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Brain mapping with EEG signals

Abstract.

Abstract.

For research on brain activity use is made of a brain map. This is a visual representation
ofbrain activity. There are several ways to create these kind of images and one ofthem
is based on EEG signais. These signals are measurements of the potential on the scalp.
A brain map based on EEG signals shows the potential distribution over the entire scalp.
Since the signals are measured only on specific places on the scalp, the places where the
electrodes are mounted, there are only a few places where the value can be shown in the
brain map. To reconstruct the values between the electrodes use is made of interpolation
techniques. These are mathematical techniques to calculate the most probable value
between the electrodes, based on the value on the electrodes and the distance to these
electrodes.

In literature, there are two interpolation techniques that are considered suitable for brain
mapping, the k nearest neighbours interpolation and the spline interpolation. The spline
interpolation exists in two version, the plate spline and the spherical spline, the latter
being designed for spheres and is thus better suited for brain mapping. Only the
k nearest neighbours and the spherical spline are considered as candidates for a brain
mapping program.
The k nearest neighbours interpolation has the advantage that it is easy to understand,
it's use is widespread and it can be calculated in a short time. The disadvantages are that
the interpolated values contain discontinuities and that the global extrema are located on
the electrodes.
The spherical spline interpolation is more complicated and requires considerably more
calculations. This will slow the calculation of a brain map based on the spherical spline.
The advantages of the spherical spline are that there are no discontinuities, the
interpolation is based on all the measured values and the extrema can be located
everywhere on the scalp, not only on the electrode locations.
The spherical spline as it is described in literature contains an error and should be
corrected. After correction, it can be used in a program. Because the spherical spline is
so slow, the program has to be written for maximum calculation speed. This can be
done by calculating look up tables and fast algorithms that avoid time consuming
functions.
To increase the speed so much that it becomes possible to view a 'movie', the images of
the recording are displayed rapidly one after each other, it is necessary to write a
program that can calculate and store the information because real time calculation isn't
possible. Another program then only has to put the information on the screen, which can
be done very fast.
The brain maps are created using data in the Fysian format. Because this isn't a very
practical format for programs, the data is translated by a conversion program to the
European format. Because the European format is widespread, using the European
format as standard for the brain mapping program results in a high availability of data.
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Abstract. Brain mapping with EEG signals

To check the accuracy ofthe spline interpolation it is possible to use the statistical
variance, but the results aren't very usefull. Because the results are depending on the
data, it is hard to draw conclusions on the accuracy. However, with the use oflinear
regression it becomes possible to get a detailed impression of the interpolation. The
linear regression shows that the spherical spline makes small structural errors in its
interpolation. The source of these small errors is still unknown.
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Brain mapping with EEG signals Introduction.

1. Introduction.
The brain is one of the most complex organs of a human being. It is the not only the
control centre of the human body, but it also enables the body to communicate and
interact with the outside world. This ranges from simple interaction like picking things
up to complex communication between two or more humans. To do this, the brain has at
its disposal information from all kind of senses like tactile sense, hearing and vision.
The signals of these senses come together in the human brain, which classifies and
reacts on them.

Research to the way the human brain interacts with its surroundings can be split in three
main types of research, psychology, psychophysiology and neurobiology. Psychology
considers the human brain as a black box and tries to find the relations between the
incoming and outgoing signais. Psychophysiology also tries to find these relations but
for this it focuses on the brain itself. What part of the brain reacts on a particular
stimulus, what part ofthe brain causes the body to react in aspecific way?

For this type of research, the reactions in the brain should be measured with as few
disturbances to the brain as possible. There are several ways to accomplish this, and one
of these methods is with the use of EEG 's. An EEG is a measurement ofthe electrical
activity of the brain and is recorded with the use of electrodes that are placed on the
scalp. The measurements are stochastic and are not very well suited for research on the
source of these signais. T0 get a better idea of the source of the signais, a brain map is
made. This is a visualisation of the measurements and shows the distribution of the
measured values over the scalp. The images give an idea of the active and less active
regions of the brain.

A brain map can also be used for a more accurate way of source localisation. Currently
research is done on calculating what the exact location is of the active area. The active
areas in a brain can be modelled as a dipole. A dipole causes an electrical field, and the
projection of this electrical field on the scalp can be measured. This electrical field is the
source of the signals that are measured with the EEG recording. There are other sources
ofelectrical fields, both inside (hart, eye movement) and outside (electrical apparatus)
the human body, that disturb the measurements, but with some care they can be kept to
amlmmum.

To properly calculate the location ofthe source, the brain map should be as accurate as
possible. Although a brain map is based on measurements, these measurements are done
only on the few places the electrodes are placed, and a large part of the brain map is
reconstructed from the measured values. There are several reconstruction techniques of
which some are better suited to create brain maps then others.

This report describes two ,techniques, one of those being the K nearest neighbours
interpolation that is used very often and the spherical spline interpolation that is more
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advanced. The interpolation best suited for brain mapping, the spherical spline, is
chosen and a program is written to create brain maps using the spherical spline.

The medical e1ectronics group co-operates with the physiological psychology group of
the Tilburg University in the research on brain activity. It is desirable that the program
that is written can work together with data gathered at the Tilburg University. Some
other specifications of the program are the computer it should be able to run on, a
nonnal DOS personal computer, and, if possible, a way to produce multiple brain maps
after each other so the change in time can be visualised.
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2. Brain mapping.

2.1. What is brain mapping ?

Brain mapping.

o

In short, brain mapping a way !o visualise brain activity. It is used in physiological and
especially in psychophysiological research on the functioning of the brain. There are
several different ways to visualise brain activity.
One of the most detailed (and expensive) methods is with PET scan. PET stands for
Positron Emission Tomography, and is based on the emission ofpositrons from a
radioactive solution injected in the blood. The pictures created by this system are slices
of the body and in this case slices of the brain. Because active brain cells use more
energy they will have a higher metabolism and thus absorb more ofthe radioactive
solution. This will cause a contrast in the image with the less active brain cells. Other
detailed methods are MRI, MEG and SPEeT. I

On the other side, there is the EEG brain map. EEG stands for Electro EncephaloGram
and is based on thescalp potential measured with electrodes. For this measurement, two
or more electrodes are placed on the scalp, and they measure the potential between those
locations. The size of these signals is very small (several IlV) and the signals look like
noise. This type of measurement is used for a long time to diagnose some specitic brain
diseases, like epilepsy.
In 1942 a Japanese scientist, Motokawa, used multiple electrodes and wrote the average
values on a map of the scalp. After that he drew equipotentiallines on the map, and in
this way he created the first brain map. Modern techniques make it possible to use large
quantities of electrodes (19 to 63) and modern computers can calculate these maps in a
few seconds or even faster.

p

Figure 2.1: The first brain map. Made in 1942 by Motokawa.

I MR1: Magnetic Resonance lnduction. MEG: Magneto EncephaloGram. SPECT: Single Photon
Emission Computer Tomography
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For the ease of reading, the words brain map in this thesis will refer to the EEG brain

map, unless stated otherwise.

2.2. Modern brain mapping.

Modem brain mapping is still based on the same EEG signals already used in 1942.
What has changed is the way the signals are recorded and processed. In 1942, the
signals were recorded on paper. While multiple pens moved up and down as a function
of the potential on an electrode, the paper itself was puIled undemeath them in a
direction perpendicular to the pen movement and thus multiple lines were drawn which
indicated the voltage at a given time.

~.~""""""~/'v"'"

~~I/Iw-fy~~

N~~~~

~~...,.,-...J·f'li""Nfv"···""V~
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Figure 2.2: EEG recording on paper [Elektrische metingen in de geneeskunde].

These recordings are still in use and are quite useful for diagnostic analysis of, for
example epilepsy, sleep disorder and other neurological disorders. The recordings also
can be used for monitoring the brain activity, for example during anaesthesia.
The main point of attention with this type of recording is the wave form of the signais.
With the arrival of modem electronics and computers, a new type ofrecording became
possible. These recordings are not written down on paper, but the measurement is
immediately digitised and stored on a digital medium (i.e. hard disk, tape, etc.). This not
only improves the accuracy but, more important in this case, it makes it very easy to
prepare the measurement for other ways of analysis. One of these other ways of analysis
being the brain map.

It is clear, that a measurement with electrodes is local. This means that the only values
that are known are those at the positions of the electrodes. The logical way to improve
resolution (the spatial accuracy ofthe measurement) is to increase the number of
electrodes. The main disadvantages are the increasing cost ofthe apparatus and the
practical problem that an electrode has physical dimensions, and needs space to be

placed on the head. Another practical problem is the time needed to apply the electrodes
to the head.

Another method to improve the resolution is interpolation. This method tries to
reconstruct the values between the electrodes based on some mathematical calculations.
This is possible because of the smearing effect. The brain as weIl as the scalp are good

'>""~_'._'_',.,_.._ ..""._.,.~._, ,._0' ~.",,' ~

'/
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Brain mapping with EEG signals Brain mapping.

conductors and the skull is a good insulator, this will cause the electrical field created by
the brain and measured on the scalp to be smeared. The smooth change in voltage over
the scalp is restorabie with different types of interpolation which all have their
advantages and disadvantages. It should be noted, that interpolation is never able to
reconstruct the real situation, other then by coincidence. It is not able to create data and
it can only guess at the real value at á given position. Therefore, the most important
thing to do should be to use as much electrodes as is practically (and economically)
possible, and which are placed in a way that allows optimal recalculation of the values
at the places where no measurement takes place.
For this, the electrodes should be placed in a way that the distances between them are
almost equal. The international standard for the electrode positions, described in detail
by [Böcker and van Avennaete, 1994], is called the 10-20 system, and uses 19
electrodes. For this system, the head is regarded as a sphere.

Fp1 Fp2
• •

F7 Fz Fa
• F3 • F4 •

• •
1T3 C3 Cz C4 T4 I

I • • • • .' I
\ I

P3 pz P4 T6T5 • • •• •
01 02• •

Figure 2.3: The electrode positions and names in the 10-20 system.

It is possible to place extra electrodes or to have the electrodes on the positions other
then those described with the 10-20 system. Electrodes that are on slightly other
positions than described (it is not always possible to place an electrode at a specified
place), are marked with a ' for 1 and with a " for 2 centimetres distance to the position
they should have been placed according to the 10-20 system. This doesn't mean the
positions are described in centimetres, they are described in angles. These angles are the

, latitude, which is the angle seen from the top view with the nose as 0 degrees, and the
azimuth indicating the 'height', with the top of the head as 0 degrees.

1\

\
Latitude

a

Azimuth

Figure 2.4: The way latitude and azimuth are defined.
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Table 2.1: Description of the 2-20 system with the electrode locations.
(Y cP ~

Name Azimuth Latitude Name Azimuth Latitude

Fp1 72.00 18.00 C4 36.00 270.00

Fp2 72.00 342.00 T4 72.00 270.00

F7 72.00 54.00 T5 72.00 126.00

F3 47.70 38.36 P3 47.70 141.64

Fz 36.00 0.00 pz 36.00 180.00

F4 47.70 321.64 P4 47.70 218.36

F8 72.00 306.00 T6 72.00 234.00

T3 72.00 90.00 01 72.00 162.00

C3 36.00 90.00 02 72.00 198.00

Cz 0.00 0.00

There are other possibilities then the 10-20 system. It is possible to use other positions
then the 10-20 system describes, or to increase the number of electrodes that are used.
Some experiments use 63 electrodes which are mounted in a kind of bathing cap. This is
an easy way to connect all the electrodes to the scalp. Another type of measurement is
with an electrode array. An electrode array consists of electrodes which are placed very
close together in matrix form. This type is used when the approximate location of the
effect to be measured is known and researchers are interested in the detailed distribution
of the scalp potential. This last type of measurement does not result in what is referred
to as brain map, it only shows a very small piece of the brain activity, and not the entire
brain.

