adrnan and Matthews, because of their admitted skepticism, repeated Berger's experiments
As aresult, they venfied Berger's findings. Berger's work now began to be accepted
outside Germany and the era of the EEG had begun. As the 60th anniversary of the
founding of the EEG approaches and although it has benefitted much from the advance of
technology, the manner in which the EEG is presented to ité practitioners has changed httle.

and 1t is given only a qualitative visual interpretation.



Shipton [ 3%] observed in 1971 that "most progress has been in medicine”
cmpincal correlanons between discase processes and electrical activity ot the brain have
tirmiy extablished the techmique m the chime™  Shipton points out that,

“although the alpha rhvthm has been studied for torty vears
and whilst it has been the subject of innumerable papers, we

are not even close to a generally held hypothests as o s
psvchophysiological significance”

Although this situanion has been alleviated somewhat |1 3], the manner in which the FFGos
presented and interpreted has changed hittle over the years, 1n spite of the strength ot signal
processing techmques already available by the nud 1930s. which did n t\;ict see some
apphcation . Von Neumann and the digital computer were not to come ;lﬁmg unul 1935,
the ubiquitous Fast Founter Transtorm (FFT) did not appear until 1966 [S] and the
proliteration of powertul, portable and low cost digital computing technology did not even
begimn to appear untl 1980 In addinon, Shipton | 38] points 10 a "mathemanical naivete ot
many climcians actuve dunng the 1950s™ and Nunez [ 35] points to a need to bndge “the
communication gap between the electroencephalographer and physicist” Nunez aillustrates
how electrophysics can bning much knowledge to bear upon the qualitative understanding
ot the physiological basis {or the EEG and thus significantly improve its interpretation
Forunately, the above mentioned advances have occurred. along with significant advances
in understanding the electro-chemical aspects of neurophysiology and detatled microscopic
and macroscopic understanding of the organization of the brain and central nervous system
Ihus, modem electroencephalography seems to be on the verge of some significant
breakthroughs for both clinical utility and tncreasing man's knowledge of himself from a
psvchophysical point of view.

In the above and«ensuing discussion, the author does not wish to imply an inumate
knowledge of the vanous fields of neurology. electrophysiology, neurophysiology or
neurvanatomy. The purpose of this histonical review is to review the expert knowledge
reported by others, so that the contnbutions this work makes to contemporary

electroencephalography might be properly classified.



1.1 Describing the EEG

s usetul 1o discuss sorie common temunology trequently used 1n the field ot
mod®im clectroencephalography. To begin with, observed brain electrical activity can be
divided nto 2 categones: that related to the brain's response to external stimuli 1s tenned
cxongenous functioning, while that which is related o intemal processing 1s tertmed
endogenous tunctioning. Endogenous functioning accounts for about 9% of the
background activity, or what Berger termed the "passive EEG™. Brain electncal activity as
measured on the scalp 1s between 5 and 200uV. That endogenous functioning accouys tor
9% of the passive EEG is due to the knowledge that generators of this activity lie in the
grey matter, or ¢erebral contex, which is the outer 2-3 millimeter thick layer of the 8&gun and
thus these generators are more proximal to the scalp electrodes. The passive EEG 1s
recorded by an array of electrodes placed on the scalp and connected in either a bi-polar o
unipolar montage discussed in detail in chapter 2. Figure 1.1 illustrates the Intematonal
10/20 System, while figure 1.2 illustrates the expanded electrode array used in the work
reported here. Generators of exogenous functioning on the other hand, are deep within the
brain’s White matter, where the relay stations {35] associated with the brain's early
response to external stimuli are located. Thus, these generators are farther from the scalp
clectrodes and their activity s buned in the ‘noise’ of endogenous functioning. Computer
advances (2] enabled electroencephalographers to apply the technique of coherent
averaging. Here, the EEG 1s recorded in coordination with the repeated application of
various sensory stimuli. Coherent averaging effectively increases the signal 1o noise ratio
of exogenous / endogenous functuoning allowing the observer to observe repeatable
electncal patterns which have been termed "sensory evoked responses” or "Evoked
Potentials” (EP). This thesis has addressed itself to the passive EEG, although the
topographic mapping techniques to be described can easily be applied to EP's as has been
done by Duffy [10].



F — Frontal
C - Central

T — Temporal

/- P — Parietal
O — Occipital
A — Ear

The International 10 - 20 System
of electrode placement
Figure 1.1
& The spectral characterisucs of the passive EEG have over !Ec years been classified .

into the following areas:

-

Alpha rhythm ,
' This is the quasi sinusoidal rhythm, first observed by Bcrgcr{ﬁaractcn’stic of a

relaxed but alent individual and is enhanced when the eyes are w The alpha rhythm is
0

t f IB: ead over the
occipital region of the brain: it is most charactenstc of the EEG ofﬁmans but to a lesser
extent appears in the EEG of monkeys and dogs. The alpha rhythm lies in the frequency
band 8 to 13 Hz,, is initially not present in infants but increases in strength through |
childhood to stabilize at about 10 Hz. at around 12 years of age. In middle to old age, the

alpha rhythm begins to decrease in fn:qucncil and amplitude.

* generally present over the entire scalp but predorminates at the ba

Beta rhythm _ , '
Berger was again the first to observe the beta rhythm, which is also a quasi
sinusoidal rhythm composed of frequencies above 13 Hz. Beta ocqurs when a subject
opens the eyes, is externally stimulated, or begins to perform some cognitive task.
Sometimes the beta frequency band is divided into beta) (13-20 Hz) and betay (>20 Hz),



Expanded electrode array used

in this report
Figure 1.2
Theta band
As a subject becomes drowsy and enter the early stages of sleep, the alp?fn rhythm
begins to slow, lose its sinusoidal character and become less syncfironous. The' thcta

frequency band is nominally between 4 and 8 Hz.

Delta rhythm,

These are rhythmic waves, though less sinusoidal, present during deep slcép in
normal people of all ages and are the pnmary wavcs present in the recordings of normal
infants. Delta waves are almost always pathologlcal in the waking records of adults.

As sleep deepe:(s. delta waves become larger in amplitude, slower and more
synchronized, until rapid eye movement (REM) occurs. REM, characteristic of the dream
stage, when the sleeper makes rapid horizontal eye movements as if 'scanning a real scene,
is the most difficult stage of sleep from which to awaken a subject. Yét, during REM, the
EEG is more like that of an awake individual, with alpha activity present.

Berger [24] "was the first to describe the presence of slow waves in the EEG
associated with many kinds of terebral lesions. He int'crprcted them as slow alphd waves
and was unwilling to accept the term delta waves”.

\ ‘ , | .
To quote a recent grant application by Dr. Koles / Dr. Mclean "clinical
electroencephalography is probably most often used for seizure treatment”. Berger [24]

-
-



“made many interesting observations on epilepsy”. In a surgical environment, the EEG can
be used to ascertain the depth of anaesthesia. The EEG is also typically used to study °
behavioral disorders and mental retardation, particularly in children. The ability to
diagnose pathologies was alluded to above: such pathologies include tumor locatios?”
indicating brain damage, stroke and death. Further applications of the EEG include the
study of sleep, the effects of drugs and cognition. :

To classify th& EEG in relation to the above pathoiogies, 3 major classes of

abnormality are considered:
6
- asymmetries between hemispheres
- slow rhythms
- very sharp waves or spikes.

Sharp waves and spikes were correctly associated by Berger [24] with hyper chability or

irnitable state of the cortex and a predisposituon toward seizures. During a fulliepileptic
. seizure attack, spikces become repetiive and synchronized over the whole surface of the
brain. The pathologies associated with slow waves were discussed above. Hemisphencal

asymmetries are typically associated with tumors and functional lesions.
1.2 Some relevant developments in the topology of the EEG

From the beginning, Berger and those who pursued the study of the EEG have

been interested in its topology: Berger was limited by never having had the benefit of a
multi-channel oscillographic recording machine, which was developed much later. Despite
many modemn advances in the technology supporting the EEG, it is gi\vcn (;hly qualitative
visual interpretation in which case the utility of the EEG is dependant upon the skill and
experience of the clinician. In developing these skills, electroencephalographers have had

g Jearn to do visual spectral analysis and mentally assimilate the spatial properties of the
polygraphic recording of the EEG. In addition, they have had to become familiar with
spikes and transient responses indicative of various pathologies or muscle movement.
Although the modern electroencephalographer has become very adept at these tasks, it

' remains a tremendously demanding and stressful task which few c{pericnccd interpreters
are able to perform. The reason for this difficulty, is that the EEG generates large volumes
of multi-dimensional data. If this multi-dimensionality can be consistently decomposed by
machine, the clinical utility of the EEG can be significantly improved. Figures 1.3 and 1.4
illustrate typical polygraphic recordings of normal and abnormal EEG, providing some
insight into the difficulties facing the clinical electroencephalographer. .

r
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Subscquc-n( to the development of the FFT (5], Bickford et al [2,38] in 1972
addressed the topology problem by developing the compressed spectral array (CSA). In
thts technique, FFT's are computed for comigm;us epochs of the EE® from each electrode.
and displayed in a topological fashion inside a descniptive outline of the head from a
coronal view. This display method is common in.computcrizcd EEG systems curtently
available. /

Other resgarchers [2,8,10,14-20,30,31] approached the topology problem by
considenng the unipolar montage electrode array as a spatial sampling of the electncal
potential on the scalp and have thus interpolated between electrodepositions. Perhaps the
mQst suceessful of these topographic mapping’ proponents to emerge during the mid
1970's, at least from a clinical pcr‘sbcctivc, is Dr. Frankl Dufty [10,8] who developed the
BEAM (brain electrical activity mapping) system whict}\hc has used in a number of*clinical
studies of the pasSivc EEG and evoked potentials of tumor patients, dyslexics and
schizophrenics. Still another researcher to study topographic mapping is Geyins [13,21},
although the bulk of his prolific dctivity has been to study the topological and statistical
properties of the cognitive EEG [14-20}.

In addition to the development of topographic mapping, there is a considerable
body of work which has developed concerning the computer recognition of spike
waveforms as well as the rccognition and rejection of antifact. This activity however, 1s
considered outside the scope of this work, which addresses itsglf to improving the utility of
the EEG by decothposing it into it's rhythmic components and using interpolation to
produce topographic mapse \'which readily illustrate the spatial EEG.

1.3 " Issues affecting the clinical utility of the EEG

It is possible to establish 4 major issues which, if resolved would contribute
significantly to improving the clinical utlity of the EEG. " : .
! 1) Presentation of the EEG |
2) Sampling the spatial EEG -
. 3) Choosing an electrical reference for the EEG
==4) Characterization of EEG pattemning

ThlS thesis addresses iisclf to the resolution of the first 3 of the above, which will now be
considered in turn.



Presentation of the EEG
It was mentioned above that presentation of the EEG could be significantly

improved by decbmposing it into its rhythmic components and using interpolation. to
produce topographic maps which readily illustrate the spatial EEG. Furthermore, it 15
suggested that the linear interpolatnon methods used to date are inadequal:: from the point ot
view that the cerebral electric activity as measured on the scalp can reasonably be
considered as being a smooth continuous surface. Thus, a higher order interpolation
method known as bi-cubic splines will be used. Permnn, Bertrand and Pcmiocil.%l have

ulrcady reported the use of natural splifie interpolation in simulation studies.

Sampling the spatial EEG .
Itis a well undcrsx()odfonccpt in digital signal processing, that if interpolation is to

be valid, sampling density shotld be twice that of the highest constituent frequencies in the -

underlying function. To quote Dr. Koles / Dr. Mclean again, "this theorem can also be

expressed in terms of a point-spréad function which in essence is a measure of the spatial
extent to which the presence of a point gcﬁcrator can be measured in a volume conductor”.
Gevins |22] has suggested, that in the brain, the point-spread function is about 1 cm. for a
source on the cortex. Thus, in some situations at least, more than 200 recording electrodes
would be necessary to adequately sample the spatial EEG. It is an open question,
however, whether sources in the brain are point sources or whether they are sometimes
extensive sheets [35]) which would indicate that much less than 200 trodes would be
required. Duffy [8,10] uses the more normal 16 to 20 electrodes while Lchmann'[30] uses
48 but does not interpolate. The work of this report uses a 31 electrode configuration, and

employs bi-cubic spline interpolation.

hoosing an electri feren r the EE A
This is perhaps the most central issue, which this thesis will address. The reference

problem is discussed in detail in chapter 2, but in surnmary, it is impossible to find an -
_ inactive location on the body to place a reference electrode. Placing one on the head makes

it impossible to distinguish the reference electrode from all other electrodes in the unipolar
montage. The single ear reference has been criticized because it is near a hole in’'the skull, a
location of reduced resistance, and thus quite active. The linked ears reference is also
criticized because it short circuits any potential difference which may otherwise exist



between the ears. The average reference, which has become popular recently, utilizes as a
reference the average potential of all other locations in the electrode array. This is simple to
compute if the EEG data is available in digital form, but it is still not an inactive reference.
'Hn.zs, caution must be used 1o interpret recordings so obtained, since the activiq seen at
any particular location depends on activity present at all other electrodes, which is in tum
influenced by the location of these other electrodes. _

This thesis utilizes the refererice free solution proposed by Katznelson |29},
otherwise known as the source derivation method, which is based upon determining the
spatial divergence of the ‘tangcmial cuerent density field in the scalp. It will be shown in
chapter 2, that this spatial divergence can be determined by applying the Laplacian operator

- to the scalp potential. An added benefit of using the source deviation method is that it
produces topographic maps which portray 'radial éurrrnt' flow in the scalp which in theory
will better localize generators of cortical activity [29]. Perrin ot al. [36] have also use the
source deviation method in their dipole model simulation studies. Because the bi-cubic
spline interpolation method is,used in this work, the Laplacian can be applied analytically to

\ the interpolating polynomials:‘mprcscnting a significant improvement over numerical
approximations to the Laplacian, necessary with linear interpolation.

As a final consideration, the color encoding of scaled topographic maps was
considered. A psuedo color scale was developed which would aid in the user's perception
of the electrical vagations represéntcd by the voltage or source current maps produced. The
color scale developed uses a pale green of relatively low intensity to distinguish the zero
level from the black background.” Increasing intensity was employed in all other colors
used, to portray increasing electrical intensity in either the positive or negative directions.
In the negative direction,blue was used to portray the lowest level, increasing in intensity

d changing color te become mE)rc violet as electrical level increased. Similarly, a pale
ﬂczn to bright white scale was employed in the positive direction. The color scale
employed was placed in the 16 color lookup table of the color graphfcs processor and is

. portrayed in the color photograph of figure 1.5 \
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THE QUALITY OF THIS MICROFICHE
IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY THE COLOURED
TLLUSTRATIONS OF THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

~

LA QUALITE - DE CETTE MICROFICHE

“DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

MALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE PEUVENT DONNER QUE DES
TEINTES DE GRIS.



Color scale used for topographic mapping
Figure 1.5
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Chapter 2

THE THEORETICAL BASIS

v 2.1 Interpolation
.1, i
L ™

Lo do wpographic mapping, the clectrade montage 1s viewed as a two dimensional
spatal samphng of the scalp electne potenual surface  Samplhing theory states that when a
bygnd hmted signal ts sampled. the sample set produced s not umique to the sampled
stgnal, bui that there are an intinite number of trequency bands identical in shape to the
bascband. but centered at integer multiples of the samphng frequency, which will produce
the same setof sampks Thas leads to the Nvquisi samphing cnterion, which savs that it o
band hauted signal s sampled at a nuntmum ot twice the highest frequency gn the
baseband. andeal low pass filtenng operanon will pertectly reconstruct the baseband
\1gnu‘l In this sense. the impulse response of the ideal low pass filter 1s sometimes
referred o as the ideal interpolatng funcuon  Interpolation lhcn\c;m also be viewed av a
low pass filtening operation, and 1n any attempt at image reconstnution, it must be

ostablished that the image was adequately sampled, if a valid reconstrucuon ot the

underlying unage is to be produced

2.1.1  Testing the interpolation
The method of lmcrp(;lauon used in this project was (hc‘;t?c spline and will be
discussed 1n detail later. Preltmuinary testing of this interpolation method focused on the
ability of the interpolant to make accurate and precise esumates of inter electrode potentials
Test data were obtained from one normal indivaidual. In the test, 25 electrodes were located
to achieve a near re¢tangular sampling of the scalp; S additional electrodes were placed in
inter electrode locatons. Recordings were then taken and inter clect;ode values predicted
by interpolation compared with those measured. The test showed that the bi-cubic spline
gave accwrate and precise estimates when the temporal frequency was limited to 13 Hz. and
when scalp electrode potential was above SuV. ‘
It is well known, that the accuracy of the interpolation process dfpcnds directly
upon the adequacy with which the onginal signal was sampled as discussed above. With
the spanal EEG, litle detailed informaton is available on the full extent of the baseband for
these signals. Gevins [22] has suggested that as many as 200 electrodes

e

. -



may be necessary o adequately sample the spanal EEG in some cases Inthe absence ot
this detatled intormanon on the spatal EEG, the expenment noted above shows that the 23
clectrode samphng s adequate 1o at least some cases. For this work, the sampling densiny
was increased o a 31 electrode arrangement illustrated in tigure 2 1 and discussed turther
inchapter 3 Lo reasonable to expect then, some improvement in the accuracy ot the
mterpolanons pertormed and that a basis has been established to turther develop

topographic mapping svstems tor the EEG at these spatal sampling densities
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Expanded electrode array used
in this report
Figure 2.1

2.1.2 Methods of spatial interpolation

.
o’

2.1.2.1 Low Pass filtering

To signt this chapter, the point was made that interpolaton can be considered as a
form of low-pass filtering . Thus, to interpolate a sampled two dimensional image, a 2-D
low-pass finite impulse response (FIR) filter can be constructed, appropriate to the amount
of interpolation required. Such a 2-D FIR filter could be applied usihg either linear
convolutéon in the spatal domain, or multipli.cation in the frequency domain [7).



In this work, the electrode montage used was viewed as a 5 by 7 pomnt square
sampling of the scalp potenual surtace  In the low pass tiltening process, some assumption
must be made about the image values outside the boundanies, or regron of support of the
nnage  Typreally, the image 1s considered 1o be zero outside the mmage’s region of support
A br product ot the filtertng process s ninging’ that results trom the assumed jump
disconanuity at the boundary  The size of this arca of ninging s direetly dependant on the

size of the tilter used
2122 Precewise polyvnomial approximation

Single polvnomials ot high degree can be quite oscillatory in nature and fluctuarnons
over a small poriton of the interval can induce large tfluctuations over the enure range | 3
Fhese charactensucs often compromuse their abtlity to pertorm in an actual physical
sttuavon such as that presented by the EEG. Altermnatively, the interval can be divided into
subintervals and a different approximating polynomual constructed over each subinterval
[his allows the approximaung function the flexibility to adjust to local vantanons 1n a
subintervgl without having a large effect on approximanons outside the subinterval. Such o
techmque 1s referred to as piecewise polynomial approximation, the simplest being hincar
interpolatton

Smoothness over the interpolating interval 1s important, so that higher order
polynormuals with muluple differentiability are of interest. There are many ways to
construct higher order polynomuals, but with the EEG, nothing 1s known about the
continuity of the scalp potential surface at the measuring points other than the potental
values themselves. Also, computational complexity 1s a consideration, and so the use of
simple cubic polynomals 1s a logical next step.

Piecewise polynomial approximation using cubic polynomials between Successive
parrs of measurement points, or nodes, 1s called cubic spline interpolation. The cubic
spline has the flexibility of double differentiability to establish continuity between
subintervals. Consider then, the following definition (3] for the one dimensional case.

Given a function f defined on an interval [a ,b] and a set of
numbers a = x} < x) < ... <xp = b, a cubic spline

interpolant, S, for f is a function that satisfies the following
conditions:

a) Sis a cubic polynomial, denoted Sy, on the subinterval
[xk.xk+1] foreachk = 1,23, ... \n-1;
b) S(xk) = f(xg) foreachk = 1,23, ... n;



) Sk (ks 1) - Sk(xgep foreachk = 123 a2,
d) S’ ka1txke1) = Sdxg s ) foreachk = 123, o 2:
€) STk XK+ 1) = STR(xg 4 1) foreach k= 1,23 n 2,

and noadditon. any pair of the tollowing boundary
conditons must be satistied 1o provide enough conditions to
determine a unique spline:

S, = KIS, ()= K208 ) =K S () - K4

The boundary condiion S™1(x1) = 8" 1(xp) = 015 referred to as the “tree’
boundary condition, and the boundary condition S'1(x1) =5',.1(x,y) = 015 referred to as
the ‘clamped’ boundary conditon. The 'free’ boundary condition i1s a more general |
assumpuon to make in the absence of ahy knowledge of the actual slope of the function

being interpolated, at the boundary points. The ‘clamped’ boundary condition will lead to

more accurate interpolanons however, if accurate assumptions can be made about the slope

5 . ]
of the unknown function f at the boundary nodes.
In the following discussion of the one dimensional spline, the following notation

will be used for simphcity:

Sk(xk) = yk. S'k(xk) = y'k. and $"k(xk) = y'k.

