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ABSTRACT

A microprocesscor-based system designed for use in
audiclogical experiments has been built and employed for
clinical trials and further investigations into the

character of evoked EEG potentials.

~If the phase spectra of a number of responses to
consecutive suprathreshold stimuli are taken, and certain
harmonics are examined, aggregation of the phaées hay be
observed, It was proposed to investigate whether this
effect could be explained on an additive hypothesis,
or whether a different hypothesis involving some
synchronization of neural activity iﬁ the cortex should

be postulated.

The microprocessor system could be used both to
generate auditory stimuli, and also to collect, store,
and analyze réSponses from the patient. Stimuli could
be produced with a variety of waveforms, and with

accurately controlled amplitude, frequency and phase.

Clinical trials on normal hearing subjects gave
results which were comparable with results obtained by
the visually-scored ensemble average method in common
use, Further analysis of the results from two éubjects
led to the conclusion that the'gdditive hypothesis is

-~

unlikely to be true,



CONTENTS

Chapter 1 - Introduction.

1.1
1.2
1.3
1.4
1.5

Background

Evoked cortical response audiometry
Brain stem electric response audiometry
Electrocochleography

Description of equipment

Chavter 2 ~ Theoretical background.

2.1 Methods of processing EEG signals

2.2 Evoked potentials

2.3 Unstimulated EEG

2.4 lModels of EEG generation

Chapter % - The stimulus generator.

3.1 A review of previous designs for auditory
stimulus generators

3.2 Initial design of the stimulus generator

3,3 Introduction to the 6800 microprocessor

3.3.1 6800 instructions

3.4 Description of the microprocessor system

3.5 Safety device

2.6 Problems arising while testing the

microprocessor board

11
12
14
15
18

20
20
e5
27

46
50
55

57
62

67

70



e e

- - —TTTR oaeen v 3D
7.5 LIl TOULINO

A ] M N,

e f ot DILOYOITANCS

~ r iy n - Y <
Ze e Tne cine subroutin
AN ~ T e AT

ot PR LiC [@RRT &S NEYratTien

Provigion of iripmer signzl

Chapter i ~ The phase spectrum analyzer,

L.

IV s m . . . el yy o AT LA
Phose spectrol analysis esing the micrd

Data acquisition and displa

J

voard

Analopgue to digiial converter

X - Y display

ANATYS routine

L.5.1 Linkage with stimvlus generatoer

L,5,2  Storage of transformed data

PRI
Ve U2

— - o yomy f Y s L.
L.5.3  Fuecution of TRANS subroutine
i;,5.ir  Prosrorne STATS
I,5.5  AMPLI and SOQRT subroutines

L4.5.6 ARC  subroutine

Outigpul routines

1,5.8  Scaling of printed results

programne

the

83
85
88
89
90

0
N

96
o7

101

ilz2
113
115
116
117

118



[ L W o A
LO5LNG ene

4,9 fnolysis of enzlogue signsls recorded on

1. + . 1.
L,10 Reztart generator

k.11 IPRGH board

. . . S
Chanter 5 - Duperimental studies.

3

iporinental procedure

.
X._.l
rr

5.2 Summory of results
5.% Testing the additive hyrothesis

tnzlysis of the transformed cata

1

L)
~—

e

.

Effeet of increasing ithe smplitude of the

i
L]
I

added signal
Chanter 6 - Discussion and conclusions

Appendix A ~ Circuit diagrams and harduare details
Apoendix B - Flow charts

Lppendix G - Programmes

Defereonces

212

221



N N
=l

AN
AV

g st AT m e it F e T e
Lleclrode wlacement for Llocchl

R arcote
PRS- Specectey

vrobabilily distributicn of Rz

~ . v —
frequeoncy dichributicn of .
uency st ERVE

Joveforms rroduced uy stimulus senerator

e 2 -~ g - ge -
Blocl glioran of micreyrcocessor board

o ]
Systen me

0Ty maw
l) -

':

fotel

afeiy device circuilt

Hicromrocessor clock circuit

Inajogne-to~digital converter

A/D converter timing

Calibration of A/D converter

Form of wvisual display

Control of stimuwlue, triggers, and dgta acquisiﬁion
Hicroprocessor board circuit

Data acquisition bozrd circuit

L K byte membry board circuit

EPROM teard circuit

ilerorrocessor board layocut

Board interconnectiions

Safety device layout

[ Ion)
(oS BN

232
233

235



os}

I}'G6
Table
2.1

B.2

C.7

c.8

s
N

My e Ty et P ATy
Mleow ceunzayt nox Uuntil

e 1 ! r (A TAREal
B e erireiands VD
TV court Loy Lnlha

LI5% OF TABLES

ConfTideonce limits Lo U

s

5,60 Results of clinicel irials
One-line opcration‘of microprocassor
Resulis of tesis on pre-stimulus records
5.66  Results from reconstructed data
Significence tests on results

Function of board connector pins -
Special registers for COMPIL

Special registers for INFORU

Stimulus generator programie

TPn0M rumber 1 contenis
EPROl; number 2 contents
TRA0M number 5 contents
FPROW number 4 contents

. st U
RouLines FRTAMD, IRUPHA

Proraume to test data accuisition board

»woshold estimation wrocedures



ACKNCWLEDGEMENTS

I wish to express my sincere gratitude to my
supervisor, Professor B.McA. Sayers, for his guidance

throughout the course of this project.

I am zlso greatly indcbted to Mr H.A. Beagley of’
the Royal National Throat, Nose and Ear Hospital both
for his advice and help and for making'available the

use of the facilities at the hospital.

-

The staff at the RNTNEH have always been ready
to render valuable assistance with this.project.
In particular I wish to thank Mr Roger Child foxr the
help he has given with the installation of the system
at whe hospital and its subsequent operation. His
assistance has saved a great deal of time and effort
on my part. I also wish to thank Mr Chris Green for
help with acoustical matters, and Miss Jane Butler,
who painstakingly traced the ensemble avefages in

Tables 5.1 - 5.60.

‘I am very grateful to my colleagues at Imperial
College for the help they have given. 1 would
especially like to thank Dr Jane Ross for advice about
th¢ phase spectral method, and alsc for permission to
reproduce scme of her results in Chapter 2 of this
thesis. Many other colieagues have offered technical
advice and assistance from time to time, including
T3lliam Cutlcr, Dr Cclin Vickery, Mr Mike Brookes

and Mr Peter Cheung.



w

Finally I would like to offer sincere thanks to
my wife Marion, for her help with bibliocgraphical
matters. Dﬁring the course of this project she has

provided me with much moral support and one son.

Lcknowledgements are due to the MIT Press and
to Pergamon Press for permission to reproduce
figures 2.1 and 2.2 respectively.

.

‘This work was made possible by an award from

the Science Research Council.



TO

GARETH

ab



il

CHAPJER 1
INTRODUCTION

1.1 Background.

The work described in this thesis comncerns
audiological testing by methods of electric response
audiometry. Apparatus was required that utilized
modern technological developments for implementing
an objective test of auditory threshold. Some basic
neurophysiological aspects of the mechanisms implied

were to be further examined.

Thus, an instrument was required that would
produce the various acoustic stimuli used in these
tests. A further requirement was for a device that
would implement the phase spectral analysis algorithm
of Sayers, Beagley and Henshall (1974) and Ross (1978)
which will be described later., It was found to be
convenient to include both these functions in the
same piece of equipment. The phase spectral approach
implies either of two models for the generation of

EEG responses and a choice between these is required.

The methods of audiometry for which the
system was intended will be described briefly.
Particular reference will then be made to the types
of stimuli required for each test. It will be seen
that the problem of generating stimuli is fairly
complex, and a reasonably large amount of electronic
circuitry is necessary. For this reason, the system

was designed around a microprocessor,
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1.2 Evoked cortical response audiometry

In this method of audiometry, auditory
stimuli are presented to a subject, and the ensemble
of post-stimulus EEG is examined. The method is
widely used and has been described by several authors
(Beagley, 1972: Davis, 1976: Goff, 1974 Hood, 1975:
Roberts and Watson, 1974). No anaesthesia or sedation
is required, and a complete threshold audiogram can
be obtained by testing at any required frequency
in the audiometric range, i,e. 0.25 to 8 kHz,

It tests the integrity of the entire pathway from

the ear to the cortex.

In this test one electrode ("active')
is placed on the vertex, and another ("reference")
is placed over the mastoid bone or ear lobe.
An alternating electrical potential, the electro-
encephalogram or EEG, is developed between these
two electrodes. A third electrode, usually located
on the Toreﬁead, is ﬁsed as an earth electrode.
The EEG‘normally has an amplitude in the order
of 10.-5 volts and appears superficially to be
random, although in fact definite spectral components
may be identified. In audiological testing, the
changes in the EEG in response to acoustic stimuli,
known as the auditory evoked cortical potentials,

are cxamined.



The responses are usually below the level of
the ongoing EEG, so it is necessary to use a number
of stimuli and to perform some signal analysis such
as coherent averaging on the ensemble of post-
stimulus records in order to obtain reliable results.
The normal response as seen in the ensemble post-
stimulus mean EEG is characterized by: a vertex-
positive peak 50 mS after the onset of the stimulus,
a negative peak at 90-110 mS, a positive peak at
180mS, and a negative peak at 250mS. This may be

abbreviated as P

50-N9O—P180—N250 (pavis, 1976),

N is also used.

although the designation P, ,N ,P2, 5

1771

The type of stimulus most commonly used
in this test is the sinusoidal tone burst,
modulated by an envelope in order to reduce
transients at the beginning and end of the burst
(e.g. a trapezium). A wide raﬁge of frequencies
must be.covered. The tone burst is typically
50-100 mS long, with 10 mS rise and fall times.
The stimulus repetition rate must not be too
short, or else previous responses will not have
decayed when a stimulus begins., On the other
hand, a very long inter-stimulus interval would
prolong the test unnecessarily, A repetition
rate in the order of 0.8 Hz is used in practice.

A typical’ trial would consist of 64 stimuli.



1.5 Brain stem electiric response audiometry (BSER)

These responses are recorded with a similar
set of electrodes to those for cortical responses,
but occur on a much shorter time scale (1 to 12 mS
after the start of the stimulus). They are also
lower in voltage, so that the summing of 1000 or
2000 responses is required. The subject is often
sedated. The responses are thought to originate
in the brain stem, and so contain information,

about the integrity of the cochilea and cochlear

nerve and the auditory tracts of the brainstem.

The major response is a vertex-positive peak at 6mS.