The choice between the different systems depends on the rate of accuracy required, a
priori knowledge on the location and the budget available. As already mentioned,
interpolation is not able to resolve data that isn't there, so the more electrodes are used,
the more accurate the measurement will be. [Soong et al., 1993] indicate that 32
electrodes are sufficient for general brain mapping (mapping over the entire scalp).
Increasing the number of electrodes will not improve the resolution because the
smearing effect removes the details and the measurements of the extra electrodes will
closely resembie the values that are interpolated for these places. The reliability of these
measurements however is questionable, as will be discussed in chapter 3.3. which will
show the interpolation technique used in their article will give highly inaccurate results.

2.3. Image projection with brain mapping.

The result of the measurements and interpolation is an image in which, one way or
another, the potential distribution ofthe scalp is visualised. There are three major ways
in which this can be done and there is still a discussion going on which one should be
favoured.

12
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The first method is using equipotentiallines. See also figure 2.1 which also uses
equipotentiallines. The second method uses a grey scale image. The higher the value
the lighter the grey and the lower the value the darker the grey. The third method is
almost the same but uses colour. Each of them has its own advantages and
disadvantages.
The discussion about which technique is best still hasn't ended, but some arguments are
not to the point or obsolete. This is especially true for the use of colour. The two most
important arguments against colour are that human psychology interprets colours in
different ways and is easily mislead by them and that the small amount of colours will
result in re-use of colours. The first argument can be avoided by choosing the proper
colours, particular avoiding the use of red which has a special meaning in human
psychology (hot, dangerous). The problem that human psychology wilfsee the
transistions between the colours as barriers, won't be avoided by choosing the method
with the equipotentiallines, since this creates artificial barriers also in the form of lines,
although the artificial barriers are used as an argument for choosing the equipotential
lines and not choosing colours. The second argument is obsolete and doesn't hold in a
time that simple personal computers can create more colours then the human eye can
distinguish.
The most important reason to choose colour instead of the grey scale images is that the
images aren't very clear when only grey is used. In a colour image the extrema are better
visible.

Another aspect of the image is the projection of the scalp. At first sight the top view
seems very logical but this approach has an important disadvantage. Because ofthe
curvature of the head, the sides will be compressed in a fairly small area. The solution to
this is to use a radial projection instead of the normal perpendicular projection. In a
radial projection the distance to the centre is linear with the angle of the point to be
projected, instead of the sinus of the angle.

Perpendicular Radial

c' b' a' a' b' c'

a

a' b' c'

Figure 2.5: Different projection methods.

(2.1)r(a') =sin(a) r(b') =sin(p) r(c') =sin(y)

In figure 2.5 a, b, care projected to a', b', and c'. The place where they are projected
differs for the two projection methods. The radius of the circles is 1. r is the dist~c_e_

.._" ..~_.~." ..,,~.---- -.-" -- -_.--

JIQJll!h~~~J1J~~_!?!!J:~_P.E~j:C.!~~!QÇ.a.JiQn. The perpendicular projection projects a, b and
c to:
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While the radial projeetion projeets a, b and e to:

rea') =~ r(b') =l ree') = l
ln ln ln
2 2 2

As ean be seen in figure 2.5 the more the data is to the side, the more it will be
eompressed in a small area. In the radial projeetion, the points to be projeeted have the
same distanee and the projeeted points keep this property.

14
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Brain mapping with EEG signals

3. Interpolation.

3.1. Different types of interpolation.

Interpolation.

(3.1)

In the previous chapter interpolation was mentioned. Interpolation is a mathematical
technique to recreate data on points where no measurement has been done, based on the
measurements that have been done in the places surrounding them. Using a
mathematical formula, the value on aspecific place is calculated as a function ofthe
surrounding measured values and the distance to these measurements. This will, of
course, give nothing more then an educated guess.

The interpolation is used in brain mapping because there is only a limited number of
electrodes where the measurement takes place. A brain map is a picture over the entire
scalp so the potentials around the electrodes need to be calculated. The interpolation
should calculate as accurate as possible. This means, that the value calculated by the
interpolation should match the real value as good as possible. Since the potential
distribution over the scalp is smooth, the interpolation should give smooth results as
well.
The potentials measured on the scalp are generated by the brain. This generation can be
modelled as the generation of an electrical field by several dipoles. To determine the
direction and place of the dipoles accurately, the maxima and minima in the picture
should be positioned as exact as possible.

An extra factor that becomes important at the moment a program is written to produce
the brain maps is the calculation speed. A fast interpolation algorithm will result in a
faster program. Ifthe program is too slow, it's usefulness is limited because it would
take to much time to calculate a large amount of brain maps.

3.2. K-Nearest Neighbours interpolation.

This interpolation method is used most frequently. It is described for brain mapping by
[Duffy, 1981]. It is quick, easy to understand and gives good results. The interpolation
is based on the measurements closest to the point where the value should be calculated.
The K is replaced with the number of nearest measurements used. If it is based on the
three nearest measurements, it is called 3 nearest neighbours interpolation. The
interpolation formula looks like this:

k

LV(Pi)d:-m

v(p) = --'--i=--=--!----:k---

Ld:-m

i=!
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The k is the number of nearest neighbours, v(p) is the result of the interpolation with P
the place where the interpolation takes place. v(Pi) is the potentialof the ith electrode
with Pi the place ofthe electrode and di is the distance between pand Pi.
The order ofthe interpolation is determined by m and is usually 2 or 3. A higher order
will cause a smoother interpolation. For brain maps, the interpolation takes place for
each pixe12 in the area ofthe scalp projection.

To demonstrate the effect ofthe order ofthe interpolation a simple situation is chosen
with K=2. For this example the interpolation in 2 instead of 3 dimensional, the principle
will stay the same though. The horizontal axis shows the place and the vertical axis the
potential.

v

x >
Figure 3.1: 2-nearest neighbour interpolation of the first order.

jV
I ;--

1.-/
!

x >
Figure 3.2: 2-nearest neighbour interpolation ofthe second order.

As can be seen in figure 3.1 and 3.2 the nearest neighbour interpolation has some
characteristics that are specific for this type of interpolation. The first thing that can be
seen is that extrapolation (calculation not between other values but outside the
measurements) with this method is impossible. Every point at the edge ofthe area still
has K nearest neighbours, but they are all on one side of the point where the
interpolation takes place.

2 A pixel is the smallest image element and is characterized by one colour. An image pixel can be one
monitor pixel, 2 by 2 monitor pixels etc. The ratio between the image pixel and the number of
monitor pixels depends on the resolution ofthe monitor, the size ofthe projection ofthe image and
the resolution of the image itself.
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>

Second that the middle line is straight. When the two middle potentials are higher then
the outside potentials, it is logical to expect the highest value somewhere hetween the
middle electrodes.
Would this have heen a 3-nn interpolation the middle line would have heen hent
downward, hecause one ofthe outside electrodes is included in the calculation,
instead of upward what is expected from the potential on the electrodes.

t
Iv

x

Figure 3.3: Interpolation expected from electrode potentials

>

v

x

Figure 3.4: 3-nearest neighhours interpolation.

This characteristic is closely connected to another one, namely that the glohal extremes
will always he on the electrodes. This can easily he proven. It is ohvious that one of the
electrodes has the highest potential (or more then one, hut that doesn't matter for the
proof) and that the others have a lower value. The interpolated value will always he
hetween the highest and the lowest value of the nearest neighhours and thus the highest
value will he on an electrode. If for one point in the interpolation all the nearest
neighhours have the same potential, and this is the highest potential, the interpolation
will also have the same (and thus highest) potential. It will never he higher. The same
holds for the lowest value.

Increasing the numher of neighhours (K) in the calculation will result in a smoother
picture at the cost of detail. When not all electrodes are taken into account (i.e.
measurement with 20 electrodes and K< 20) there is also the prohlem of discontinuities.
This can he seen in the following figure:
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Brain mapping with EEG signals

• electrode

o pixel

Figure 3.5: Situation with discontinuity using 3 nearest neighbours interpolation.

Pixel a, b and c are located next to each other, but pixel a and b have the left en two
middle electrodes as nearest neighbour, and pixel c the middle electrodes and the right
one. This will result in an interpolation for pixel a and b based on 2x3V and 1V, while
pixel c is based on 2x3V and 5V. Pixel a and b will be almost the same while c has a
notabIe higher value then b. The smoothness of the interpolation is disturbed at the
moment one neighbour is replaced by another because that one is nearer.

3.3. Advantages and disadvantages of the K-nearest neighbours methode

This type of interpolation has several advantages and disadvantages. The most
important advantages are:
• Easy to understand and to implement in a program.
• Short computational time.
• Use is widespread.

The most important disadvantages are:
• Discontinuities.
• Extremes are always on an electrode.
• Very dependent on the number of electrodes. The quality of the interpolation

worsens quick1y when the number of electrodes drop.

3.4. Spherical spline interpolation.

3.4.1. Explanation ofthe spline interpolation.

This method is based on the spline. A two dimensional spline can be imagined as a
flexible mIer which is connected to the measured values. Because it will minimise it's
bending energy it will fonn a fluent line from one value to the other. Since the spline is
connected to all measured points it takes all points in account. Using the previous
example this willlook as follows:

18
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Figure 3.6: Spline interpolation.

x >

This is a simple 2 dimensional spline interpolation. To change to a 3 dimensional
interpolation there are two possibilities. It is, of course, possible to extend the mIer in
two dimensions. This will result in a flexible plate that is connected to the measured
points. Hence this is called the plate spline. If we look at the problem at hand, an
interpolation over the head of the potentials measured there, we need a spherical
projection of this plate on a sphere. AIso, before calculation of the plate spline, the
measurements need to be projected on the plate. The second method of interpolation has
the sphere as base. This time the mIer is extended to a sphere, this results in the
spherical spline. The important difference with the plate spline is that if the sphere is
perfectly round the bending energy is zero. This causes, on the computational side, that
the projections aren't necessary and, on the mathematical side, that the bending energies
behave in a somewhat other way.
Because the spherical spline better fits the problem at hand than the plate spline, and the
computational time of the spherical spline is slightly less, only the spherical spline will
be considered.

3.4.2. Spherical spline mathematics according to literature.

The mathematical formulas ofthe spherical spline, as described by [Soong et al, 1993],
look quite complicated. There are three different parts that can be distinguished in the
formulas. The first part is a function that determines the character of the interpolation:

1 ~ 2J.!+1
qm(p,pJ =-4 L.J m( l)m PI1(cos(p,pJ)

7t 11=1 J.! J.! + (3.2)

The m in (3.2) determines the order ofthe interpolation. p is a place on the sphere ofthe

head and Pi is the place of the ith electrode on the head. ~Q~c!~!,!)js.Jh.~~çQ_!iineofthe ()
angle between point a and b as);eenfrom the centre ofthespQere. PJ.!(x) is the Legendre

polynomal ofthe J.!th degree. The extra function qm (P,Pi) is introduced to keep the
calculations ~urveyable.