The following discussion is excerpted from Spath [39] with additional clantication

H the cubic polynomals, are chosen to be of the form:

Sk = Ak(x-xk)3 + Bk(x—xk)2 + Ci(x-xg) + Dy,

then the 4(n-1) coefficients Ay, By, Cy and Dy must be chosen to satisfy the conditions of

the definition above. From these conditions, it can be determinéd that:

(2.1)  yk = Sk(xk) =Dy
Yk+1 = Skxk+1) = Ak Axk3 + BkAxk2 + CAxy + Dy

(2.2) y'x £ S'k(xk) = Ck
Yik+1 = Sk(xk+1) = 3AkAxi2 + ZBkAXk +Cy

(2.3) y"k = S"k(xk) = 2Bk
Y'k+1 = S"k(xk+1) = 6AKAxy + 2Bg ' -

where Axy = Xy 4] - Xk |



From (2.1) and (2.3). Dy = yyand By = y"x/2. Substituting these into the secong parts o

(2.1) and (2.3), and solving the resulting simultancous equations for A and €y, the
. . {
tollowing relatiodships are obtained: \

Ak 6AX (y”kol y k)
1 i
“k 5 y .
) oMy . .
(D (k:Axk'bek(ykn*zyk)
Dy =y,

where Ay = yk+1 - Yk

Using (2 1) and (2.2) in a similar manner, an analogous résult can be obtained:

A~ (2L-\yk+y' Y

L Ax, k kel

B = L lAyk 2y, -y )

kDA, Ax Tk kel
(Ih C. =y,

Dy =,

Note, that while (I) expresses the spline coefficients in terms of the spline second
derivatives at the nodes, (I1) expresses them in terms of the spline first denvatives at the
nodes. As yet however, nothing is known about either the spline first derivatives or
second derivatives at the nodes although assumptions will be required about them at the
boundary nodes. -
Consider f;mt the equations (I). If these are substituted into the pair of equations

(2.2), it can be determined that, fork =1, ---, n-1,



. i T .
(2.4) yk‘(k‘Axk (_)Axk('vkol+2vk)
! and
) 2 N
(2.5 Yo = ‘XAkAxk + ZBkAxk + ('k
Ayk 3

Using (2.4) and (2.5) and the requirement for continuity in the first dentvative that

S l(Kk)ZS'k(Xk) k=2 .. .n-1 .

the following result can be obtained:

Ay, By,

(2.6) -
Axk A"H

) =Y 8% 2y"k( Ax, + Ax, ) LR AL

Equauon (2.6) represents n-2 equations in n unknowns y"1, - ,y"n. If the values for
y'} and y",, (boundary conditions) are known or can be assumed, (2.6) becomes n-2

equations in the n-2 unknowns y™2, -+ ,y"n_1. In matrix form, (2.6) is tridiagonal and
- diagonally dominant, which guarantees a unique solution [3,39]. Represented in matrix

forfh equation (2.6) can be expressed as

F

(2(Ax,+Ax)  Ax, 0 0 0 o 0y ]
Ax, 2(Ax,+Axy)  Ax, 0 0 0 y's
0 Ax;  2Axg+Ax,) Ax, 0 0 Y|
0 0 0
0 0 . . . / .

L g 0 Q 0 0 0 Axn-Z 2(A’(n-Z-*Axn-l)‘ hy“n-lA



6(% My .
—_— - ——) - Ax
sz Axl ])’ 1 \
6(/\)/; Ay,
Ax‘ sz
Ay, Ay})
Ax4 Ax‘
(Aynl‘_ AynZ ‘A\X A
Axn | Ax 3 ntY

The discussion above provides a way to determine the second derivatives of the
cubic sphine at the interior nodes, given some assumed knowledge of the second denvauve
at the boundary. However, with the form of equations (2.6), there is no need to limy{the
choice of boungary value assumptions to the secapd derivative. If instead, boundary valuc
assumptions for first denvative are made, equations (2.4),and (2.5) can be used to

determine the following two equations for y”| and y", which can be added to the system

of cquanon;(2_6)_

Ay
" y 1 .
(263) ZAxly 1 + Axly 2 = 6(; -y l)
Ay
" o . n-1°
(2.6b) Ax_y' o+ 28k yT = (’)(yn e )
-~ . n-1

This now gives a system of n equations in the n unknowns y", - ,y",. The coefficient

- matrix remains tridiagonal and diagonally dominant and is thus uniquely solvable. In

matrix form, the equations become:

'2Ax1 Ax, 0 0 0 o 1 Y
Ax, 2(Ax, +Ax,) Ax, 0 0 0 y',
0 sz 2(Ax2 + Ax3) ij 0 0 y"3
0 0 ) ) ) 0
0 0 0 Ax“_2 Z(Ax“.2 + Axn_l) Axn_l y"n‘1
0 0 Axn-l 2Axn-l IV y”n
o /



- Ayl | —_
G- v) :
Ayz _ Ayl)
Ay, i Ay,
A, &,
i Ay, by
(Ax - A =) -
1 Xn2
Ay
6(y ~l)
n Axnl

__The analysis above illustrated the calculation of the cubic spline based upon the
valucs of the spline second denvatives at the nodes based on the equations (I). However,
equations (1I) show that the cubic spline coefficients can also be calculated f% the spline
first derivatives at the nodes. In a manner completely analogous to the above discussion,

consider equations (1) and the pair of equations (2.3). From these, fork=1, - ,n-1

o

’

2, Ay,
Q2.7 y', =2B =-— 3K -2y - L)
and
. (2.8) Y, = 6AAx + 2B,
2 3——— +y. + 2y )
Axk Axk k k+1

and using (2.7) and (2.8)ﬁwith the requirement for continuity in the second derivative, the
following result is obtained:

A A 1] 1
(29). 3( y:'l+ y;) = Y "2'1 + 2(A 1 + Al )y'k + yAk"lf
X b X
Axk_1 Axk Axk_l k-1 k k

Similar to (2.6), equation (2.9) is a system of n-2 equations in the n unknowns
y'1, = ,y'n. Here, boundary values for y'; and y', can be chosen to yield a system of n-

2 equations in n-2 unknowns. Again, a situation exists where equations (2.7) and (2:8)

-~



a
can be used to express y'1 and y', 1in terms of the boundary values y”y and y",

respectively, which results in two additional equations which can be added to the system

(2.9) to produce a system of n equations in the n unknowns y'j, - .y,
‘ o
290 2 I 3 By, oy p
2 9y A = = e =
l Ax, "1 Ax Y2 Ax| Ax, 2
2 9b ! S 2 . y“n z\\ Ayn 1
: — b = + L
( ! Axn 1 yn : Axn 1 ) " 2 Axn I Axn 1

As was the case with the system of equations (2.6), the system of equations (2.9) are
tndragonal and diagonally dominant, guaranteeing a unique solution. Thus, a choice of
~—topns exists with which to determine a one dimensional cubic s;;linc interpolation, each of
which allows a completely flexible choice of boundary conditions. The tridiagonal systems
of equations lend themselves t0 a very simphified form of Gaussian elimination. Of course.
an n-2 systemn of equatons will generally be quicker to solve, so that the choice between
(2.6) and (2.9) will often be determined by the choice of the 'free’ or ‘clamped’ boundary
condition. With reference to the bicubic spline, to which this discussion is leading, the
cross derivative 92S/dxdy, must also be continuous at each sampling node. The cross
dcn’xaxivc can also be written d/dy(dS/dx). To determine the cross denivative at each
sampling pode, an algorithm which focuses on calculating spline first denvatives 1s useful.
since 1t can be applied to the 'x’ or 'y’ partial denvatves at each node tc determine the cross
denvative at each node. Thus, the form of equations (2.9) will be preferred when

determining a bicubic spline interpolant for a 2 dimensional sample set.
2.1.2.3 Bi-cubic spline interpolation

This secton descnbes the extension of the one dimensional cubic spline to two
dimensions. Here the one dimensional algorithm described above is used to advantage to
determine the coefficients of a bi-cubic spline®interpolation for a two dimensional set of data
samples. :

To describe the two dimensional problem [39], let ujj (i=1,--,nandj=1, - ,m)
be the set of known samples of an otherwise unknown and assumed smooth surface
u(x,y), evaluated at the nodes of the rectangular grid defined by



hla]

[n this region, the rectangles Rjj can be defined as

{

Rl]:{(x,y):xleSx“].y <y<y

and 1n each of these rectangles the bi-cubic polynomials

4
k1 11
_SlJ - Zt al]kl (xixl) (yyy,)
k.l=1

Rl

(2.10)

wherei=1, . . n-landj=1 , 6 m-1

~-

Figure 2.2 and the following cquaiions describe the conditions for two dimensional
continuity of the bi-cubic spline polynomials which largely follow from the one
dimensional conditions described earlier (in two dimensions, a further requirement is that

the cross derivative 325/dxdy be continuous across the nodes of the grid R). At any point
(Xi41.¥j+1) In the gnd R, us descnibed in figure 2.2, the following conditions of continuity

} apply: 7
S Y ) = S Y ) = SRy ) = S a Ky )
S:.J(xm'yjn)é S?n,j(xm‘y,n) = S’i‘,yl(xm'ym) = S’i(*l,m(xm‘y,n)
)i,.j'(‘xi+l’yj+l) = S)il+l.j(xi+1’yj:l‘) : Sf.,-u("m'y,-n) = S)il+l.j+l(xi+l’yj+l)
(2.11) 9:: (X010 j01) ='S:1,j ("i+1'y,'+1) = S?,;n (X)) = S’i(;l,jfl (xi+l’yj¢'!)
S{Z (xi+1’yj+1)b= S)ilzl,j.(xiﬂ’yjﬂ) =MS?.T+1 (XY ) = Sffn.,n (xi+l’yj4;l)
ST? (X pYin) = 531.; (XiypoYjer) = S’i‘j«»l (X1 ¥jer) = S’i‘zl.jﬂ (X Yer)
where S =a_s’ sV = 9-2§ and S* = 7’s
, ox ax’ dxdy
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Continuity conditons for the Bi-cubic spline

Figure 2.2

Examination of (2.10) and the continuity conditions (2.11) shows that any X' or 'y’ Cross
section of a bi-cubic spline is itself a one dimensional cubic spline and that a cross sccgqn

across a grid line in R is the one dimensional cubic spline interpolating those points. The

following abbreviations will be used:

v (212)

aS.(x.,y)
iy
Py = ox
ij dy
_9S,(xy)

fi = " oxdy



Examination of figure 2.3 shows that if the values of u.p.q and r are known at
each corner of a given bi-cubic spline polynomial Sij a condition exists where 16 known

values can be used 10 solve for the 16 unknown coefficients of Sij-

4
Y u 1 lq 1‘" 12
1+ + + - .
un.Jfl q'-J’l N v
pn,J*l ri.j+l p”'-l*l rl*l.l*l
S -
')
q.
DN Uiery Yieny
P, r.
1.} p”l‘J rHl.)
v
/
//
P ‘ (X' ’ y’ y £
J ' -3
L
) 77 >

Conditions for uniqueness of the bicubic spline

Figure 2.3

The discussion above focused upon the general case of interior sections of a

sampled image‘but the method of determining the values p.q and r has not been discussed.

In general, two dimensional images encountered in practice are bounded, and the number
of boundary conditions sufficient to interpolate the sampled image unknown. Figure 2.4
iljustrates the boundary conditions needed for a general 'n x m’ bounded'image [39].
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Necessary boundary conditions to uniquely
solve the bi-cubic spline

Figure 2.4

To dctcrmmc the values py;, qjj and rjj, one dimensional splines are first fitted to the rows |
and columns of ujj to determune the values of pij and qj; respectively. Here, either the
free’ or ‘clamped’ boundary condition can be used as desired. Next, the grid of rjj values
(02S/0xdy) need to be evaluated. To begin, a one dimensional cubic spline is determined
for the ﬁltnd last rows of q;; (an alternative procedure would be to fit a one dimensional
cubic splig€o the columns of p;j). Doing this assumes either a ‘clar yed’ or ‘free’
boundary value for rjj at each comer. These are the last boundary value assumptions
needed to determine a unique bif-cubic spline. Now, that the Tij values for the first and last
row have been evaluated they can be used as ‘clamping’ values for cubic splines
determined for the columns of pj; (or in the alternative procedure, the ‘clamping’ values for
the rows of g;;j will have been determined); ie:- the ‘clamped’ boundary value algonthm
must now be used , to fit the one dimensional splmcs to the columns of Pij-

From the procedure described above, grids for Pij> Gij and rjj can be determined,
and with the on'ginal knowledge of the ujj values, 16 simultaneous equations are all that

remain to be evaluated for each Sij to determine their associated coefficients and thus fully
- express the bi-cubic spline interpolating function desired.

L 4
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2.2 Digital Filtering techniques
. ©

Digital filter design has undergone significant development in recent years,
providing the signal processing engineer with a useful and flexible tool. Digital filters fall
into one of two broad categories: (1) Infinite Impulse Response (IIR) filters and (2) Finite
Impulse Response (FIR) filters. "Although a strong association exists between IR filters
and recursive realizations, and between the association of FIR filters and nonrecursive
realizations, these associations are not absolute. It has been shown [25] that both IR and
FIR filters can be implemented by either recursive or nonrecursive lcchniqucs"[fi 1].
However, IIR filters generally employ recursive realizations, and FIR filters typically have
nonrecursive realizations. FIR filters are also commonly realized using the Discrete Fourier
Transform (DFT). Both of the IIR or FIR filtering techniques have particular advantages

and disadvantages as will be discussed.
2.2.1 IIR filter design

A.very common approach to HR filter design 1s based on the considerable body of
techniques established for ‘continuous time linear time invariant' (CTLTI) systems [(32.41)
The first step in this process is to find a low-pass prototype filter which meets specified
design requirements. When this has been done, transformation techniques are established
[41] to convert this low-pass equivalent to the desired 'band pass’, 'band reject*or "high
pass’ CTLTI prototype. Once the CTLTI prototype transfer function has been obtained, it
can be mapped from the continuous or Laplace transforrn domain to the discrete or z--
transform domain with the aid of a bi-linear transformation {32,41].

Once the desired 'discrete time linear time invariant' (DTLTI) tr;::sfcr funcdon has been:
established, the filter is typically realized in one of a number of recursive forms which

-implement the difference equation associated with the z-transform transfer function. The

major advantage of the IIR or 'recursive' type filter is that fewer delay elements are
required to realize a given magnitude response characteristic. However, there are major

disadvantages tb this type of filter which must be considered:

(1) IR filters have non-linear phase response
characteristics which are aggravated as filter order is
increased to achieve faster magnitude response roll-off
characteristics. ’ ’

(2) “The design process for [IR filters is more complex
than for their FIR counterparts. '



(1) The potential for instabthiy s increased as the
requirement for improved magmtude response 1s
sought This s caused by an increasing aumber of poles
close to the untt crrele This can be aggravated. as the
computational linits of the hardware are pressed to
resolve the space between a7z plane pole and the unig
cirele -

() Also related to the computational limuts of the
implemenung hardware s ats ability o ditterentate

g between 2 plane poles

2.2.2  FIR filter design .

A number of design techmques have been develpped tor the design ot FIR tilters,
which have no basis in CTLTT systerm design. Thisas hikely due to the ease of
implemenung discrete e convolution. A common and straght forwand design technique
which will be discussed here, 1s called the 'Founer Senes Method'.

With the Founer Senes Method', Founer sertes are used to determine samples, at
the system sampling rate, of the impulse response of an ideal” magnitude response model
However, because the impulse response of the ideal” model 1s infinite, an appropriate
means must be found to truncate it to a finite number of terms so that it can be deait with
pracucally  This truntaton process can be viewed as looking at the infinte mg)hlis3 \
rt‘spoﬁss: through a window of finite wadth. If the window 1s rectangular (all C(')cft‘iu%'m.\
of the impulse response within the window receive equal weighting) then taking the Fourier
transform of this truncated impulse response shows considerable 'ringing’ or 'side lobes’
in the-resulung magnitude response. Of course, the larger the window through which the
impulse response is viewed (or truncated), the more closely the resulting magnitude
response will approximate the ‘ideal’.

fA number of techniques have been developed to produce window functions which
smooth the truncation of the impulse response, with the purpose of reducing the side lobe
response 1n the resulting magnitude response({41]. While these methods reduce the side
lobes of the frequency response charactenistics by reducing the numbet‘)f high ﬁ'cqucpcy
components introduced into the impulse response by the windowipg process, a price is
paid in the effective broadening of the main lobe of the resulting frequency response.

The FIR filter design process described above has a number of useful advantages in
that they. -

’



(O can have a hnear phase response cNiractenisue,
(2) are always stable, and
(% have a much sunpler design process than ther 1R

counterparts

Ihe miagor disadvantage of the FIR tilter 1s that a much larger number of delay elements aie
needed to realtze a magmiude response with a specified roll off charactensuc as compared
with their IR counterparts. However, the advantages of the FIR filter out weigh the
disadvantages, partucularly at the system development stage. Thus, the FIR was the tilicr
of chowce . In a topographic mapping system for the EEG, digital filters would be used 10
bring out the desired rhythmucity - At this stage, a system apprdaching real tme
pertormance may well benefit from the lesser phase delay of an IR filter, but the non hincas
phase response charactenstics must be remembered. Thus, the IR filter does bear future

constderavion. For now, FIR filter design details are considered
2221 FIR filter details

To understand the Fournter Senes Method of FIR filter design, an important starting
potnt 15 to note that the amplitude response of an ideal DTLTI filter 1s a penodic funcuon in
trequency. Just as periodic time domain signals have discrete frequency domain
descniptions, so periodic frequency domain signals have discrete time domain descriptions
Consider an ideal low pass filter wansfer function H(f) = A(NHIXS) iltustrated in figure
25, where O(f) = 0 for all £. Since A(f) 1s an even function of frequency, 1t can be
descnbed by a Founer cosine series in the ume domain [41].

a, =
A(f) = > +Z a_ cos 2rm Tf)
m=1
(2.13)

1
where T = 3
S
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Figure 2.5
The coetticients ag and ay, can then be determuned as
r'\ r'\
2 N 2
Yol JA(f) df . de f‘ [2r
\ f‘ 3 f\ s .
j’( r’k
2 2
(214 a = f A(ficos nm Tfydf = f J‘C()s(ln mTfydf
s f‘ Ay vf(
2
= - [sm(ln mTf )] b
nm ¢

A(f) can also be expressed in exponential form as

RRm TS
¢

(2.19) where
a

f.
c =¢ =-E=LJ'A(DCOS(2RmTf)df
m m 2 f,f

The solution to ap, described in equation (2.14) can be put into the form K sin x/x, which

1s the well known sinc function. To perfectly describe the ideal amplitude response A(f),
we require an infinite number of coefficients a, . Practically, of course A(f) can only be

N~



approximated with a finmite number of termis, so the approximating e xpresston for A(f)
becomes

M

i 2 T
(2.16) Al(j) - z cmt" ro

m= M

Subsututing the 7 transtform vanable 7=eJ2T T o cquation (2.16), a new series s
obtained, and the close relationship between the Fourier and 7, transforms can be seen
This senies. represented in equaton (2.17) below has the form of a discrete transter
tunction. However, the transfer function 1s in the form of a two sided 7 transorm; that 1x,
1t 1s noncausal because it contains positive powers of z, which in turn represent negative

tune terms in the impulse response.

M
Q217 Hl(z)zzcml.m
M

m = -
The noncausality of Hj(z) can be dealt with by introducing a sufficient ume-delay; that s
H(2) can be muluplied by zM o produce a new transfer function, which has the famihar

form of a one sided 7 oansform.

p M
Hz) =z H(2) = z dz '
. A

(2.18) t=0

The above expression for H(z) represents in FIR transfer function of order 2M.
The set of coefficients dj are simply time shifted versions of the set of coeificients ¢, as
can be seen from 2.18 above. Since Z‘l[z‘m[ = d(t - m), it is apparant that the Fourier
transform coefficients c)\f are simply those of the FIR filter impulse response. In the
beginning a zero phase response was specified, but the introduction of M time delays (MT)
to create a causal transfer function H(z) results in a linear phase response. This time delay
does not affect the amplitude response, it does introduce a phase shift B(f) = - 2nMTf
which is a linear function of frequency representing a constant time delay of MT seconds.

To illustraté the performance of FIR filters, consider the digital approximation of an
ideal low pass filter, which has a specified cutoff frequency of 15 Hz., and where the
" sampling rate is 120 Hz. Figure 2.6 shows the performance of the low Bass filter, when

~
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the 1deal impulse response 1s truncated after 20 terms (that s, the filter incorporates 40
delay elements) while figure 2.7 shows the performance of the filter when the ideal unpulse
response 1s truncated after 50 terms. These figures illustrate, that for a given filter
specification, a sharper roll off charactentstic can be obtained in the approximaton by
simply including more terms from the tdeal 1impulse response characteristic. However,
using more terms from the ideal impulse response introduces more delay terms into the
digual filter, because the value of M is increased 1n equation 2.18 above. For a real time

hardware implementation of such a filter. this implies an increased phase delay.
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N Another noteworthy effect illustrated by figures 2.6 and 2.7 is that due to the abrupt

truncation of the impulse response. The truncation process can be viewed as multiplying
an infinite impulse response by some windowing function of finite extent, in the ime
domain. In this case, the windowing function is a rectangular windoiw, which multiplies
impylse response values inside the window by 1 and values outside the window by O (that
is, the impulse response function has been abruptly truncated). This rectangular window
has an amplitude frequency response of infinite duration (the sinc function) and since
multiplication in the time domain is equivalent to convolution in the frequency domain, this
window response has been convolved with the ideal frequency response model to produce
the actual amplitude response illustrated by figures 2.6 and 2.7. The amplitude response
resulting from the above process, is ungatisfactory in a sense due to the presence of
relatively large side lobes. These side lobes, as was alluded to above, are due to the sharp
discontinuity at the cdgc of the window response.



A number of windowing functions have been found [41] which smooth the
truncation near the window boundary. The frequency response of a smooth window
function has significantly reduced side lobes compared with that of a rectangular window
(the sinc function). However, the main lobe of a smooth window function 1s broader than
that of the sinc function. Thus, while the use of windowing functions can significantly
suppress side lobe response, main lobe response can be significantly broadened. Some

notable examples of window functions are:

Hanning window:

1 2mt
w([):3(l+COS—‘ ) f()rhIS%
2 1 2
(2.19)

= () elsewhere

Hamming window: e
2nt
=054 +(0.46 cos — for It S—%

T
(2.20) '
= () klsewhere
Kaiser window: {
2
1[81-@/v° ]
(2.21) w(t)=0[ for 1<t
15(8) 2

In the above expressions, T represents the window width 2MT. For the Kaiser
window, I denotes the modified Bessel function of the first kind of order zero, and 6 is an
adjustable parameter called the shape factor. The shape factor allows for a tradeoff between
main lobe width and side lobe height. Larger shape factors correspond to wider main lobes !
and smaller side lobes. The Kaiser window has the best potential for side lobe suppression
[41], of the above three window functions. However, ready accéss to computer library
routines which evaluate the modified Bessel function may not be available to some
designers. The Hamming window provides about 5 dB better side lobe suppression in the
firdt side lobe. However, side lobe suppression as frequency increases further begins to
level off at about -52 dB. On, the other hand, side lobe suppression of the Hanning

windovgntinucs to improve as frequency increases.
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Figures 2.8 and 2.9 descnbe the improvements to the 15 Hz. low pass filter
described above, where the Hanning and Hamming window functions respectively truncate
the ideal impulse response after 50 terms, 1¢: T = 2MT = 2(50)T = 100 T.
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2.3 The Electroencephalogram ) \]

Clinical recgfdings of the electroencephalogram (EEG) are obtained by attaching
electrodes to particular locations on the scalp of the subject being studied: traditionally, the
electric potentials measured by these electrodes are presented to the clinician in strip chart
form. The manner of presentation of the EEG has been considered by many researchers to
be a majorilimiting factor in the usefulness of the EEG. Topographic mapping, a central
aspect of this report, is a relatively recent development which addresses this major 1ssue.
However, a more fundamental issue affecting the clinician's understanding of the EEG is
the selection of an electrical reference. The electrical reference issue, and the manner in

which this project approached its resolution, will now be considered. 4
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Figure 2.10
2.3.1 Recording configurations

There are two basic arrangements or montages commonly used to record the EEG:
the bipolar montaéc and the unipolai' montage. With the unipolar- montage, electrodes are
arranged over the scalp and their potentials relative to a chosen electrical referefice are
recorded. A standard for electrode locations, is specified by the International 10-20
System. This system attempts to locate 19 electrodes uniformly over the scalp, and locates
1 or 2 additional reference electrodes at the ears, as illustrated in figure 2:10. With the
bipolar montage, the potential differences between pairs of the electrodes are recorded.
Figure 2.11 illustrates the differences between these 2 recording configurations.