A very short stimulus is needed for this
test. Short tone pips and rectangular pulses have
been used. There is a compromise between preciéion
in time and precision in frequency, as these two
are related 5y a reciprocal law similar to Heisenberg's
uncertainty principle. The best theoretical solution
is the elementary signal or 'logon' described by

Gabor (1946,1947),

The inter-stimulus interval may be much
shorter than that used for the cortical response,
because the BSER soon decays. Davis (1976) suggests
that 30mS'is the minimum, This allows a large number

of responses to be collected in a reasonable time,



1.4 Electrocochleography (ECochG)

In this technique a response is derived
directly from the cochlea and the auditory nerve.
It is strictly monaural, so that the opposite ear
does not need to be masked, and the stimuli may
be produced by a loudspeaker. It is an invasive
procedure, requiring hospital conditions and the
participation of an otologist (Beagley, 1973:

Davis, 1976: Simmons and Glattke, 1975, Portmann, 1977)

A fine needle electrode is used,
insulateé with varnish except at the tip. It
pierces the tympanic membrane and rests on the
promontory in front of the round window of the
vestibule. A local anaesthetic is given for
adults, but a general anaesthetic is necessary

for children.

Thé electrocochleogram may be
characterized by three main components: the
cochlear microphonic (CM), an a.c, response
which closely follows the stimulus; the summating
potential (SP) which is a shift in the d.c. level
during the course of the stimulus; and the
compound action potential (AP) which is a

transient, phenomenon produced by the conduction
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mechanism of the axons of the auditory nerve,
The CM and SP are thought to be generated in the

organ of Corti, in the basal turn of the cochlea.

The reliability of ECochG is wvery high,
and it provides direct information about the
cochlea. It is often used in combination with
BSER to provide information about the eighth

cranial nerve and the entire brain stem.

The electrocochleogram is an even
earlier response than the BSER (0-5 mS), so a
stimulus -such as a short tone burst, click, or
logon is used. It is often desirable, in clinical
practice, to remove the CM from the response,.
This can be done quite simply, as the CM is inverted
when the stimulus is, inverted, while the SP and
AP are always the same polarify. If the stimulus
is alternated in polarity at each presentation,
and the coherent average of the responses is
taken, then the CM will average to zero.
This, then, is a further necessary feature of

a stimulus generator,

The CM can however be separated non-
destructively from the AP by passing the electrical
responses to stimuli of one polarity into one half
of a splf% memory (memory A) and those in response

to stimuli of the opposite polarity into memory B,



By adding(A+B)the AP is displayed, and by subtracting
(A-B) the CM can be inspected, and neither potential

is destroyed.

1.5 Description of equipment

The apparatus at the Department of
Electrophysiology at the Royal National Throat,
Nose and Lar Hospital for performing these tests
included a signal averaging computer-(Medelec) and an

.FM tape recorder (Store-4, Racal) for recordlng data for

-later off line analy51s. The 51gnal averwger

prerforms coherent averaging of the physiological
signals, displaying the result on a c.r,.,t. and
also providing a hard copy by means of a u.v.
recorder. It also provides an amplified EEG signal
at a convenient level for the analogue input of
the microprocessor system. Acoustic stimuli are
produced. either by headphones or by a loudspeaker
driven by a 50W amplifier, placed 50cm from the

ear to be tested,

The electrodes used for cortical and
brain-stem measurements are of the silver/ silver
chloride type (Binnie, 1974 : Kapp, 1970). Before
use, the electrodes are checked with an EEG
impedance meter at a frequency of 16Hz to ensure

that the contact impedance is sufficiently low.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 Methods of processing EEG signals

In this section various methods of processing
evoked potentials will be reviewed. It will be noted
that, although a technique may be justified by the
results obtained by its use, it will generally embody
certain underlying assumptions about the nature of
the signal being analysed. These assumptions will
also be embodied in models that may be proposed to
explain the generation of the evoked potentials
against a background of ongoing, or unstimulated,
EEG. As the nature of the ongoing EEG has a bearing
on the possible hypotheses, some techniques for

analysing this signal will also be discussed.

2.2 Evoked potentials

The stimuli used in evoked cortical response
work have, in the main, been tone bursts of wvarious
frequencies, or short transients such as unfiltered
clicks., However, spoken words have also been used.
Lowy (1966) presented spoken words at 3 to 4 second
intervals to a subject, at 45dB above the subject's
threshold. Although there was some variability
across subjects and tests, there were implications
that responses to different words could show

reproducible qualitative differences; the results



were, however, not constant. Sharrard ( 1969 ) used
evolkked cortical responses to examine patients with
language disovders., lle presented spoken words from
a tape recorder to the patient. The patient was also
tested with the tape played backwards, so that the
frequency components of the stimulus were the same,

but the intelligibility was lost.

The early history of the analysis of electro-
physiological signals has been described by Davis
(1976). Many of the early experiments were performed
with galvanometers, but later aﬁplifiers and oscillo-
scopes were developed, so that signals could be
recorded with much iess distortion, The amount of
signal analysis that could be done was ve&y limited,
An attempt was made to improve the signal-to-mnoise
-ratio by superimposing oscilloscope traces for
repeated phenomena. Another approach was to use the
signal analyzing capabilities of the human ear,
Wever (1949) and Bray detected the output from a
cat's aﬁditory nerve using a telephone.receiver.
Words spolken into the cat's ear were heard through
the rveceiver. In this way the cochlear micréphonic

was first noted,.

-

Dawson (1951) described a device for the
coherent averaging of signals. This featured a

rotating multi-contact switch which selected 100
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capacitors in turn. The time for a complete sweep of’
the capacitors was 100 mS. The switch was rotated in

synchronism with a device which electrically

~.

stimulated a nerve. The cortical response was
coherently averaged by adding charge to the

capacitors,

Techniques for énalysing evoked potentials
became more sophisticated as computers developed.
Coherent averaging is widely uéed, and programmes
have been written with such refinements as automatic
detection and measurement of the peaks of'the

responses,

Mendel and VWindman (1973) describe a set of’
three programmes for a PDP-12, One programme controls
a stimulus generator and stores individual responses,
Another programme performé an amplitude and latency
analysis on the various peaks within preselected
time windows, The third programme summarizes the
results and calculates their mean and standard

deviation,

Glack et al. (1976) describe -a similar_system
usiﬁg a PDP-11 runuing either undexr DOS or-un@er a
real-time sharing executive (RSX11Dj, Patient
stimulation is controlled by a hardware pseudo--random

timer, in an attempt to minimise habituation effects,
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In the method of Aunen (1972), the data is rre-trocessed
by digital filtering. The peaks are then idenéified autonatically,
and a latencr histogram of the vealis is constructed. Pealis vhich
are found clustered together are corrected to the mean laténcy
of the cluster, and ghlétency corrected average version of the

evoked potential is consitructed.

lielsen et al. (1971) used an IZH 1800 time sharing
system for coherent averaging. The EEG signal was pre-processed
by an adavtive cigital filter. Their syctem gensrated on-line

displays, as well as hard copy docurentation of all data

collected in a session.

Horvath (1974) describes a set of LINC programmes for

calculating statistics of evoked votential waveforms. The

»

ensemble mean and variance for a run of 128 evoked potehtials,
~each sampled at 0.5 mS for a length of 256 samvles, are computed.
The initial positive peak of each member of the ensemble is
identified, From this, statistics such as the mean latency may

be derived. The maximum number of responses that could be

analysed by this system was about 900,

Willey and Kellner (1973) describe another PDP-12
programme. Their approach was to try to fit responses to a

damped sinusoid of the form:
v(t) = v, sin (wt+08) e

By estimating o, 6, N, the complex waveform is



oo
PN

reduced to a few parameters. Advantages claimed over
visual waveform analysis are greater convenience and

the provision of numeric output.

~

The results of evoked response testing using
cohérent averaging methods may be seen in the surveys
of Taylor (1968), Beagley and Kellogg (1970), and
Salmivalli (1977). Taylor investigated four groups
of children, The first group consisted of 16 children
whose response to sounds were éonsistent and whose
speech discrimination capacity correlated with their
measurable threéhoidiof‘detection. The second group
of 14 had congenital auditory agnosia or imperception,
The third group of 23 were classified as mentally
subnormal, while the fourth group consisted of 16
cerebral palsied children. Beagley and Kellogg's
survey covered 56 normally hearing schoclchildren
of Ui-11 years old, Salmivalli studied a sample of
112 Scandinavian children with various degrees of
hearing ability, aged between 2 months and‘S'years
(average age‘1°5 years). They were first tested with
ERA, and then some years later fheir hearing
thresholds were measured with a pure-tone audiometer.
The sample was classified into four groups on the
result of the pure-tone test, and the classes were
correlated with the ERA results, Results from ERA
agreed well in 70% of cases, but poorly in 10% of

cases.
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2.3 Unstimulated FREG

Methods of analysing ongoing or unstimulated
EEG have been reviewed by Saltzberg et al. (1968).
These include: correlation, power spectral density,
ccherence, convolution, and periocd analysis. The
autoéorrelation and p§wer spectral density were:
compared for unprocessed EEG and for infinitely clipped
EEG (or 'sgn! function of the EEG) (op, cit.). It was
concluded that the sgn function was satisfactory in
many applications, such as sleep staging, and led to a

large saving in computer time.

A similar approach was adopted by Barr et al.
(1§78)! They defected peaks in the EEG waveform and
" measured the amplitude and time interval between
successive maxima and minima. In this way the complex

waveform was reduced to a smaller set of data.

waever, it has been more usual to sample the
EEG data at equally spaced intervals of time., Smith
.and Schade (1970) discuss: the best choice of sampling
rate., Their 7094-IBM programme determines the frequency,

amplitude and phase of ongoing EEG,

Cohen (1976) describes =z. period analysis
method which runs on a DEC LINC-8 computer with 4K of

memory. It is claimed to be an efficient method of
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obtaining spectfal,information without the cost or
complexity of conventional power Spectrum techniques,
The average rates of zero crossings for the EEG
siggal and for its first and second derivatives are

measured, These zZero crossing rates are related to

the power spectral density.

Kleiner et al. (1970) describe a set of
procedures written in ALGOL, for the spectral analysis
of up to fburt;en simultaneously recorded EEG channels,
The data is smoothed by a digital low~pass filter
and demultiplexéd. The fast-Fourier transform (FFT)
is then performed. Finally, a variety of spectral
and cross-spectral functions are computed for
preselécted cpannel combinations. The procedures

are designed to run in a medium to large size computer.

' Kingma et al. (1976) have attempted to reduce
the data contained in thé EEG power spectrum sitill
further, by considering the spectrum as the sum of
a number of Gaussian functions, each of which
correspond to a peak in the spectrum. In this way,
spectra with a limited number of peaks can be.

described by a few parameters,



A
-3

2.1 Modeis of EECG gerneration.

A number of models have been proposed to
account for featunés off the electroencephalogram,
in the unstimulated state (waking and sleeping),

and with sensory stimuli,.

Wiener (1961) obtained the power spectrum
of a sample of EEG by autocorrelation, using an
FM tape recorder with two headé which were a
variable distance apart, followed by Fourier
transformation ( thus making use of the Wiener-
Kinchine theorem). He noted the alpha rhythm at
a frequency of 9Hz, aznd drew attention to a sharp
drop in power at 9.,05Hz. His results also sheow a
smaller fall in power at 8,97Hz., Wiener postulated
that the:ﬂrain contains a number of oscillators
which are lobsely coupled, and that they tend to

pull each other together in frequency.