Second part is the interpolation itself:
N,

v(p) = Lcjqm(p,pJ+d
j=1 (3.3)

v(p) is the potential at the place where the interpolation takes place (= p). ci is the ith

element from vector c that is determined by the electrode positions and the measured
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values. d is a weighed average ofthe potentials on the electrodes. Ns is the number of

electrodes.
Both c and d are determined by the following set of equations:

(Qm +NsU)c+d.t=v

ec=O
With

(3.4)

(3.5)

t =[1,1, .... , Ir

v = [V(PI)' v(Pz),····, V(PNJ]

And Qm is a NsxNs matrix filled like this:

Qm·· =qJpi'P J· )
IJ

(3.6)

(3.7)

(3.8)

(3.9)

Qm will be symmetrical since COS(Pi' P j) = cos(p j' Pi).

The interpolation is calculated as follows: First (3.4) and (3.5) are solved. The resulting

vector c and value d are used in (3.3) to calculate the potential at each point.
The set of equations (3.4) and (3.5) looks like:

qll qlz qlN, NsA. 0 . 0 Cl d VI

qZI qZN, 0 NsA. 0 Cz d Vz
+ + =

o o d VNo

Cl (3.1 0)

(1 1 ... 1) C
z = 0

qlN, 1 Cl VI

qZN, 1 Cz Vz

= (3.11 )

qNN +NsA. 1 CN, VN,, ,
1 0 d· 0

And can be combined to:

qll + N sA. ql2

qZI qzz + N sA.

Which gives the following set of linear equations 10 be solved:

qll + NsA. qlz qlN, 1 VI

qZI qzz + NsA. qZN, 1 Vz
(3.12)

qN,1 qN,Z qNN +NsA. 1 vN,, ,
1 1 1 0 0 /

This kind of equation can easily be solved by a computer.
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3.5. Correction of spherical spline interpolation.

Interpolation.

There is, however, a problem with the interpolation as described by [Soong et al., 1993].
According to Soong et al the À is used for smoothing of the brain map. They use a value
of 1 for À. 1t can be proven that this gives wrong results and that Àshould be O. This will
cause the removal of the term N sÀ in the matrix equations.
To prove this, the following example is chosen:

• There are two electrodes, opposite to each other.
• The order ofthe interpolation is chosen to be 2.

v1.1 v2

~~
Figure 3.7: Simple example with two electrodes opposite to each other.

(Pl'PI) = 0
0

(Pl'P2) = 180
0

For the ease of calculation, the variables are introduced:

a = q2{PI'PI) b = q2(PI'P2)

Because of symmetry:

b=q2(P;,pJ and a=q2(P2,P2)

This will cause Qm to look as follows:

(3.13)

(3.14)

(3.15)

[
a b)

Q2 = b a
(3.16)

For the other part of the equation N sÀI is taken together as x. The set of equatiolls to be
solved is:

( a~x a~x ~ :~J
1 1 0' 0

Which results in the following linear equations:

(a+x)c l +bc2+d=v l

bCI +(a+x)c2+d=v2

Cl +c2 =0

Which gives for d:

d= VI +v2

2
And forc

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

21'



Interp0 lation. Brain mapping with EEG signals

V I -V2

Cl = 2(a + x - b)

v 2 -VI
c2 =2(a+x_b)

Now we are going to calculate the interpolated value at the place that electrode 1 is

mounted. The interpolated value will be called v; .
2

V; = LC iQ2(P,pJ+d = CIQ2(P,PI)+C2Q2(P,P2)+d
i=1

Putting (3.21) (3.22) (3.23) in (3.24) gives

v; =c la+c2b+d=(a-b)c1 +d

what can be written out to

'_( -b) V1 -V2 d- a-b (V1 -V2 VI +V2 ) x d
VI - a ( ) + - + +

2 a+x-b a+x-b 2 2 a+x-b

This results in

a-b xv; = vl + d
a+x-b a+x-b

Calculation of a and b for m=2 gives
a ~ 0.0792666 and b ~ -0.0513416

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
resulting in

, 0.1306 x d
VI ~ v l +----

0.1306 + x 0.1306 + x (3.29)
Ifwe use A. =1 as suggested, this will result in x=2 (2 electrodes)
Using the calculated values for a and b (3.28)

, 0.1306 2 d
V ~ V +--

I 2.1306 I 2.1306 (3.30)
if we considered the electrodes to have opposite potentials

VI = -v2 d = 0 (3.31)

that results in

v; ~ 0.0613vI (3.32)

This is an approximate factor of 16 offrom the real value, while x = 0 would result in
the exact right value. The calculated value is drawn toward the average d, as can be seen
by formula (3.30). The smoothing effect as described by [Soong et al, 1993] is indeed
accomplished, but the smoothing effect is much to strong, and causes all the

interpolated values to resembie the mean value. Since x increases with the number of
electrodes, the problem will only get worse if the number of electrodes increases.

The only way to solve this is to set A. to O. That is why (3.4) should be written as

Qmc + dt = v (3.33)
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3.6. Properties of tbe spberical spline.

Interpolation.

3.6.1. Interpolation at the place ofthe electrodes.

A disadvantage [van Avermaete, 1991] of the spline interpolation is that the values
interpolated at the place of the electrodes differ from the values measured there. If the

spherical spline is corrected this no longer holds, as can be proven with the next

example.
We have Ns electrodes. Now let's look at the place ofthe jth electrode. Since the order
of the interpolation, m, doesn't matter in this prove, the m will be omitted.

Writing the interpolation out we get:
N,

v(p) = LC8(P,pJ + d = clq(p,PI) + czq(p,pz )+... +cN,q(P,PN) + cl
;=1

Since we look at the place ofthe jth electrode

P =Pj

So (3.34) can be rewritten as:

v(p j) = clq (p j ,PI) + czq (p j ,pz )+... +cN,q (p j ,PN,) + d

Now looking at the matrix equation that has to be solved.

q(PI'PI) q(pI'Pz) q(PI'PN,) 1 VI

(3.34)

(3.35)

(3.36)

q(PN, ,PI) q(PN, ,pz)

1 1

q(PN, ,PN,) 1 vN,

1 0 0 (3.37)
With this c and d are solved. Especially the following part ofthe linear equations is
interesting:

(3.38)

This can be rewritten as:

clq (p j ,PI) + czq (p j'Pz )+... +c N,q (p j'PN) + d = v j (3.39)

Combining (3.36) and (3.39) gives

v(p)=vj (3.40)

This shows that the voltage interpolated at the place of an electrode is the same as the
voltage measured at that place3•

3 This is true if the electrode itself is also used to calculate the spline. It shouldn't be mixed up with data
validation in which the voltage is calculated at the place of an electrode without using this electrode
to solve the spline matrix equation.
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3.6.2. Calculation time.

The spherical spline is known in literature for its long calculation times. This is caused
by the interpolation necessary for each pixel in the brain map. One of the most time
consuming calculations is the calculation of q(P,Pi).

1 ~ 2Jl+l
qm(p,pJ=-4 LJ m( l)m PI'(cos(p,pJ)

1t 1'=1 Jl Jl + (3.41)

PI'(x) can be calculated recursive with this formula.

Po = 1 PI = x (n + l)Pn+1 (x) = (2n + l)xPn (x) - nPn_ 1 (x) (3.42)

Measurements by [Soong et al., 1993] indicate that the 00, above the summation sign, in
(3.41) can be reduced to 15. To calculate this for all electrodes for every pixel in the
screen will take a lot of time.
To increase the speed, [Hassainia et al, 1994] suggests making a table in which is
q(P,Pi) precalculated for each pand Pi. While this is, of course, a method that decreases
the calculation time dramatically, it has a big disadvantage being the huge amount of
memory required for this tabIe.
For example: The image is 200 x 200 pixels and we use 23 electrodes. Ofthe 200 x 200
image 31416 pixels are used because the image is circular. Memory storage for a
double4 is 8 bytes. This results in a look up table of 5645 kByte. Another disadvantage
ofthis method is that this table needs to be calculated for each resolution. Ifthe
resolution would be changed to, for example to 250 x 250 the entire table has to be
recalculated.
What is, however, usabie is the creation of a table containing q(P,Pi), as suggested by
[van Avermaete, 1991]. The table contains the results of the q formula, as given in
formula (3.2) for all possible angles between P and Pi. This increases the computationa1
speed and doesn't need a lot of memory. This table needs considerably less memory.
The size ofthe table should be determined by the smallest change in angle, being 0.50

for a 200 x 200 image. A table with an accuracy of 0.1 0 is more then sufficient for this
image and results in 1800 cells. A table 1800 cells big uses only 14 kByte. The biggest
disadvantage of this method is that the angle between the two points P and Pi still needs
to be calculated for each pixel. This will still take a considerable amount of tim~
because it has to be done for every electrode per pixel.

Another calculation required for the spherical spline is the solving ofthe matrix
equation (3.41). This matrix equation has to be solved for each measurement. [Hassainia
et al, 1994] described a way to increase speed ofthe matrix solving. As can be seen in
(3.9) the matrix is filled with values that only depend on the electrode positions. The
matrix is however solved to the measured values. Ifthe matrix could be prepared to be
more easily solvable this could increase the speed. This is possible with the so called L
U decomposition, as described in [Numerieke methoden]. The L-U decomposition
decomposes a matrix in two triangular matrices which are faster to solve then ane

4 A double is a type of floating point representation in the programming laguage C.
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normal matrix. Since decomposition takes place on the matrix and is independent from
the values it has to be solved to, one decomposition is enough for an entire set of
measurements, as long as the electrodes stay on the same place.

3.7. Advantages and disadvantages of the spline interpolation.

The main disadvantages are:

• Long computational time.

The main advantages are:

• No discontinuities.
• Extremes not necessarily on the electrodes.
• Interpolation based on entire scalp instead of a small area.

3.8. Choice of ~nterpolation.

Now the advantages and disadvantages are known, rests the question which
interpolation can be used best. The most important factor in choosing between spherical
spline and K nearest neighbours seems to be the choice between speed and accuracy.
I have chosen for the spherical spline for the following reasons. First of all the extremes
that are free from the electrodes are a big advantage. If the ca1culation will be used for
source localisation it is important that the minima and/or maxima are placed as
accurately as possible. For source localisation the sources in the brain are modelled as
dipoles. If the extremes are on the electrodes the direction of the dipole will almost sure
deviate from the direction the dipole should have. Second, the disadvantage of the
spherical spline is the ca1culation time. Although this can be a problem, current
developments on computer hardware are so fast that they will catch up with the
computational speed needed, if that would be necessary, on a short term.
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4. The brain mapping program.

4.1. Program properties.

Brain mapping with EEG signals

The previous chapters dealt with the theoretical side ofbrain mapping. The purpose of
the theory is making a brain mapping program possible that can calculate accurate brain
maps. One of the conclusions of the previous chapter was, that the most accurate
interpolation can be calculated by using the spherical spline.
Using this interpolation, a program is written that is able to do the following things:
• Read data from a EEG recording file.
• Let the user browse through the recording.
• Use variabie browsing steps, so the user can browse quickly through the entire file,

and doesn't have to look at every brain map ifhe is only interested in the last brain
maps.

• Calculate a brain map using the spherical spline interpolation.
• Calculate as fast as possible.
• Display a brain map in colours, where the colours indicate the electrical potenti~l on

each piace on the scalp.
• Let the user switch an indication of the contours of the potential gradient on or off.
• Let the user switch an indication of the electrode positions on or off.

It should be possible to modify or extend the program to fit the users wishes. This
includes the possibilities for saving the brain map in a format used by other programs or
the creation of hard copies.
To accomplish this, the programming language is choosen to be C++. C++ is a newer
version of the programming language C, both often used in technical environments
because oftheir flexibility. Using header files and libraries, standard methods in C to
create code that can be used by other programs, it is possible to write code that is
surveyable and can easily be modified without the need of rewriting large pieces of
code.