-
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Figure 2.11

2.3.i.1 Bipolar recordings
The bipolar rccgniing method is inherently a reference ‘free’ recording method. .

Here, the voltage difference resulting from scalp currents is recorded. Based on simplified -
electrical models of the scalp- skull-brain system, the bipolar montage has been thought to
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have the abllity to detect scalp currents caused by cortical generators local to the electrode
locations [29]. However, when these simplified models begin to take into account
openings in the highly resistive skull (skull resistivity is approximately 80 times greater
than for scalp and brain {35]), it can be seen that scalp currents due to generators remote 10
the recording sites, but passing through skull openings, can be comparable to currents due
to generators close to récording sites but passing directly from the generator through the
skull to the scalp. Bipolar recordings may also be subject to polanty reversal, due 1o small
lateral shifts of the electrode positions(29], depending upon the physical nature of the
cortical generator involved.

It 1s difficult to imagine how the bipolar configuration could be employed in a
topographic mapping system since these signals are vector quantities proportional to
tangental current flow in the scalp, assuming ohmic conduction. In other words, the
bipolar configuration represents a sampled 2 dimensional image of potential gradiém& Itis
difficult to represent such a gradient image in 2 dimensions,on a color monitor because of
the continuously variable directional information present in such an image. Thus, while the

bipolar montage avoids the electrical reference issue, it is quite impractical for topographic

mapping.

£

2.3.1.2 Unipolar recordings

The unipolar montage measures 'sc‘alp’potcmial variations relative to a common
reference potential, and so is a reference dependant recording configuraticn. These scalp
potentials are also easily interpolated spatially into topographic maps of scalp potential.
Ideally, the common reference would be a point far from any sources of potcnu'a].
Choosing a reference off the subject is impossible because of ;hc high impedance in such a
measurement loop relative to the inpui irnpedance of the measurement amplifiers. In
addition, such a measurement system would only introduce noisé¢ from environmental
sources, corrupting the relatively low scalp potentials tqQ be recorded. Thus, it becomes
necessary to choose a reference on the subject under study. However, if a reference on the
body is chosen, it is impossible to find an electrically quiet reference, duclto potentials
generateq within the body. Thus measured scalp potential variations would always be
relative to the potential variations of the reference. If the body is not placed close to
external sources, the potentials induced on the body by these environmental sources tends
to be constant over the body surface [29], which means that EEG electrodes will not be
sensitive to these potentials since they are distributed evenly over the body surface.



30

sy
0

B S _ A o
In the modern era of the digital computer, the unipolar montage is a very flexible
\_\
measurement configuration. Diginzing the measured EEG makes pracucal the use of a
mulutude of waveform analysis lcd;niqucs, one of which is coherent averaging, which are

difficult to implement or even imagine with earlier analog techniques. The bipolar montage
can be implemented as desired by remembenng that the simple arithmetic relationship (P}
DR) - (D2 - PR) = @1 - P which removes the effect of the reference potcmial o provide
a potential difference measurement as in the bipolar configuration.

It can be seen from the above discussion, that while the unipolar configuration may
be preferred in studying the EEG, placement of the reference electrode has a significant
effect on the potentials recorded. Careful consideration must be given to the placement of
the reference clcctr:)dc, its effect on EEG measurements, and how these effects might be

minimized or elimiAated.
232 Thcz,,,fpference electrode
L

It can be shown that placing a reference electrade at the neck is essentially.
equivalent to placing a reference electrode anywhere else on the ony below the neck [29]
except for the introduction of EKG artifact (which can casi\ly be prcver\ucd from inducing
large currents in the scalp by placing a conductive collar arbpnd the neck). Thus the search
for a suitable placement for the reference electrode becomes restricted to the hefl itself,
making it difficult to distinguish between scalp and reference ci‘"e%mxics.

The skull, which is much more resistive than scalp or brain tissue, has a marked
effect on how currents flow in the scalp. There is a tendency for currents generated by
sources within the brain to be concentrated at holes in the skull as they attempt to follow
paths of lower resistance. At this point then, it can be seen that the goal of obtaining an .
electrically inactive reference is impossible. The question which might be asked at this
point is: "is it possible to minimize orfemove the effect of the reference electrode?".

Generators of electrical activity in the brain, paniculﬁrly in the cerebral cortex, can
often be modeled effectively as dipoles, or dipole sheets [35]. These Agcncrators“in turmn
give rise to currents flowing in the scalp. In this casc, it may make more sense to\study
scalp currents rather than scalp potentials, as indicators or brain electrical activity. *
Studying scalp currents also provides an advantage, since they are independant of the
electrical reference. '
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2.3.2.1 The Laplacian o -

The EEG is a measure of the spatial distribution of electric potential over the scalp.
which at any instant in time can be expressed as (P — ®R) where @R is the reference
electrode potential at the moment of interest. From the potential distribution, it is a straight

forward matter to determine the scalp current density as

J=-oV(O - (DR) =-oVO

-~

where o is the scalp conductivity and V is the well known gradient operator. However, )
is a vector quantity, and as such is difficult to represent in'the form of a topographic map,
since both magnitude and direction of current flow need to be described.

At any instant in time, regions of high cortical activity can be viewed as dip(‘\)lc
sheets [29]. These high activity areas will be 'sourcing’ current upward through the skull
and scalp while the areas of lower activity will be 'sinking’ current downward through the
scalp and skull. These radial currents can serve to better idenufy local areas of cortical
activity. Tangential currents, on the other hand, such as those expressed by J above do not
identify 'source’ and 'sink’ areas.

The scalp can be considered as a two-dimensional conductive sheet overlying a
two-dimensional poorly conducting shell. For the purposes of this work, this poorly
conducting shell, the skull, will be assumed to be of uniform thickness and msiéiivity,
simplifying this analysis. Since scalp current must be conserved, the ‘source’ and 'sink’
areas described above can be determined by evaluating the two-dimensional divergence of
the horizontal vector field J [29]):

Vel =- Ve (0V®) = -6V2®

or
2 2
- —1-V0J=V2<D=-————a‘f + ____8<I>

-~ 9 , ox 8y2

The right hand side of this Jast equation is the Laplécian’o’f the scalp electric potential, is
independent of the reference potential and is a scalar quantity. If the Laplacian can be

applied to the two dimensional interpolation of the scalp potential surface, a topographic .
map can be produced representing.'source’ and 'sink’ current activity. In addition to being \

reference 'free’, such maps g:ould also serve to better locate cortical generators.



Chapter }
SYSTEM DEVELOPMENT AND PERFORMANCE ’

Having conudered the theorencal basis tor the topographic mappig svstem ot this
repott, detals of the system mmiplementation will now be revicewed  The matenal which
tollows 1s divided into two sections covenng handware and software aspects respectinels

The topographic mapping system, has two major components, one tor data
acquisiuon and one for system processing - Data obtamed wath the acquisition system. wis
diginzed and stored on magnetce media tor later processing on the mapping system
hardware  The creanon of wopographic maps results 1n considerable data expansion and so
includes large volume magnetc media in the torm ot a 60M byte 1/4 inch streanung tape
dnive for stonng topographic maps l

The major thrust of this project was 1o produce software tor creatung ‘reference
tree” topographic maps “The programmung languages used in system developmen( wete
FORTRANT7 and Motorola 68000 ASSEMBLER - Within the Department of Applicd
Scrences in Medicine . subroutine hibranes were developed tor intertacing with the vanous
graphics, storage and signal processing hardware attached to the MICTOPTOCESSOT SVSICm

bus. Appendix A contains descniptions of these subroutines
3.1  Svystem hardware

As nentioned earlier, system hardware 1n the project had two major components.
data acquisiion hardware and mapping system hardware. Data acquisiton hardware
consisted of a stand alone 32 channel digitizing system developed by Dr. Zoly Koles in the
Department of Applied Sciences in Medicine. Input to the digiizing system was supplied
via the amplifier array of a Neurosciences Brain Imager topographic mapping system. The
topographic mapping system for the project reported here, was developed on a Métorola

VME 10 microprocessor system and its associated hardware.
3.1.1 Data Acquisition

In chapter 1, it was indicated that a number of topographic mapping systems are
available commercially. In the Department of Neurology at the University of Alberta
Hospital, where all of the EEG recordings were made for this project, the Neurosciences

Brain Imager was available for use. The main purpose for using this machine in our
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project was tor acquinng data via 1ts 31 electrode analog recording amplhitier artav. FEG
data was recorded using a single car reference unmipolar contiguranon iHustrated i tfigure
2100 3 electrodes were amanged in the scheme of figure 12 and 1 reference electrode
was placed on the car The 31 channel data thus obtained formed the input to the digiiziny
svatemy where 1t was stored on Banch floppy disks Frgures 31 through 3 3 show a seniee

of photographs depicung the recording environixent

4

.
A typical recording session
Figure 3.1 ‘



The Neurosciences machine

Figure 3.2
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The Neurosciences Brain Imager mentioned above 1s typical of systems which are
»\urrrmly commercially available. From the point of view of this report, the basic

disadvantages of this machine are: 1) the maps produced are reference dependant potennal
maps 2) the 28 electrodes of the system effect a less dense spatal sampling of the scalp
potental surtace and 3) the interpolation method used for map generaton s of a lower
order than that used 1n this project. The Neurosciences machine does however incorporate
a number of useful features, but since the use of this machine was not crucial to this project
other than in the manner indicated, further discussion of 1t will not be included.

" The diginzing system discussed above was built around the Texas Instruments 3
990/ 101MA microcomputer and the ANALOG DEVICES RTI - 1230/1241 diginzang
penpheral which is memory mapped to the T1 990 micro computer. Each analog channel s
tme division multiplexed to the digitzing circuitry of the RTI 1240 wath a cycle ume
between conversion of each channel of about 404 sec. For the mapping system of this
report. this cycle nme implies a ume skew between the diginzing of channels 1 and 32 of
1.28 msec. which 1s quite significant relative to the system sampling peniod of 8.3 mscec.
(120 samples/sec.). However, as was mentioned 1n chapter 2, the highest frequency signal
for which accurate and precise interpolations could be produced was about 15 Hz. Relauve
to the 66.7 msec. period of a 15 Hz. signal, the 1.2 msec. skew mentioned above, though
undesirable. was not considered prohibitive.

[
3.1.2 Mapping hardware
-

The heart of the topographic mapping system hardware for this project is the
Motorola VME 10 micr‘ocomputcr systemn, based on an MCM 68010 16/32 big
microprocessor and the VME bus. Attached to the VME bus are a number of second
source board level products which provide 2M bytes of RAM expansion, fast floatng point
arithmetic, digital signal processing, color graphics for topographic mapping and 1/4 inch

format streaming tape storage / retneval
3.1.2.1 VME 10 microcomputer

As mentioned above, the basic processing unit of this computer system 1 the MCM
68010 microprocessor, which is upwardly compatible with newer versions in the 68000
family of microprocessors. The 68010 microprocessor and its successors are part of the
most recent gcncratiéh of microprqcessors, able to bring to bear powerful addressing, data
handling, speed and arithmetic capabilities in support of high level language development

-
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tor a modem topographic mapping system. The VME bus specification is an asynchronous
specitication which evolved from bus development work by Motorola for the 68000 famuly
of devices [ 28] Today, the VME bus i%a well defined specification capable of data
transfer rates between 20M and 30M bytes/sec. [28.42] and has received wide international
manufacturing acceptance. At present, the are some 100 manufacturers which provide
board level products supporting the VME bus, to provide -suppbrl for any conceivable
apphicanon. The VME 10 microcomputer system in the Deparunent of Applied Sciences in
Medicine is configured with a number VMEbus modules supporting the topographic
mapping project of this report and is 1llustrated in the photographs of figures 3.4 and 3.5

lhe functional features of these boards are descnibed in the following paragraphs:

Front view of the VME 10 development system
Figure 3.4



Rear view of the VME 10 development system
' showing VMEbus modules

Figures 3.5

Memory expansion .

A charactenstic of image processing is the frequent manipulation of large memory
arrays. Because of the large memory requirement, the system memory was expanded with
a single board product from Motorola, which contained 2M bytes of dynamic RAM directly
addressable by the processor via the VME bus and equal in performance to memory on the
system board. This memory expansion brought the total system RAM to0 2.7M bytes.

Floating poin

Operation of this topographic system required many floating point operations due to
the large dynamic range of numerical values encountered during its operation. To be able
to perform these operations quickly, a fast floating point processor (FFP) board from SKY
Computcfs Inc., was configured into the system via the VME bus and a library of
subroutines which interface with the board. These subroutines are known to the system
linker, and supported by the FORTRAN77 compiler resident on the VME 10 computer
system. The SKY floating point processor board makes available 104 single and double
precision floating point operations.

-
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Because of the overhead involved in calling the SKY floating point subroutines,
benchmark testing was performed to fairly compare the speed of the SKY floating pomnt
operations with the standard FORTRAN floating point operations which used the host
processor. Multiplication on the SKY FFP was about 3 umes faster while the calculanon
of certain transcendental functions was about ZNmCS faster than using the 68010
instrucbion set for these operations. Since most of the time complexity in the mapping
program involved the 4 stdndard arithmetic operatons, overall system performance of
aboutS0% was reahized with the introduction of the FFP.

The anthmetc hardware for the SKY FEP consists of four 2901 bit-shice
processors and a high speed 16 by 16 multiplier and operates as a slave device to the
system bus. Communication to and from the host processor 1s performed through seven

16 bit programmed 1/0) registers.

Amage storage and retrieval

Topographic maps generated by this mapping system are color images containing
1'5.(XX) picture elements (pixels). Images can be stored as either sets of 2 byte integers
representing numeric values for the scalp potential (or scalp radial current density) surtace.
or sets of nibble integers representing color scaling values for the scalp potental (radial
current density) surface. In the former case, the storage requirement is 30,000 bytes per
topographic map. Since the mapping system can generate a map for every temporal
sampling interval (120 per second), the storage requirement for every map in a 2() second
inierval 1s 72M bytes. Configured in the VME 10 system are a I5M byte hard disk and a 5
1/4 inch double density format floppy disk drive, which do not provide sufficient storage
capability given the requirements mentioned above. ,

An MVME 350 streaming tape controller board and 60 Mbyte 1/4 inch format
streaming tape drive were purchased from Motorola and Archive Corporation respectively,
for mass storage purposes. The MVME 350 is a VME bus compatible product providing
the industry standard QIC-02 REV D intelligent tape drive interface between the host VME
10 system and the Archive Scorpion model 5945 1/4 inch streaming tape drive which has a
data transfer rate of 90 Kbytes per second.

] ics displ
Capability for color graphigs display of topngraphic maps is provided by a Gigatec
Ltd. color graphics monitor and § DY-4 Corporation DVME 775 raster graphics E;rd The
DVME 778 is a VME bus compitible product implemented using the NEC 7220 graphic
display controiler IC device. s board will allow the selection of 16 colors out of a

}
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palette of 4096 colors for display at any one time, via look up tables. Video RAM is
configured to a display format of 640 x 480 pixels and memory mapped to the host VML

10 computer system on a write only basis.

Digital signal processing

This capability 1s provided via a Burr-Brown SPV 100 signal processing board.

The SPV 100 utilizes a Texas instruments TMS 320 digital signal processor and is

equipped with firmware to perform a 256 point FET. The firmware for the FFT utilizes an

in place integer arithmetic type algorithm which allows 4 input/output options:

1) Real input - Magnitude output

2) Real input - Complex output

3) Complex input - Complex output
4) Complex input - Magnitude output

The SPV 100 performs a 256 point FFT in 7.2m sec.

Program memory on the SPV 100 for the TMS 320, can be selected as either a 4k
16 bit words of static RAM or 4k 16bit words of PROM. Thus, program RAM or PROM
- can be loaded with TMS 320 executable code to perform the desired digital signal
processing application. As mentioned above, the SPV 100 on this system was equipped
with PROM to perform h 256 point FFT. A TMS 320 cross assembler was not available
for the VME 10 system at the time of the project, so that custom design of digital signal
processing applicat\ions was not performed to utilize the full program capabilities available
on the SPV 100.-

Data memory on the SPV 100 is organized as two 4k 16 bit words of static RAM.
At any ume, the host CPU on the VME bus has access to one 4k x 16.buffer while the
TMS 320 has accc{s to the other. These two sets of data memory are handled as swinging
buffers 'ax‘l(}wing dual port access to one memory while the other is being processed.

3.2 Sysiem software

The major thrust of the topographic mapping systcm ncportcd here is software.
This system software has two major parts: the first-deals wuh pi'oducmg and storing
topographic maps of the EEG and is called WRTAPE while the second deals with retrieval
and display of those tppographic maps and is called RDTAPE. The basic form of
WRTAPE and RDTAPE along with major design consxdcranons will bc discussed. Both
WRTAPE and RDTAPE were written in FORTRAN77. "

-t
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The objectives of WRTAPE were to 1) temporally filter EEG data as desired 2)
spaually interpolate between the scalp electrode values at each instant in time to produce a
continuous topographic map illustrating either the reference dependant scalp potential or the
reference independent scalp radial current density and 3) display and store these images tor
cach sampling instant as they were produced. Early efforts to produce l&l‘csc topographic
maps required a cycle time to display successive images of 2.5 min. With the inroduction
of the SKYY fast floating point processor and assembly language code designed to optimize
the evaluation of these maps, the cycle ime was reduced to 21 sec. However, it still would
take about 12 hours of processing to produce topographic maps for about 16 seconds of
EEG data if maps were created for every sampling interval. Thus it was ncccsszrry*t?) crealte
RDTAPE for the effective viewing of EEG data. RDTAPE allows the user to review

pographic maps at any point in a 1b second long data file in a number of different formats
to be discussed 1n detail.

As mentioned earlier in this report, a Library of Assembly and FORTRAN utlity
subroutines were developed by a number of individuals during the course of this project.
tor which descnptions are in appendix A. Appendix B contains listings and descriptions ot
FORTRAN submuxirlcs obtained from Spath [39] which were used to perform cubic and
bi-cubic spline interpolation. These subroutines in appendix B reflect some changes made
by the author to implement bi-cubic spline interpolation based upon the ‘free’ spline’
boundary condition as well as the ‘clamped’ spline boundary condition discussed in chapter
2. Appendix C contains photographic plates of typical color graphics displays generated on
the color graphics monitor by WRTAPE and RDTAPE.

3.2.1 WRTAPE
3.2.1.1 Creating the maps

The electrode array of figure 1.2, for the purposes of making topographic maps,
was projected on to the planar array of figure 3.6 and to this array the bi-cubic spline
interpolation method was applied to produce topographic maps. An ellipse would be
drawn within the electrode array to create a map shape generally indicative of head shape
from a coronal perspective. However, before the bi-cubic spline could be applied, some
decision had to be made to select a value for the 4 missing comners of the rectangular array
needed to apply the bi-cubic spline. It was decided to allow the user the flexibility of
selecting either a zero value at the corner, or a bi-linear avcmgeoof the values fr(;m the 3
~ nearest neighbors. .
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Next, a deciston had to be made as to how la-rgc the final topographic map was to
be. If the map was too small, it would be inconvenient to view; the larger the map, the
more pixel values would be required, increasing the time complexity of the program. Early
expenimentation in the project, interpolating 5 by S ammays indicated that a 128 by 128 pixel
topographic map was as small as could be accepted from a visual perspective. However,
the electrode array to be interpolated was now a 5 by 7 array so that some adjustment was
in order. During project development it was found that an effective means for displaying
the maps was sequentally in a left to nght manner from top to bottom, just as people read a
pagepf wxt and as tllustrated in figure 3.7 The dimensions of the color graphics display
monitor attached to the system was 640 pixels honzontally by 480 pixels vertically. If the
‘ map size was taken to be 100 by 150 pixels, 3 rows of 6 topographic maps could be
displayed on a single screen, leaving enough room at the bottom of the screen for
comments and a color bar. Thus each topographic map to be created would require the

evaluation of 15000 pixel values.

o -
Naison

+

Inion
Mapping array
Figure 3.6



’_MJ/ Storing Topographic maps

The size of the topographic maps would in turn affect how many maps could be
stored on a single 60M byte tape cassette. An additional factor in determining an answer 10
this question was a decision to write a single block header file at the beginning of the tape.
followed by a raw data file from which the suceeding maps were made. Each pointin the
topographic map would be scaled to one of 16 color values so that maps could be
compressed into a 'nibble’ format to conserve storage space. This meant that each map
could be stored in 7500 bytes, corresponding to 15 tape blocks @ 512 bytes per block.
One sample interval for 31 channels of raw data would require 64 bytes of storage. One
512 byte block would be used for storing header information at the beginning of the tape.
Based on these factors, it was found that 1940 topographic maps could be stored on one
tape along with 1 block of header information and I raw data file corresponding to the raw

data from which all 1940 images were made.