In support of this hypothesis, Wiener
pointed out that the alpha rhythm could be driven
by a flickering light or by an aliternating electric
field, If z light is flickered at a frequency
close to the alyha rhythm, the alpha rhythm may
be modified so that it is locked to the frequency

of the wvisual stimulus,
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Wienexr concluded that the proposed oscillators
must be non-linear mechanisms, and that thedir natural
free-running freaquencies are on average somewhat
higher than the aipha rhythm, so explaining the much
larger drop in the power spectrum akove the alpha
rhythm peak than below it. He made a comparison with
the diurnal rhythm of>23% hours observed in many
species, which is pulled into a 24 hour rhythm by

the environment.

Kingma et al. (1976) suggest two models for
EEG. generation, In the first model, white noise is
generated in the .deeper regions of the brain tissue,
This white noise electrical activity passes through
tissue layers which act as tuned filters (modelled by a
2nd order autoregressive process) to the measuring
electrodes., The second model is similar to Wiemer's,
but it is suggested that the coupling causes a
Gaussian spread-about a particular rfreauency,
This model provides a rationale for their data

reduction method outlined above,

Elul (1968) also held that the outputs of
a large number of generators wers summed vo give
the éross EEG, and postulated that these genergtors
were of cellular dimensions. He considered three

alternative signaols that could be summed in this way:



the action potentials of neurons: their slower

dendritic spikes: and intracellular wave activity.

The action-potential spikes are much shorter
in duration than EEG waves (1-3 mS rather than
30~300 mS), but the number of neurons in the brain

' 10

is in the order of 10 ~, which is quite adequate

to !'smooth! the waveform,

The dendritic spikes are slower and closer
in form to the gross EEG, Davis (1976) supports
the dendritic potential hyﬁothesis: however, Elul
has stated th;t_under certain experimental
conditions, such as anoxia, the dendritic spikes

may be abolished without affecting the EEG waves.

In order to study the intracellular
potentials of mnerve and glial cells in the
cerebral cortex of the cat, Elul made use of
micropipettes filled with electrolyte (3M
ﬁotassium chloride ‘or 2M potassium citrate), with

tip diameters of less than 0.5 micron.

In over 100 cortical neurons impaled in this
study, undulations of the resting potential were
observed, with wamplitudes of 2 to 20 mV. These
undulations resembled in their time course the
gross EEG, although they were dissimilar in detail.

Changes in frequency in the EEG were accompanied by



corresponding changes in the intracellular activity (for exanmple,

chances in the EEG when awake and asleep).

Other cells wergiimpaled which did not exhibit oscillations
of this tyvpe. They were characterized by an absence of spikes,
and vere tentatively clascsified as glial cells. Spinal cord
neurohs do not exhibit oscillations in the same frequency range.
Elul concluded that this intracellular wave activity may be

endozenocus to nerve cells in the cerebral cortex, and possibly

in other cerebral structures.

Extraéellular waves similar in form and amplitude to
the gross EDG were also recorded. These were less than 1% bf
the amplitude of the intracellular recordings. This led to the
conclusion that the extracellular. field was most likely to arise

from activity in the neurons, rather than vice versa.

Amplitude probability distributions were computed
both for thg.gross EEG and for the intracellular waves.
Tre gross EEG was fouﬁd almost invariably to approximate
~closely to a normal distribution, but the intracellular waves
had an asymmuetrical distribution vhich deviated from the normal
curve. So it is possible that the EEG could be accounted for
by invoéing the central limit theorem. This theoren states that
the sum of a large number of individual random variables
alvays tends to assume a normal distribution, provided only that
the compenent distributions are independent, or at least not
linearly related (Ioeve, 1963), and rossess finite means and

stantord devriatiouns.



££G INTRACELLULAR

PROBABILITY

Fi e 2.2

Amplitude probability distributions of cortical EEG (A) and of necuronal
wave activity (B) over the same perivd in same preparation.  Histograms were
computed*® for a 16-sec epoch at 400 sample/see. Normal distributions with
corresponding standard deviations are superimposed as a solid line. Note the
striking similarity to the experimental plot of the EEG. The distribution of the
neuronal waves (B), on the other hand, is clearly asvmmetrical and deviates from

the normal probability curve.

Trom Flul,R. 'Brain waves: intracellular reccrding and

L=
=
6]
I -4
[0}
}J-
3
-
*
~
(0]
@]
.
A
o
4]
<t
]
]
O
Q
=
’ 1
4]
[ ad
<t
e
O
=
[N

cicnifiecance', in

4

vroceesing in hiology and medicine' vol.5 p03, 1968,

Revroduced by vermicsicn of Perrarmon Press.



The independcence condition seems to be the most difficult
one to satisfy. There appearcd to be practically no linear
interaction between waves in two extracelluliar sites only 30p
avart. The EEG and neuronal waves were tested for coherence,

but for the most part the coherence did not exceed that expected

by chance.

Fenwick et al. (1971) developed the model of random noise
applied to an antoregressive filter to explain the geuneration of
E5G, Tihey took samples of EES of various lengths and fitted

autoregressive series of the form

Xt = alxt_l + aZXt_Z + seee + apxt_P + Yt

, X

gop ¢t vexe the samples

~to them ( vhere Xt s Xt-l

at times t, t-l, t-2 ..., the a's were constants and Yt was a

randon error component.) They started with a second order
model, and if this did not give a significantly good fit, they

increased the order of the model.,

For 5, 10, or 20 sccond epochs the autcregressivé
.modeis were very similar to each other, suggesting that the
'EEG generators' changed very little over that period.
For 40 second epcchs a new‘and complex model was required to
represent the signal., It was not possible te fit a simple
model to a 60 seccnd epcch. This suggested that the statistical
properties of the ZEG were slovly changing and that the optimum

lensth of an evoch for analysis was 20 - 30 secondse.



The impulse response of the autoregressive model could
be calculated. When it was compared to the average of two evoked
responses to click stimuli, it was found to be very similar in
shape. This observatfbn»suggests that the ongoing EEG generators -
and the generators of evoked potentials have some features in
commoﬁ: However, as only two responses were averaged, the result
was contaminated by a large‘amount of noise. The stimuli were
10 seconds apart, and only two stimuli were used because of the

neced for a short epoch for stationarity.

The problem of non-stationarity has also been considéred
by Jansen and Hasman (Jansen and Hasman, 1978: and Hasman et al.,
1978) . They‘segmented the ongoing EEG into segments of 1.28 s,
overlapping each other by 0.64 s, took the power spectrum of
each segment and compared them to discover trends. Brazier (19567)
studied the non-stationarity of the visual evoled response of
the cat. She noted that the amplitude of the response decreased
with habituation, in a set of 240 consecutive stimuli arranged -

in four blocks of sixty.

Models for auditdry evoked response generation fall into
two main catecgories. There is the 'additive hypothesis!', where.a
response is simvly added to the ongoing EEG. Fenwick's autoregressive
filter model would fall into this category, as the filter would be
linear and so obey the superposiiion xrinciple. Alternatively, if
the EBEG is generated by the weak coupling of a large number of

oscillators, as in YWiencr's model, the evoked responscs may be

caused by a temporary increase in synchronization between the
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oscillators. This may be referred to as the
'synchronization hypothesis!, It is {the purpose of
this thesis to compare and test these two hypotheses.

This follows on from similar work by Sayers et al.

,(1974 a,b;_1979), Rqss (1978), Beagley et al.(1979).

Sayers et al. (1974%a) examined the possibility
of developing a method of analysing evoked responses
that would be completely objective, This would avoid
the need for the wvisual sceoring of recoxrds by a
skilled operator, a process which is prone to
subjective blias. They quesiioned whether a linear

filter method -such as averaging could not be

improved upon, Averaging is effective if identical

responses are evoked by all stimuli and if the

response waveform is uncorrelated with the
spontaneous activity. These requirements did not

seem to be fully met in evoked response audiometry:

- the tacit aséumption that the ERA response consists

of an additive contribution {to the spontaneous

activity needed further examination.

ERA tests were carried out on three adults
and three children. The subjeccts were tested at
various stimulus levels, trials at each level
consisting of si:tty stimuli such as T1kHz tone.
bursts, of 60mS duration with 10mS rise and fall
times, The interstimulus interval was 1.25 seconds
and the responses were samﬁled at 10 mS intervals

for a length of 0,94 S, starting 50 mS post-stimulus.
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averaged sirnal iz net s1
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a lenmth of si~nal averaned from the pro-stimulus perlod,

where no responsce occurs. Lt follcwed that bthe ERA
response could be formed either by a redistribution
of the total signal power amongst the spectial
components: or by a modification of thec relative

phases of the spectral components present in the

spontaneous activity. Amplitudz and phase spectra

}.).

were cvaluated, and it was Teound that phase spectra
values showed a marked difference in distribution
between signals according 1o stimulus level,
»particularly for the first +ten harmonics. It thus

appeared that the ERA responses were formed by a

phase constraint mechanism,

This hypothesis was further tested by
imposing the average phase épectral properties of
responses to a high stimulus level ﬁpon the averaged
signal from sub-thireshold stimuli, This procedure
transformed the signal into an acceptable version
of the high stimulus level response; that is, the
two waveforms were similar and highly correlated.
Imposing the average amplitude spectrum of responses
from high level stimuli on the averaged signal from

sub-threshold stimuli did not have {this eiffect,
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The next step was to develop a practical
audiometric test, making use of these observations.
In further experiments (Sayers and Beagley, 1974b)
phase values were calculated for each of the first
ten Fourier components and classified into four
equal-size groups of 900 each, A.}iz test with
three degrees of freedom was used to test the null
hypothesis of uniform phase distribution with
15 cut of 60 sweeps in each class, for each
harmonic separately, It was foupd-that the 5%
significance level occurred near ithe subjective

threshold.

Different lengths of post-stimulus record
(between 0.32 S and 0,94 S) were analysed. It was
observed that after about 0.75 S post-stimulus

the phase constraint effect diminished,

A refined_;(,z procedure is described by
Sayers et al. (1979). The EEG records used were
sampled at 100/S and were 640 mS in length,
starting 150 mS pre-stimulus. Each set of 6?
samples waé fast-Fourier tfaﬁsformed and the
phases of the first 20 harmonic components were
computed., Phase histograms for the ensemble of
60 records were constructed for each harmonic
H1 - H5. The histograms consisted of 24 bins of

A YW AR ]

15° width. The rotational X © procedure was then



applied to the results. The two 180° bins used in
this test are formed from two sets of twelve
contiguous 150 bins. The test is repeated fof
each of the 12 possible rotations of these bins,
and the largcst wvalue ofr><? found by <this

procedure is accepted.