4.2. Tbe program structure.

There are five programs in total. There is a program that translates the data to be read,
two programs to create and play moving images and the main program that creates the
brain map, based on a spherical spline interpolation. There is also a program that writes
interpolation information to a file. The purpose of this program is to check the quality of
the interpolation.
The brain map program is the main program, being able to do anything necessary to
create a brain map. The programs are written in a modular form so the code that isn't
specific for the program can be used by other programs.
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The program used to record movies uses large parts of the code of the brain map
program. This modular structure can also be found in the structure of the program. The
structure ofthe program can be visualised in the form ofblocks.

Program: BRAINMAP.EXE

Initialising, reading of headers*

Control

Loading data*

Caleulation of splïne*

Caleulation of image*

Putting the image on the screen

*=Modular bloek, àlso usabie by other programs

Figure 4.1: Structure ofbrain mapping program.

As can be seen in figure 4.1 there are three blocks that are unique for the brain mapping
program and four blocks that are usabie and useful for other programs. Two of these
concern the reading of the data and two relate to the calculation of the spline.
The initialising block does several things. It reads the electrode positions from a file and
it calculates the a table for the q(P,Pi) function. From the information about the
electrode positions the L and U matrix are calculated. The header information of the
data file is read so the name, starting position and conversion factors are known (see
next chapter).
The block reading the data uses the information gathered by the initialising block to
read the data from the file at a specified time and convert it to the originaI values.
The block for spline calculation solves the matrix equations of the spline based on the
values read by the data reading block.
The block calculating the image does the actual interpolation for each pixel in an image
of a given size. It also calculates the highest and lowest value in the image. The image
can be calculated for each size. Most important factor here is the calculation time. An
image twice as big will need four times the calculation time.

The three resulting blocks of the program are the program block, which is the program
that is started and has the parameters of what files to read, the control block, which lets
the user walk through the different images based on the time the measurements are
taken, and the last block is the block that produces an image on the screen. This includes
the image in colour, the places ofthe electrodes and a legend indicating the potential
belonging to a certain colour.
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4.3. The data format.

Brain mapping with EEG signals

4.3.1. The electrode positions.

For the program to function properly it is necessary to know the location ofthe different
electrodes. The electrode information file is a very simple file in ASCII 5 format. It
contains information about the number of electrodes, the place of these electrodes and it
can contain comments on the file. These comments are preceded with a: *.

Number of electrodes

Electrode description, including placement

Comments

Figure 4.2: Electrode file structure.

How does such a file look in practice:

5
Fp1 018.00 072.00
Fp2 342.00 072.00
F7 054.00 072.00
F3 040.88 047.66
Fz 000.00 036.00
* The 5 electrodes of the EXP4 SPN study of jan/feb 1993

Figure 4.3: Example of electrode information file.

The description ofthe electrode placement is in latitude (first value) and azimuth
(second value). The placement should be the actual placement, and not the theoretical
placement. Although the number of electrodes is not necessary to know how many
electrodes there are in the file, it increases the ease with which the program can read the
file.

4.3.2. Measurement data.

The data file consists of digitally stored measurements of an EEG. These are samples
taken over a certain time on a specific sample frequency. For example, the data I use is
recorded over 6 seconds at a sample rate of 128 samples per second, resulting in 768
samples per electrode.

5 ASCII, American Standard Code for Information Interchange. This code declares the binary values of
the main characters of the alphabet, digits and punctuation marks. In most cases it is used to indicate
that the text can be read normally, without the need oftranslation. most computers comply to this
standard.
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Everybody ean ehoose his own format in whieh to record these samples, but the use of a
standard format inereases the eompatibility and thus the availability of data. One of
these standards is an European standard format.
A data file of this standard consists of two parts, a header part and the data. The header
eontains information like, who is the patient, when i,s the reeording made, and
information about the data. This ranges from the number of electrodes and their names
to the range of the data on eaeh ehannel. This last requires some explanation. There are
several ways to store data. The easiest method would be to store a floating point number
that equals the measured value. However, one floating point number requires 4 bytes to
be stored and the data is digitised and has a resolution of (typieal) 12 bits whieh is less
then 2 bytes. Since the resolution is 2 bytes, it is a waste of storage space to store 4
bytes. Beeause the value still is a floating point number and only integer numbers can be
represented with 2 bytes, there is need for some conversion. This conversion is ealled
ealibration. To ealibrate, the minimum and maximum digital values are recorded in the
header, as well as the minimum and maximum floating point values.
This way, the floating point values only need to be stored onee, and all the data ean be
written in integer format. This is done for each channel in the data file. How this works
in praetiee ean be seen in the following example:

Table 4.1: Example of channel information.

What value Short in formula Value
Digital minimum DI -200
Digital maximum DA 200
Floating point minimum FI -2.00E-3

Floating point maximum FA 4.00E-3

Ifthe data in the data file would read 100 (=D), this would be eonverted to

FA-FI D + FI _ DI FA-FI ==
DA-DI DA-DI
~ v'

gainr offset

(4.1)

4-(-2) 50+-2-(-200) 4-(-2) =~50-2+200~=175 (4.2)
200 - (-200) 200 - (-200) 400 400'

So the integer value is translated into the original floating value and the storage needed
for the data is reduced by a factor two without loss of resolution. The gain as well as the
offset only need to be calculated onee for each channel.

The European format can use a different gain and offset for each channel, and thus is
also usabie for different types of signals in the same file. An example of such another
useful ehannel is a channel containing EeG 6 or EOG 7 data. Because the muscles of the
hart ereate a large electrical field, it is possible that this disturbs the EEG measurement.

6 Electro Cardio Gram. Measurement ofthe electrical activity ofthe hart.
7 Electro Oculo Gram. For example caused by eyemovement or blinking with an eyelid.

29 .



The brain mapping program. Brain mapping with EEG signals

By combining both the EEG and ECG signais, it is possible to detect ECG disturbances
in the EEG signal. The eyes are so close to the brain, that their electrical field causes
great disturbances on the measurement. Although the electrical fields of the eyes aren't

as strong as those of the hart, they are much closer to the brain and strong enough to

disturb a measurement.
Not only is it possible to give the channels different ranges, it is also possible to use
different sample frequencies, so a parameter that changes slowly can be sampled on a

lower frequency. This enables the recording other informatioti on the patient/test person
like body temperature without recording too much samples. It is no use recording the

temperature 100 times per second, it will stay the same in that time anyway. This
\

flexible system enables the use of this format for other uses like patient monitoring. Of
course the sample frequency is written in the header. The recording time is the same for

all channels.
This results in a data file structure which contains a header with general information, a
header with information on each channel and the data itself. The data is recorded
sequential for each channel and the amount of data depends on the recording duration
and the sample frequency of that channel.

Table 4.2: Information in the main header.

Mainheader Size in bytes

Version number of data format 8

Patient ID 80

Recording ID 80

Start date of recording 8

Start time of recording 8

Tota! size of the header (main + sub header) 8

*reserved* 44

Number of data records 8

Recording duration
~

8

Number of channels , 4

Table 4.3: Information in the sub header.

Information per channel. Size in bytes

Channel name (e.g. EEG FpzCz or Body temp.) ns x 16

Type oftransducer (e.g. AgAgCI electrode) ns x80

Physical dimension (e.g. IlV) ns x8

Physical minimum (floating point value) ns x8

Physical maximum (floating point value) ns x8

Digital minimum (integer value) ns x8

Digital maximum (integer value) ns x8

Type of pre filtering (e.g. HP:O.lHz LP:75Hz) ns x 80

Number of samples in data record ns x 8
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I*reserved* ns x 32

The brain mapping program.

Although the sample frequency ofthe channels itselfisn't recorded, this can easily be
calculated from the recording duration and the number of samples in each data record.
Programs reading from this data format should take into account that the data records
can have different lengths and that the starting point of the channels isn't equally spaced
in the file.

The resulting data file has the following structure:

Main header (256 bytes)

Sub header
(Number of channels x 256 bytes)

Data
(Total number'of samples x 2 bytes)

Figure 4.4: Data file structure.

Both the header and the sub header are written in ASCII code. Although the data itself is
binary, the ASCII heading makes it possible to view the important information
concerning the file and in this way creates an easy way to identify recordings. It also
makes it possible to swap data between different computer platforms (e.g. from DOS to
VAX). There is an incompatibility between different platforms and even different
programs in storing floating point values on a binary level. By writing them in ASCII
they can always be read and converted to a floating point value.

This is an example of a data file containing two channels.

Figure 4.5: Sample of data file.

It is very important that the data files are conform to the standard. In most cases the
program will recognise a file that doesn't follow the standard, but it is also possible that
it doesn't recognise this and the results become unreliable.
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It is also very important that the data file and the file describing the electrode positions
belong together. The program executes a simple check by comparing the names ofthe
electrodes from the electrode description file and the data file.

This is the description of one of the standards that exists. Another standard is the Fysian
data format, specially developed for the use with EEG signais. Since the data I got for
my program was recorded in the fysian format, I had to convert it first to European
format.

4.4. Translation from fysian to European format.

Although the fysian data format is specifically designed for EEG recordings it is
somewhat old and has several serious drawbacks. One of these drawbacks is that the
format is usabie for a lot of different types of EEG recordings (normal recordings,
average of several recordings,etc.) which makes the contents kind of obscure ifthe
history of the data file is unknown. Another disadvantage is that the floating point
values are recorded in the format ofFORTRAN on a VAX platform. This causes
conversion problems when it is exported to other platforms, like DOS.
For these reasons it is decided to use the European format for the brain mapping
program. Since a lot of data was available to me in the fysian format I wrote a
conversion program to translate the fysian data to European format.
The fysian format is built in the same way as the European format, consisting of a
header, one or two sub headers and the data. Everything is recorded in binary form, so it
is impossible to quickly view the contents.
In contrast with the European format the sample frequency is always the same, which is
logical since the only signals recorded are EEG's and some ECG, EOG and EMG 8

signais. These signals concern the possible disturbances on the EEG measurement and
thus are recorded on the same sample frequency.
Another difference with the European format is the header size which is always the
same in fysian format. The fysian format allows up to 32 channels to be recorded and
the space needed for the according data is already reserved. In case there are less then 32
channels this space is filled with zero's.
The fysian format stores it's values also in an integer format, this time without a way to
correct for offset but also with a multiplication factor to convert the integer value to the
original floating point value. As already mentioned these conversion factors are stored
in a digital format which makes them hard to convert for a DOS platform.

In this specific case, the translation from FORTRAN for VAX to visual C (DOS
platform) digital format is kind of complicated. As mentioned before, the floating point
value is recorded in 4 bytes. To translate the floating point value from VAX to C the
first two and last two bytes should be swapped and the resulting value should be divided
by four.

8 Electro MyoGram. Measurement ofthe electrical muscIe activity.
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Figure 4.6: Swapping ofthe first and last two bytes.

The brain mapping program.

(4.3)

The header ofthe fysian format is 512 bytes and can be followed by one or two user
headers. Since the fysian format isn't supported by the brain mapping program, it won't
be discussed here, but the exact description ofthe headers can be found in appendix A.
However, because a lot of data is available in fysian format, the conversion program can
read these files, and translate them to European format so the fysian data is indirectly
usabie for the brain map program.

4.5. Implementation of tbe spline in tbe brain map program.

Now the data is readabie, the spherical spline needs to be implemented in the program.
There are several things that need to be done to accomplish this. It is necessary to read
the electrode positions and to compute the Land U matrices as mentioned in 3.6.2.. For
this, one ofthe big advantages ofC++, the dynamic memory allocation becomes very
useful. This makes it possible to read the amount of electrodes and use this number to
allocate the amount ofmemory required for both matrices. Now the only restriction on
the number of electrodes possible lies in the available memory and not in the amount
the programmer thinks is the maximum.