Display configuration

Figure 3.7
3.2.1.3 Evaluating topographic maps

O
O

In chapter 1, it was pointed out that the major goal of this project, was to create
topographic maps which would be independent of the electrical reference used to record the
passive EEG. In the last part of chapter 2, it was shown how the application of the
Laplacian operator to the scalp potential surface would yield a description of radial currents
which were independent of the electrical reference. As has been discussed, the scalp
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potential surface was to be approximated with bi-cubic spline polynomials. That is, to each
rectangular region between the electrode locations illustrated in figure 3.6, a bi-cubic
polynomial was to be determined according to the conditions described in chapter 2, which

would be of the form

N 1M 1

2 3
D(x.y) = a, (X - x) Hag (xx) T+ a (xx)

1- 1y =1

2 3
+a (y- yJ) +’a22(x - XUy - y)) tagxx ) (y - y}) +ag e x) (y - yl)

a(y -y Fay )y -y’ +a,3<x )y y) ragxex) 'y y)
+am(y4y]);+a24(x XNy - y) +d -x)(y y) +a (X~x)(y y)

where N and M are the number of honiontal and vertical samples
!

The Laplacian would be applied analytically to thc#c p()lyn()mials:"’u') yield interpolating

i _
CE Y
l(x,y) = -V2(Dij(x,y) = —[ ; ‘,2 ]

polynomials of she form |

ox dy
NoIMo L
:2 Z 22y, + 6a,,(x - x))
1=1)=1
+2a5)(y - y) + 63,(x - x)(y - y) :

+ 2a33(y - yj)2 +6a,,(x - x)(y - yJ)2

+2a,,(y - yx)3 +6a,,(x - x)(y - yJ.)3

, +2a + 2a21(x X, ) + 2a33(x X. ) + 2a¢3(x x)

e 4 + 68,4(y y;) + 6ay,(x - x)(y - y) +6a,(x - x, )2(y y) +6a,,(x - X, ) (y-y)
/

Thus, topographic maps could be produced to illustrate either the reference dependant scalp
electric potential or the reference independent scalp current densities.
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3214 Scaling the topographic maps

Raw EEG data are digitized by the data acquisiuon system n 12 bit 2's gomplement
format, and stored as 2 byte 2's complement integer values. However, for any given raw
EEG data file, no prior knowledge of actual - values existing 1n the file 1s available. Yet,
such knowledge 1s necessary for scaling values in the topographic map to one of the 16
color values available for display. In addition, each map must bedcaled within a single
range 1n order to depict vanations in the relative intensity of each map. To facilitate
choosing an appropnate ;caling value, code was included in WRTAPE which would count
the number of occurrences of each of the possible 248 pogsible magnitudes, and disptay
them as a histogram. From this histogram, a scaling value could be chosen appropriate for

most of the file.
3215 Filterning the tata

Chapter 2 included a discussion of the vanous ways in which filters can be
constructed. It was decided that for the purposes of this projéct, the zero phase response
characteristics and the ease of construction of FIR filters made them ideal for the
development process. The user was allowed the flexibility of choosing the desired pass
band frequencies. The ideal impulse response function for each filter was to be truncated
after 50 terms and windowed with the Hamming window function. The only justification
for using the Hamming window rather than the Hanning window was that the former has a
bit better supression of the first sidelobe and slightly better roll off performance. The
performance of filters for the various pass bands is illustrated in figure 3.8.

The filters were implemented using discrete convolution of the time domain data.
This would mean that the first and last 50 samples would not yield a valid output due to end
effects and thus topographic maps could only be produced from 50 time delays after the
beginning of the file to 50 time delays prior to the end of the datzi file.
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3.2.1.6 Program flow

The basic program flow for WRTAPE is illustrated in figure 3.9. The following is

a step by step explanation of the program features depicted in this flow chart.

Get raw data

To begin making topographic maps of a subject EEG, raw data must first be made
“available on the YME 10 computer system’s hard disk drive. The user is prompted for the
approprate filename, which is saved and written 1o a header file along-with other ,
information such as program options the user wishes to select or other descniptive
information. Having obtained the filename, the system reads 2040 frames of raw data ( 31
channel samples per frame ) into the system memory where it is ()fganizcd into 31 columns

of 2040 samples each.

Draw Histegram

The number of occhrrences of each possible sample magnitude 1s recorded, and the
information displayed on the color graphics monitor in the fort of a histogram. From this
histogram, the user can select which magnitude limits to use for scaling to the 16 available

color values. Normally, the user would not want to scale to the maximum
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recorded sample value since most data in the file 1s below this level and would be scaled at

much too low a level, thus reducing important detail.

Header file

#3

The user is allowed to select a number of optional values on which WRTAPE

operates. These values are relevant to the interpretation of the topographic maps produced.
The user is also prompted for other descriptive details which may be relevant to the
interpretation of maps. The header file is 512 bytes of character data corresponding to one

e



physical block on the storage tape. This header file can be customized as desied The
tollowing 1s a list of the options available to the user:
1)y Filter cutott frequencies
2)  Scaling value selected from the histogram
3)  Selection of 0 or a bi-linear average for the corney
posiions 1n the rectangular electrode array \
4)  Selecuon of either potential or current maps
5)  Selecnion of either the ‘free” or ‘clamped’ boundary
condition for the bi-cubic spline
6) Topographic maps can be stored on tape as 2 byte
inte gers corresponding to actual interpolated values (in
which case fewer than 1940 maps can be produced) for
later statistical processing. Alternatively, topographic
maps tan be scaled to create color images and converted
to nibble format.

Other desenpuve informaton which the user may wish to include as relevant to the
interpretaton of the topographic maps are:

1) Raw data filename

2) Pauent name

3) Pauent handedness

4) Recording date

5) Pauent Test scores

6) .General remarks

This information can be customized as desired.

Store raw data

It 1s considered that the user will hikely wish to compare topographic maps with the
raw data from which they came. Thus, the raw data from which the maps were made 15
stored on the magnetic tape after the header file. Before the raw data is stored (and later
processed), the spatial average at each time slice or frame is extracted from each channel 1o
remove the D.C. component. This has no effect on the current maps, as they are reference
independent. Similarly, the voltage maps will not be affected cxc;:pt to change the
reference voltage to an average reference voltage, but the resulting display of the raw data
traces by RDTAPE will be improved with the removal of large D.C. fluctuations.

fil
It was discussed in chapter 2 that for the purposes of topographic mapping,
temporal examination of the EEG must be restricted t‘o frequencies below 15 Hz. Within
this frequency range, 3 classic EEG bands are of interest to the clinician; delta band (1 - 4
Hz.), theta band ( 4 - 8 Hz.) and alpha band (8 - 13 Hz.). These frequency ranges are
somewhat nominal. Typically, a clinician evaluating an EEG is required to quantify activity



in these 3 bands visually, while digital signal processing techniques make 1t possible 10
accurately and consistently quanuty frequency informaton. Thus, WRTAPE provides the
user with the opportunity to construct an appropriate digital bandpass tilter, to spectrally
decompose the EEG to the thythm of interest. The performance and implementaton ot

these filters has been discussed in chapter 2

At this stage, the repetitve portion of WRTAPE 1s entered which will create
pOgraphic maps for successtve frames. Filtening 1s the t‘irsl\smgc of this operavon. The
tilter kernel is centered at the nme of interest, overlaying the raw data to perform discrete
convolution, for cach channel in succession The filtered values so obtained for ecach

channel, comprse the array of values to be interpolated spatally.

Evalyaung spline coefficients
With the filiered amay of electrode values complete, the coetficients () for the b

cubic spline polynomials can be determined according to the algonthm discussed in chapter
> The user will have selected. 1n the choices section described earlier, either the ‘tree” or

‘clamped’ boundary condition.

Interpolatng the ¢l

Having determined the coefficients for the bi-cubic spline polynomials, 1t is a
stranght forward matter to determune the interpolated values for eath of the 100 x 150 points
in the topographic map. This 1s the most ime complex portion of WRTAPE, where the bi
cubic polynomials must be evaluated for each of the 15000 points in a topographic map.
The result, 1s a 100 x 150 array of 2 byte integer values.

Each polynomial cvaluatiq_n requires 14 floating point additions, 18 floating point
multiplications and 1 floating point to integer conversion. After optimizing the evaluation
routine in 68010 assembler and using the SKY FFP, evaluation of one topographic map
has been reduced to 19 seconds out of a total cycle time of 21 seconds per map.

enn
As indicated above, the result of the interpolation process is a 100 x 150 array of 2
byte integer values. The user has been given the option of storing this array directly, or
converting it to a scaled elliptical color image to be stored in nibble format. The integer
array option allows the user the flexibility to develop and perform a variety of statistical
opcratiohs which may be of interest, before the mapping process is complete. The storage
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requirement for the integer array is 59 physical tape blocks as opposed to 15 physical tape
blocks for the color maps stored tn nibble format.

Finally a test 1s made to determine 1if the tape s full of images, or whether the
mapping process should be repeated. According 1o the tape format outlined above, 1940

color maps can be stored on a 60M byte tape. representing 16.17 seconds of EEG record.
3.2.2 RDTAPE

The d’csign decisions that were made regarding the construction of I()p()graphic
maps and their storage have been discussed #bove. Due to the ime requirement associated
with interpolation, the prospect of real ime processing of these maps remains in the fature
In the meantime, a facility was needed to separately retrieve and review maps 1n order to
make the most effective use of the user's tme (A tape of mabs made with WRTAPE. at the
present stage of development requires 11.3 hours of processing ime.) Thus RDTAPE
provides the user with information about how the rtcardjngs and maps were made, the
ability to visually review raw EEG and the ability to review topographic maps either as «

page of 18 sequential maps or a movie style replay presentation of chlargcd maps.
3221 Program flow

The basic program flow for RDTAPE 1sillustrated in figure 3.10. The following 1y
a step by step explanation of the program features depicted in this flow chart.

-

Get header file

This section of code gets the header information describing the mapping optuons
and file descriptions from the streaming tape. The user is given the opportunity to review
this information and to see whether the right tape has been inserted into the machine.
Get raw data

After reviewing the header information, the user is given the opportunity to review
the raw data file on the tape. Since there are 2040 sample sets on tapé and only 640 pixels
across the color grabhics display, the raw data is divided into 4 @ 32 channel page§ of 510
samples each. For visual clarity, the users are allowed to see only 8 channels of data at a
tme from whichever page thcy select.
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After reviewing a page of raw data, the user has the option of continuing 1o revicw
raw data, or moving on to display topographic maps. Each raw data display has a
horizontal tme scale across the bottom to give the user a ume reference into the topographic

map file on the tape.

Position tape

When the user is ready to go on to review topographic maps, RDTAPE issues a prompt tor
the user to input a time reference at which to position the tape in the map file. Tape position
15 calculated directly from the time, at which point the tape dnve spaces abead an
appropriate number of maps.

/'
Movie or Page fonmat ?

The user has the option of viewing topographic maps in a page of 18 sequental
maps as described earlier, or as a movie, displaying one’map after another in an enlarged
format. In the movie format, each map can be read sequentially from the tape and
displayed in turn, rather than reading all required maps into memory and having them
displayed. This is done because of the prohibitive memory requirements of the latter
approach; however, due to the slow retneval speed of the tape drive, maps can only be

reviewed at about 1 frame per second.

Viewing more maps

After viewing the sequence of maps specified above, the user has the option of
continuing to view maps in sequence, spacing ahead a specified number of frames,

rewinding the tape to the first map, reviewing the raw data, or quitting.
3.3 Interpolation methods

It is useful to make comparisons between various methods bf interpolation, to
evaluate their suitability to the problem gt hand. Accordingly, the frequency response
characteristics of one dirr.ncnsional lin d cubic spline interpolations are examined.
‘Next, the behavior of the cubic spline is examined under the ‘free’ and 'cBmped' boundary
value assumptions. Finally, the behavior of the hg-cubic spline is ‘amlpd under the two
classes of boundary value assumption, as well as for various assumptions for corner values

. # necessitated by this particular application.

[
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3.3 Frequency response characteristics

It was indicated in chapter 2 that interpolation can be considered a low pass filtering
process. This will be the basis for comparing the frequency response of linear and cubic
sphne interpolation. It is useful to first note that both hinear and cubic spline interpolation
are linear processes. '{’hat 15, the coefticients which describe the interpolating polynomials
are linear functions ofthe data values obtained from regular sampling. Specifically, it can
be seen that for linear interpolation, the general expression for the interpolating polynomials

s

ykfl B yk _ Ayk

N 1
S(x) :2 Mk(x—xk) +y, where Mk = . . Ax
k-1 K+l k k

and (x

WY k= 1230 N are the sampled data points

When the data 1s regularly sampled,

P
Axk = Axhl =C ., torallk (Caconstant)

‘The My, which are simply the slopes of the linear interpolating polynomuals, are clearly
linear functions of the values yk. For cubic spline interpolaton on the other hand, the
general expression for the interpolating polynomuals 1s

N1

S(x) = Z Ak(x—xk)3 + Bk(xﬂ(k)2 + C\(x-xk) + Dk

k=1
Examination of the set of relations (I) and (II) and equatons 2.6 and 2.9 in section 2.1.2.2
shows that the coefficierf®Aj, By, Cx and Dy of the cubic interpolating polynomials, are
linear functions of the values yj, when the data are sampled regularly.

Since both linear and cubic spline interpolation are linear processes, the principle of
superposition can be applied; that is, each data point can be interpolated independently of
each other to produce a set of point spread functions associated with each sample location.
These point spread functions form the basis of their respective interpolation methods.
Thus, to compare the frequency response of linear and cubic spline interpolation, the
frequency response of their respective po}nt spread functions can be examined.

The point spread function of an ideal low pass filter 1s of the form (sin x)/x. This
function is sometimes referred to as an infinite order interpolant, owing to the power series
expansion for sin x. The paint spread function for linear interpolation is the chateau

o)
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function illustrated in figure 3.11. The point spread function for cubic spline interpolation
has a form more closely resembling (sin x)/x and 1s illustrated in figure 3.12 for both the
'free’ and the ‘clamped’ boundary conditions. The chateau function of figure 3.11 can be
viewed as a first order approximation to (sin x)/x while figure 3.12 can be viewed as a third
order approximaton to (sin x)/x. In the case of cubic spline interpolation, the shape of the
interpolating function is clearly affected by the choice of boundary condition. However, as
the left and nght boundanes approach infinity, the ‘free’ and ‘clamped’ splines become
cqual.

The Fourier transform of the chateau function is well known {4], to be of the tonm

.2
sin X

S(w) =K
X

An analytical expression for the frequency rcsbonsc of the cubic spline point spread
function can be obtained from a straight forward, although messy, application of the

Founer transform,

N 1
S(w) = J 2 (Ak(x - xk)3 + Bk(x - xk)2 + Ck(x - xk) + Dk) e " dx
Tk=1

For the purposes of this report, a 1024 point FFT will be used to illustrate the differences
between the linear and cubic spline interpolants.

In the discussion which follows, it will be considered that a continuous one
dimensional bandlimited image is to be sampled ata sampling rate of 40. Further, an
interpolated image is desired which would resemble the continuous image as if it was
sampled at ‘ampling rate of 100.- For comparison purposes, an ideal low-pass filter with
a cut-off frequency of S (the folding frequency) would be sufficient to ideally interpolate -,
the image. Further, the boundaries will be considered to be far apart, producing negligible
boundary effect for the cubic spline inte'rpolator. Figure 3.13 illustrates the magnitude
response for the linear, cubic and ideal interpolators.

-~
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Figure 3.12 b
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Comparison of the frequency response for linear and cubic spline
- interpolation, with and ideal interpolator .

Figure 3.13
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A 32 One dimensional spline behavior o

Fotestthe T D splhime algornithms whaich are core to the br cubie sphine algonithim
under the “tree” boundary condition or the ‘clamped” boundary condition (taken as
A ]/d\‘\ djfn/dx3 Oand df s df de Orespectively ) program SPLINE was
created  SPUINE emploved the Spath [ 39] algonthms wath subroutines CUBICT and
CUBL . which are described in appendix B The approach taken by SPEING was 1o ploy
an analvuc tuncoon which could be the snsianon of up to S sinusondal tunctions ot
selectable gimipnwide, trequencey and phase, and penodically sample it S tmes over the
plotting mterval - This samphng rate inmplies a Nvquist rate of 2 5 cveles  The sample et

obtamed by this procedure was then interpolated under the 2 boundary condinens

menttoned above and supenimposed on the plotot the actual tuncuon sampled This wa
good companson between the pertormance of the clamped and 'free” cubic sphines in a
vanety of situauons and ;)r;)\’lai(‘&l ;u?xxi Hlustration of how far cubic spling n’ncr;x»l;nmn‘
can be pushed relauve o the Nvquist enitenon

bFigure 3 14as a photographic itlustranon of what SPLINE did 1in one parucular
situation - Samples used in the spline subroutines were taken at cach vertical hine n the
background gnd  The signal otted s a single 1.6 cycle sinusoid with zero phase shittin
V14 (ay and 73 degrees phase shiftin 3 14 (b) The functions can be expressed as
costh 6+ ¢) where O € x < 21 and ¢ represents the phase shittin degrees. This torm ot
expression will be used in all future an;xlyﬁéal} r(‘pn‘sc‘({latinns of actual slh(lsajdzﬂ funcuons

-

which are sampled and mnterpolated by SPLINE



Actual function f(x) = cos 1.6x

Figures 3.14 (a)

Actual function f(x) = cos(1.6x+73%) -
Figures 3.14 (b)



332 Two dimensional spline behavior

In addnon to the tests conducted on the cubic spline, the author telt it would be
wetul o pertorm tests on the b cabic sphine o gan a 2 dimensional perspective on the
performance ot splines under the ‘free” and ‘clamped” boundary condinon  In addroon, an
issue peculiar to the 2 dimensional problem, in this apphicanon, and which has already been
mentioned was (0 exarmne the eftects of vanous assumptions made about corner values in
the sample gnd. In the topographic mapping applicaton descnbed here | there were no
clectrode posttions which correspgfided to these positions

The tests that were done on the br cubic spline consisted of doing a voltage map
mterpolaton, according 1o the equations of secuon 3.2 1 3, on a vanety of 2 dimensional
samiple paterns. These patterns can be considered as 2 dimensional arravs of equally
werghted dirac deha tunctions ona zero background. The test patterns used are tHlustrated

et tigures 3 15 and 3.16. The patterns in figure 3 15 were created to compare the br cubic
sphne under the ‘free” and the ‘clamped’ boundary conditions. Figure 3 15 (a) 1s a single
dirac delta tuncnon on a zero background, which when interpolated will illustrate the
impulse response of the nterpolaung spline ( as discussed in chapter 2, interpolation 1s
pasicatty atow pass filtening operation). Figure 3.15 (b) and (¢) are just 2 additonal

patterns for compartng ‘free” and ‘clamped’ spline interpolations.
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To asscss the etfectof the comer electrodes on the sampled image, the testamays of

——

tigure 316 were created. In 3.16 (a) the comer positions wete turned on and interpolation
was pertformed under both of the aforcmentioned boundary conditions In 3 16 (b), the 3
ncarest neighbors tor each corner electrode were turned on. At this point, ‘free” and
‘Clamped voltage interpolations were done (agan according to the voltage equations of
section 321 1) tirst with the a edmer value taken as a br linear average of the 3 nearest

neighbors, and then wath the comer falue set to zero

Q. O O @ o O o
L \\~& R
Q) () Q) ) O ® o O o o
O O O O O O O O O )
O O O O O O O O O O
O O 0 O O O O O o O
O O O O O o o Q o o
o O O O ® ® O ®
(a) (b)
’, .

Corner value test patterns

Figure 3.16

As a final test of the behavior of the bi-cubic spline, a secton of actual data *
representing 18 contiguops image frames was mapped according to the current equations of
;sccu'on 3.2.1.3: First, ‘clamped’ splines were used and the interpolated results conpared
for 'zeroed’ and 'a\;cragcd' comners. Finally, ‘free’ splines were used and the interpolated
results compared for ‘zeroed' gnd "averaged’ comners. Th* results of all tests are presented
in chapter 4 and discussed in chapter 5. J



Chapter 4
PRESENTATION OF TEST RESULTS

Chapter 3 presented the mapping system hardware and sottware of this report, and
nicthods used o test the spline interpolation technigues employed therein. This chapter
presents the results obtained from the testing procedures of section 3.3 Discussion of

these results s feft to chapter 5. (
4.1  1-D spline test results

I 1éurtt 4.1 1s a series of 14 photographs taken of the testing dcscnfbcd In section
331 Hcrc the 'free’ and ‘clamped’ splines were compared for several sinusoidal
tunctions. Since the Nyquist frequency is 2.5, (spatial frequency information will be
specitied without the interval-! unit) the actual function sampled and interpolated was
varied between ifrcqucncy of 1.0 and 2.0. Because a single sinusoid with zero phase shitt
could be expected to provide an advantage for the ‘clamped’ boundary condition, 2
different phase shifts of 0 degrees and 45 degrees were used to provide a balanced
comparison between the 'free’ and ‘clamped’ splines. -

Figures 4.1 (a) and (b) present an actual function whlch is a single sinusoid with a
trcqucncy of 1, which is plotted in white. In Figure 4.1 (a), the actual function is given a
phase shift of O while in 4.1 (b) a phase shift of 45 degrees is introduced. In these
photographs, as with all the photographs of figure 4.1, the actual function is plotted in
white, and sampled at each vertical line on the background gnd. For the sarﬁplc set SO
obtained, the ‘clamped’ spline is computed, and plotted in red while the 'free’ spline is
plotted igggreen. For ease of comparison, the spline interpolations are superimposed on the
actual underlying function. In figures 4.1 (c) and (d) the frequency of the actual underlying ,Ia
signal is increased to 1.5. The Oacgmc phase shift is shown in (c) while the 45 degree ;
phase shift islshown in (d). In figures 4..1 (e) and (f) the fréqucncy of the actual functionis °
incremented to 1.8 while in figures 4.1 (g) and (h) frequency is incremented againt0 2.0.
It can be seen, that the quality of the interpolation is quite good up to a frequency of 1.5.
However, departures from the actual curve are more apparent as frequency is increased
beyond this point and it is not immediately apparent whether the departures are due to
inflexibility of the cubic spline or boundary effects.