The reasoning behind the rotational :k{ 2
procedure is as follows, In the presence of a
stimulus, the phases, although constrained to
some extent, still exhibit variation over a wide
angle. In ordexr to detect this constraint, the
minimum number of bins of equal size (two) would
in theory lead tb the most sensitive test,
However, if two fixed bins aré used, the boundary
between them is arbitrary and may l1lie near the
mean of the phase angles being tested. In this
case, the tesﬁ would be relatively insensitive
t0o phase constraint phenomena, This effect is
much reduced by using the rotational procedure.
The arbitrary placement of the bin boundaries
is now restricted to a range of 150 instééd of

180°,
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This paper also describes a2 method of
similarity analysis of individual poét-stimulus
records. The product-moment correlation coefficients
between individual records of 0.6i4 s length post-
stimulus, and an averaged responcse pattern (AVP)
were computed, The AVP was determined by coherent
averaging of the post—stimulus EEG potentials in omne

or more trials of 60 suprathreshold stimuli.

The correlation coefficients obtained by
this method typically exhibited a wide variation,
making comparisons between tiials of different
stimulus levels difficult. However, by rank-
ordering the correlation coefficients, a much
clearer display was achieved. This technique
assumes independence in the order of the correlation
values, Trials with no stimulué, and with stimuli
at 20 dB and 40 dB above the subject's threshold,
were compared in this way. Increasing stimulus

level resulted in a marked increase in correlation.

Ross (1978) coﬁpared a number of possible
methods for the objective detection of additory
evoked potentials. These fell into three categories:
power measures, phase distributional analysis, and

template matching by cross-correlation.



In the pever test, a simple a.c. power
comparison was made between averaged pre-stimulus
and post-stimulus waveforms, using a Fisher F-test.
88 trials of 5% sweeps each were used in the analysis,
*The subjects were five normaily hearing adults,

Of the methods examined by Ross, this tes% gave

the poorest agreement with the results of subjective
tests (pure tone audiogram (SL) and visually scored
average response)} The reasons fcr this were
investigated by simulatiné ERA data using a super-—
position model, and comparing this data with actual
ERA data. The simulation was doﬁe by taking normally
distributed noise, with an amplitude spectrum
filtered to conform to that of spontaneous EEG,

and adding a typical average response at various
Asignal—to-noisé (S$/N) ratios. S/N ratios of 0.1

and 0.25 led to coherent avefages which were
comparable to real data. However, this simulation
did not model tﬁe non-stationary character of the

real data.

The possibility of using the'amplitude
spectrum was also examined., Synthesized data at
S/N. ratios which were typical of real data were
used. There was often some slight increase in the
amplitude of harmonics 1 and- 2 when the signal was
added to the noise, but this was not significant

at the 5% level.



FPhase distributional analvsis led to more

2
promising results. The )C" test with four fixed

‘bins ()i; ) , and the rotatio.al )(2 test with 18

bins of 100 each (7{3 ) , were studied. Both these

tests gave good agreement with subjective results.

These procedures depend on dividing the
phase distribution into arbitrary discrete biné.
A procedure which does not have this feature is
the t'phase vector' method, In this method; the
phase values are viewed as vectors of unit magnitude.
The mean phase of an ensemble of wectors is found by
vector addition. The angle of deviation between
each membesr of the ensemble and the mean, and thence
the phase standard deviation, may then be computed,
The expected value of the variance of uniformly

distributed phases is

. 180
2 1 (* 2
E{c” ©) = —3—6‘6 x dx

-180
and hence the standard deviation is
E(c ) = 104°, Phase constraint phenomena lead to a

decrease in the phase standard deviation.
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An important Feaiture oi the phasé vector approach
is its freedom from wrap-around effects. If the phase
mean and standard deviation were calculated by
treating 2 sample of phase values as a set of scalars
over the range -180° to +180°, say, then misleading
results could occur. A sample of phase wvalues
agegregated around - X180° would be split into two sets,
one mnear +180° and the other near —1800, giving a
mispiaced mean and an incorrectly large sﬁandérd

deviation.

In order to interpret the results of the phase
vector test, the sampling statiétics of phase standard
deviation ( SdiZi ) have to be known, Ross derived a
total of 680 estimates of mean phase vector, magnitude
and standard deviation, from unstimulaéed EEG records,
From these she constructed an ogival cumulative
frequency distribution curve, from which confidence

limits may be read. The standard deviation was a

biased estimator, depending on the sample size.

This bias was investigated further (Ross et al,
1979). It can be explained by considering a small sample
from the wniformly distributed variable, There is a
finite probability that all the ¥andom vaiues will
aggregate, by chance, in one half of the 3600 range,

in which case the mean will be centred in this part

of the range, and the standard deviation will be much
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smaller than 104°, To take the extreme case, with two
samples, the standard deviation can never be greater
than 900. The effect becomes less important with

increasing sample size,.

Ross also examined the cross-correlation method,
An exploratory study was made using records from
17 normal hearing adults, The averaged response to
an 80dB HL tone burst was used as the reference
waveform. Each subject was tested at two different
tone burst frequencies, at levels ranging from -10d4dB
to 80dB HL. As before, there were 54 stimuli in a
trial. This procedure usuall& detected the presence

of the AEP to within +15d4dB of subjective threshold.

Following this study, an on-line investigation
was undeftaken, the analysis being performed by a
Hewlett-Packard 2100 computer. Fifteén normal
hearing'subjecté aged from 18 to 31 were chosen

for this on-line study.

The results Trom these various techniques were
compared with results from the pure~tone audiogram
(SL) and the visually-scored coherent avé?age. A
table was drawn to show the percentage agreement,

false positives, and false negatives, between tests.



Test SL Coherent Average
A FP FN A FP PN
Powe. T |58% 10% 32% 64% 11% 25%
Phase Xg 83% 5% 12% 88% 5% 7%
A Rl I X V- 3% | kg | so% | 3% | 7
" sd |84% 5% 11% 88% 5% 7%
Template _ : ~
T, 81% 3% 16% 84, A 12%
Matching

Table 2.2 Comparison of subjective and objective
procedures for estimating auditory threshold.
A= % agreement, FN = false negatives, FP = false

positives. Reproduced with permission from Ross (1978).

It can be seen from this table that the
phase vector method agrees well with the two
subjective methods, with the advantage of objectivity.
It is a simpler and faster algorithm than the
rotationa&*};z procedure‘— Ross states that the
computing time is reduced by at least a factor of
three. She suggested that a special purpose mini-~
computer or microprocessorusfstem could be developed
to perform ihe analyses required for extensive on-
line trials of the technique, and this led to the.

present programme of research.
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ThE STIHUILUS GENERATCR

revicw ¢f previons désipgns for auditory

stimulus gencrators.

A number of circuits have beén‘proposed for
generating tone burst stimuli of the type required
for audiological work, using mostly analogue techniques.
This contrasts with the present design, wWhich is

essentially digital, apart from the output circuits.

These designs have invariably consisted of:
a sine-wave source; a circuit for generating an
envelope waveform such as a trapezoia, and a modulator
for multiplying the two signals together. A general
requirement of stimulus generaters is that there
should be a minimal amount of sound produced in the
periods between successivé stimuli; and this appears
to havé been the greatest problem in the design of

suitable modulators, .

Glaser {1964) described a circuit which used
a Hall effect ﬁevice as a modulator. When a magnetic
field and an electric current are passed through
perpendicular planes of a semiconductor crystal, an
e.m,f., is produced which is proportional to their
product, along the direction perpendicular ito both
the magnetic field and the-qgrrent. An on-off ratio
of 60 dB was achieved 'with this modulator. A choice

of triangular, trapezoidal and Gaussian envelopes



was provided. The *twviangle waveform was generated

by integreting a rectangular pulse. The trapezoidal
waveform was generated by limiting the amplitude of

the triasngle, and the Gaussian envelope was produced

by passing the triangle signal through e diode-

shaping network. A further type of envelope that

could be produced was one with a flat central

section but with Gaussian rise and fall. A synchronizing
circuit was provided, so that successive sfimuii

were in phase with each other.

Olson and Ludwig (1965) described an improvement
to this idea. A transistor switch was added, in the
path of the sine-wave signal, before it was applied
to the Hall mulfiplier. This increased the on-off
ratio from 60 dB to 80 dB. No synchronization was
provided between the sine-wave signal and the envelope
generator, so that successive stimuli were nct

necessarily in phase with each other.

Disadvantages of the Hall multiplier were
its limited freguency response and dynamic range.
Arlington (1969) designed a modulator using four
field-effect transistors in a balanced series-shunt
configuration. An on-off ratio of 90 dB'wés attained
with this circuit. The envglppe was approximately
trapezoidal. A particular fea%ure of Arlington's

stimulator was that the inter-stimulus period could

be of fixed duration or of random duration, This



iatter mode was iuiended to reduce anticipatory effects
in experiments. Successive stimuli were not

synchronized in phase with each other.

Ludwig (1970) described a stimulus generator
using an integrated circuit analogue multipilier
(Noforola MC1595L) as a modulator. The on-off ratio
of this modulator was only about 60 dB, so again
it was found necessary to include an additional
fast switeh for switching the sine-wave &£ignal before
applying it to the modulator, This increased the
on-off ratio to 90 dB at 20 kHz_and 80 dB at 50 kHz.
A trapezoidal envelope generator, with phase

synchronization, was used with this modulator..

Modulators using bipolar transistors in an
emitter~coupled configuration have been described
by Klig et al.(1970) and Roberts and Watson (1974).
In the former design, problems c¢f transistor
matching were minimised by using two transistors on
the same integrated circuit (RCA CABOOG) in the
emitter-coupled configuration, A trapezoidal envelope
generator which could be triggered externally was
used, but triggering circuits were not described.
Roberts and Watson used discrete 2N2926 transistors
in their stimulator., The enyglope generator was
triggered by a special-purpose computler which was:
used for EEG processing. Consequently, successive

stimuli were not necessarily in phase.
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A design for a stimulus generator using digital

techniques was proposed, as a number of advantages

over previous analogue designs were apparent:

1) Stimuli could be reproduced accurately and
would always start in the correct phase rclationship

with previous stimuli.

2) A wide variety of waveforms could be
produced simply bf re-programmirg. This flexibility

is not readily available with analogue circuitry.

3) An accurate modulator would not be needed.
Noise bpetween stimuli would consist mainly of
internally generated ncise from the power amplifier,

and this could be kept at a very low level,

4) A microprocessor-based system, capable of
producing such stimuli, would also hawve the powef

to perform other tasks such as signal analysis.

5) Microprocessors had become sufficiently
low in price for the microprocessor-based stimulus
generator to be a reasonable proposition from the

cost point of view.



Sel Iritial desirn of the stimulus generatior

A specification of the proposed stimulus generator
d?awn up in September 1977 called for the fellowing

Teatures:

1) Wide band 'clicks' or rectangular pulses of
for example 100uS width. Any numbexr of pulses from

1 to 2048 in a train of PRF %,1,2....32/second.

2} Tene bursts.of variable frequency: 250 Hz, 500 Hz,
1,2,4,8 kHz, Controlled rise and fall with a half-cosine
envelope. The rise and fall times to be Spécified elither
in terms o¢f milliseconds or in terms of 2 number of

cycles of the tone burst.

It was found during development of the software
that there was little to be gained by limiting the
frequency to a few discrete steps, and so the tone-burst

frequency was made variable from 10-9999 Hz.