The solving of a matrix on a computer isn't too complicated since the standard method
for solving matrices is easily translated to a programming language. In this case the
special solving of the matrix and decomposing it into an U and a L matrix isn't much
harder. There is however one problem that can cause the program to have difficulties.
Matrix U gets solved over it's diagonal, and one ofthe values on the diagonal can be
zero, as the result of some previous calculations.

(

2 -3 4 J (2 -3 4 J
U(2) = -4 6 -2 U(I) = 0 0 6

6 -7 6 0 2 -6

The next step in this example would be a problem for a computer since it would
determine the next step by dividing the -3 and the 2 by O. To prevent this the program
has to check ifthe next value with which to solve is a zero, and if so, swap two rows. It
is important that the program swaps the measurement data also, else the data would be
appointed to the wrong electrodes. Swapping the data is relatively easy because the
information about the electrodes is stored in a tabie. This information includes the
position ofthe data in the data file. Swapping the electrodes will automatically adjust
the reading positions in the data file.
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After the matrix is split in the L and U matrices this problem won't occur. This because
both matrices are triangular and there won't be a zero value on the diagonal of either
matrix.
In the program the division in three parts is very clear. The part that decomposes the
matrix equation is one of the first things that comes after the electrode information file
is read. The second part, solving the two matrices, is done after the data is read. For this,
the moment in time in the recordin should already be known. The proper data then can
be read and forwarded to the procedure that solves both matrices. This results in an
array of constants that are used in the interpolation. The third part is the part that
interpolates. For the brain map program it does this over the entire surface ofthe scalp.
For the data validation program (mentioned in chapter 4.2.) it interpolates for only one
place on the scalp, but it still needs the complete former two parts.
The interpolation is executed for each single pixel that lies on the scalp. Since the image
is a radial projection ofthe scalp everything outside the circle marking the 90° border is
left blank. This 90° border is a choice that I made on the basis that it still resembles a
top view. It is of course possible to extend that border to 100° or more. In this case care
should be taken not to go to far from the electrodes since extrapolation isn't very
accurate. The interpolation method and the electrode positions both work with polar
coordinates.
It is attractive to program the interpolation also in a circular manner, increasing the
radius with one step and then calculate over the full 360° around. Although it has its
advantages it has two major disadvantages. First of all, especially for the points shorter
to the centre, a lot of these points are projected to the same pixel, thus creating a lot of
unnecessary calculations. Second, apart from some lucky hits, most of the projections
will be between two pixels and have to be moved to the nearest pixel. This probably
isn't visible, but it can result in pixels that are left blank and other discontinuities. This
is why the interpolation is programmed in a square format, using the screen coordinates
and calculating the back to the coordinates on the sphere. The distance from the pixel to
the centre has to be calculated anyway, so by calculating this first it can be used to
determine if the point needs to be calculated or that it lies outside the border.
The area now calculated is meant for image production. Since the image on a monitor
has a limited amount of colours, it is useless to calculate with high accuracy. The
program is meant for personal computers running DOS. Most video standards on a DOS
platform are able to display 256 colours simultaneously, so the interpolation can suffice
with 256 values. In practice there are even less colours available in case there are other
things that need to be projected. A big advantage of 256 colours is that one pixel
requires one byte ofmemory storage. This way even high resolution pictures can be
displayed and stored without running out of memory. To scale the images they are first
calculated with their real value and immediately afterward they are scaled to 253 values.
The resulting 3 colours are for the text on the screen, the background colour and for the
electrode projection. The minimum and maximum values of the image are stored, so it
is possible to create a legend indicating the value of the colours.
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4.6. Image creation.

The brain mapping program.

As could be read in chapter 4.4. the interpolation is closely connected with the image on
the screen. The interpolation takes place for a specific screen size and this determines
the size of the image on the screen. It is possible to scale the image but this has to be
done with an integer value, so the image can be blown up with a factor two, three, four,
etc. The decision about the resolution with which the image is calculated and the factor
with which it is scaled when the image is put on the screen largely depends on the
computational speed ofthe computer the program is running on. To increase the
resolution with a factor two, the computational time increases with a factor four. The
scaling factor of the image is, in most cases, chosen that the image is filling the screen
as good as possible and is in this way depending on the screen size. Two screen
standards that are often used on DOS machines and are capable of displaying 256
colours are 320 x 200 pixels (VGA standard) and 640 x 480 pixels (VESA standard).
The problem with the standard VGA resolution of 320 x 200 is that text that is put on
the screen is very big. In that mode the screen is only 40 character wide and this creates
problems when a legend needs to be displayed.
The legend placed with the image needs to indicate several things. It indicates the values
of the different colours. It also shows the time at which the sample is recorded in the
data file. Further it indicates the step size in seconds with which the program 'walks'
trough the data file.
The image is displayed in 256 colours, with 253 for the brain map. For the brain map
the colours are chosen to go from light blue to dark blue over black to dark green to
light green. Dark blue indicates the lowest value in the brain map and light blue the
highest value. The three resulting values are a very dark red, light red and grey. The
very dark red is used as background colour. The reason that the background is not black
is that black is used in the brain map. This way the background always has a different
colour then the brain map. The light red is used to display the electrodes positions on
the scalp and grey is used as the text colour.
The shading from blue to green can be chosen in two different ways. It is possible to
choose a smooth transition from light blue to light green, or to do this in steps, using
approximate 10 colours. The first has the advantage that the electrical potential
indication is very accurate. The second method has as biggest advantage that the
contours in the image get clearly visible. It creates some sort of equipotentiallines on
the transitions between the colours. Of course, this is at the cost of accuracy.
With 256 colours, the contours already get so obscured, that it can be useful to reduce
the amount of colours used in the brain map image. From this, the logical conclusion
follows that 256 colours are enough to display an accurate brain map. Since the
transitions between the different shades are almost invisible with 256 colours and
because it is already useful to decrease the amount of colours used, increasing the
amount ofpossible colours will not enhance the image quality and is unnecessary.

To increase the calculation speed and to make it easier to find certain points in the
recording, the program calculates a small brain map image for search purposes. This
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small image can be calculated very fast, and it is placed in a corner so the user ofthe
program can see what to expect. At the press of button, a large brain map image is

calculated.

The next two pages show examples of the images created by the brain mapping
program.
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Figure 4.7: Brain map with smooth colour gradient.

Figure 4.8: Brain map with stepped colour gradient.
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Figure 4.9: Brain map with smal1 search image.

Figure 4.10: Brain map without electrode indication.
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5. Program speed optimisation.

Program speed optimisation.

5.1. Background information on speed optimisation.

It has already been mentioned that the most important item in determining the image
size is the calculation speed.
There are several factors that play an important role for the calculation speed. This is, of
course, the speed ofthe computer, the required resolution ofthe image and last but not
least the way the calculations are programmed.
The calculation times mentioned are each time from the same computer and are used to
indicate the change in speed caused by the use of different optimisation methods. They
are not the values that would be measured by running the program.

5.2. Different calculation methods and their time use.

The brain mapping program consists largely of calculations. Most of these calculations
are simple additions and multiplication's, but there are also more time consuming sine's
and square roots needed to calculate the angle between two points.
To give an idea ofthe amount ofrequired calculations the foHowing example is chosen.
An image of 100 by 100 points (this williater be blown up to fuH screen size, 200 by
200 for 320 x 200 screen resolution and 400 by 400 for 640 x 480 screen resolution).
There are 23 electrodes which means there are 23 angles to be calculates from each
pixel to the electrodes. There are 7854 pixels that need to be calculated. Suppose the
program calculates the angle between two points based on the azimuth and latitude that
pixel is the projection of.
First, the x, y and z position can be calculated of the pixel. This value wiH be considered
to be stored in memory and only calculated once per pixel..

x = cos(ep)sin(8) y = sin(ep)sin(8) z =cos(8) (5.1)

This results is two sine's and two cosines to be calculated. Then the inner product is
calculated with each electrode. Since we need to calculate the eosine of the angle
between the two points there is no need for an are eosine.

cos(cr) = X· cos(epi) sin(8 j ) + y. sin(epi) sin(8 i) + z· cos(8i ) (5.2)

The q(P,Pi) table is redefined to q(x) with x=cos(P,Pi).
In this case the calculations are done once and the values are stored, resulting in two
sine's and cosines that need to be calculated for each electrode. The computational time
of the eosine equals that of the sine. The amount of these trigonometrie functions that
needs to be calculated for the entire image is

7854· (4 + 23·4) =753984 (5.3)

This is even for a fast computer a huge amount of trigonometrie calculations. The
computer9 the program is tested on needed 13.5 seconds to calculate just one single

9 A 80486 DX-2 running on 66 MHz. An accurate desciption cao he found in chapter 6.1.
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image. It is clear that this isn't practical usabie. To view the entire data file consisting of
768 images, the program would need

768 ·13.5 sec.= 10368 sec ~ 172 min = 2 hours and 52 minutes (5.4)

Even if you don't want to look at all the images, 13.5 seconds is much to long to browse
comfortably through the file. The calculation time should be brought back with at least a
factor 10.

It is possible to calculated the real x and y values, without the need of sine's and cosines.
This is based on the position ofthe pixel on the screen. The radial projection is
described in chapter 2.3. It is possible to calculate the coordinates on the sphere from
the coordinates of the pixel.

7
(0,0)

Figure 5.1: Coordinates with radial projection. (Top view)
(Only the upper half ofthe circle is shown)

To calculate the x and y coordinates on the sphere, the following formula is used:

e r I J 2 2 I x sine I I Y sine I

= R I1t r = "x +y x = R-e- I1t y = R-e- I1t (5.5)

With R the radius ofthe projected circle, x' and y' the coordinates on the sphere and x
and y the pixel coordinates.
The z co-ordinate can be calculated with
z' = cose (5.6)
The coordinates are normalised on

JX'2 + y'2 + Z,2 = I (5.7)

This method is, of course, also possible with the electrodes, but for those a more
convenient way is at hand. While reading the electrode information file, not only the
polar coordinates are stored, but also the x, y and z coordinates are computed and stored
with the other information. This way they only need to be looked up in the table
containing the electrode information. These coordinates are also normalised so the
vector (O,O,O)-(x'i,y'i,z'i) has length 1.
Now the inner product can be calculated relatively fast:

cos(e) = x'x; + y'y; + Z'Z; (5.8)

This calculation now only needs one sine and one eosine to be calculated per pixel.

Using this method to compute the spline, an entire image now only requires 2.4
seconds.
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5.3. Other optimisation methods.

Program speed optimisation.