L4
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The author felt that at this point program SPLINE would be able to provide an
excellent tlustration of the concept ot aliasing which is well known in sampling theory. In
sampling theory it 1s known that when a signal 1s sampled, its frequency domain
representation is repeated about integer multiples of the sampling trequency. Thusifa |
Hz signal1s sampled at 5 Hz, the frequency domain descnption of the sampled signal
should repgataty - 1 =4 Hzand 5 +1 = 6 Hz. It s perhaps less often discussed however
how phase shifts in the sampled signal affect the frequency domain replication process
With these ideas in mind, figures 4.1 (1) through (1) wefe created. The reader ls invited to
compare these 4 photographs wi(ﬁ figures 4.1 (a) and (b).

Finally, 1t was felt that it would be useful to present a cubic spline interpolatuon of a

-more complex signal. Accordingly, figures 4.1 (m) and (n) were created. In (m), a
compaosite of 3 sinusoids s presented while in (n) a composite of 5 sinusoids which press
the limits of interpolation is presented. In each case, the analytic description of the signal

sampled 1s presented in the caption of each photograph. Further discussion of these results

1s left 1o the discussion of chapter 5.

Actual function f(x) = cos x

Figure 4.1 (a)



Actual function f(x) = cos(x+45")
Figure 4.1 (b)

Actual function f(x) =cos 1.5x -
~ Figure 4.1 (¢)
oo §
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Actual function f(x) = cos(1.5x+45")
Figure 4.1 (d)

. ;Actual function f(x) = cos 1.8x
) - Figure 4.1 (e)



. Actual function f(x) = cos(1 8x+45")
Figure 4.1 ()

Actual function f(x) = cos 2x 3 |
- Figure 4.1 (g) -
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Actual function f(x) = cos(2+45‘)'
Figure 4.1 (h)

L) ’ l
Actual function f{x) = cos 4x
Figure 4.1 (i)
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Actual function f(x) = cos(4x+45%) )
Figure 4.1 G) ‘

o Actual function f(x) = cos 6x
. _Figqre 4.1(k)



,f.(X) =

Actual function f(x) = cos(6x+45;)
Figure 4.1()

' Actual function
cos x + 1.2 cos(1:2x+10") + 0.8 cos(1.4x+20")
Figure 4.1(m)

b



4.2 2-D spline test results

Actual funcnon o .
f(x) = cos x + 1.2 cos(1.2x+10" )+08cos(14x+20) )
+ cos(1.8x+307) + 1.2 cos(2x +40°)

% Figure 4.1 (n) , '\‘*f‘_'

.

Figures 4.2 to 4.5 are a series of photographs which prcscrm the bi-cubic spline
tests mentoned in section 3.3.2. The figure 4.2 photographs are voltage map
'mtcrpolationé of the test pan’cfns prescntcd in figure 3.15. These patterns were Crcatcd n

/

the same spmt as the cublc sphnc tests prescmcd in the section above; that is lo conipare the

3.12 (a), (b)-and (c) respectively, under the ‘clampcd boundary«ondition (aS 1 J/Z)x =
3Spj/dx = 0,35 /Ay = 0Smifdy = 0 and 32 | 1/Bxdy = 3251 /Axdy = a2s,,{,/axay =
928,my/0xdy = 0) and the free’ boundary condition (328} ydx2 = 328/0x2 =0,
928 1;/dy 2 = 325 mifdy2 = 0 and 3287 1/Axdy =32y 1/dxdy = aZS,m/ax,ay =
928,1y/0xdy = 0). In figures 4.2 to 4.4 the ‘clamped’ spline interpolation appears on the

. left, while the 'free’ spline interpolation appears on lhc nght :

From figure 4.2 (a), it can be seen that the, clamped boundary condition

E compresses the mdelobcq of the point spfead function for bi-cubic splines more thap does

the ‘free’ boundary condition. This is particularly evident in the horizomal direction of the

~ image as compared-with the vertical direction. Exammanon of figure 4.2 (b) reveals that -

A 4

the ‘clamped’ boundary condmon has cffccts shc boundary of the ellipse that are not

¥ Vo,
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presentin the free’ spline map. The &nw eftects are not as apparant n the nterpolanons

ol tigure 4.2 (¢).

Interpolated voltage map for test pattern 3.15 (a)
(clamped and free boundary conditions)

Figure 4.2 (a)

e

* Interpolated voltage map for test pattern 3.15(b)
clamped and free bounffary conditions)

Figure 4.2 (b) .
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Interpolated voltage map for test pattern 3.15 (c)
(clamped and free boundary conditions)

Figure 4.2 (c¢)

B To test the effect of comer valpe assumptions, the test patterns in figure 3 16 were
created  The tapographic mapping system provides the user with an opportunity to choose
cither a zero comer value, or a value which is a bidincm weighted z.svcragc of the 3
clectrode positions neighboring the comer position. It was desired, that thesgassumptons
be tested for both ‘clamped’ and 'free’ spline interpolations. The photographs in figure 4,\1 /
are voltage map interpolatiotts of the test pattern in figure 3.16 (a), which is intended to test
the effect of the corner electrodes themselves. The photographs in figure 4.4 are voltage
map interpolations of the test pattern in figure 3.16 (b),

{n figure 4.3 the left image is a voltage map interpolation under the ‘clamped’ boundary
condition while the right image is a voltage map interpolation under the ‘free’ boundary
condiuon, for the test pattern of figure 3.16 (a). It is apparent in figure 4.3 that the effect
of the comer electrode is not present within the elliptical window used to present a
topographic map, when the 'free’ boundary condition is used, while the comer electrode

h.s a noticable effect under the ‘clamped’ boundary condition. -
. 7
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Interpolated \;blmgc map for test pattern 8.16 (a)
(clamped and free boundary conditions)

Figure 4.3

In the interpolations of figure 4.4, the effect of choosing a bi-linear average can be
compared with the choice of a Zgro comer value. Furthermore, the effect of these choices
is presented under both the ‘clamped’ and the ‘free’ boundary conditions. "The maps o£
figure 4.4 are again voltage map interpolations, this ime of the test pattern in figure
3.16(b). From these maps, the choice for tht corner value seems to have less effect upon
the gncrpolations than the choice of boundary condition.

-
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Intcrpdﬁiicci voltage map for test pattern 3.16 (b)
Averaged and zeroed corners (clamped boundary condition

Figure 424 (a) ’

\ R A

)

Interpolated voltage map f¥ test pattern 3.16 (b)
Averaged and zeroed comers (free boundary condition)

Figure 4.4 (b)
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/ As a final test of the effects of boundary condition choices and corner value
choices, on ther topographic mapping process, source current maps of actual EEG data are
prescntcd in figure 4.5. A single 18 frame section of actual EEG data was temporally

~tshtered between 8 and 13 Hz., interpolated frame by frame according to the current
equations of section 3.2.1.3, and displayed as a single page of 18 maps. Figures 45 (a)
and (b) illustrate the effect of corner value selection under the ‘clamped’ boundary
condition while figures 4.5 (c) and (d) illustrate the effect of comer value selection under
the 'free’ boundary condition. . \

It can be seen that there were very minor differencesbetween the 2 pages of maps

made under the ‘clamped’ boundary condition or between the 2 pages of maps made under
the 'free’ boundary condition: that is, the selection of average or zcr%cd comer values
seemed to have orﬂy a minor effect. However, itis clgar that there were coneldcrablc
differences mtroduced into the mapping process, owing to the selection of boundary '
values. There appeared to be structural similanities in all the maps generated in this test, but
all the ‘clamped’ splin®maps seemed to exhibit a beundary effect not present in the 'free” &
spline maps, and which seems more pronounced in the horizontal direction than in the
vertical direction. )

Current maps of actual data (Alpha thythm)
Averaged comers (clamped boundary condition)
Figure 4.5 (a) ;



Current maps of actual data (Alpha rhytflm)
Zeroed comers (clampcd boundary condition)

_Figure 4.5 (b)

_Cun'cnt maps of actual data (Alpha rhythm)
~. . Averaged comers (free boundary condition)

) Figure 4.5 (¢)
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Current maps of actual data (Alpha rhythm)
Zeroed comers (free boundary condition)

Figure 4.5 (d)

8



Chapter §
DISCUSSION AND (;&)N(TI;USI()NS

In the 60 odd years since its discovery, the EEG has advanced primarily as a
climeal tool n medicine. As mentioned previously however, the manner in which the EEG
ts nterpreted has changed little. It is well understood that a problematic zmpéct of the
utility of the EEG 1is that the conventional polygraphic prgsentation confronts thg
clectroencephalographer with a large amount of multi nsional information which is
difficult to decompose consistently purely on a visual basis. Topographic mapping has
crﬁcrgcd as a prormising method to advance the clinical utility of the EEG and it is the
advancement of this area of research to which this thesis was addressed. Specifically, the
issues of electneal reference, spatial sampling and presentation of the EEG have been

addressed and will now be discussed.

§.1  Electrical reference
) '

The electrical reference question is one which has continued to confound the routine
applicauon of the EEG. This is probably the most significant issue to which this thesis
addeessed itself and radial current mapping was presented as an effective way to deal with
this 1ssue. By applying the Laplacian operator to the electric potcnn'al surface, maps of
radial current flow can be obtained. These maps are unaffected by the variability of the
electnical reference anﬁ map scalp electrical currents, which better localize generators in'\the
cortex. Source current mapping is widely accepted as being preferential to voltage mapping
[14-20,29,36] and this work is among the first to apply the technique to topographic
mapping of actual EEG. ! -

A significant advantage that thxs thesis has had, is that higher order mtcrpolauon
techniques have been emplqyed (bi-cubic splines) in the map gcncranon process. As will
bc discussed in following sections, te sampling density of the spadal EEG is likely to
mcrcasc rather than decrease, which w1ll n turn bring about an increasing level of
performance on the part of the bi-cubic splmc in topographlc mapping applications.
Admittedly, bi-cubicspline interpolation is significantly more complex than bi-linear
methods employed to date, but their use permits the analytical application of the Laplacian
to a smooth interpolated surface. Analytical application of the Laplacian to smooth surface
is in turn a significant improvement over application of digital approximations of the

~



. Laplacian to first order interpolations. The power of modern computer technology

provides the needed answer to the problem of increased complexity.

1
5.2 Spatial Sampling

Ry _

Gevins |22} has suggested that as many as 100 electrodes may be necessary to
adequately sample the spatial EEG, based upon evidence he has found that the point-spread
function is as little as ‘1 cm in some cases. Nunez [35] has pointed out that in other
situations, cerebral generators in the brain ar_c,sométimcs comprised of more extensive
dipole sheets, indicating a smaller requirement for spanal sampling density. Currently
unpublished work within the Department of Applied Sciences in Medicine at the Ubnivcrsily
of Alberta, suggests that if the temporal frequency is below 15 Hz, a 25 electrode array 15
sufficient. It may be that the frequency correlate is relevant to Gevins observation, but
further discussion of this is beyond the scope of this thesis. Of course, this frequency
limitation restricts application of the mapping process @ beta band activity, which extends
from about 13 Hz to 20 Hz or higher. Duffy's work has been based upon the more
cony‘cntional 16 to 20 electrode array [10]. Duffy has also gone on to pcrforrp numerous
clinical studies of various forms of cerébral dysfunction. Lehmann [30,31] on the other
hand uses a 48 electrode array to sample the spatial EEG. The 31 electrode array used in
this work represents an improved sampling density relative to much of the topographic
mapping work done to date. = "~

) Certainly, the spectral extent of the spatial EEG merits further study and this will
imply increasing the sampling density of the spatial EEG. Thus, future topographic *
mapping systems will incorparate 60 or more electrodes. For instance, to providc a small
increase in samphng density by going toa 7 x 10 electrode array would requm: 67
electrodes. Work is currently in progress, within the department of Apphcd Sciences in
Medicine, to develop a data acquisition system ‘which will accommodate up to 128 channels

‘and will no doubt hefp to shed more light on the question of the spatial EEG. Itis worth

mentioning however, that to routinely apply 100 or so electrodes will require an improved
electrode placement technology. ’

&
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5.3 Topographic presentation
5.3.1 Signal conditioning

A central aspect of.the topographic. mapping process is the-desed temporal signal
conditioning applied to the EEG prior 16 the interpolation process. That is, it may be
desired to bandpass a selected rhythmicity such as alpha waves, and map this activity to
portray the spatial characteristics of the rthythm. This thesis has employed digital't'ilter
design techniques which are n:adxly implemented into the mapping process once EEG data
has been digitized and stored. The bandpass filter design process ther becomes a choice
between IR and FIR filter designs. The theoretical aspects of these filter design techmques
were described in chapter 2. “

The choice between an IIR or FIR typg digital filter bccomes a choice between the
linear phase characteristics / largc;éoefﬁcicntoloums of FIR filters and the non-linear / small
cocfﬁsicnt counts of IIR filters. In this thesis, the author has preferrca the zero phase
characteristics of FIR dcsigns to eliminate phase distortion when studying the EEG. As
will be discussed, the increased computational complexity of FIR designs is small in
proportion to impleme‘n.ting bi-cubic splincs o ‘

An area of EEG research which has been popular, but which 18 considered outside
the scope of [hlS thesis is that of temporal artifact ldennﬁcauon andy or rcjccuon ducto
muscle movement or interfering signals. If ihe rejecnon of these W'fzict sngnals results in
significant fragmertation of the temporal continuity of EEG rccorrgﬂgs then edge effects
resulting from the application of FIR filters becomes more pmnOunccd since mapping
should not be performed when these edge effects are present.

Another point which manifested itself during the work, was the importance of fully
utilizing the dynamic range of analog\/ digital conversion equipment while recording the
\ EEG. It was found that the signal strength,varied widely between subjects, so while a -

front end amplifier gain semng which was acceptable for ong subject,pauscd signal
chpplng in other situations or was insufficient in others The results would then be
dversely affected by clthcr too much quantization noxse or distortion resulting from signal
clipping. Thus considerable justment of amplifier gain settings in the data acquisition
system should be provided tg/achieve an optimum balance between either of 'thesc two

extremes. ' - ‘ )
|
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5.3.2  Bi-cubic spline interpolation

By far, the largést proportion of effort in this thesis concems the application, testing
and chaluan'on of bi-tubic splines for the purposes of topogi'aphic mapping. Indeed,
sections 2.1.2.2, 2.1.2.3, 3.3.1, 3.3.2 and all of chapter 4 have been dedicated to this
area. This section is thus devoted-to the evaluation of test results presénted in chapter 4. -

5.3.2.1 Cubic spline evaluation »

Figures 4.1 (a) through (i) presented a series of cubic spline interpolations of
sampled sinusoidal signals. The sampling frequency in these photographs is 5 and the
actual functions range in frequency from 1 to 2. It will be noted i m these photographs,

. particularly in figure 4.1 (a), that the ‘clamped’ spline mtcrpolauon appears t¢ perform
better than the 'fre¢’ spline interpolation. However, it must be remembered that in the case
of figure 4.1 (a), as with 4.1 (c), (¢) and (g), the clamping boundary value assumption of
dS1/dx = 0 happens to be cxactly correct, whereas when a phase shift is introduced to the
actual signal, this assumpnon is not correct. Figures 4.1 (b) (d), (f) and (h) illustrate this
point-quite clcarly, andIn fact illustrate that in the general case when a non zero phase shift
is present in the sampled sigrial the 'free’ spline can perform somewhat better.

The key to understanding whether a spline with a 'clampir{g' boundary value or a
'free’ spline should be used lies in the a priori knochdgc of the behavior of the sampled
signal at the boundaries. The clamped bound_ary condition in fact assumes that such
knowledge is available. The ‘free’ boundary condition, specifically d?sl/de = d28/dx2
=0, makes no such assumption ar?d in fact, in the absence of a p/rioﬁ slope information,
trains the ir;tcrpolating polynomials not to do any bending at the boundaries. This lack of

: bendmg at the boundaries, on the part of the ‘free’ spline is readily vxsnblc in ﬁgurcs 4, l (a)
through-(h). - ; ‘

It is also apparent from figures 4 1 (a) through (h) that as the frequcncy of thc
sampled signal approaches the Nyquist limit mpo}ed by the sampling rate, the quah%of
the cubic spline interpolations decreases ewpectedly. In fact, the departure of the cubic

. spline interpolations is quitc significant at a signal frequency of 2 and is even noticeable at a

signal frequency of 1.5 as illustrated in figures 4.1 (h) and (d) respectively at the right hand

boundary. These 2 photogmphs illustrate that as sngnal frequency approaches the Nyquist
limit, interpolation errors due to erroncous boundary value assumptxons, propagate further
inward from the boundary. Howcver, if the boundary value assumpnon can apptoach
reality, cubic spline interpolation performs quite well, even at 2.0/2.5 = 0.8 or 80% of the



-
Nyquist frequency. In the more general ok ;Complcx signal where boundary value slope
information is unavailable, figures 4.1 (m) and (n) illustraté that the cubic sphines can
perhaps be pushed as high as 1.8/2.5 = .72 or 72% of the Nyquist frequency.
Furthermore, under these conditions, the ‘free’ boundary coridition is the most generai and
most reliable assumption to make.

In summary, it can be seen from the above that cubic spline interpolation is
restricted when the pehavior of the sampled signal is unknown at the boundaries of the
sampling window. More sophisticated techniques such as Maximum Entropy (27) make
the most general assumptions possible about the behavior of the sampled signal outside the
sampling window, given the constraints of the signal's behavior inside the sampling
window. However, such techniques represent an additional order of complexity which '
must be dealt with if thciy are to be effectively implemented. The 'free’ boundary contlition
for cubic spline interpolation functions sélcly on the strength of the knowledge available
about the sampled signal within the sampling window. Thus, given the evidence presented
in figure 4.1, the 'free’ boundary condition should be used for cubic spline interpolations
of signals such as the spatial EEG where behavior of the potential surface is unknown at
the boundaries of the.sampling grid.

5.3.2.2 Bi-cubic spline evaluation

Further tests of cubic sﬁlines were performed in 2 dimensions, and these results are
presented in section 4.2. The test results presented in figure 4.2‘are4iiritcndcd to compare .
 the performance of the 'free’ and ‘clamped’ bohndary conditions in 2 dimengions. As -
such figures 4.2 (a), (b), (d) and (e) most effectively demonstrate the dxfferences bétween
the effects of these boundary conditions. It was pointed out in section 4.2 that the.,
‘clamped’ splihe maps were more compressed and exhibited more ringing at the boundary,
particularly in the horizontal direction, than were the 'free’ spline maps. The diffqrgnc;c—s in
the horizontal and vertical directions are due to the fact that while the sampling frequency is
the same in both directions, there are fewer samples in the horizontal direction so that
boundary value errors dascusscd in section 5.3. 2 1 above, propagate further toward the
center of the maps. - .

The comer value tests presented in thc.phqtogmphs of figure 4.3 mdlcatc that
. selection of a corner value presents the most noticeable effects on voltage maps, under the
‘clampeg!’ boundary condition. In fact, the effect is not even detected in the map of figure
4.3 (b). In figure 4.4, the effect of choosing a zero comer value is compared to that of
choosing a bi-linear average for the comner value. The differences between these
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assumptions are noticeable under both the ‘free’ and the ‘clamped’ boundary condition as is
noticeable from a comparison of figures 4-4 ¢a) and (b) or from a comparison of figures
4.4 (c) and (d). Again however, the effect of the boundary condition appears to be

domingnt -2
f]‘hc final test of comer value selection is presented in figure 4.5. Here comer value
ptions were compared under the 'free' and 'clémpcd' spline boundary conditions for
an actual EEG data file. The data file exhibited a high degree of alpha activity and was
ﬁltcrcd between § amufi Hz' prior to mapping. The maps generated were currcnt\xp
rather than voltage maps and in each test case presented in figure 4.5 they readily tllustrate
the predominance of alpha activity in the occipital region, consistent with known attributes
of the alpha rhythm in humans. Compan@ the 'free’ and clampcd spline maps, a
consmcncy of structure can be seen in the maps, but feature compressnon and boundary,
ringing is present in every ‘clamped’ boundary condition map. In fact, the differences
between 'free’ and 'clampco' spline far out weigh differences in the maps due to the comer
value assumption. .
From the above cvidcncc, the 'free’ (sometimes called naturaﬂ spline interpojation
method was preferred by the author, for generating topographic maps. Further, the
calculation of bi-linearly averaged comner values is ROt warranted given the evidence

- presented above and in view of the additional computation they require. As with the

discussion.in secnon 5.3.2.1 abgve concerning boundary value assumptions? that is, glven
the absence of accurate or reliable estimates for unknown valuc;, the author feels it is better
to make the most general assumption possible. ' A . " -

»

~ N
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5.3.3 Displaying topographic maps
Viewing topographxc maps in a movie type fashion has been qunc popular in

graphic mapping work done to date [6,8-10,34], and it'has been suggcstcd during this -
work, that a topographic mapping system would ideally be capable of processing and -
displaying maps in-real time, To examine the real tlme idea however, the temporal A
* frequencies present in EEG the response characteristics of the human visual system and
the sampling rate used for the EEG must be considered.” It was nientioned earlier, that
humans begin to perceive continuous motion at about 10-imagés / sec; but humans also
cannot distinguish between images presented at rages much beyond 30 images / sec. Alpha :
band activity in the EEG is ty;fically between 8 and 13 Hz., while Beta band acnvuy is '
Between about 13 and 20 Hz. For the work doné here, the EEG was sampled at 120
samples per second. To view, for example, a 10 Hz.;élpha wave the tcmporal' resolution -



provided by the 120 Hz sampling rate, seemed to provide the munimum map to map
continuity necessary for a visually pleasing presentanon Beta band activity could then be
cxpected o turther stran the himts of visual acceptabihty, implving that a higher samphing
rate may cven be inorder However, viewing 120 mages / sec 1s bevond the capabilhies
of human perception as mentoned above so that real tme mapping seems impractical
However, these arguments mono way preclude the practicality of viewing topographic maps
i slow moton at 10 mages / sec i movie fashion

It a real tme display were to be @ major goal, one alternative would be to amphitude
demodulate a selected rhythmerty and present a sequence of maps at a reduced temporal
resolution of TOhmages / sec owing to the lower frequency of such a signal Examinatnon
ot this approach s bevond the scope of this thesis and left to the reader tor turther
consideration

Developmentalanork for this thesis also produced an altiemative display tormat

.

which has been menuoned carlier in this report A page of 18 sequential maps are displaved
on the color graphics monrntor at once and viewed in the same way that a page of text s
read  This page display facihitates a more detanled exanmunation of the spatio-temporal

vanatons in a sequence of topographic maps
S.4  Future prospects

It has been mentoned, that the mapping techniques dgscribed in this thesis n‘qu.m'd
a processing ume of 21 seconds per imap, using the present hardware / software resources
descnbed here. This complexity 1s quite unacceptable from aglmical pont of view dbecause
of the long pentods of time required to process the large amounts of data typically
encountered; it 1s not reasonable to expect the clinician to wait 21 seconds for each map if a
sequence of 10 to 20 maps is to be examined. One alternative which was described earlie:r .
is to preprocess and store the maps for later viewing, which simply converts the complexity
problem to one of storage; and results in a preprocessing delay of 11 hours {o map 16
seconds of datwa. Itis clear that system performance rrTu'st be improved if the techniques
descnbed here are to be useful in a clinical seting. A goal of processing 10 spiine -
intcrpbfftcd source current or voltage maps in one second wes pu: forward above as being
a san’sfz;ctofy' performance level to be achieved. This goal, would in tum require a
performance improvement of roughly 200 fold. The discussion which follows provides a

Uy



general overview of the complexity problem and a prospectus tor achieving the above goal

via the exploitaton of inherent parallehism given a VMEDbus connection
S4.1 System complexity

The topographic mapping process descnibed in this thesis involves a sequence of
emporal filtenng, calculating b cubic sphne coetticients, interpolating the map and scaling
the map. The most complex aspects of this sequence are l?:c last 2, accountng for Y0% ot
the total complexity, or roughly 19 out of 21 sec. per map. Interpolating and scaling a
topographic map |, required that 36 floating point operations, 2 compansons and | floaung
point to integer conversion be performed for each pixel in a 100 x 150 pixel image. Using
the big ‘O notation for describing algonthmic complexity [40], the complexity of the
interpolation and scaling process 1s O(XY) where X and ¥ are the honzontal and vertical
dimensions (in pixels) of the image to be produced. In companson, the complexity of
computng the spline coetficients has been discussed by Chan {4] to be (Xnm) where n and
m are the honzontal and vertical dimensions of the sample set. The complexity of the FIR
ﬁlytcnng process is O(kC) where k is the number of EEG channels and € 15 the number of

’
coefficients in the desired filter. .