3) Narrow band filtered clicks or 'logons'- a sine

wave multiplied by a CGaussian envelope.

L) Poiarity of the stimuli to be positive, negative

or alternately positive and negative.

5) Trigger pulses for triégering other pieces of
equipment to be generated. VWhen fthe software was

originally written one such trigger pulse with variable
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pre-stimulus time was provided, but later it became

clear that four such trigger outputs would be needed,

6) The audio output sampling rate to be 200kHz,

with a resclution of eight bits. .

Widely available microprocessors such as the
6800 or &080 would not have been capable of reading
samples from memory and oufputting them to a D/A
converter at such a high rate., The first suggested

designs used various forms of direct memory access

4

(DMA) to overcome this problem; The waveform would be
stored in a block of memory, the address lines of
which could be connected eithexr to the microprocessor
or to a 200 kHz counter. The major problem was how to
generate the envelope of a tone burst, and three

solutions were proposed:

1) Compute the entire tone burst (rise, plateau
and fall sections) and store it as one array of data
in memorvy. Then an 8k byte memory would be able to

store a tone burst not longer than 4OmS.

2) Store one cycle of the tone burst and read it
out repeatedly., The generation of the envelope would
then be a separate function, performed by a digitally
controlled attenuator using CMOS +transmission gates.

This system would be capable of producing tone bursts

of unlimited length.



3) Etcere the tene-burst in three sections in memoxry;
the rise section, the fzll section, and cne cycle of the
plateau secticn, which would be repcated as many times
as reguired, The rise and fall times would be limited

by the memory capacity.

Preliminary tests with an IBM 1800 computer
indicated that a lower» sampling rate would in fact be
adequate, Sampled, quantised and low-pass filtefed
versions of a sine-wave were computed, along with their
power specira. A sampling rate of 8 samples per cycle
(i.e, four times the Nyquist rate) was found to give
reasonably good resulis, with little power in harmonics
7 and 9, and less in the other» unwanted harmonics. As
the highest specified frequency of the stimulus
geﬁerator waé 8 kHz, this corresponded to a éampling rate

of G4 kH=z.

At this time the Motbrola MEK6800D1 evaluation kit
was being used in order to gain.experience with the
6800 microprocessor. A number of subroutines were
written in machine language, such as multiplication,
division, and decimal-{o-hexadecimal conversion, which
were later to be used in the stimulus gener;tor
programme, It was noted that a short routine could be

written which would output a scquence of data at a rate

of cne samwple every 14 microprocessor clock cycles,
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The required sampling rate of 64 kHz. minimum would
now be within the capabilities of the micreprocessor,
without using DMA techniques. The frequency of tone-
burst stimuli would be reliated to the micréprocessor
clock frequency, which would be crystal-~ccntrolled

and hence very stable.
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Figure 3.) = TIxamvnles of waveforms vroduced by the

stimulus generator.
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3e5 Introduction te the 638CO microprocessor.

As digital integrated circuits became more and
more complex, the microprocessor was introduced out of
economic necessity, The problem was that the variety
of possible integrated circuiﬁs seemed endless, while
in oxrder to manufacture them cheaply it was necessary
to sell millions of the same type; ItAwas realized,
through the work of. Turing and Post (Minsky, 1967),
that a relatively simple finite-state machine could
perform all the computational functions of a much more
complex machine (though possibiy at a lower speed),
as long as it was connected to a sufficiently large
memory, in which data and programmes could be stored
and read. The microprocessor is such a device;,
consisting of one integrated circuit (Qr sometimes a
smali number of ICs. ). It cah execute a limiéed set
of simple instructions, though it is'fair to say that
microprocessors are now rivalling the more basic
minicomputers in their capabilities, The versatility
of the device makes it possible to market the very
large numbers required for the econcmic viability

of large-scale integration.
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Microproccessors are conﬁected to memory via
a data bus and an address bus, and they are
classificd by the width of the data bus., In 1977,
widely used dévices included the four-bit Texas
TMS1000, mainliy intended for simpler applications
such as calculators and point-of-sale terminals;
eight-bit devices such as the Motorola 6800,
Intel 8086, Zilog Z80 and Signetics 2650; and
the more expensive sixteen-bit devices such as
the Texas TMS 9900. The Motorola 6800 was chosen
Tor this project for several reasons; apart from
its low price and availability from a number of

sources;

i) The 6800 had been designed with the
problem of interfading very much iﬁ mind, The
680b family includes interface IC's which simplify
this problem to a great extent, allowing the
programmer to treat peripherals as if they were
loeations in memory. This was considered an
important advantage, as the system would have a
number of inputs and oﬁtputs, both digital and

analogue, .

ii) Software support in the form of é Cross-
assembler for the 6800 was provided by Imperial
College Computexr Centre, This.speeded up the
process of assembling and editing programmes.

(Cross~assemblers were also available for the 8080

and 2650),
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iid ) A= the analcogue output from the system was
to be to 8-bit accuracy, the 8-bit struciture of the

6800 was ideal for the application.

iv) The instruction set for the 6800 includes
binary and decimal arithmetic operations and a wide
range of logical operations, EBight-bit and sixteen-
bit awrithmetic operations were to be performed by
the system: the éixteen-bit operations could be
done by using two eight-bit bytes with little

difficuity.

v) An importanf feature of the 6800 is the
stack, which is used for handiing subroutines and
interrupts. It was realized that the stack control
instructions could also be used for reading out.

a block of data at a high rate. This technique

was used in the stimulus generator programme,

36341 6800 Instructions.

The complete instruction set is described
in the M6800 Microprécessor Applications Manual
(Motorola, 1975). The following is intended as a
brief guide to the types of instructions tﬁat are

available.
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The 6800 contains six registers that are
directly under "programme contfol. They are: two
8-bit accumulators (A and B); three 16-bit
registers, called the index register, the programme
counter, and the stack pointer; and a six-bit

conditicn codes register,

The accumulators are used in most arithmetic
and lcgical operations, The index register is
mainly intended for use in indexed addressing,
which will be described shortly. The programme
counter points to the locatioﬁ iﬁ memory of the
- next instruction to be executed. It is modified
by branch and jump instructions, and by interrupts.
The stack pointer points to the nexﬁ frée:location
of a block of memory arranged as a last-in first-out
(LIro) stack., When a subroutine occurs, the address
of" the next instructioh after the subroutine is
stored on the gtack. (When an-interrupt occurs, fhe
contents of the accumulators, index register and
condition codes register are also stored on the
stack)., As the depth of the stack is only limited
by the memory available,-subroutines may ﬁe nested

very deeply.
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The condiiion codes regigster consists of
six flags {labelled H,I,N,Z,V,C) which are set or
resct as a result of arithmetic or logical operations.,
For c¢xample, il the effect of an instruction is to
ctear an accumulator, the Z bit is set. The flags
may be used to control fhe flow of a programme

threusghh cenditional branch instructions.

Many instructions involve only the internal

*»
-

gisters of the microprocessor, The accumulators

e

may be cleared, complemented, negated, shifted,
rotated, incremented or decreﬁeﬁted, and added to
or subtracted from each other. The contents of one
accumulator may be transferred to the other one.
The index register and the stack pointer may be
incremented oxr decremented and transfers can be
made between them. The contents of the condition
code register can be ﬁransferred to accumulator A

and vice versa,

In order to use data stored in the memory,
the microprocessor must be able to address each
location as required. The addressing modes of the

680C are;

i) Immediate - iv) Indexed

ii) Direct +v) Relative

iii) Extended



Gu

Not 211 wmodes are avallable for every idinstruction.
Vith immediate addiressing, one operand oi the
instruction is contained in the irstruction itself.
With direct and extended addvessing, this operand is

in a location pointed to by the instruction., The
differcrnice between the itwo is that direct addressing
instructicns consist of two eight-bit byftes and can
only address the first 256 bLytes of memory, while

extended addressing instructions are three bytes

long but are not lIimited in this way.

In indexed addressing, the address of one
operand is fcecund by adding a byte in thérinstruction
as an unsigned integer to the index register, This
addressing mode can save programme bytes, ardd makes
programme relocation easier, Relative addressing is
used only in branch instructions, A byte of the
instruciion is added as a two's"complement number
to the programme'counter, causing a branch over a

limited distance forwards or backwards in the

programme.,

The one-operand instructions mentioned above
for the accumulators can also bc done in @emory,
although they take a longer time, Two-operand
instructions, which vse ore operand from memory
and one From an accwaulator, and place the result

in the accumulator, exist for many common arithmetic



and logical operations (add and subtract with or
without carry, AND, OR, exclusive-OR). There are
Tcompare! instructions which do not alter the
contents of the accumulators or memory, but which
set the condition codes register in preparation
for a conditional branch. Data may be transfTerred
between accumulators and memory by 'Ystore! and

'load' instructions.

Other instructions that should be
mentioned are: the 'jump', which,. although
uncenditional, does not have the distance
limitation of the %ranch?'; the ‘push' and ’pull':
instructions, which allow the contents of the
acéumulatoré to be stored in the LIfO stack;’
and the 'decimal adjust! instrﬁction which is designed

to simplify programmes which use BCD arithmetic,
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ekt Ueacription of microprocessor svshenm

The microrrocessor was é 6800 type with &-bit
architecture. Althouch it vas capable of operating at a
1 1¥z clock rate, a 921.6 kiz crystel was used
freguency could be divided by simple ratios to give

standaxrd haud rates.

L nonitor vroqramme (Motorola MINIBUG) was ﬁsed
to control the owneration of the system. It was contained
in a read-only memory, MCAH830L7. This had associated with
it a scratch RAM of 128 bytes, MC6310. The main random
access menory consisted of 4 k byte RAY boards. At first,
two such boards were used, but as the programme becanme
more complLex ;t was found that another board was required.
These boards were buffered by means of 8T97 tri-state
buffers in the address lines, and 8T26 bi-directional .
tri-state buffers in the data lines. Bi-directional buffers
are necessary if the memory is to be both read from and
written into. The intention was that one RAM board would
be replaced by vrosramuahle read-only memory (PROM) when

the vrogramne was in a completed form. -

Py o

Commmication with an RS232 standard data terminal
was dene by means of an Asynchronous Communication Interface

820, This verforms the necessary

()}

dapter (4CIA), type MC

cenversions between parallel data, as used by the microvrocessor,

(&)

and asnchronous serinl data, as transmitted and received by
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the terminal., The clocl: for this IC was generated by dividing
. . . o . n . .
the microprocessor clock waveiorm D %2 vhere n is

£ 3
selectable such as to pive standard baud rates from 75 to 9600,
This division was done by a CHMOS IC, NC1LOLO, The ACIA handles
data at TiL levels, wnile the R3232 standard uses voltage levels

of +6V and -6V. The necessary level shifting was done by an

8T15 line driver and 8T16 line receiver.

A Periphreral Interface Adapter (PIA), 1C6820,

wvas used to interface the microprocessor with a digital-to-

[

audio signals.