Not only the way the interpolation is calculated determines the speed, the speed also can
be increased by programming for speed optimisation.
A program is normally written in subroutines. Each subroutine contains code for some
specific task appointed to it. It is customary for subroutines to call others, and in doing
this the structure of the code is very c1ear. The advantage of this kind of code is that if it
needs modifications or needs to be expanded a programmer that has never seen the code
before can alter it without spending lots of time in finding his way in the program.
So, to apply this to the brain mapping program, there is a subroutine that reads the data
from the q(x) tabie, there is a subroutine that calculates the angle between the different
pixels and electrodes and there are subroutines to read data. When, in a program, a
subroutine is called, the data used by that routine is copied to an extra memory address
and a separate piece of code is run. Especially for the interpolation, where the amount of
calculations done in the subroutines is very small and there are a lot of calls to these
routines, there is an enormous loss of speed in these 'administrative' actions. There is a
lot of speed that can be gained by programming the code directly into one single
subroutine. The increase in speed is remarkable. By reprogramming the image
calculating routine to a routine that still does the same but doesn't call other routines the
calculation time decreases from 2.4 seconds to 1.1 second.
Until now, the hardware the program is running on has hardly been discussed. It is of
course c1ear, that the faster the computer, the faster the program will beo But there is
something extra to it. The program consists of mostly calculations, thus the use of a
mathematical coprocessor will speed the program up. This mathematical coprocessor is
integrated in the 80486 DX processor, but can be switched off. With the coprocessor
switched off, the calculation time increases to 40 seconds. Since it is not possible to use
the program in anormal way with these kind of calculation times, the program is
compiled for computers with a coprocessor only. Because the program now only runs if
there is a coprocessor available, the generated code can be somewhat simpier, and this
results in a marginal increase in speed.
The programming language C++ has the possibility to give the compiler instructions on
what kind of code it should generate. For this application the compiler is, of course, set
to create code that is as fast as possible. This will cause the program to be bigger then
necessary, but it will also be faster. The effects are, however, minimal , both in size and
speed increase. It is not possible to compile this code with another compiler, due to the
graphical routines in the program These graphical routines aren't standard and differ for
each compiler. To compile on another compiler the graphical code has to be rewritten.

One ofthe programs developed during this M.Sc. project, is a program that can show
movies of the electrical brain activity. It shows the images of the brain mapping
program after each other. Although the speed of the calculation has been brought back,
it is still too slow to use even for a simple movie. This requires more than five frames in
six seconds so there has to be searched for another way to speed this process up. There
is still one method that hasn't been discussed, and that is precalculation. This results in
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two programs; one to play the movies and one to record it. The program that records the
movie does all the work and will require a lot of time. After that, the program that plays
the movies only needs to put the images, that are calculated by the recording program,
on the screen. This method has the big advantage that it is possible to look at a lot of
images fast behind each other but the disadvantages make it a last resort solution that
only should be used when it is unavoidable. These disadvantages are the huge amount
of disk space required for the precalculated movie and the time consumed to calculate
the movie. To give some numbers, a movie containing 768 of size 200 x 200 requires
more then 30 MBytes of disk space and 15 minutes to be calculated.
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6. Measurements.

6.1. Time measurements.

Measurements.

There are two important factors that determine the usefulness of the brain mapping
program for research purposes. These are the accuracy and the speed of the program.
Since calculation speed, important to enable browsing through the recording, has been
the main point of view in the previous chapters, it will be dealt with first.
There are five programs in total ofwhich one isn't meant to be used by normal users and
won't be discussed here. The resulting four are the brain mapping program, the movie
recording and play back program and the data conversion program.
The test is done on a fast modem machine and another, slower, machine. Since the
configuration of the computers influences the speed it is unavoidable to describe the
machines in detail.
The first computer is a 80486 DX-2 running on 66 MHz. It has 4 MByte of memory and
256 kByte ofsecond level cache memory. The architecture ofthe main board contains
VESA local bus expansion slots. One of these slots contains a Cirrus local bus Video
card. The hard disk is a 420 MByte version made by Conner. These last two are
especially important for the movie player.
The second computer is a technically somewhat older model, using a 80486 DX
processor running on 33 MHz. It also contains 4 MByte of memory and contains 64
kByte of second level cache. This machine doesn't have a local bus architecture. The
video card is a Diamond speedstar and the hard disk a Seagate in 270 MByte version.
The video card doesn't contain a VESA standard chipset, so to display the high
resolution mode 640 x 480 it needs a program.
Both computers use a disk caching program.
The measurements are done with the following 2 files:
exp4 . ele : The file containing the electrode positions. There are 23 electrodes.
lOppvrh .ree: The data file. It has 23 electrodes ofwhich the positions can be found
in exp4. ele. I1_<::Qntains a reco!-4!!!KOf6 seconds atasample..rate_.of.l28Hz. This

gives 768 samples total for each electrode.

The brain mapping program already has been discussed. The times discussed there are
the calculation times of the spline. The program does some extra things like putting the
image and the legend on the screen. Besides that, it has to read the data from disk and
read the keyboard for user input.

Table 6.1: Calculation times in the brain mapping program.

Computer 1 Computer 2

a Complete run 1 image 2.3 seconds 4.9 seconds

b Complete run 2 images 3.9 seconds 8.0 seconds

b-a Calculation of 1 image 1.6 seconds 3.1 seconds

43



Measurements.

~ Initialisation

Brain mapping with EEG signals

1_0_.7_se_c_o_nd_s ll.8 seconds

These times are measured with a built in function that returns the clock time of the
processor. Each result is the average of 10 measurements.
A complete run consists of the starting of the program, initialisation, calculation of the
brain map, imaging of the brain map and ending of the program. The calculation time of
the brain map with the depicting of the brain map is given by b-a, while the time used
for the initialisation (solving the matrix equation, calculating the q(x) tabie) is given by
2·a-b.

Another program that should be able to run fast is the movie player. It should be able to
show the images quickly after each other. T0 achieve this, the images are precalculated
by the movie recorder. This program calculates each image, puts it on the screen and
then writes the screen constants to disk. The image is blown up by a factor two before it
is written to screen, so a 50 x 50 image is 100 x 100 on the screen. The screen works in
the normal VGA mode of 320 x 200 pixels. The precalculating takes a lot of time and a
lot ofdisk space.

Table 6.2: Calculation times ofa movie file.

Image size Computer 1 Computer 2

100 x 100 (file size:7.5 MB) 4:30 minutes 9:40 minutes
200 x 200 (file size: 30.5 MB) 18:10 minutes 40:00 minutes

The player does nothing more then reading the images from disk and putting them on
the screen. It also contains some controls to speed up or slow down the play back speed
and it is able to play backward. The play back times are the play back speeds at
maximum speed. To reach these, the program is altered somewhat because the normal
version has a fixed maximum speed of approximately 17 images per second.

Table 6.3: Play back speed of a movie of 768 images.

Image size Computer 1 Computer 2

100 x 100 12 seconds 64 images/sec. 16.5 seconds 46 images/sec.
200 x 200 42 seconds 18 images/sec. 56 seconds 14 images/sec.

This shows that even the movies with large pictures can be displayed without seriously
slowing down.

Rests one program, the program to convert Fysian data files to European format. To
measure the speed of this program, a file is converted from Fysian to European format.
This test file is not 10ppvrh.rsb, the file resulting in 10ppvrh.rec, because this file is
relatively small and converted within a second. Totest the compiler speed the file
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(6.2)

kub.sng is converted to kub.rec. This file contains multiple measurements after each
other and is 2.6 MByte large.

Table 6.4: Conversion time measurement.

Computer 1 Computer 2

Conversion of kub.sng 20 seconds 38 seconds

This difference in speed is probably caused by the different hard disks. These
measurements aren't really important, since this conversion only needs to be done once.

6.2. Accuracy measurements.

The accuracy ofthe brain map is determined by the accuracy ofthe interpolation
technique used. To measure the accuracy ofthe interpolation, the interpolated value and
the real value should be known. A way to accomplish this is by interpolating on the
place of an electrode, since the potential at that place is known. The interpolation takes
place without the value measured at the place of the electrode. If, for example, the
quality of the interpolation at the location of electrode Cz should be calculated, the
measurement at Cz is stored and the interpolated value at the place of Cz is determined
while the interpolation ignores the electrode Cz completely.

6.2.1. Statistical accuracy measurement with variance.

There are several statistical ways to determine the accuracy of a interpolation. One that
is often used, for example by [van Avermaete, 1991] and [Soong et al, 1993], calculates
a kind of variance. Variance is calculated with the following formula:

var(x) =!~)x(t)- X(t))2
nl=1 (6.1)

With x the data, x the average value ofthe data and n the nuinber of samples taken. To
calculate the variance for an interpolation, where the difference between the measured
values and their average is not relevant, and the difference between the measured value
and the interpolated value is relevant, t4e formula is modified as follows: The average is
replaced with the measurement, and the data is replaced with the interpolated value.

1 n

var(v) =- ~)v;(t) - Vi (t))2
n 1=1

With Vi the measured value and v; the interpolated value. This type of statistical
analysis can give an indication ofthe expected error. For this the standard deviation has
to be calculated by taking the square root of the variance.

SD(v) =Jvar(v) (6.3)

The interpolated values will be with 99% confidence within the interval:

Vi -2.326·SD(v) ~ v; ~ Vi +2.326·SD(v) (6.4)
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There is now a fairly accurate estimation of the maximum deviation of the interpolated
value in respect to the real value. This, however, is only based on values of aspecific
recording. A simpIe example. For this measurement two different recordings are used;
10ppvrh.rec and 10pparh.rec. These two measurements are done with the same electrode
positions. For reference also the sum ofthe squared measurements in a recording are
also in the tabie.

Table 6.5: Variance and summed squared values oftwo data files.

10ppvrh.rec 10pparh.rec

Electrode Var I<V)2 Var I<V)2
Fpl 0.372 308.103 0.482 197'103

Cz 1.94 2.89,104 3.74 1.70.104

T3 0.586 216'103 0.586 2.16'103

It can be seen that the accuracy measurements depend on the recordings. Especially the
difference of the ratio's between variance and summed squared values is striking.
Although 10ppvrh.rec has a lower variance, the sum ofthe squared values is higher, so
relatively the variance is even lower.
Another problem with this type of quality control is that there is no indication on the
error that is made. It is impossible to see if all errors are made in one direction, for
example if all interpolated values are to low.
So ca1culation of the variance can be used to measure the quality of the interpolation but
it can only be used for the same data set. This results in the conclusion that this method
is usabie for comparison purposes between different interpolation techniques, but it isn't
suited for detailed research on the errors that are made with the interpolation.

6.2.2. Accuracy measurements using linear regression.

A better way to check the accuracy then ca1culation of the variance, is the calculation of
the linear regression. Linear regression is a statistical method to ca1culate the relation
between two variables, for example the length and weight of a person. For brain
mapping, the relation sought is the relation between the real and the interpolated value.
These two values should be as close together as possible.
The relation between the two values given by the LR is a straight line that, can be given
in the format y=ax+b. In this formula, x is the horizontal value, the real value in this
case, and y is the vertical value, the interpolated value. The a and b are the parameters
that are ca1culated by the LR. These parameters are calculated so the summed squared
distance of all the measurements to the LR line is minimal.
A third parameter that belongs to LR is R, which indicates how good the fitting is. R has
a value between 0 and 1, and the closer the measurements to the fitted line, the closer R
will be to 1. IfR=1 all the crosses will be on the fitted line.
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An aide used with linear regression is the scatter diagram. In this diagram, each of the
two values is assigned to an axis, and crosses indicates the measurements. A
measurement is the combination of the real value and the interpolated value at one point
in time in the recording. Since a recording contains 768 samples, there are 768 crosses
in the diagram. The horizontal axis indicates the real values and the vertical axis
indicates the interpolated values. The relatión thta is found between both values is fitted
through the points.

Also drawn in the diagram is the idealline. The idealline is the 1 on 1 line, where the
interpolated value equals the real value. For this line, a=1 and b=O.
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Figure 6.1: Linear regression line of Cz electrode in data file 10ppvrh.rec.