5.4.2 System performance

In the interpolation process, about 39 floaung point operations (FLOPS) are
performed for each of 15000 pixels, in a total of 21 seconds. Taking into account the %)%
factor previously mentioned , this translates to a processing rate of about 31000 FLOPS /
sec. A map generation rate of 10 maps / sec. is the minimum rate at which continuous
m‘é)tion could be simulated for a human observer and would supply the user with a page of
18 maps in about 2 sec. The author suggests that 2 sec. wotild be insignificant relative to
the time required for a user to analyze 18 maps. Furthet benefits of this rate are: 1) storage
complexity is limited to the space requirements of the raw EEG since storage of
preprocesse:] maps would not be necessary, 2) the user need only generate maps for a

parpcular urea of interest in the raw EEG data file and 3) the user has the flexibility to
change filter parameters as desired when mappmg areas of mtcrcs( As mentioned the 10
map / sec. processing rate implies a need to improve the map proccssmg rate by 200 times.
This in turn, implies that a suitable mapping system should be capable of about 6.2
MFLOPS / sec.



It has been mentioned, that the sampling density of the spatnal EEG s Likely 1o
increase n the future. This ingrease will impact on mapping complexity, so to gan a teel
tor the amount of this increase, table S s presented Here, the increased complexity of a
7 x 10 and a 10.x T4 sampling gnd s compared wath the complexaty of the 5 x 7 S.lll]p(l{]g
prid of this report and an attempt has been made to keep the final map dimensions at an
aspect ratio of about 100 x 150 The 5 x 7 electrode armay results in a map wath 24 square
sectuons of 25 pixels a side, the 7 x 10 array in 54 square sections of 17 pixels a side. and
the 10 x 14 array in 117 sections of 11 pixels a side. From this it can be seen that as
sampling density increases, the map stze remains relatively constant, so that the most

complex portion of the mapping process changes hitle

Present Sx 7 Future 7 x 10 Increase Future 10 x 14

Increase
gnd. 31 gnd. 66 factor gnd. 136 factor
¢lectrodes clectrodes glectrodes
Map | O(100 x150) O(102 x 153) 1.07 OMIx 143) 944
generanon i
Filtermg O3 1'x O) 066 x €) 213 O(136xC) 439
Spline U5 x7) O(7 x 10) 2.0 ()(I()X 14) 4.0
Coetf

Complexity due to increased
spatial sampling

Table 5.1

<

As mentioned above, the ume required between successive maps was empincally
determined to be 21 sec. Of this time, between | and 2 sec. was required for temporal
filtering and bi-cubic spline coefficient calculation. Since increasing the spatial sampling
density impacts mainly on these 2 areas, the more pessimistic estimate of 2 sec. will be
used. From the information in table 5.1, 1t can be shown that the time estimate for the 66
electrode armay is (19 x 1.07) + (2 x 2.13) = 24.59 sec. while for the 136 electrode
array, the ime estimate is (19 x .944) + (2 x 4.39) = 26.72 sec. These are of course
conservative estimates using the higher of the filtering-spline coefficient growth factors.
This also assumes no improvement in the computation algorithms used for interpolation,
filtering and calculation of spline coefficients and that the present system algorithms can
transfer directly to the hardware of some prospective system. While it is somewhat
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simplistic, the discussion which follows should provide a rough estimate of the
performance required of such a system.

Comparing the above estimates with the benchmark time of 21 sec. the computation
requirement for the 66 electrode array implies a 17% complexity growth while the 136
clectrode armay implies a 27% complexity growth. The 66 electrode array-represents a 429
increase 1n sampling density while the 136 electrode array represents a 100% increase in
sampling density. Of course, the 136 electrode array had the advantage of producing a
smaller map than the 35 electrode array. If such decrease is not considered, the cofnplcxity
increase for the 136 electrode array comes to 32%. Thus, in terms of the algonithms used
to date for cubic spline based mapping, a prospective system should be capable oFe

performing 8 2 MFLOPS / sec. to achieve the above stated goal.
5.4.3  Parallelism

The subject of parallel computing 1s very broad. and an 1n depth discussion of how
parallelismn can be fully exploited in this applicanon can not adequately be handled here.
Indeed, such an analysis could comprise a repont of its own. The discussion which
follows provides an overview of the parallelism inherent in this application to show that the
goals stated above are within the scope of modem microprocessor technology and a
connection system such as the VMEbus.

Parallel computng was broadly categonzed into 4 broad areas by Flynn [11]in
1966 and these categories are commonly used today {1.12]. Hayes [26] suggests that
multiprocessors generally fall into the category which Flynn refers 1o as "Muluple
Instruction strearn Multiple Data stream” (MIMD) which covers machines which can
execute more than 1 program concurrently. In the prospective system to be discussed here,
a shared bus, namely a VMEDbus, provides a shared interconnection structure for
.concurrently running processors. The advantages of this interconnection structure are low
cost and the ability to add new units without revising the system structure. The
disadvantages of a shared link is that excessive contention can adversely affect overall
processing speed and the system is sensitive to bus failure. Thus, considerable attention
must be given to the division of resources and responsibilities in order to minimize the
impact of a necessarily complex arbitration process. The sensitivaty to bus failure can be

accepted in the interests of lowering system costs. ‘
‘ The VMEbus is an asynchronous specification and is completely consistent with the
multiprocessor requirements to be discussed. The VMEbus structure is divided into 4 sub
bus [42] structures, which are 1) the data ransfer bus (DTB), comprised of up to 32

Y
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address and 32 data lines, 6 address modifier lines and assorted DTB control lines 2) th:t c'_\
arbitration bus comprised of 6 prionity specification lines and 4 daisy chained lines 3) the
interrupt bus capable of 7 priorized interrupts, or daiSy chained interrupts and 4) the utility
bus which monitors the health of the bus. Bus arbitration monitdrs the:sc lines to provide
graceful shutdown during bus failure. With a 32 bit data path in the DTB and the bus clock
rate, data transfer rates of up to 64 MBytes / sec. are possible. Under the VMEbus
sp;:g[f)cau()n, (;nc bus master must’perform the bus arbitration duties, but provision 1s made
to receive and service interrupts either through 1 supervisory processor or through 2 or
More processors operating on a portion of the operating system executive.

- . 7 o~

5.4.3.1 Mapping system parallelism

A topographic mapping system under a shared connection multiprocessor system
can be divided into 7 basic functions:“ 1) the data acquisition system, comprised of
amplifiers and analog / digital conversioh equipment 2) the tertiary memory system for
archival data storage and system back up 3) the secondary memory systcrﬁ to provide quick
access to mass storage of the individual subject data to be examined and system programs
and files 4) the pnmary or operational memory sfstcm which provides the fast access
necessary for the rapid processing of data §) the color graphics display system for '
displaying raw data and topographic maps 6) a fast floating péi omputation unit capable
of the 8.2 MFLOPS, or better, bcrformancc goal described above and 7) the coordinating
.processor. The archiving task, data acquisition task or thLanaGsis J mapping task
concurrently utilize various subsets of the 7 resources above.”For the purposes of
mapping, item 6 above has been shown to be of critical importance and the parallelism
inherent in the computational aspes of the analysis / mapping task will be discussed ’
separately below. 7 : :

With regard to the computational 8)mplexity of the mapping problem, at least one
'VMEDbus compatible array processor is available, which specifies a benchmark performance
of 15 MFLOPS / sec. and would seem to satisfy the performance requirement, for
producing 10 maps / sec. Based upon an article in a recent issue of IEEE spectrum [37], an .
array processor would seem to provide the best compromise between MFLOP
performance, cost and programmability. It is not possible to cst;\blish here the
applicability of such performance specifications to the problem at hand without a detailed
analysis of the architecture of available array processors, the relevance of bénchma;k ‘
performance measures and the high level language programmability available for an array
processor. However, tho-mathématically intense aspects of the mapping techniques already
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described can be examined vis-a-vis their suitability to amray processors, which would

provide some assurance that such a device was being utilized to its fullest capacity.

by

5.4.3.2 Software parallelism Q

During the mapping process, from start-up to map'display the following scqu%ncc
of tasks must be performed: 1) raw EEG data is dlsplaycd 1o the user who can scroll
through in a macroscopic form, to identify sectfons of data to be mapped, 2) a filter with
the desired bandpass characteristics must be constructed, 3) a digital filter is applied to the
data, 4) b-cubic spline coefficients are determined, 5) bi-cubic polynomials are evaluated

\ for each pixel in the-map, 6) the map is scaled, and 7) the map is displayed. -

In the present system, scrolling data across the screen, item 1) above, can be
accomplisied in software by constantly shifting data in a display buffer and reading in the
updated data. However, in a prpspcttivc System the display system should eliminate host
overhead for data display shifting, leaving the host the rcspogsibili('y of determining
updated values only. Item 2) is a one-tiime task of relatively low complexity and can easily
be performed by a host/ éoproccssor pair quickly. Items 3) to 6) are then performed in
sequence to produce successive maps.

Convolutional application of an FIR filter, item 3),can be set up as a veqtor scalar .
product, well suited to an array processor. c‘i

Under the algorithm described in chapter 2, item 4) was broken into 2 segmens.
First, (m+2) and (2n) one dimensional cubic splines [O(n>2) and O(m-2) respectively] are )
performed on the sample set, and second, from‘ this data a matrix operation is performed to
determine the 16 bf-cubic spline coefficients. The first task is not well suited to array . R
processing but is of low complexity. The second is highly amenable to array processing.

Evaluation of the interpolating polynomials, item 5);above, in the present system
was performed using a double Homer's method, which in a gequential processing cdntcxt
was as time efficient and more space efficient than a matrix form of solution. Hd\ycvcr, in
an array processing environment, the equations of section 3.2.1.3 can be put into i matrix
form of solution whcmby the cross terms (x-x,)k(y yJ)l are stored as a constant 2
dimensional array to be referenced to the 16 coefficients of each bi-cubic spline: in the map.

A Scahng and drawmg of the elhpsc, 1tcm 6), is accomplxshcd by a mlauon of the
form e
MAP(I,J) NINT (IMAGE(I,J) K1)K2+K3] x MASK’(I,J)
where K1, K2 and K3 are scalar constants (K3 = 1.0), MASK is a 100 x 150 constant
mask array to define the ellipse on the image to be displayed-and IMAGE is the REAL 100



x 150 image array to be scaled. The con&ams K1, K2, K3 and MASK(1,J) can be stored
in an array processor and the calculation s up in a pipelined manner, to take Mantage of
array processing architecture.

Finally, the scaled image must be placed in display 'mcmor}". Ideally, the scaling
operation should place the image array directly into either video mémory, or memory which
the display system can access independent of the host processor, climinating‘unnpccssary
data moves.

Thus, employing an array processor would be a cost effective alternative to
designing application specific hardware, as a means to remove the computational bottleneck
and allow a prospective system to approach the 10 map 7scc. goal. Figure 5.11sa
generalized diagram of such a prospective multiprocessor system, specific to spurce current
mapping of the EEG and flexible enough to promote further developments. The host
system is responsible for task coordination, VMEDbus arbitration and basic computational B
requirements. The data acquisition modules"could be set up as VMEbus slaves, and in the
data acquisition process the host system would control data acquisition parafeters on the -
modules, such as amplifier gain, sampling rate and storage on hard disk. As proposed, an
array processor is provided for floating point intensive calculatons. Main or primary
system memory is shown partitioned, to facilitate multiple memory access from various
VMEbus master modules within bus arbitration constraints. Having solved the
computational bottle neck with the introduction of array processing, it is anticipated that
contention VMEDbus contention could increase due to memory references by multiple
processors. Thcrcfére, it is suggested, that as well as providing partitioning of primary <,
‘memory, each memory module could provide dual access egher via the VMEbus or a
sci)aralc memory bus, where memory bus connections would be reconfigurable as desired.
For instance, it may be desirable to set up a swinging buffer with 2 memory modules,
" whereby the armray processor could write a map to one memory via the VMEbus, while the
display processor could be displaying an image in another memory module via the memory

bus.
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and |
System single patient data .Of N
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A possible multi-pfoccssor configuration
for high speed topographic mapping
Figure 5.1
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5.5 Summing up

- -

The EEG possesses a number of distinct advantages over other testing modalities
such as computed X-ray _tomography (CT), positron emission tomography (PET) and
nuclear magnetic resonance imaging (NMR). The most significant advantage is that the
EEG 15 the only modality which can come close to providing real time information as to ,
brain function. In addition the cost of CT and NMR equipment is an order of magnitude
higher while the cost of PET is approaching 2 orders of magnitude higher than the most ,
sophisticated topographic mapping system modern advances can provide. Specifically, the
hardware for a highly ﬂcxiblc‘_’dcvélopmcnt system such as the system proposed above; can -

probably be obtained for between $100,000 to $150,000. Such cost effectivenessis ~ ¢
particularly significant in light of the rapidly rising costs of health care today. Further,



EEG i1s attractive in compartson with radiographic techniques suef as CT and PET in that
the EEG ls non-invasive (ie:- it does not expose the subject to 10nizing radiation). Finally,
the EEG is elicited very quickly and easily.

The dcvelopmcﬁtal work described in this work represents a sfgnificant
improvement in topographic mapping technology applied to date. In particular, the work
presented in this report has effectively dealt with 3 major issues facing the clinical utility of
EEG today. First, with the Laplacian, topographic mapping is free of the effect of the
electrical recording reference. Using bi-cubic ~9ﬁpline interpolation for interpolation , the
Laplacian could be implemented analytically rather than as a numeric approximation. 7
Second, topographic mapping of selected rhythmic components of the EEG in the source
current denvation format improves the user's ability to localize generators of this activity in
the cortex. With topographic mapping, the user is readily presented with the spau’al‘aspccts
of these signals. In addition, bi-cubic spline interpolation provides the smootnest and
sharpest topographic mapping yet presented. Finally, spatial sampling of the EEG hds -
been discussed and while future systems will need 0 incorporaté greater sampling
densities, the systcm\prcsentcd here imprqves on'the sampling density used by Duffy. The
charactenstics of cubic spline interpolation has been discussed at some length and is
established as the miost effective interpolation method yet applicd to topographic mapping
of the EEG. ) )

The filtering techniques used to spectrally decompose the EEG were straight
forward to implement and serve to illustrate central aspects of digital filtering quité well.
However, these windowing techniques, while quite effective in this applicaton lack the
sophistication of modern optimized techniques such as the Parks - McClellan algorithm

[33]. Iewas considered outside the scope of this work to discuss these techniques in detail,

as the main thrust of this thesis is topographic mapping and the issue of electrical reference.
However, future systems should no doubt incorporate the most modern techniques
available, to spectrally decompose the EEG. ‘

Finally, the complexity of using bi-cubic spline interpolation has been examined vis
a vis practical clinical yequiremefts. Owing to limitations of the VME 10 computer system
in place within the department of Applied Sciences in Medicine, the problem of mapping
presentation utility had to be addressed by storing maps off line. This presents a large data
expansion problem and is thus unacceptable from a clinical point of view. However, the
VMEbus architecture has the multi-processor and data transfer capability needed to produce

-~
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{
bi-cubic spline interpolated topographic maps at a rate of near 10 maps / sec. and thereby
eliminate the nccd to store maps offline. This capability is particularly significant relative to
the storage problem, since having it tneans the clinician will not necessarily need or want to
map all of the EEG data available. The limitation to having the necessary capab{lity o

compute maps quickly, is one of funding rather than available technology.
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APPENDIX A

A number ot utility subroutines have been developed on the VME 10
nucroprocessor development system for interfacing with vanous devices attached to the
svstem’'s VMEbus, The subroutines have been grouped into libranes appropnate to the
device supported and for any of them to be used. the appropriate hbrary must be hinked
with the main program making the call: subroutines and their hbrary categones relevant to

this project are:

GRLIB color graphics system subroutine library
GRGLET get color graphics board
GRRLS release color graphics board
GRBLNK blank screen
GRCOOL graphics board color table selection
GRBAR draw a vertical color bar
GRBARH draw a honzontal color bar

JRDXY display an integer*2 format image

GRDXYN display a nibble format image
GRTEXT write text under graphics mode
GRPXL display a pixel armay
GRLINE  vector
GRZOOM use of graphics processor zoom

¢TGLIB contiguous file subroutine library (disk)

CTGCMD file handling service commands for
i contiguous files on (allocate, assign,
close, open) )
CTGRDR random record read of a contiguous
file St

~ 111
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FETLIB tast founer transtorm hbrary
FETGET get SPV 100 board (256 pownt FHT)
FFTRLS release SPV 100 board
FETC pertorm complex 256 pomnt FHT
STLIB streanung tape subroutine library
STINIT assign streaming tape dnve
STCMD streaming tape commands (rewind.,

wrnite file mark, and other tape motion

commands)

STRD tile read

STWR file wnte

DIVLIB diversitied subroutine hbrary

INTNIB Integer*2 to mbble format umage
conversion

SCLI2 scale a wpographic map to Integer*?2
format

EVALV evaluate bi-cubic spline scalp potential
polynomuals

EVALI evaluate bicubic spline Laplacian  ~*
polynomials

Subtoutine descnptions for each of the above follow.



A.l1 GRLIB

These are utnlity subroutines which interface with the DY -4 color graphics board
The board 1s based on the NEC uPD 7220 color graphics processor and provides for a
pallet of 4096 colors. Atany one time, 16 of these colors can be selected and placed in the
look up table. Of these 16 colors, one must always be the black background color, su‘(h;n

pracucally speaking, color selection 1s limited to 15 colors.
SUBROUTINE NAME: GRGET
PURPOSE: - Allocates the graphicy board memory
CALLING SEQUENCE: In FORTRAN,
CALL GRGET
In ASSEMBLER;

BSR GRGET

PARAMETERS PASSED:  NONE

DESCRIPTION: Allocates the graphics board memory (physical address $SCOXX)
and $FFDCO0) to the current task. GRGET must be used before any other
graphics call.

EXAMPLE:

CALL GRGET
\
U,
—
N,
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SUBROUTINE NAME: GRRLS

PURPOSE: Releases the graphics board memory
¢ ) .
CALLING SEQUENCE: In FORTRAN;
CALIL, GRRLS
o In ASSEMBLER,;

" BSR GRRLS

PARAMETERS PASSED: NONE

DESCRIPTION: Deallocgtes the graphics boar\d memory from the current task. No
other graphics call will work after GRRL.S unless the memory is reallocated with
GRGET.

EXAMPLE:

CALL GRRLS

~
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SUBROUTINE NAME: GRBLNK

PURPOSE: Blanks the col()r\gmphics screen
CALLING SEQUENCE: Iﬁ FORTRAN,; \
CALL GRBLNK
In ASSEMBLER;
BSR GRBLNK

PARAMETERS PASSED: NONE

DESCRIPTION: Fills the color gi'aplr\ics screen with black, which'must always be the
color in LUT(0), the first color in the 16 color look-up table.

EXAMPLE: CALL GRGET _
: b
CALL GRBLNK . ' N

CALL GRRLS
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SUBROUTINE NAME: GRCOL
PURPOSE:  Sets the 16 colors for graphics and blanks the color graphics screen.

CALLING SEQUENCE: In FORTRAN;

AN

CALL GRCOL (LUT) o
In ASSEMBLER; i
BSR GRCOL
N ) ,
PARAMETERS PASSED:  Integer*4 " LUT(16) ’Q
L8 a -
DESCRIPTION: Each of the 16 colors desired are represented by a value determined

from a concatenauon of blue(b), green(g), red(r) (the 3 primary colors) as in the
following 16 bit binary notation: $(XX)0mggggbbbb. l

Of the 16 colors selected, black (binary 0000,0000,0000,0000) must
always be used and passed to the first location in the color graphics board look-up
table. Thus, black and the other 15 colors selected are placed in an lntegcr;"4 array
and passed to subroutine GRCOL, which places the 16 colors in the graphics board
look-up table. ‘

EXAMPLE: LUT(1)=0 (black)
LUTR2)=16-1 (highest intensity blue)
LUT@3) = 256-16- 1 (highest intensity green)

LUT(15) = 4096 - 256 - 1 (highest intensity red)
LUT(16) =4096 - 1  (highest intensity white)

CALL GRGET The intensity of each primary color is
controlled o
by a 4 bit bmary integer. Thus, the pallet of

! CALL GRCOL (LUT) available colors contains 24 x 24 x 24 =
4096. / )
. Red intensity is represented by the 4 most

CALL GRRLS significant digits, followed by green, then

biue.
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SUBROUTINE NAME: GRBAR
PURPOSE: To display a vertically onented color bar of the 16 colors in the 2
graphics board look-up table (black at the bottom and color 16 at the top) at any

desired screen locauon.