<

analogue converter for the generation o
The eight-bit D/A converter was a Ferranti ZMN425E integrated
circuit, vhich had a voltage output with a range of OV to #Z.BV;
This was buffered and amplified by a 7LL operaticnal amplifier

vhich was erranged to give a voltage output from 2.5V te +2.5Y

(i.e. symmetrical about zero).

Restart and interrupt vectors were generated by
8796 and 8798 +ri-state buffers, which were taken out of
their normal high impedance state when a restart or interrunt

condition was detected by the microprocessor.
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The 4K random access memory boards were
assembled from kits supplied by Newbear Micro-
computer Systems Ltd. Theyv contained thirty-two
1X bit RAM integrated circuits Hype 2i102-1, and
were double Eurocard size (160mm x 234mm),

The remaining components 6f the stimulus generator
were mounted on printed circuit boards of the
same size. 64 way indirect edge conmectors werc

used for connecting the boards together.

Power supplies of +5V, +12V and =12V
were used. These simply consisted of a transformer,
full-wave rectifier, reservoir capacitor and a

suitable integrated circuit regulator.

The entire unit was housé&d in a card frame

about 7% high for mounting in a standard 19" rack,
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FELE Restart Vector  TED6
Fres
FRs] - -
PETA SYII  Vector FF57
FEPG IRQ Vector FF57
FFF3
TR ) - -
FEGO RAM 128 bytes
FEFY S N
TECC 1 II\ 1DUG ROL i
FCF5 o
FCFY UART
LFFF
12K RAM
2000
OL7F e y .
0100 Buffer RAM 128 bytes
0083 s
0020 PIA Audio
o0L3 .
0040 PIA Video
0003 ' .
0000 PIA Time

Fipure 3.3  Systen mehiory map.
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It was felt that, while short tone bursts of high
anpiituce would not danage the ear of the listener, longer
tone bursis migat do so. Tone bursts of excessive amplitude
could be generated by incorreci. setiing of aitenuators,

for cxample. An automatic device was therefore constructed

which had the following functions;

1) Tone buréts of less than 16mS duration and of
any amplitude would be unaffected. |

2) Tone bursts of greater- than 16mS duration would
not be affected if their amplitude did not exceed a preset
critical value.

3) A tone burst with amplitude gfeater than the
critical value would not be affected for the first 16mS.
After that a gate would be operated which ﬁould greatly

reduce the output until the end of the programmed sequence.

A fractiﬁn of the output voltage is full-wave
rectified by a circuit using one 741 operational amplifier.
The siznal is then comrared with a threshold voltage of 3V
by a 710 comparator. YWnenever the threshold is exceeded, thé

st of a pair of 74121 monostables is fired. After 16mS this

:

fires the second monostable. If the threshold is exceeded



at amv time vhile the second monostable is firing, a latch
is set. An LED lights up to indicate that the safety device
has operated, and a CiI2S gate is turned on, reducing the
stimulus cererator output to a low level. The lateh is

reset by the '"Trigger' signal, which is low before a

Trogramned sequence is generated.
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3.6

Probiems anoising while testing the

microprocessor hoard.

1) There were delivery problems with the micro-
processor clock (MC6871) and the remainder of the
boafd was wired uvn long before this clock was
expected to arrive, In order to test the board,

a clock circuit was built on a small piece of.
Veroboard as a temporary measure. This used a
74123 duail monosfable, and two discrete transistor
buffer circuits., This was based on a Motorola
design, but 2N2905 pnp transistors and 2N3053
npn transistors were used instead of the suggested
four-transistor package MPQ68L2, as they were
‘immediately available. The circuit depends on
delays through the monostables to generate two
clock phases with the required non-~overlapping

properties.

The clock circuit worked completely satisfactorily
until it was replaced by the MC6871, although as it
was not crystal controlled, it could not be expected

to have the frequency stability of the MC6871,
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2) The 'MINIBUC! meniter ROM wovked correctly
when used with a Texas 'Silent 700' printer and
keyboard, However, a problem occurred wvhen trying
to load programs that had been rzcorded on data
cassettes. Lines of less than about 32 characters
could be loaded, but if a line was longer than this,
one in every ten or cleven characters would not be
read. This woﬁld result in the line having the
wrong length and wrong checksum, and the monitor

would escape from the 'lead! routine.

This was thought to be due to”a timing problem
in the ACIA (asynchronous communications interface
adapter) which handles data communication between
the microprocessor and the teleprinter, converting
parallel to serial data and vice versa, Firstly the
ACTA clock was checked to ensure that it was running
at the same frequency as the clock in the teleprinter,
This was within 1% of the correct frequency (the 74123
clﬁck was in use at this time). The two clocks were
then locked together in frequency, but even this did

not cure the fault,

Some of the ACIA functions are under software
control, and are selected by the monitor p?ogramme
in the 'MINIDBUG' ROM. The prgblem was found to be
caused by the fact that 'MINIBUG' set up the ACIA to
receive serial data with two stop bits per character,
ﬁut that the teleprinter, when running at 150 or 300

baud, oniy transmitted one stop bit per character.



The system werked correctly zt 110 baud (vhen two stop
bits are transmitted)} ; however, operation at this
speed would have meant that loading programmes would

te very time-consuming.

Changing the software to set the ACIA for one
stop bit was not straighitforward. The ACTIA control
register is reset at various points in '3IﬁIBUG'.
TFoxr this recason it could not be changed by a simple
'Memory Change' operation., Also 'MINIBUG' itself
could net be changed as it reéided in readnonly'

memory.

The solution was to insert a line at the top
of the file to be loaded, whiéh would set the ACIA
to the required format. This had to have the correct
line length and checksum bytes in order for it to be
accepted by 'MINIBUG!, Being only a short line, no
-difficulty was encountered in loading it. Succeeding

.

lines could then be of any length up to 256 characters.

The extra. line can be inserted (by editing) into
files produced by the cross-assembler on the College

CDC computer, It isj

S104FCTUBS56
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347 Software Descrintion

The operating system of the machine is the
Motorola MINIBUG, which resides in ROM at location
FEFO to FEFF (2ll addresses in hexadecimal). This

has associated with it a small RAM of 128 bytes at

ne first version of the stimalus generator programme to be
written (called STTIB), used the microprocessor board and 8K of
randon-~aceess nemory - two LXK RAM boards located at 2000 - 2FFF
and 30CO - 3FrTF, Later, an inproved &ersion of the programme was
writton (STIHC) : this entailed the use of a further K RAN board
located at L4000 - LIFF and also used some extra timing hardwvare on
a fifth board. The stimulus generator programme consisted of three

major sections:

(i) INFORM. This is an interactive programme
which collects all the information required from the
operator. This information is stored in a convenient

format in a specially reserved area.

(ii) COMPIL. VWhen a tone burst or legon is
to -be generated, this section uses the data collected
in INFORM to compute the required digitised waveform

and stores it in the wavelform storage area.

(iii) EXEC. This is the section which actually

generates the stimulus,
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On entering this part oFf the programme the PIA

(Peripheral Interface Adapter) is initialised, with

all I/0 ports beinpg set up as outputs. The TTY prints

'READY!' ond awaits a response from the oper_ator° On
responding, a trigger pulse is generated which may
be used to start other equipment,; then, after a
trigger delay time, the £irst stimulus is generated,

as follcws,

A 'mogde wvord'! stored at a fixed location is

examined to determine whether the'stimulus is a

tone burst, pulse oxr logon. Valid mode words arc:

3
e}
[w)
'_J
4]
o

01 Pos. pulse 02 Heg. pulse 81 (hex) Alternating
ng

Pos. logon 08 Negs. lozon 8y n Alternati

03
t~
0

(!
o
Ind

10 Tone starting with positive half cycle

20 Tone starting with negative half cycle 90 Alternmating tone

If a positive pulse is called for, the byte FF

is sent to the D/A converter, giving maximum positive

output. If a negative pulse is requested, the byte 01

is sent to the D/A, After a delay equivalent to the

pulse width, the D/A output is set to zero volts.

If a tone burst or 2 logon 'is-dindicated, it is gcnerated
by reading out 2 list of data which is kept in a stack. There
are two routines for reading out the stacli; one reads the data
out directly, and the cther inverts the data. The routine fto be

~

used is determined by the mede word, If alternate positive and



negative signals are required, the mcde word is changed cach time
to select the two routines alternately. The stack begins at a
starting address SO winich depends on the length of the stimulus,
and always ends at a location which contains the word GO, wvhich
is not regarded as a valid irput %o.the D/A convefter, and is an

indication to the machine to stop reading the stack.

A count is.maintaincd sf the number of
stimuli that have been generated. If“there are more
stimuli to be generated, an tinter-stimulus delay'
time elapses before the programme branches back to

generate the next stimulus,

In tone or logon mode, the samples are read
out at a rate of 65.829 kliz. This is derived from
the‘system clock frequency'of 921.6 IkHz, which was
chosen so that standard terminal baud rates could
be generated bf simple division. Thus a sample is
read out once every fourteen microprocessor clock
cycles., The frequency of 65.829 kHz (which is
approximately 257 x 256 Hz with 0.05% erro?) means

that more than eight samples per cycle are provided

at the highest stimulus frequency of 8 kHz.
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COMPTL rouvine

This routine is skipped in the pulse mode,
but in the logon mode or the tone turst mode it sets

up the stack described in the EXEC routine.

COMPIL uses data stored by the INFORM
routine. The nature of this data will become clear

during the description of COMPIL,

COMPIL uses special registers iﬁ reserved
locations for wvarious functions,., Two consecutive
locatidns contain the current address CA (a two bytle
word) of the data point which is currently bveing
computed. CA will point to a location somewhere
between the starting address S0, and the end address
ENDHL, incrementing as the compilation proceeds,

The other special registers used ﬁy COMPIL have
different functions depending on whether a tone

burst or a logon is being ‘computed.

In the logon mode, fwo consecﬁtive iocations
are used as a logomn register LR, This is incremented
for each data point by an amount L (also a two byte
word) which is stored during INFORM and depends on
the logon time constant. The most significant byte
of LR is used in the calculation of the logon,
althoush both bytes are in general incremented.at
cach new data point, This is done in order to reduce
the possibility of cumulative errors in timing which
couid gccur if a logen rcgister of only one bytle

was uscd,



The logon funciicn of LU is rfvund Troim a lookup
table of 54 bytes. If the mode woed is 8, the logon
is ncgated. After eéch data point has been calculated,
the current address is incremented and tested. If then
CA = ENDIL, a OC byte is stored at ithis location and
the programme branches to EXEC; otherwise the next data

point is calculated,

In the tone mode, three consecutive lacations are
used as 2 cycle register CR, All three bytes are, in
generali, incremented at each new data pﬁint, aithough
only the most significant two bytes are used in the
computation of the sine function. This allows for
better frequency resolution than would be obtained if
a cycle register of only itwo bytes was used, The cycle

register is initially cleared.