In this image, thtt crosses are all the measured values with horizontal the real value, the
value that the interpolation should give, and vertical the interpolated value. The drawn
line is the line calculated with linear regression and the dotted line is the idealline.
Unlike with the variance calculation the deviation from the idealline can be seen
without problems. Two things can be noted immediately.
First, the crosses are grouped together. They are not on the idealline, but most ofthem
are on a line. This can be found back in the high value ofR; R=0.985. Second, the line
ofthe LR, deviates from the idealline. The parameters are: a=0.831 and b=-0.177.
There is a negative offset and the interpolation inclines to O.
It can be interesting to compare two diagrams of the same electrode but from different
data files, because this shows the dependency of the LR based on the data.
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Figure 6.2: Linear regression line ofFpl electrode in data file lOpparh.rec.
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Figure 6.3: Linear regression line of Fp1 electrode in data file IOppvrh.rec.

There is an important difference between the LR ofboth recordings. In IOpparh.rec the
LR line has an angle that is bigger then the idealline, and in 1Oppvrh.rec the angle is
smaller.
For comparison are here the exact values:
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Table 6.6: LR parameters of FPI in lOppvrh.rec and 10pparh.rec

Measurements.

a b R

10pparh.rec 1.19 -0.262 0.960 y=1.19·x-0.262

10ppvrh.rec 0.837 -0.220 0.985 y=0.837·x-0.220

6.2.3. Final notes on the statistical accuracy measurements.

Using the linear regression for statistical analysis gives a better view on the way the
interpolation behaves. The insight in the accuracy increases. It is clear from the
diagrams that the deviation between the interpolation and the real values is structural. In
contrast with just caiculating the variance the structural nature can be shown. The
variance could also have been derived from interpolations that are totally wrong, with
much to high and much to low interpolated values. The results of the linear regression,
indicate that the spherical spline interpolation is accurate, but makes a structural error.
The variance is not caused by an inaccurate interpolation technique that makes random
errors.

Due to lack of time I haven't had the chance to search what in the interpolation causes
this structural deviation, but some possible candidates that deserve attention are:
• Influence ofthe neighbouring electrodes: One ofthe electrodes 'draws' the

interpolated value to it's own value.
• Model ofthe head. The spherical spline is based on a perfect sphere. Maybe this

should be corrected to a sphere that better matches the form of the head.
• Inaccurate electrode positions. The electrodes aren't located where the electrode

information file says they are.
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7. Conclusions and recommendations.

Brain mapping with EEG signals

It is possible to create brain maps, images that visualise the brain activity, based on
EEG signals. A brain map is a projection ofthe electrical field generated by brain

activity on the scalp. Of the different ways to indicate the strength of the electrical field
on the scalp the most convenient way is with colour where the colour indicates the

potential at each point of the scalp.

The brain maps are calculated from a limited amount of data because the only
measurements that are recorded are at the place ofthe electrodes. All the other values on
the scalp should be calculated. This requires an interpolation technique. Of the known
interpolation techniques that are suited for brain mapping, the spherical spline is the one
best fitting the requirements a brain map demands.
The advantages can especially be found in the distribution of the potential projection
over the scalp. This distribution should be smooth and values at the locations of the
electrodes should be the same as the values measured there. Ifthe brain map will be
used for purposes of source localisation it is important that the maxima and minima are
located in the right locations, and are not restricted to the locations of the electrodes.
Above all a maximum shouldn't be reversed to a local minimum as is possible with the
K nearest neighbours interpolation.
The only known interpolation technique that complies to these demands is the spline. Of
the two spline interpolations the spherical spline is the most suitable. The main
disadvantage ofthe spherical spline is it's time consuming algorithm. This is why it is
relatively new in comparison to the k nearest neighbours method. Because it isn't used
much there are some errors in literature describing the spherical spline. One of these
errors can be found in the formula used to calculate the spline. Another misconception
about the spherical is that the interpolated values at the place where the measurement
takes place differs from the measurement. This isn't correct, it can be proved that the
measured and interpolated value at the place ofthe measurement are the same.

The programming of a brain mapping program that uses the spherical spline encounters
the calculation time problem mentioned in the previous paragraph. It is possible to write

a program that is fast enough to produce high resolution brain maps in an acceptable
speed on a personal computer. AIso, the development on computer hardware is so fast,

that higher demands on the brain map and interpolation aren't a real problem. The
increase in calculation time will be overcome by a new generation of computers.

T0 view all the images of a recording behind each other it is necessary to calculate and
store all the images before they can be viewed. Real time calculation is by far to slow

for this kind of task. Viewing a set of images that are already calculated and stored can
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be done fast and this way it is possible to look at all samples in a recording. This is a
practical aide for searching on artifacts.

The results of the spherical spline are good, but the interpolated values show a structural
deviation from the real values. The deviation is small and is almost the same for all the
samples on the same electrode.
The deviation depends on the set of data that is used. It is highly recommended that
some research is done on why the interpolation shows this kind of deviation. Because
the deviation is structural it may be possible that it can be avoided.
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Fysian header.

Brain mapping with EEG signals

Contents Number Size Start pos

Number of channels 1 2 0

Number of samples 1 2 2

Number of trials 1 2 4

Trial number ofthe first calibration recording 1 2 6

Trial number ofthe second calibration recording 1 2 8

Number of samples in calibration trial 1 2 10

Peak to Peak value of calibration pulses 1 2 12

Trial number ofthe EOG calibration 1 2 14
Number of samples in EOG calibration trial 1 2 16
Channel code (l=EEG, 3=EOG, 4=EMG, etc.) 32 2 18

Kind ofreference (l=Al+A2, 2=Al, etc.) 1 2 82

Number ofthe user header 1 2 84

Beginning of baseline interval (in samples) 1 2 86

End of baseline interval (in samples) 1 2 88
Number of trials included in the average 1 2 90
Number of subjects included in the average 1 2 92

Version of fysian file structure 1 2 94

Number of records needed for the header 1 2 96

Number of records needed for the user header 1 2 98

Number of records needed for one trial 1 2 100

Number of records needed for calibration trial 1 2 102

Number of records needed for EOG calibration trial 1 2 104

*reserved* 37 2 106

Sample frequency 1 4 180

Factor 32 4 184 ~

*reserved* 5 4 312

Is calibration present (YeslN0) 1 1 332

Is calibration calculated (YeslNo) 1 1 333

Is file baseline corrected (YeslNo) 1 1 334

Is file EOG corrected (YeslNo) 1 1 335

Are all trials EOG corrected (YeslNo) 1 1 336

Is file filtered (YeslNo) 1 1 337

*reserved* 1 10 338

Creation date 1 9 348

Extension of filter used 1 3 357
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If-~-:-:m-t_e_l_n_am_e_s--------------1=~=2====1 ~4
record=512 bytes
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Users reference

Users reference

The users reference is meant for the users of the programs. It explains how the programs
are started, how they are used and what they do. Details on the programs themselve can
be found in the prograrnmers reference.

BRAINMAP.EXE

This is the main program. It creates images of the electrical brain activity that can be
measured on the scalp.

Running the program.

To run the program, it needs 2 parameters. These are the names ofthe files that contain
the electrode information and the recording.
The syntax is:

brainmap <electrode information> <recording data>
For example:

brainmap exp4.elc lOppvrh.rec
The electrode file needs to be in the format described in chapter 4.2.1 and the recording
has to be in European format. If the number of electrodes or the names of the electrodes
in both files don't match with each other the two files will be considered to be from
different measurements and the program will give an error message.

When the program is running, there will be a large circular image on the screen. This is
the brain map. Underneath is a legend that indicates the potential that the different
colours represent. On the right side of the image the time at which the image is taken is
visible, as is the time step.
Also at the right side of the screen is a small key reference.

Table 1: Key reference tabie.

~ Increase the time at which recording is viewed with the amount indicated
by timestep. As soon as this key is pressed, a small brain map appears to
increase the speed with which can be searched in the data file.

~ Decrease the time at which recording is viewed with the amount indicated
by timestep. As soon as this key is pressed, a small brain map appears to
increase the speed with which can be searched in the data file.

T Increase the timestep with a factor 10. The default timestep is 1 second.
The maximum timestep is 100 seconds.

,!, Decrease the timestep with a factor 10. The minimum timestep is 11100 of
a second.

PageUp Use a small image. This image is placed in the upper left corner over the
large brain map. The time that is indicated by the program refers to the
time in the recording of the small image.

PageDown Create a large brain map at the same time in the recording as the small
brain map is made.
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T Set the timestep to one sample at a time. The timestep is set to a value that
causes the brainmap to advance one sample at each key press on increase
time. In other words; timestep=1/(sample frequency)

Home Go to the fi.rst sample in the data file
End Go to the last sample in the data file.
Fl This will switch the indication of the electrode positions in the brain map

off.
F2 This will switch the indication ofthe electrode positions in the brain map

on.
F3 This will set the image colours to a smooth transient of light blue to black

to light green. This is the most accurate version of the brain map.
F4 This will set the image colours to a stepped transient of light blue to black

to light green. There will only be 18 colours which will enhance the
contours of the maxima and minima.

Esc Ends the program and returns to DOS.

Error messages.

There are several error messages that can occur. Between braces is the result code ofthe
program if an error occurred.

Error locating data memory (200)

This is an error message that shouldn't occur. It indicates an error on memory
management in the program. Possible solution: remove any memory resident
program.

Error locating image memory (200)
Same as "error locating data memory".

Error opening datafile (10)

This means that an error has occured while the program tries to open the file. This is
probably caused by an incorrect file name.

No floating point unit

The program is unable to locate the mathematical coprocessor. This piece of
hardware is needed for the calculations.

Not possible to open video mode. Make sure VESA drivers are
loaded (1)

The program has problems with the graphical screen. Because this is a high
resolution application, either the video card of the computer should be VESA
compatible or VESA drivers should be loaded. The video card needs at least
512kByte memory.

The names of the EEG channels do not match. This can also
be caused by caps/non-caps differences(ll)

The names of the EEG channels in the recording don't match the names of the
electrodes in the electrode description file. The check on the channel names is case
sensitive, so an upper case character in one file while in the other file it is a lower
case character, this error is given.
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The number of EEG channels does not match(ll)

The number of EEG channels in the recording does not match the amount of
electrodes in the electrode description file.

RECORD.EXE

This program is used to record a movie. It creates a movie file that can be played with
PLAY.EXE. The size ofthe image in the movies is determined by RECORD.EXE.
The size of the images determines the size of the file to be created. These sizes can
easily exceed 30 MByte.

Running the program

This program requires four parameters to start up.
record <electrode information> <recording data> <movie
file> <screensize>

For example
record exp4.elc 10ppvrh.rec ppvrnovie.200 200

The electrode information and the recording data are the same files as with
brainmap.exe, containing respectively information about the electrodes and the
recording data in European format. The movie file is the file to which the movie is
written. There is no overwrite warning, the new file will be written on top of the old
one. There are no restrietions to the filename except the standard DOS conventions, but
the user is advised to use a name that identifies the file of which the movie is made and,
in case the user creates more movies of the same file but with different image sizes, an
indication about the image size..The screen size tells the program what the size ofthe
image is when it is projected on the screen. The ca1culated image is a factor two smaller
then the image on the screen.
In contrast to BRAINMAP.EXE this program doesn't need the VESA drivers to be
loaded.

Error messages

There are several error messages that can occur. Between braces is the result code of the
program if an error occurred.

Error locating data memory (200)

This is an error message that shouldn't occur. It indicates an error on memory
management in the program. Possible solution: remove any memory resident
program.

Error locating image memory (200)
Same as "error locating data memory".

Error opening datafile (10)

This means that an error has occured while the program tries to open the file. This is
probably caused by an incorrect file name.