CALLING SEQUENCE: In FORTRAN;
CALL GRBAR (I1X,1Y, ZOOM)
In ASSKMBLER; -
BSR GRBAR

: \
PARAMETERS PASSED:  Integer*4 D)(,IY,ZOOM
where IX is the horizontal screen location, 0 <IX < 1280, as measured from the
left edge of the screen; 1Y is the vertical screen location, 0 < 1Y < 480, as measured
from the top edge of the screen; ZOOM is the desired screen zogm factor
(1, 2, 3, 4). : -

DESCRIPTION: '+ The vertical bar is enlarged as desired by the ZOOM and is displayed
at location (IX,IY) on the scréen, where (IX,IY) are the coordinates of the NW
comer of the bar. : 1

»

EXAMPLE: CALL GRGET

IX = 640 Places and unzoomed version of the color bar on the .
IY =240 color graphics‘ screen, with the NW comner of the bar
ZOOM =1 in the middle of the screen. .
CALL GRBAR (IX,IY,ZOOM)

CALL GRRLS
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SUBROUTINE NAME: GRBARH ‘ a

PURPOSE:  To display a honzontally oriented color bar of the 16 colors in the
graphics board look-up table (black at the left and color 16 at the nght) at any

desired screen location.-
CALLING SEQUENCE:  Sce GRBAR
PARAMETERS PASSED:  See GRBAR

DESCRIPTION: The horizontal bar is enlarged as desired by the ZOOM and is
displayed at location (IX,1¥) on the screen, where (IX,1Y) are the coordinates of

the NW corner of the bar.

N
EXAMPLE: CALL GRGET
i {
IX = 640 Places and unzoomed version of the color bar on the
1Y = 240 color graphics screen, with the NW corner of the bar
ZOOM =1 i the middle of the screen.
CALL GRBARH (IX,IY,ZOOM) .

CALL GRRLS
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SUBROUTINE NAME: GRDXY

PURPOSE:  Displays an image array of specified dimensions, and which is color
coded 1o the 16 available color values, at a specified location on the color graphics
screen. The image array has been formatted as Integer*2 color values for each

pixel.

CALLING SEQUENCE: In FORTRAN,
INTEGER*4 IMAGE,IX 1Y XY
_ INTEGER*2 IMAGEI(IX,IY)
a EQUIVA’LENCE (IMAGE,IMAGE!)

CALL GRDXY (IMAGE,IXIY XY)
In ASSEMBLER,;
BSR GRDXY

PARAMETERS PASSED: INTEGER*4 IMAGEIX 1Y XY
INTEGER*2 IMAGEIN(IX,IY)
EQUIVALENCE (IMAGE,IMAGEI!)
where IMAGE] is an integer*2 array of pixel color values. The equivalence
staterment is necessary since the ABSOFT version of FORTRAN 77 cannot pass
Integer*2 parameters. IX is the horizontal dimension of the image, 0 < 1X < 640;
IY i is the vertical dimension of the image. 0 S TY < 480; X is the screen location of
the lcft edge of the image 0 < X < 640; Y is the screen location of the top edge of
the i image 0 <Y <480.
A
DESCRIPTION: The array IMAGE1 contains values rcprcécnting pixel colors Oto 15
and has the same dimensions as the dési@ image. The NW corner of the image is
displayed at the screen location (X,Y).
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EXAMPLE:

INTEGER*4 IMAGEIX 1Y XY
INTEGER*2 IMAGE1(64,96)

EQUIW (IMAGE IMAGLE]1)

IX =64 Displays a 64 x 96 pixel image in the middle of the

color graphics screen, with the NW corner of the

IY =96 image at the relative screen location (272,208).
X =272

Y =208

CALL GRGET

CALL GRDXY (IMAGE,IX 1Y X\Y)

CALL GRRLS

Bl

7
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SUBROUTINE NAME: GRDXYN

PURPOSE:  Displays an image array of specified dimensions, and which is color
coded to the 16 available color values, at a specified location on the color graphics '
screen. The image array has been formatted as NIBBLE color values for each pixel

in an Integer*4 array.

CALLING SEQUENCE: In FORTRAN;
INTEGER*4 IMAGE(IX/8,1Y), XY

CALL GRDXYN (IMAGE.IX,1Y.X.Y)
( , ~ In ASSEMBLER:
‘ BSR GRDXYN

PARAMETERS PASSED: INTEGER*4 IMAGE(IX/8,1Y),X,Y h
where IMAGE is an Integer*4 array where pixel color values are represented a
d NIB BILES in long word integers, to conserve storage space. IX is the’ Bonzontal
. dimension-of the image, 0 < IX < 640; IY is the vertical dimension of thexlr'nagc.
0 < 1Y < 480; X is the screen location of the left edge of the image 0 < X < 640; Y
is the screen location of the top edge of the image 0 <Y < 480.

DESCRIPTION: The array IMAGE cfmtains values rcprese'nting pixel colors O to 15.
Each BYTE in IMAGE contains 2 pixel color values. The right NIBBLE (half
BYTE) of each BYTE is displayed first, followed by the left nibble. The NW
comer of the ixriagc is displayed at the screen location (X,Y). For more discussion
on how the NIBBLE formatted array is created, see the subroutine description for
INTNIB in library DIVLIB. \ :



EXAMPLE: INTEGER*4 IMAGE(IX/8,1Y).X.Y

IX =64 Displays a 64 x 96 pixel image that has been

IY =96 formatted in NIBBLES, in the middle of the color
—— | graphics screen, with
X=272 - the NW corner of the image at the relative screen
location (272,208). A
) .
Y = 208

CALL GRGET
CALL GRDXYN (IMAGE,IX IY,X.)Y)

CALL GRRLS

=\
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SUBROUTINE NAME: GRTEXT

PURPOSE:  Display a string of alpha numeric characters at any location on the  color

graphics screen. ©

CALLING SEQUENCE: In FORTRAN,;
CALL GRTEXT (X,Y,BUF,LEN DIR,COL.ZOOM)
In ASSEMBLER;
BSR GRTEXT

PARAMETERS PASSED: INTEGER*4 X,Y,BUF,LEN,DIR,COL,ZOOM
where: ,
(X,Y) are the coordinates of the relative screen location for the NW corner
of the string, 0 S X <640 and 0 < Y < 480
BUF is a buffer containing the string of ASCII characters to be displayed
LEN .is the length of the character string BUF
DIR is the desired writing direction (0 for horizontal, 1 for vertical)
COL is the desired cblor in the look-up table (0 to 15)
ZOOM is the desired zoom factor

DESCRIPTION: This subroutine is intended to be used when the color graphics
board is in graphics mode as opposed to characterode. The calling program
creates an ASCII string of length LEN, which is displayed in the form specified by
the above parameters. '



<
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EXAMPLE

CHARACTER*RO BUH
INTEGER*S X Y 1ENDIR COL.ZO0OM

CALL GRGEFY

X 0 String to be written honzontally on the color

Y 0 graphics screen, beginning at the NW comer
DIR - O _ ot the sereen, using the smallest zoom tacton
ZOOM 0 The stnng 1s 1o be wntten in the 5th color of
LN - 8O the look up table

COL - 15

FORMAT (AR The character stnng entered can be up 1o 80«
REAIXY.2) BUL characters, entered from the system termunal

CALL GRTEXT (X Y.BUF.LENDIR COL.ZOOM)

CALL GRRIS

-~
s

«



SUBROUTINE NAME: GRPXI1

PURPOSE To display an number of pixetin the same color, on the coldr™>
4

graphics monitor.

CALLING SEQUENCE. In FORTRAN:
CALL GRPXL (ARRAY COLOR PIXELS)
In ASSEMBILER; 2
BSR GRPXL “

PARAMETERS PASSED:  INTEGER*Y  ARRAY(1LEN)COLOR.PIXELS
ARRAY 1s a one dunensional array of relative screen addresses. The color graphics
screen has a honzontal dimension of 640 pixels and a vertical dimension of 480
pixels.
LLEN 18 the length of ARRAY
COLOR 15 the desired display color (0 to 15) ‘
PIXELS 1s the number of pixels to be displayed and 1s equal to LEN

DESCRIPTION: <~ Each pixel address s a single 2 BYJE integer relanve to the NW
comer of the color graphics monitor (address (). Thus the address of the last pixel
in the first row 1s 1279, that of the first pixel in the 2nd row 15 1280 and that of the
SE comer pixelis 1280 x 480 -1 = 614399.

EXAMPLE: INTEGER*4 ARRAY(2).COLOR,PIXELS
CALL GRGET
ARRAY(1) =512 A pixel near the middle of the first line, and
ARRAY(2) =1792 the pixel immediately below it in the the
COLOR =11 second line are illuminated with color 11 in
PIXELS =2 the look-up table.

CALL GRPXL (ARRAY,COLOR,PIXELS)

CALL GRRLS



SUBROUTINE NAME: GRLINE

PURPOSE  Todraw a strght hine between any two specitied points on the

graphics monitor

CALLING Sli()lll‘{f\'("lt In FORTRAN,
CALL GRLINE (X1.Y1.X2Y2.COLl)
In ASSEMBLER:
BSR GRLINE

PARAMETERS PASSED:  INTEGER*4 X1,Y1.X2,Y2.COL.

(X1.Y1) are the screen coordinates of the starting pojnt relative 1o the NW
{

corner of the screen; (0.0) <(X1.Y1) S (640,480).

color

(X2.Y2) are the screen cgprdinates of the end point relative to the NW comer of the

screen:; (0.0) < (X2.Y2) < (640.480).

(Ol 1s the desired color from the look -up table.
EXAMPLE:  INTEGER*4  X1Y1.X2,Y2,COL

CALL GRGET

COL =8

X1.=0
Y1=0

X2 =319 g
2=239

CALL GRLINE (X1,X2,Y1,Y2,COL)

-

CALL GRRLS
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SUBROUTINE NAME: GRZOOM
PURPOSE Changes the screen zoom tactor.

CALLING SEQUENCE: In FORTRAN:
CALL GRZOOM (ZOOM)
In ASSEMBLER:
BSR GRZOOM

PARAMETERS PASSED:  INTEGER*4 ZO®M
ZOOM 1s the desired zoom factor (1 to 8)

DESCRIPTION: Each pixel in an image displayed before GRZOOM 1s called, 1s
replicated by ZOOM times, to enlarge the image.

EXAMPLE: INTEGER*4 ZOOM s
CALL GRGET®

ZOOM =4 , A 4 by 4 image displayed before the
CALL GRZOOM (ZOOM)  call to GRZOOM, will be enlarged to

i . a 16 by 16 image after the call.
CALL GRRLS ‘¢
A.2 CTGLIB » l

These are subroutines which allow a programmer to communicate with either the
15MByte hard disk or the 620 KByte floppy disk through the file handling service(FHS),
and are designed to deal with contiguous files. Disk files are considered by the FHS to
have logical block sizes of 256 bytes each, regardless of which drive is to be used.

The Versados file name format is VOL:USER.CAT.FILENAME.EXT. VOL refers
to the volume ID on which the file resides: VDOS specifies a file on the hard disk drive,
while floppy disks, can have any 4 letter volume ID specified by the user when thcddisk is
formatted. USER specifies a 4 digit system user ID. User 0000 is the main system ID, /

and all other user numbers can range up to 9999. |

\



SUBROUTINE NAME: CIGCMD
PURPOSE:  Executes FHS commands on a conuiguous file
CALLING SEQUENCE: CALL CTGCMD (V()L,(‘MD,LUI;J,FLNM,IS'TA'I‘)

PARAMETERS PASSED:  INTEGER*4  VOL.CMD,LUN FLNM ISTAT
VOL. specifies the volume 1D (VDOS for hard disk) on which the desired  tile
resides.
CMD specifies a FHS command code
128 allocates a specified number of sectors to the file.
64 assigns the volume to a system logical unit number (LLN
4 closes a file
LLUN spectfies a logical unit number
FLLNM specifies the desired filename - .

O
ISTAT 1s a FHS status code (1e: O for correct execution)

DESCRIPTION: The FHS command specified for the file indicated by VOL, FLNM.

LUN, default user and null catalog. The default extension for the file is DT (data

file). CTGCMD returns the status of the command execution.

EXAMPLE: INTEGER*4 CMD,LUN,ISTAT
CHARACTER FLNM*8,VOL*4

CMD = 128 Allocates 1500 sectors to the contiguous file

LUN=2 SAVE:def..EEQ.DT assigned to logical unit
ISTAT = 1500 number 2. '

VOL = 'SAVE' .

FLNM = 'EEG’

CALL CTGCMD (VOL,CMD,LUN,FLNM,ISTAT)

IF (ISTAT.NE.O) CALL ERROR(ISTAT)G’\%
AN
N



SUBROUTINE NAME: CTGRDR

PURPOSE: * Perform a random record read on a contiguous file.
!
CALLING SEQUENCE: In FORTRAN; >
CALL CTGRDR (ARRAY .LUN,BLKNO BLOCKS.ISTAT)
In ASSEMBLER,; '
BSR CTGRDR

PARAMETERS PASSED: INTEGER*4 ARRAY,LUN,BLKNO,BLOCKS ISTAT)

ARRAY is the array into whitch the data file is to be read. It must be dimensioned
appropriate to the data structure on the tape and sized to accommodate the
number of records specified by BLOCKS.

LLUN is the logical unit number assigned to the file.

BLKNO is the record number at which to commence reading the data. Counting
begins at zero.

BLOCKS is the number of records to be read. ™

ISTAT 1s a value returned by CTGRDR 10 indicate read status after the read
operation has been performed ( 0 = correct retum; -1 = end of file; a number
greater than 0 = error ).

DESCRIPTION: The subroutine reads BLOCKS contiguous sectors (256 bytes /
sector) from a contiguous file assigned to LUN, beginning with sector BLKNO.
The data is read into ARRAY and CTGRDR returns a numeric value indicating the
status of the read operation after it has been performed. ‘

L4

LUN=2 Reads 8 logical records (2048 bytes) from the
BLKNO=64 .  contiguous data file attached to logical unit
BLOCKS =8 number 2, beginning at record number 64.
CALL CTGRDR (ARRAY LUN,BLKNO,BLOCKS,ISTAT)

IF (ISTAT.EQ.1) CALL EOF

IF (ISTAT.NE.0) CALL ERROR (ISTAT)

EXAMP<AE: INTEGER*4 ARRAY(8,64),LUN ISTAT,BLKNO,BLOCKS
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A3  FFTLIB

This library of subroutines is associated with the BURR-BROWN SPV 100 signal
processing board attached to the VMEbus. At present, the board is only equipped with
firmware to perform a 256 point complex FFT with its on board TMS 320 signal
processing chip. The firmware is capable of performing the following types of FFT's:

Real signal input --- Magnitude response output
Real signal input --- Complex response output
Complex signal input --- Complex response output

Complex signal input --- Magnitude response output.

SUBROUTINE NAME: FFIGET
PURPOSE:  Auaches the SPV 1(X) board memory to the system.

CALLING SEQUENCE: In FORTRAN;
CALL FFTGET (STATUS)
In ASSEMBLER;
BSR FFTGET

PARAMETERS PASSED: INTEGER*4 STATUS
STATUS is an Integer*4 variable returned by FFTGET 1o indicate the status of the

return ( O for a correct return, 1 for an error ).
a

-

|
DESCRIPTION: Allocates the SPV 100 board memory (beginning at address
$FE00Q0) to the current task.

EXAMPLE: INTEGER*4 STATUS

CALL FFTGET (STATUS)
IF (STATUS.EQ.1) CALL ERROR

N
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SUBROUTINE NAME: FFTRLS \\
PURPOSE:  Releases the SPV 100 board memory.

CALLING SEQUENCE: In FORTRAN;
CALL FFTRLS (STATUS)
In ASSEMBLER;
BSR FFTRLS

PARAMETERS PASSED:  See FFTGHEY

DESCRIPTION: Deallocates the SPV 100 board memory allocated with FFTGET.
¢

The status of the return is provided.

L

EXAMPLE: See FFTGET



SUBROUTINE NAME: FHTC
PURPOSE:  To perform a 256 pownt 1-D FIFT.

CALLING SEQUENCE: In FORTRAN;
CALL FFTC (INPUT, OUTPUT,LEN,CTRL.)
In ASSEMBLER;
BSR FFTC

PARAMETERS PASSED:INTEGER*2  INPUTI(2*LEN),OUTPUT1(2*LEN)
) iNTEGER*4 INPUT,OUTPUT,LEN,CTRL
EQUIVALENCE (INPUT,INPUT1)
EQUIVALENCE (OUTPUT,OUTPUT1)

DESCRIPTION: Performs a 256 point FFT on the array INPUT in the desired
format. The possible formats are those described in the FFTLIB introduction above
and is specified with CTRL. The result of the FFT is placed in OUTPUTI. FFTC
utilizes polling, rather than a vc'ctored‘\’i‘ntcrrupt handling routine to determine when
the FFT 1s complete.

A
EXAMPLE: INTEGER*4 LEN,CTRL,INPUT,OUTPUT
INTEGER*2 INPUT1(512),OUTPUT1(512)
EQUIVALENCE (INPUT,INPUT1)
\ EQUIVALENCE (OUTPUT,OUTPUTI)

LEN =256  Performs a Real input --- Complex response output
CTRL=2 256 point FFT on INPUT]1 and places the result in

OUTPUTI. ”
CALL FFTC (INPUT,OUTPUT,LEN,CTRL)



A4 STLIB

This library of subroutines allow user program access to the sén:aming tape drive,

that 1sn't provided through FORTRAN. The streaming tape drive is attached to the VME
10 development system with a Motorola MVME 350 VMEbus compatble module which
supports the industry standard QIC-02 intelligent tape dnve interface.

SUBROUTINE NAME: STINIT

PURPOSE:  Assigns the streaming tape drive, (known to the operating system as
device #5T40) to a logical unit number.

CALLING SEQIJ%E\NCE: CALL STINIT (LUN,ISTAT)

PARAMETERS PASSED: INTEGER*4 LUN/ISTAT
LUN i3 the logical unit number to which the tape drive is assigned.
ISTAT is a status variable returned by the subroutine (see 'FHS for error values;

zero indicates a normal return)

DESCRIPTION: Prepares the streaming tape drive for input / output by assigning a
LUN 1o it. The status of the initialization operation is returned. To use this
subroutine, the tape must first have been mounted under Versados using the tape
mount command TMT #ST40.

EXAMPLE: INTEGER*4 LUN,ISTAT
LUN =1

. CALL STINIT (LUN,ISTAT)
IF (ISTAT.NE.O) CALL ERROR (ISTAT)
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SUBROUTINE NAME: STCMD

PURPOSE:  Executes tape cdmmands useful 1o the programmer and provided by
the MVME 350 board such as tape rewind, mtéﬂsioning, searching for file marks.

wntng file marks, erasing the tape, seecking the end of the tape etc.
CALLING SEQUENCE: CALL STCMD (CODE,CMD LLUN ISTAT)

PARAMETERS PASSED: INTPG :R*4 CODE,CMD.LUN, ISTAT
l§TﬁTAs the standard status return value ’
o é 1s the appropnate 10S command code
M'b is the desired 10S command
LUN is the Togical unit number defined with STINIT

DESCRIPTION: Executes an input / output service (10§) command on the streaming
tape drive, and returns the status of the operanon. STINIT must have been used in
the program before a call to STCMD.

EXAMPLE: INTEGER*4 CODE,CMD,LUNISTAT

CODE =1 CODE and CMD define a tape rewind operagion to be
CMD =2 performed by the call to STCMD. The tape is

LUN =1 assigned logical unit number 1 by STINIT

CALL STINIT (LUN,ISTAT)

CALL STCMD (CODE.CMD.LUN,ISTAT)



SUBROUTINE! NAME: STRD

PURPOSE: To read a specified number of blocks of data from the
streaming tape drive.

CALLING USEQUENCE: CALL STRD (ARRAY BLLOCKS,LUN,ISTAT)

PARAMETERS PASSED: INTEGER*4 ARRAY,BLOCKS,LUN,ISTAT
ARRAY is the ammay into which data is to be read. It must be large enough to
accommodate the amount of data specified by BLOCKS. ARRAY may
actually be of any variable type desired, hppropriate to the data type on the
tape.
LUN and ISTAT are as specified in STINIT and STCMD.

DESCRIPTION: Reads Blocks physical blocks (512 bytes / physical block) of data
from the streaming tape drive into ARRAY. Before reading a block, look at ISTAT
to make sure the end of the previous file has been reached.

EXAMPLE: INTEGER*4 BLOCKS,LUN,ISTAT
CHARACTER ARRAY*512

[F(ISTAT.NE.194) CALL EOF
“BLOCKS =1 Check to see if the EOF has been reached with the
LUN =1 last tape routine used, if not find it, and read one
block of charactc; data from the tape
CALL STRD (ARRAY,BLOCKS,LUN,ISTAT)

135
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SUBROUTINE NAME: STWR

PURPOSE: To wnite a specified number of physical data blocks to the streaming tape.
CALLING SEQUENCE: CALL STWR (ARRAY BLOCKS,LUN ISTAT)
PARAMETERS PASSED: See STRD |

DESCRIPTION: The write operation a};alf)gous t(Xt}{c read operation.

EXANféﬁE: INTEGER*4 ARRAY(256),BLOCKS,LUN,ISTAT {
BLOCKS = 2 Writes the integer data in A{{RAY to the tape, which
LUN =1 has been assigned to logical unit number 1.
CALL STWR (ARRAY,BLOCKS,LUN,ISTAT)

\

N
L

A5 DIVLIB .