The sine function is compﬁted and stored ati a
reserved location. The current a&dress CA is tested
to determine whether it is in the rise section at the
beginning of the tone burst, the fall section at the
end, or the plateau between these sections. If CA is
in the plateau section, nothing more remains to be
done except to store the sine at the address pointed
to by CA. In the rise and fall sections, the envelope
or weight function has to bg computed., This is done
by using a three bvte rise/féii register in a similar

way to the cycle register, The weight function is

computed and stored. The weight function and the sine



Tunction arc multiplied itogether to give the required
result. This is stored at the address pointed'to by
CA. CA is incremented and the process is repeated
until CA = ENDHL. This byte is then cleared and the

programme branches to EXEC. This is indicated by a

message 'READY!' typed by the system.

The cycle register is incremented by a two-bvte
word N between data points, During the rise section,
the rise register is incremented by a two-byte word R,
and during the fall.section it is incremented by a

two-byte word F.



Ze 75 THIORY routine

This is ap interactive routine which collects
the data required from the operatecr in order to define
a train of stimuli., After initialising the system,

INTFORM asks the first question,
NO. OF STIMULT

The operator responds with an integer in the
range 1 to 9999, If more than one stimulus is requested,

the next message wiil be
PRF HZ

The operator may respond with an integer,
an 'X' character or an '=' sign, If he responds with

an 'X', an alternative question is asked;
REPT PERIOD MS

to which the same choice of responses apply.
During a second or subseguent run of INFORM, an '=!
sign has the effect of maintaining the wvalues that

were lcaded in previous runs,

Regardless of whether the PRF or the repetition

period were loaded, this information is stored as a

word P which is proportional to the period, (P was a
two-byte word in units of 14 microprocessor clock cycles,
corresponding to the. output sample rate, in the original

programme STIMD, but was later changed to a one-byte word



c~
Jor e

in units of 10 8 in STIMC +to explodit extra timing

hardware that had been added +to the system).

et

The progiramme then réquests the timing of the
Tour trigger cutputs. These arc positive pulses 10mS
" long, and the trigger time is mcasured from the
positive going cdge of the trigger pulse to the

onset o the stimulus. The four outputs may all have

different timings, and the timing resolution is 10 mS,
The next decision té be made is.
PULSE, TOXRE, LOGON:

The operator responds P,T or L. The next message

Mo
164]

POLARITY ¢

and the response is P, N, or A. A corresponds
to alternating positive and negative pulses, the
first pulse in the train being positive. The mode word
is set according to the last two responses. The course
of the programme from this point depends upon which

mode has been chosen,
In the tone burst mode, the message

TONE TFREQ HZ:

is printed. This may be responded to by an integer,

~

equals sign or 'X' character, the 'X' giving the

alternative message

+
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The amount by which the cyecle register is
incremented at each new data poinv, N, is then

calculated. The next message is
BURST WIDTH MS:
or, alternatively; NO., OF CYCLES:

The numerical response is used in calculating the
total number of samples (which is tested to»ensure
that there is sufficicent memory available in which
to stor> the samples). The étarting address SO is then
computed., The burst width is also tested to ensure that

it is not greater than the repetition period.

The responses to the next two messages,

RISE TIME MS: (or NO. OF CYCLES: )
and  FALL TIME MS: (or NO. OF CYCLES: )

.are used in calculating the'number of samples
in the rise and fall sections of the tone burst. The
sum of the rise and fali times is tested to ensure
that it is not greater than the total time for the
tone burst., S1 (the starting address of the plateau
section), S2 (the starting address of the fall section),
R and F (the increments of the R/T register during rise
and fall respectively), are all computed ana stored in

special registers., The progr&mme then bpranches to COMPIL,



If the pulse mode is celected, the next message after
PPOLARITY ;' will e 'PULSE WIDTH '~IS.:' , wWhile if the
logon mode is sclected, the message will be 'LOGON TC US::
The time censtant of the logon, in microseconds, is then

typed in, This determines the increment I of the logon

register. The programme then branches to COMPIL as beiore.

Most of the questions may te respondéd to by typing
an '=' sign, which means that the quantity used in the
most recent run is retained., Typing an“X' in response
te the first question 'NO, OF STIMULI' causes a jump
past many of the earlier questions., This is useful when
only one parameter is to be changed;'for example the

frequency of a tone burst.

3.7 Subroutines

OUTSTR prints a string of characters. The location of
the first character is pointed-to by the index register,
and from there consecutive bytes are printed out..Return
frﬁm this subroutine occurs when a carriage return

character has just been output.

INDEC gets between O and 4 decimal digits from the
TTY and stores then in X,X+1l. The digits are jusfified
so that the least significant digit is always in the
rightmost four bits of X+l. Exiﬁ from INDEC may be by a

nurber of routes. If a decimal point is typed, the programme
branches to the decimal/hex conversion routine. If an 1!
sirn or an 'X' character is typed, it is considered a valid

response, but flags are set accordingly. Invalid responses
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gencrate a carriage return and line feed wvhich allow

re-typing of the correct response.

DBEFX converts the two-byte BCD number stored in

X, ¥+1 by INDEC into hexadecimal. X+2 is used as scratch.

DPD is a double-precision division rocutine. It

caelculates
DD S .
Q= 355 x 27 .
vhere DD is in X, %41

DS is in  X42,%+3
. Q is in  X+h ,X+5

S is in X+6

DD,DS and S are lost in execution.

MULT is a multiply routine which multiplies together
the coatents of ACCA and ACCB, The prcduct is a two~byte

word in ACCA,ACCB. Locations TF00 - 2 are used as scratch.



Gﬁ

3“‘7‘5 The sine subroutine

The range of the sine function is set by the D/A converter

o

which handlcs eight bits. If the zero level is represented by 80

hex, then maximun positive will be T hex and maxirmum negative
will be O1 hest. The representation of the domain of the function

zat all possible levels of the range may be selccted by

erent values in the domain. This is equivalent to

I—l,

selecving dif

the criterion

}

bx

2 <L

4 -

vwhere 8y is the increment in the sine function brought
about by an increment 0x along its do“aln. This condition may be

met by making 100hex (256 dec) equivalent to 900. A complete

cycle then requires 10 bits for its representation.

It is sufficient to be able to calcﬁlate sines from O to 900
as a very short subroutine (FQS) will extend this to four quadrants.
The sine function may be computed in two different ways; byvmeans
of a look-uyp taﬁle or by méans of a subroutine which generates a
polynomial approximation. A look-up.table would ke the fas£est
method but would require a falr amount of memory (256 bytes).

The pclynomizl apvroximation method was thercfore considered.
7

P &

sin § = G'—g_' +120 - 501’.0 sevvas

converges rapidly and in an oscillatory manner, If it is

truncated after the fifth order ter m, then the error between

6 =0 %o 00 will be small, and may be estimated and . -



to sone ocxtoent correciod. Thne truncabion error rance

& i e +G Lrom
- ~ -+ c . =~ \ 0
moers 8t CF to o mavinum of U.005 at SO,

The anzle 8 is in radians and may oe represented as an
&~bit byte wiith the binary voint oTier the most significant
bit; then 6 = 80 hex = 1 radian. However, the operand is scaled
so that x = 100 hex = 90° so a conversion factor is required:

6 =Ax, %A =0.705 decimal.

Note that the multiplication routine will produce a
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h-ter the two most signi
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s if two numbers with the format oP 0 are nultiplied
together. Thus, if all numbers involved have an assumed binary
point afier the most significant bit, then each uvse of this

routine imvlies an extra division by 2.

The result of evaluating the polynomial must be scaled
to give 80 hex for x = 0° and FF hex for x = 90°. This is done
by multiplying the result by t = 0.99%k x 127/128 and adding
80 hex. The factor 0.99%k is a correction for the truncation

error while 127/128 scales from 80 hex to 7F hex. Hence,

brd t L l
sin ¥ = TAX - (Tlx))c;%g + (rlx)B. Fz “__L7§
bt G~ 20t

where the factors of L4 are for the purpose of locating

the binary ypoint in the correct rlace

3]

Ster a multiplication.

. >
fow T\ = C6 hex; 2/31° = BO hew; /91 = 34 hex, are all

[¢)

onstants and so sin x can be evaluated by a small number of



This sine subroutine was used in the original
stimulus generator programme {(STIMB), and it worked
correctly; nhowever, because of the very large number
of calls of the subroutine during COMPIL, the
programme required some 30 seconds to compute a long
tone burst with large rise and fall ftimes, VWVhen thc
programme was updated; more memory was then available,
and so the subroutine was replaced by a lookup. table,
This drastically reduced the computation time,

The looltup table wasrcomputed by the'College ChC

computer.
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The stimulus generctor wroduces a symnetrical 'cos type signal!

with suitable scaling factors.

FF

g0 . !

this symmetrical signal is stored in a lookup

N

in which TC is equivalent to 40 bytes. The

]
N
o
ol
(]
o]
s

table oL 4

ther half is obtained by negation of the value to bte looked up.
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Inter-uvnt Eandliine

The restart address generator has been configured to respond

-

to a reset wiih the address FEDS, which is in the MINIBUG ROM.
An interrupt request (IRQ) or software interrupt (SWI) will

generate the address FF57, which is in RAM, This allows for =

flexible response in handling interrupts.

IRQ is derived from a clock via a PIA, It may be masked at the . .

microprocessor or at the PIA, The PIA can be programmed to respond
to either positive or negative going clock edges, The interrupt
routine beginring at FF57 can be arranged to read the cleck and

compare it with stored values, for example.

SWI is an instruction {3F) which can be placed anywhere in a
programme. It is particularly useful in programme development.

If the following interrupt routine is storedj

FF57 7E JMP FECB
FFS8 FE
FF59 CB

then, on encountering a SVWI in the user programpe, the

contents of all registers will be printed out and control will

—

return to MINIZUG.
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Four independently programmable trigger signals
were required, These were to be digital outputs from
the PTA (peripheral interface adapter) on the

microprocessor board.

A routine in 'INFORM' requests the four pre-
stimulus trigger times, and stores them in four
reserved locations, in units of 10mS., This gives a

maximum time of 2.55 seconds,

The trigger pulses are derived from a 100Hz
cleck, This 100Hz frequency was originally generated
by a software delay subroutine (in'STIMB), but later
more hardware was added, which made the generation
of trigger ﬁulses(more accurate and/less wasteful of

microprocessor time,.