Error writing movie file(lO)

The program is not able to open the specified file to write the movie t~. This error
should not occur.
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Maximum image size is 200(2)

The user specified an image size smaller the 0 or larger then 200. The program is
ony able to display brainmaps in a size between 0 and 200.

No floating point unit

The program is unable to locate the mathematical coprocessor. This piece of
hardware is needed for the calculations.

Not possible to open video mode(l)

The program has problems with the graphical screen. The video card should be
compatible with standard VGA and needs at least 256 kByte memory.

The names of the EEG channels do not match. This can also
be caused by caps/non-caps differences(ll)

The names of the EEG channels in the recording don't match the names of the
electrodes in the electrode description file. The check on the channel names is case
sensitive, so an upper case character in one file while in the other file it is a lower
case character, this error is given.

The number of EEG channels does not match(ll)

The number of EEG channels in the recording does not match the amount of
electrodes in the electrode description file.

PLAY.EXE

This program plays the movie files that are created with RECORD.EXE. The speed with
which the movie is played can be adjusted while the program is running and the
direction in which the movie is played can also be reversed while the program is
running.

Running the program

This program needs 3 parameters to start up.
play <movie file> <start time> <end time>

For example:
play ppvmovie.200 1 6

The movie file is the previously by RECORD.EXE created movie file. The start time is
the time in the recording that the movie should start to play and end time is the time in
the recording to stop playing. Both times are in seconds. This function can be useful to
skip an uninteresting beginning or end.

The play back control uses the following keys:

Table 1: Key reference tabie.

+ Increase the speed with which the recording is being viewed.
- Decrease the speed with which the recording is being viewed.
space bar Inverses the direction in which the movie is played.
Esc Ends the program and returns to DOS.
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Error messages

There are several error messages that can occur. Between braces is the result code ofthe
program if an error occurred.

Error locating image memory (200)

This is an error message that shouldn't occur. It indicates an error on memory
management in the program. Possible solution: remove any memory resident
program.

Error opening movie file (10)

The file name given as movie file doesn't exist.
Not possible to open video mode (1)

The program has problems with the graphical screen. The video card should be
compatible with standard VGA and needs at least 256 kByte memory.

Start and stop time reversed (30)

The start time given to the program is later then the stop time.
Wrong start time. Start time must be between 0 and <any

number> (30)

The start time given should be within the range of the file. This message will occur
when, for example, the recording is taken over 6 seconds and the start time is given
as 7 seconds.

Wrong stop time. Stop time must be between 0 and <any
number> (30)
The stop time given should be within the range of the file. See "Wrong start
time".

CONVERT.EXE

This program converts the Fysian files to European format.

Running the program

The program requires two parameters to run.
convert <infile> <outfile>

For example
convert 10ppvrh.rsb 10ppvrh.rec

With the infile the Fysian file that neds to be converted and outfile the file that should
contain the translated Fysian data.

Error messages

Error opening input file (10)

The Fysian file with name given as infile doesn't exist.
Error opening output file (10)

The Fysian file with name given as infile doesn't exist.
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Brain mapping program reference

This reference describes the different subroutines that are defined for the program
BRAINMAP.EXE. lt explains the purpose of each of the sub routines and the way they
are called in a program. They belong to one of the two header files the program
BRAINMAP.EXE uses. These header files also define some structures and variables
which will also be discussed.

BRAINMAP.H

Class definitions

class subheader

This class defines a structure for the channel infonnation. lt contains:
-The number of the channel in the data file.
-The calibration gain (Real value is binary value*conversion factor)
-The calibration offset for the values. '
-The sample frequency ofthe channel.
-The starting position of the data of thisc,hannel in the data file. /
This class is used to define an array that has a dept~ that equals the number of
electro~es.Because the data should be given from.one procedure to the next, a
pointer with this class should be defined in the main program.
The data in the array can only be accessed by the subroutines readheader,
readvalues and samplefrequen7y.

class mainheader

This class defines a structure for the general data infonnation. lt contains:
-The size of header of the data file.
-The number of data records.
-The duration of the recording.
-The number of signals.
The variabie of this class is only used by subroutines in the header file, so it is
defined in the header file. The data in the variabie is only accable by the subroutines
readheader and sampleduration.

class <Ltable

This class is used to define the variabie that contains the values for q(x). 1t contains
only the precalculated values. The array has a depth that is detennined by the
constant resolution that can also be found in the header file. The table will be

defined in the header file.
The data in the table is only accessable by the subroutines ini t _ q, q and
create_image.
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class electrodes

This class defines a structure for an array containing information on the electrodes.
it contains:
-Name of the electrode
-Latitude ofthe electrode
-Azimuth ofthe electrode
-cosine of the azimuth of the electrode
-x co-ordinate ofthe electrode
-y co-ordinate ofthe electrode
The array is defined in the header file, with a depth that equals the amount of
electrodes in the data. The data in the variabie declared by electrodes is only
accessable by the subroutines init_electrode_position, angle,
electrode_position,readheader,create_imageand
electrodename.

Variabie definitions

int number of electrodes

This is one ofthe most used variables in the entire program. It contains the number
of electrodes in the recording and determines the size arrays, matrices for the
spherical spline etc.

electrodes *electrode-positions

This is a pointer to the array containing the information on the electrodes. The data
in this array is protected.

qtable *CLtable
This is a pointer to the array containing the precalculated values of q(x). The data in
this array is protected.

mainheader header

This variabie contains several values about the header of the data file. The data in
this variabie is protected.

double *matrix_l,*matrix_u

Both pointers point to an array containing the the L and U matrices. These matrices
are the LU decomposited matrices ofthe spherical spline. The data in these two
matrices is not protected and is used by the subroutines c reate_1_u and
create_image.

# define QRESOLUTION 1000

Here the resolution of ~table is defined, in this case 1000. It is the number of steps
between 0 and 1. The ~table ranges from -1 to 1. The actual size ofthe ~table

array is 2*resolution+1.

Subroutines belonging to BRAINMAP.H
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void init_electrode_position(char filename[])

This subroutine initialises the electrode information file. The filename is theame of
the file containing the electrode information.
This subroutine should be called in the beginning of the program.

void electrode_position(double &latitude,double
&azimuth,int number)

This subroutine returns the place of an electrode. The electrode in indicated by it's
number, so ifnumber is 5, the location ofthe fifth electrode is given. There are two
value that are returned, the latitude and azimuth. These two values are called with
varaibles and will be changed by the program-.
Example:
double lat,azi;
electrode-position(lat,azi,S) ;
This will put the latitude of electrode 5 in the variabIe lat and the azimuth of
electrode 5 in az i.

double angle(int electrnuml,int electrnum2)

This subro'utine returns calculates the angle between two electrodes and the middle
of the sphere.
Example:
double angle_I_2;
angle_I_2=angle(I,2) ;

This will put the angle between electrode 1 and electrode 2 in the variabIe
angle_I_2.

void init_q(void)

This subroutine needs to be called in the beginning ofthe program. 1t calculates the
q(x) tabIe. It doesn't accept any arguments.

double q(double input_value)

This subroutine returns the value of q(x), with x the input. x needs to be within the
range: -1 ~ x ~ 1.
Example:
double qll;
qll=q(O.37S) ;

This will put q(0.375) in the variabIe q11.

void create_l_u(void)

This file creates the L and U matrix based on the electrode porsitions. It is therefore
necessary that init_electrode-position () is allready called. This

subroutine doesn't accept any arguments.

void readheader(FILE *datafile,subheader *channelinfo)

This subroutine reads the header and subheader of the data file. It requires two
arguments, the handle of the datafile and a pointer to the array that will contain the
electrode information. The subroutine init_electrode-position () should

have been run so the number of electrodes is known.
For an example, see readvalues.

12



Brain mapping program reference Programmers reference

After this subroutine is called, the channel information is available for the other
routines.

void readvalues(double *v,double time,FILE *datafile,
subheader *channelinfo)

This subroutine reads the data of all the electrodes at timepoint time in the datafile,
based on the channel information gathered by readheader, and stores it in an array.
The subroutine needs the following arguments: A pointer to the array where the
values should be stored, the time in the recording, the handle of the datafile and a
pointer to the array containing the channel information. The array containing the
values should be one larger then the number of electrodes because the spline solving
uses one equasion more then there are electrodes.
Example:
FILE *f1i
subheader *channeldata;
channeldata=new subheader[: :number_of electrodes];
fl=fopen("lOppvrh,rec", "rb");
readheader(fl,channeldata) ;
double *values;
values=new double[::number_of_electrodes+l];
readvalues(values,l,fl,channeldata) ;

First the headers are read, after that the measurements at 1 second after the start of
the recording are read and stored in the array values.

double samplefrequency(subheader *channel_data)

This returns the samplefrequency of the data file. The subroutine requires one
argument, the pointer to the array containg the channel information. readheader

should allread have been run.
Example:
double frequencYi
frequency=samplefrequency(channeldata) ;
The sample frequency is now stored in the varaiable frequency.

long unsigned int sampleduration(void)

This returns the duration of the recording. The subroutine accepts no arguments.
Example:
long unsigned int time;
time= sampledurationO;
The variabIe time now contains the recording duration.

char* electrodename(int num)

This returns the name ofthe electrode indicated by the argument with its number.
Example:
char name [5] ;
name=electrodename(5) i

The name ofthe fifth electrode is now stored in name.
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GRAPHOUT.H

Brain mapping program reference

The header file GRAPHOUT.H doesn't define any variables or classes. It needs the
classes and variables that are defined in BRAINMAP.H.

Subroutines belonging to GRAPOUT.H

void set-palet_blue_green_red(int colorres)

This subroutines sets the palet. There are 256 colours available in total.
The following colours are defined:
0: Dark red.
1: Light blue

Dark blue

Black

Dark green
253: Light green
254: Grey
255: Bright red
The colour resolution determines the step size in which the colours change. If
colorres=1 the colours will change smoothly, iffor example, the
colorres=lO the system colOlITS 1 up to 12 will get the same colour, 12 up to 23,

etc. The change has an immediate effect, the image on the screen doesn't need to be
redrawn.
Example:
set-palet_blue_green_red(l)

This will set the palette to a smooth palet.

void create_image(unsigned char *sized_image,double *v,
int picturesize,double extreme [2] )

This is the procedure that actually calculates the spline, based on the measured
values. For this, the program needs to know how big the image is.
It accepts 4 arguments, the array where the iamge should be stored, the values on
which the interpoaltion is based, the size of the image and the array where it should
store the highest and lowest value in the brain map.
For an example, see graphoutput () .

void graphoutput(unsigned char *sized_image,
int picturesize,double extreme[2])
This subroutine puts the image, calculated by create image on the screen. It

will also display a legenda that indicates the values ofthe colours. the subroutine
requires three arguments, the array containing the image, the size ofthe picture and
the value of the extremes.
Example:
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unsigned char *image;
double extremes[2];
int pictsize=50;
image=new unsigned char[4* (pictsize+1) * (pictsize) +1] ;
create_image(image,values,pictsize,extremes) ;
graphoutput(image,pictsize,extremes) ;
The half image size is choosen to be 50 (pictsize=50). First the image is
calculated with create_image () ,after that it is displayed with
graphoutput () . The reason these two are seperate subroutines is that it is now

possible to acces the data in the image.

void dtoa (double floattobeconverted,char *returnvalue)

This subroutine coverts a double to a string. It accepts two arguments, the floating
point value and the string in which the float should be written. The value is rounded
at 3 digits behind the period. It is only possible to put strings to a graphical screen,
so translation is neccessary.
Example:
double number=2.3456;
char numberstring[B];
dtoa(number,numberstring) ;
The floating point value is now converted, so numberstring=" 2 . 346".
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