. This is a hbrary of subroutines which are particularly relevant to the tobdgmphic
mapping work in this thesis. Some, such as EVALV, EVALI and SCLI2 are subroutines
previously developed and written in FORTRAN, but which have been optimized in
ASSEMBLER to speed program operation.

1

s

136



SUBROUTINE NAME: INTNIB

PURPOSE: To convert color image arrays from Integer *2 format to nibble

for conserving space on mass storage media. N
x 4
CALLING SEQUENCE: CALL INTNIB (AINT ,ANIB,LEN)

PARAMETERS PASSED: INTEGER*4 AINT(N),ANIB(N/4),LEN
AINT is an array which contains the integer format image
ANIB is the output array which contains the nibble format image
LEN is a variable ¢orresponding to the number of long words to'be
converted ;nto bytes. ' |

format

DESCRIPTION: The color and intensity of a pixel is coded as one of the 16 colors ‘
available in the look-up table of the color graphics board. This infpf'mation can be
coded in 0 4 bits of information (a NIBBI\JE) which is 1/4 the size of the Integer*2

information typically output by the graphics routines described earlier.

For every long word (element) in AINT: the right nibble of the first word
goes into the right nibble of the output byte and the right nibble of the second word
goes into the left pibble of the output byte. Thus, in hex, $000X000Y becomes

$YX. -

EXAMPLE: INTEGER*2 VECTOR(256) ‘.
INTEGER*4 AINT,VEC(32),LEN
EQUIVALENCE (AINT,VECTOR) . . :

LEN =128
CALL INTNIB (AINT,VEC)

&,



SUBROUTINE NAME: SCLD

PURPOSE To takhe an Integer* 2 image produced by erither EVALYV or EVALT and wale
1 to the 16 color values avatlable 1 the look up table of the color graphics board  The
subroutne also incorporates the abihty o draw an ellipse mside the HO by 150 pixel

mmage. to create a rounded map renmniscent of the shape ot a head

CALLING SEQUERCE”
CALL SCLI2(BIMAGEIMAGEMASK IX Y BMX BMN)

PARAMETERS PASSED
T INTEGER*S BIMAGE IMAGE MASKIX1Y BMX BMN
Hl‘I\‘U\(}l{ 1s the Integer*d array contaming the 1*2 image to be scaled
IMAGLE 15 the output Integer*3 array for the scaled [*2 format color mage
MAS‘K 1s an ellipucally bounded array containing 1's inside the ellipse and O's
" outside the ellipse. tor rounding the shape of the final displayed mmage
IX an 1Y are the image dimensions.
BMX -and BMN are the nuximum and nunimum values the image 1s to be N\‘;ll(‘;'i 1o

DESCRIPTION Subroutines EVALLI and EVALI interpolate the electrode gnd and
produce a 10O by 150 array of I*2 interpolated values. SCLI2 scales these

values to one of 15 levels corresponding to the 15 colors available. The scaling
limits are established by BMX and BMN and image values are clipped within these
limits. The color scale used in WRTAPE and RDTAPE 1s set up to be symmetnc
about color 8 in the look-up table, antt BMX and BMN have the same magnitude.
Finally, SCLI2 draws an ellipse around the image.



SUBROUTINE NAME: FVALVANDEVALI

PURPOSE. To evaluate the potental surtace interpolating polynomials or the

. Laplacian ot these polynonuals respectively

A’

CALLING SEQUENCE, CALL FVAL V(XX YY A IMAGH)
or CALL EVALLIXX. YY A IMAGE)
|
PARAMETERS PASSED- INTEGER*2  IMAGE(100.150)
INTEGER* XX(9.YY(D)
REAL Ad740
IMAGE 15 the mnterpolated output image.
XX and YY are the x.v coordinates of the gnd electrodes.
A s the array of bi cubic sphine coetficients tor the 16 rectangular patches

enclosed by the S by 7 electrade gnd ’

DESCRIPTION: EVALYV evaluates the bi-cubic spline polynomals specified by the
coefficients in A to interpolate the potenual surface, while EVALI evaluates the
lLaplacian of these polynomials to interpolate the source / sink currents
comresponding to the potential surface  The subroutines follow a double Homer's
scheme of 2-D polynomial evaluation The subroutines have been optimized to
minimize the ume needed for address calculauons, when indexing through the

coefficient matrix A.
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APPENDIX B

The following FORTRAN subroutines, adapted trom Spath [39], were used in
WRTAPE with some modification, o implement the cubic and br cubie spline interpolanon
algonthm desenbed in chapter 2 The maodifications to the subroutines enabled WRTAPL:

to use the ‘free” boundary condiyon as well as the “clamped’ boundary condition, for

iterpolation
B.1 SUBROUTINE CUBTWQ

PURPOSE.  To calculate the cocthicients of the bi-cubic spline polynonuals which
mterpolate a 2-D spanally sampled functuion under either the 'free’ boundary
condition (928/0x2 = 92S/dy2 = K) or the ‘clamped’ boundary condiuen (dS/dx
dS/dy = K1) CUBTWO implcm;‘ms the solution of the bi-cubic sphine coetficients

desenbed in chapter 2.
CALLING SEQUENCE: CALL CUBTWO (NM.X.Y.UPQR.Y2.ABOUND)

GLOBAL PARAMETERS - INTEGER*4 N M
REAL X(N).Y(M).Y2{ NMD.AN-1M-1.44)
REAL U(N.M) P(N.M),Q(N M) R(N M)
CHARACTER BOUND*!

N 1s the number of sample points in the x dimension

M is the number of sample points in the y dimension

X and Y give the (x,y) coordinates of the sampling gnd.

U gives the input values of the sampled function to be interpolated.

P is an output array for the 'x’ first partial derivatives of the interpolating spline
polynomials at the grid locations. It is used to input the ‘clamping’
boundary conditions, but is otherwise initialized to 0's.

Q is an output array analogous to P, but is used for the 'y’ first partial derivative of
the interpolating spline polynbmials.

R is.an output array for the cross derivatives 92S/0xdy of the interpolating spline
polynomials at the gnid locations. It is also used to input the 4 comer

‘ boundary conditions, necessary for the solution of the bi-cubic spline
problem.

Y2 ils an arr;y used to input the 'free’ boundary condition to the 1-D cubic spline.
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LOCAL PARAMETLERS: REAL  ZX(5).2Y(7).Fd NM ]
REAL DX(N).DY(M)
REAL  B(4.4).CE.HDMAHEAD
INTEGER*4 N1 M
CHARACTER CROSS*1
DX and DY are the values 1/Ax; and l/A_vJ' respectively as in equations 2.9
B.C.D and E£ are used tn the matnix solution of A from the matrices U P.Q AND R
as described in chapter 2.
‘N1 =N-1and Ml =M-1.
CROSS 15 a character vanable used to always implement the 1-D clamped boundary

condition on the fourth call o PERM.
SUBROUTINES CALLED: /  CUBAPERM MATRIX
TS

FORTRAN LISTING: |

SUBROUTINE CUBTWO (N.M.X.Y.UP.Q.R.Y2.A BOUND)
-
C Vanable declarations
c
INTEGER*4 NM.NI Ml
= REAL X(N).Y(M),Y2{ NM]).A(N1.M1.4.4)
REAL U(N,M),P(N,M).Q(N,M),R(N.M),Y2d NM 1)

REAL ZX(N).ZY(N).F{ NM1),ORD( NM1),UNBd NM)
REAL DX(N)DY(M)

REAL B(4.4),C(4,4),D(4.4)E(4.4)

CHARACTER BOUND*! ,CROSS*!

C K '
C Inidalizaton
c - ‘
CROSS = C
N1 =N-1
M1 = M-1
DO 1 I=1,N1
DX() = 1./(X(I+1) - X(I))
1 CONTINUE
‘DO 2 J=1MlI
DY) =1./YJ+1)-Y(J))
2 CONTINUE



¢

(" Calculate the bi-cubic spline denivauves

¢

C

IE (NEQ2AND MEQ2) GO TO 8
IF (N.EQ.2) GOTO5
IF (BOUND.EQ 'C') THEN
CALL CUBA (N1.DX.ZX)
ENDIE
V) =0
CALL PERM (IVI.M.1,N.N1.P.U,ORD,UNB.DX.ZX BOUND,Y2)
IF (M.EQ2)GOTO 6
IF (BOUND EQ 'C) THEN
CALL CUBA (M1,DY.ZY)
ENDIE
IVi=1-

112

CALL PERM (IVJ NI MM1.QU.ORD,UNB,.DY.ZY BOUND,Y2)

IF(N.EQ.2)GOTO 7
IVi=0
CALLPERM(IVIMM1,N N1,R,Q.ORD,UNB,DX,ZX,.BOUND,Y2)
IF(M.EQ.2) GO TO 8
IF (BOUND.EQ,'F') THEN
CALL CUBA (M1 DY ZY)
ENDIF
IVl=1
CALL PERM (IVJN,1 M\M1 R,P.ORD,UNB.DY,ZY,CROSS,Y2)

C Now that U,P,Q AND R have been determined, calculate the bi-cubic spline
C coefficients.

C
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12

13
15
16

- DO 16 1=1NI

Il ==l
CALL MATRIX (DX(]).B)
DO 15 J=1MlI
J1 =J+1
C(LD) = UL
C(1.2) = QL)
C2.1) =P(.)) -
C(2.2) = R(1L))
C(1.,3) = u(LJn
C(1.4) =Q(JD
) C(2,3) =PI
C(2,4) = R
C@a3,n =udLh
C(3.2) = Q(I1.J)
C@.bh=prPaLh
C@4,2) = R11,J)
DO 10 Ki=14
DO 10 K2=14
SUM =4(.
DO 9 K=14
SUM = SUM+B(K1,K)*C(K K2)
CONTINUE
D(K1,K2) = SUM
CONTINUE
C@.L MATRIX (DY()).E)
13 Kl =14
DO 13 K2%x14
SUM =0.
DO 12 K=14
SUM = SUM+D(K1,K)*E(K2,K)
CONTINUE
A(LLLK1,K2) = SUM
 CONTINUE
~ CONTINUE
CONTINUE !
RETURN
END
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B.2 SUBROUTINE CUBA

PURPOSE:  To perform diagonalizatnon of the tn-diagonal coefficient matnx for
the system of equations 2.9, under the ‘clamped’ boundary condition. Since the
coefficient matrnix does not change for applicatnon of the 1-D cubic spline to
successtve rows or columns of the sample gnd, diagonalization need only be
performed once. Subroutines CUBA and CUBB together perform the same
function as CUBICL _ t

CALLING SEQUENCE: CALL CUBA (N1.DX.7ZX)

GLOBAL PARAMETERS:  INTEGER*4 N
REAL  DX(N).ZX(N) )
N is the nu rof 1-D sample points to be interpolated. N1=N- 1. \
DX --- See LUBTWO. ‘ v[
ZX 1s an oatput array produced by the diagonalizanon process and used by CUBB

to complete the solution of the 1-D sphine.

LLOCAL PARAMETER: REAL HI H2

H1 and H2 are working vanables used for mamx diagonalization.
SUBROUTINES CALLED: NONE

FORTRAN LISTING: : N

SUBROUTINE CUBA (N1.DX.Z)
C
C Vanable declaratons
C .
REAL DX(N),Z(N)
INTEGER*4 NI

7



C
C Matnx diagonalizations
C

Z(1) = 0.

J1 =1

H1 = DX(1)

DO 1 K=2NI

H2 = DX(K)

Z(K) = LA2.*(H1+H2)
JIT=K
Hl=H2 -
CONTINUE
RETURN
END

-HI*HI*Z7(J1))
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B.3  SUBROUTINE CUBB

PURPOSE:  To complete the gauss elimination process on the simu¥ancous
cquations 2.9 once the diagonalization of CUBA has been performed. Sce

subroutine CUBA.
CALLING SEQUENCE: CALL CUBB (N1,DX,Y.Y1,Z2)

(iL()BAi, PARAMETERS: INTEGER*4 NI /\
REAL  DX(N).Y(N),Y1(N),Z(N)
N1 and DX --- See CUBA.
Y 1s the armay of 1-D ordinates (data values) to be interpolated.

Y 1 1s the array of cubic spline first denivatives for each data point.
Z.1s the working array determined in CUBA.
LOCAL PARAMETERS:  REAL  F(NMJ),R1,R2,H1,H2
F 1s a working array used in the gauss eliminatibn of the system of equations 2.9.
R1,R2 HI and H2 --- See CUBA

G

SUBROUTINES CALLED; NONE

FORTRAN Li?TlNG: L e

SUBROUTINE CUBB (N1,DX.Y.Y1,7)
C
C Variable declarations
C
REAL DX(N),Y(N),YI(N),Z(N),F(N)
INTEGER *4 N1 .



C
C Gauss elimination

C <
&3}{3: I,N1

H2 = DX(K)
R2 = 3. *H2*H2*(Y(K+1) - Y(K))
IF (K.EQ.1) GO TO 1
H=RI+R2
IF(K.EQ.2) H=H - HI1*YI()
IF (KEQ.N1) H=H- H2*Y1(N1+1)
F(K) = Z(K)*(H - HI*F(J1))
1 J1=K I
H1 = H2
R1 =R2
CONTINUE
YI(N1) = F(N1)
IF (NI.LE.2) RETURN
N2=N1-1
DO 3 JI=2N2 ~
K=NI1-Jl+1
Y 1(K) = F(K) - Z(K)*DX(K)*Y 1(K+1)
3 CONTINUE
RETURN
END

oY)
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B.4 SUBROUTINE PERM

PURPOSE:  To perform a series of, 1-D cubic spline interpolations on successive
rows or columns of a 2-D sampled data set for the purposes of determining a matrix

of x or y first partual denvauves.
CALLING SEQUENCE: CALL PERM (IVIJMMI,N.N1,P.U DX, ZX BOUND,Y2)

GLOBAL PARAMET‘ERS: lN'}‘EGERM IVIN.M,NI MI
REAL P(N,M),U(N.M)
READ DX(NMD.ZXNMD. Y20 NM))
CHARACTER BOUND*!|

N.M.NI,MI1 --- as before.

IVJis a control variable which informs PERM whether CUBTWO is calling for
operattons on rows or columns so that the denvative arrays P.Q and R are
filled properly.

Pjand U --- See CUBTWO.

ZX.,Y2 --- See CUBTWO.

BOUND --- See CUBTWO.

LLOCAL PARAMETERS:  REAL ORD({NM),UNB{NM1)

ORD and UNB ate working arrays used by PERM to take successive rows or

columns from a 2-D sampled data set, fit 1-D cubic splines to them, and return the

computed 1-D spline derivatives.

SUBROUTINES CALLED: CUBB,CUBI2

\

FORTRAN LISTING:

. SUBROUTINE PERM (IVJ,M,M1,N,N1,P,U,DX,ZX,BOUND,Y?2)
C
* C Variable declarations
C
INTEGER*4 IVJNM,\NIMI
REAL P(N,M),UN,M)DX{ NM),zxd NM D, Y20 NM])
CHARACTER BOUND*1
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C
C Fit 1-D cubic splines to successive rows or columns of the input data in U
C
DO 4 J=1MMI
DC 21=1N
IF (IVI.NE.0) GO TO 1 ‘
ORD(I) = U(L})
UNB(@) = P(1.J)
GOTO?2
I ‘ ORD() = UJ.D)
UNB(I) = P(J,D
2 CONTINUE
IF (BOUND.EQ."C’) THEN
CALL CUBB (NI,DX,ORD,UNB,ZX)
ELSEIF (BOUND.EQ.'F') THEN
CALL CUBI2 (N,DX.ORD,UNB,Y2)
ENDIF
IF (BOUND.EQ.'C') THEN
IST=2
: IFF = N1
g ELSEIF (BOUND.EQ.F) THEN
IST=1 -
IFF =N
ENDIF
DO 3 I=IST,IFF
IF (IVI.EQ.0) P(1.J) = UNB(I)
IF (IVI.NE.O) P(J.) = UNB(I)

(<

3 CONTINUE
4 CONTINUE
RETURN

END
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B.S SUBROUTINE MATRIX

PURPOSE:  Assist CUBTWO in the matnx soluuon of the coefticients A(1LJ. K 1.).

o

CALLING SEQUENCE: ' CALL MATRIX (DX(I),B)

GLOBAL PARAMETERS: REAL B(4,4),DX(D)
B is a working matrix mentioned in CUBTWO, which is involved in the n‘1atrix
solution of the bi-cubic spline coefficient matrix A(1,J K L).
DX(I) --- See CUBTWO.

LOCAL PARAMETERS: REAL SUM ,
SUM 1s a working vanable to simplify the expression DX(I)*DX(I) a

SUBROUTINES CALLED: NONE

FORTRAN LISTING: -
SUBROUTINE MATRIX (H,B)

C ~
C Varnable declarations
C
REAL H,B(4.4),SUM
C .
C Matrix formation
C
SUM = H*H
B(3,1) = - 3.*SUM
B@3,2) =- 2.*H
B@3,3) =- B(@3.,1)
B(3,4)=-H
B(4,1) = 2.*H*SUM
B@4,2) = SUM
B(4$3) = 'B(4vl)
B(4,4) = SUM
RETURN

END

14
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B.6 SUBROUTINE CUBICI

PURPOSE:  To implement the solution of equations 2.9 under the ‘clamped’
boundary condition. CUBA and CUBB together perform the same function as

s

CUBICI. -
CALLING SEQUENCE: CALL CUBICI (N.DX,Y, Y1)

GLOBAL PARAMETERS: INTEGER*4 N
REAL DX(N),Y(N),YI(N)
"N --- As before. . .

DX --- See CUBTWO.

Y are jhe ordinates of the sampled darz sct.

Y 1 is the output array for the first derivatives ‘if the cubic spline fitted to the points
(x,y), at the rtample points x. It can also be used to input the ‘clamping’
boundary conditions. -

‘LOCAL PARAMETERS: REAL F(N)G(N),Z.HHL H2RI R2

SUBROUTINES CALLED: NONE

*

FORTRAN LISTING:

SUBROUTINE CUBICI (N.X.Y,Y])
C
* C Y¥Yariable declarations
C A
INTEGER*4 NNI1 ) :
REAL X(N),Y(N),YI(N),F(N),G(N),Z,H,HI,H2,R1,R2 ~

4



¢

¢ Coctticient matrix diagonalizanon

(

2
¢
¢
P

NI N |
G(l)y=20
1)y =0
IX) 2 K:1N!
J2 = K+l
H2 - 1 /AXJD) X(K)
R2 = 3 *H2*H2*Y{2) Y(K)»
IF(KEQ D GOTO |
L= 1/Q2*HI+H) HI*GUL)
G(K) = Z*H2
H = R1+4R2

IF(KE H-=-H HI*YIl)
it (KE H H H2*YIN)
F(K) = Z*(M - HI*FJI)

JI =K

H1 - H2

Rl =R2
CONTINUE

Evaluate the snlunx

YI(ND = F(ND)
IF (N1.LE2) RETURN
N2 =Nl 1
DO 3 J1 =2N2
K=N Jl
YI(K) = F(K) GK)*Y 1K+ 1)
CONTINUE
RETURN
END

N



B.7 SUBROUTINE CUBI2

PURPOSE To munplement the soluton ot equations 2 9 under the ‘tree’ boundary

condition
CALLING SEQUENCE: CALL CUBI2ZINDX.Y.YLYD))

GLOBAL PARAMETERS:  INTEGER*Y N
REAL  DX(N)LYNLY I(NLY 2(N)
N - - As betore. '
DX -- See CUBTWO.
Y are the ordinates of the sampled data set.
Y 1 1s the output array for the fist denvatives of the cubic sphine fited to the points
(x.,y). at the sample points x

Y 2 1s the input array for the ‘free’ boundary condition
L.OCAL PARAMETERS: REAL  FN).G(NYLZHHIH2RiR2
SUBROUTINES CALLED: NONE

FORTRAN LISTING:

SUBROUTINE CUBI2 (N.DX.Y.Y1,Y2)
C
C Vanable declarations
C
INTEGER*4 N/NI,N2
REAL DX(N),Y(N),YI(N),Y2(N),F(N),G(N),ZH HI H2 R1.R2



¢
C Coctticient matrix diagonalizanon
¢
Nl =N 1
J1 =1
Hl =0
Fely = 0
G(l)y =0
RI =(Y2(1)/2)* 1)
DO 3 K=I1N
IF(KLEND GOTO
H2 = 0.
R2 = Y2(N)/2
GO TO?2
[ J2 =K+l
H2 = DX(K)
R2 = 3 *H2*H2* (YD) (Y(K»

2 Z=1/2*HI+H2) HI*GJIn
G(K) =7Z*H2
Y(K) = Z*(R14R2) HI*FJ 1)
Il =K
HI = H2
R1 =R2

3 CONTINUE

C

(" Evaluate the solunon

C

Y I(N) = F(N)
DO 4 J1 =1NI
K=N-JI

YI(K) = HK) GK)y*Y I(K+1)
4 CONTINUE
RETURN
END
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APPENDIX C

The following set of photographs serve to tllustrate feedback nformaton provided
10 the user by the interactive programs WRTAPE and RDTAPE. .

Frgure C 1 illustrates a histogram of data values for a large section of raw data
Phis display s particularly useful for the user when setting up to test a subject, so as to
choose an amplifier gain setting which will allow optimal utilizauon of the A/D dvnanuc
range. » N
Figure C .2 1s inférmation from the tape header file which informs the user about the
information contained on the tape.

Figure C.3 illustrates the electrode configuranon, so that the user may select which
¥ channels of aw EEG data he/she may wish to observe, when selecting a section of maps

10 observe.

WRTAPE histogram
Figure C.1
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L

RDTAPE header file information
Figure C.2

RDTAPE channel numbering pattern
Figure C.3
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Figure C.4 is simply an illustration of 8 channels of raw EEG information in the
traditional polygraphic presentation. This provides the user with a more familiar
presentation format with which to scan the data, so as to select an appropnate section of
data for which he/she can view topographic maps. A

Figure C.5 1s an illustration of the enlarged display which is used if the user wishes
to display topographic maps in a ‘cartooning’ fashion.

‘Figurc C.6 is the standard page format of display, which presents the user with a
selectable section of 18 topographic maps representative of a contiguous section of raw

data.

Typical RDTAPE raw EEG data display
Figure C.4 ,
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Larger format for cartooning display
Figure C.5

18 contiguotis map page type display
Figure C.6