The 100Hz clock zlso controls the sampling of
analogue signals from the patiént. It is derived from
the crystal—confrolled microprocessor clock by division,
The eight bits of the clock may be read by the micro-
processor at any time, via another PIA, The clock

may alsc be reset under software control,

Every 10mS the clock produces an interrupt
request (IRQ). This may be mééked, or gated out, either
at the PIA or at the microprocessor, During a stimulus,

a mask is set so that interrupts are ignored, When the
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stimulnzs heas ended, the maaslk is cleared. Fach time

y

o)

11 IR occurs during the Tollowing inter-stimulus

o

o

eriod, the programmc branches to an interrupt
routine. This reads the clocic, and checks whether
any trigger ouitmnuts ere to bLe set, Outputs which
are not set arec cleared., WVhen the clock reading is
cqual to ihc reaquested reﬁetition period, the clock
is reset, the dinterrupt mask is set and the next
svimnlius 15 generated. The interrupt routine takes
only a small fraction of 10mS to execute, and so

the microprocessor is availabls for other uses.
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The stimulus generaior, which at the time consisted

:he Depariment of Ilectrorhysiology ai the R.N,T.N.EJH,
on 25tl July 1970. A number of immrovements to the programme

~d, and thesec were included in an updated programe

(colled STIMC). fimong these improvements were the following:

1) Timing of trigger signals and initiation of
stimuli was to be derived from extra timing hardware, making
use of the interrupt system of the nmicroyprocessor. This
allowed for more accurate timing, and made the microprocessor

available for other tasks during inter-stimulus intervals,

2) Use was made of some memory locations on an extra
4X memory board. In particular this meant that the maximum tone
burst width, which had previously been 96mS, could be extended

“to the 100mS of the original specificaticn.

3) It was arranged that the train of stimuli could
be stopped by pressing a key at the terminal, and that the train
could be started agzin from the beginnihg, without having to
rpe the parsueters. This allowed the operator to check the

1

stimulus parameters quickly before begimning a trial.

L) The new vrogramne was written in such a way that

it could be relocated easily by the CDC cross-assembler, in

prevaration for implementation in PROU (programuzble read-only

memory) .
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to be vsed in conjunction with the stimulator,
sometimes rejectéd reaponses ir they caused it to
saturate., It was required that, if the stimulus
generator was working in th- alternate mode, it

would stay in the same polarity, positive oxr

negative, until the signal averager stopped rejecting.
The count down of stimulivwould also be stopped
during a reject. The reason for this was that the
signal averager loaded aécepted responses into two
buffers, one Tor responsecs to positive stimuli,

the other for responses to negative stimuli,

The stimulus generator had tc provide.the correct
number of positive and negative stimuli with

acceptable responses.
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Hell Interfacing the stimulus penerator with the

sisnal averager,

The ‘'reject! signal from the signal averager
wvas at TTL level. It was gonnected to the microprocessor
system via one input of a PIA (peripheral interface
adapter). This signal was normally low, but copld
go high at any time during the 'analysis time' of the
averager, that is, cduring and immediately after a
stimulus, If it did go high, it was latched high until

the start of the next analysis time.

Correct operation of the reject system depended
upon the microprocessor testing the reject sigﬁal at
the right time. This had to be done after the averager
analysis time, otherwise some‘late rejects could have
been missed; but before the next stimulus, when the

reject signal would have been reset.

The routine EXEC was arranged such that the
reject signal would be tested just before triggering

the averager for the next response.

The reject system was tested by intentionally

causing rejccts, and was found to work correctly.
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CHAPTER : 4

THE PHASE SPECTRUM ANALYZER

L. Pharze spaetral snatveis nnins the micronrocessor.,

The phase vector rethod for the snalysis of cortical
EEG responses has been described in an earlier chanter.
It was suggested that this algorithn covld be implemented

using a minicomwuter or nicroprocessor. .

L

After completing preliminary worl: on the stimulus
generator, the implementation of the phase vector methed was
examined. This could have beep done by building another
micrucomputer, similar to the stimulus gencrétor but'with
different input and output facilities. However, it was considered
better to use the same micropfocessor with a larger programme
and extended periphersl facilities. This would enable much of
the same hardwarc to be used. By using the same clock for
stimulus generation, triggering, and data sampling, problems

concerned with synchronizing twe different units are aveoided.

The phase spectral vrocecdure used an analogue-to-
digital converter for the input of amplified EEG signals.
This circuitry was mounted on an exira board, the data

acquisition and disnlay boarad.
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el Data acquisition and displav board

This board was desigmnecd to perform a\number
of functions in <the microprocessor system while
using only a small number of comnonents. It could
provide data collection facilities feor phase spectral
analysis, and ﬁas also used by the stimulus programme.

The following features were included;

1) Data collection (up tc 128 points) at the
rate of 1CGOHz could continue while the microprocessor
was fully occupied, for example with generating an

auditory stimulus.

2) “Trigger and timing signals could be

generated wvery conveniently with short routines,

3) Graphics output was providéd very cheaply
by two 8-bit digital-to-analogue converters which
WereAconnected to the X and Y inputs of an ordinary
oscilloscope. This could be used for producing

cluster diagrams, etc.

In a typical EEG experiment samples are taken
at a rate of 100 per second. 64 samples constitute
a 'sweep' ancd there is one sweep per second. There
is therefore a gap of 360mS between sweeps., A Fast
Fourier Transform (FIT) programme for 64 points was

written during the initial period of becoming familiar
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with the 6300 micreproecesscer sysiem. Its execution time
was about 250mS, though it possibly could have been
made faster. So a fair amount of pre-processing could

be done between sweceps. However, as the system stood,
the stimulus generator programme could not be run
concurrently with data collection; as the micrdprocessor

was fully occupied during.the pericd of .the stimulus.

Some intermediate storage was fequired for
data collection, therefore. A small random—-access
memory of 128 bytes was used, with data and address
lines routed by data selectors, which were themselves
controlled by software. This RAM could be connected
to the microprocessor so that it operated in exactly
the same way as any other memory in the system.
Alternatively, the data lines could be connected to
the digitised input data, while the address lines
 were connected to a 100Hz clock. The clock also
controlled the sample/hold analogue circuit so that
successive samples were gtorea in sucéessive locations
in the 128 byté RAM. The microprocessor was free for

other functions while this was happeninge.

The 100Hz clock was a simple counter of the
same design as the baud rate generator on the
microprocessor board. The baud rate generator already
produced a 600Hz signal of c;ystal—controlled accuracy, .

and this was simply divided by six to provide the

sample rate of 100Hz. The clock provided an 8~bit
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count in increments oi 10mS5, which could be read by the
microprocesser. Thus the time for the clock to go through
a complete counting cycle was 2.55 scconds. The clock
could be reset at any time by software control, allowing

flexibility in thc length of count.,

Contrel of the clock was Tacilitated by the
microprocessor interrupt system. Every 10mS the clock
generated aﬁ interrupt reguest, which the.micrcproccssor
could be programmed to ignore if it was busy., An
accepted interrunt caused a Jjump to a service routine
which began al the memory location FF57; On completion,

the system was restored to the point before the interrupt.

Previously, the provision of trigser signals had
entailed tithe use of rather long subroutines. The stimulus
period and the inter-stimulus interval had to be taken
account of, and variable delays had to be calculated,
in ordér that the wvarious sigﬁals would be generated at
the correct time. However, with the hérdware clock,
timing functions became much less of a problem to

programme, Accuracy was improved as timing errors could

not accumulate,
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The A/D converier accepts an antlogue signal from the
patient vin an isolatien amplifier and converts it to 8-bit
digitel forme. The inrut should be in the range 2.5V to +2,5V,

ané it is sanpled once every 10 mS,

Tae A/D converter uses & 24255 integrated circuit,
vhich contains an 8-bit D/A 1addcrineiwork, a voltzge reference,
mnd en S.bit counter. The counter may be used to switch the
D/A network, so that if it is clocked by a squsre wave, a
staircase ig produced at the analogu-z output, Thig is compared
with a d.c.-input voltage by a 710 comparator, vhich is arvenged
to swiich wvhen the staircase equulg or just eicceds this voltoge,
Thig stops the clock and helds the counter at the value it has,

recached. The counter reading ie then stored in & data buffer,

Piming signals are derivedAby division from the
microprocessor clock. The samplg/hold function is performed by
one 1F398 integrated circuit, This is clocked by a 100 Hz
square wave, 50 that the output foliows the input for 5mS, and

is ther held for SmS, during the period of A/D conversion.

The output from the gample/hold circuit is taken via
e resistor to the + input of the comparator, This comparator
input is also connected to the +2.5V Qoltage reference of the
Zi425E by enother resistor of the same value. In this way, the

input veliage to the samplg/hold circuit, which is in the range

-2.5V to 42.5V, is scaled dowa to & range of OV to +2.5V at the

’
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comperator inyxut, Thiz is the range of the anzlogue output of
the ZIL25E. The resictcors had to be selected to bhalance the

relatively high output impedance of Tthe ZNLh25E,

To test the 4/D converter, & short routine was written
which printed the digital outputl in hexadecimal form at the

data terminal about once every second,

L000 CF SEI Initialise systenm

86 LDAA  2FF
FF
97 STAL 00
4§00y 00
86 LoAA 280
80
97 STAA 02
4008 02
86 LDAA  ?DB -
DB
97 STAA 01
LGOC 01
o7 STAAL 03
03
LP1L 86 . LDAA ?FD Reset clock
4010 FD
97 STAA 02
02 :
7C INC 07y * Connect data buffer to
LOo1hL 00
02 . A/D converter.,
LP2 08 INX
01 NOP
5018 26 BNE LpP2 Delay, approx. 700mS,
TC
86 LDAA  ?7F
7F
L01C 97 STAA 02
02
CE 1.DX 20101
01
1020 01
BD JSR OUT2HS In monitor ROM
FE -~
_ cs
Lo2h 2c BRA' LP1
E9

(A1l figures in hexadecimal, 7 indicates immediate addressing.)



The onzlogue~to-digital converter was calibrated by
comporison with a Solartron 7040 digital voltmeter. Test
voltages were provided by & wéir variable 0-30V power supply,
with its output divided approximetely by ten, using a 2K2 and

an 18K resistor in series, to give finer control of the

applied voltage.
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Analcgue to digitael convertor.
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& grephic display is provided by connecting the X end Y
inputs of ar ogcilloscope teo two anzlogue outputs from the systen.
- The oscilloscore is algo used for checking the waveform of stimuli,

and it can be suitched belween the two functions.

The X and Y coordinates of 2 point to be displayed axe
vritten into a peripheral interface adavter. The two iaput/output
ports of the PIA are each comnected to D/A converters. The ocutputs
from These are scaled up from a raage of O to'+2.5v té & range of
=2,5V te +2.5V by operational amplifie;s, in the same vay as the
audio output. However, the operational amplifiers are faster types,
s0 that the trace is hardly visible when moving betireen points to

be displayed.

When ueing this display technique it is necessary to
ensure that all the points to be displayed are refreched at a
sufficient rate to avoid flicker. Alsb, when using the facilities
provided by the data acquisition and display board, it should be
n§ted that the 8T26 bidirectional buffers, used for buffering
date lines, invert the data. This makes no difference vhen using
the random access memory boards, cor the anal§gue—to»digital
converter, as in these cases the data wndergoes two inversions.
However, when using the two PIA's on the data acquisition and
display board, all data must be inverted by softwarc. This includes
the PIA contrel words, the readiﬁé from the 10 mS clock, and data

to the X and ¥ outputs,
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markers. The morkers flash on and off for ecasier

identification arainst a cluster of points.



) AMAIYS routine.

This routine analyses the evoked EEG responses

from o patient in response to stimuli produced by the
micreprocessor, Analysis of sixty responses per trial
was requestoed, but it was convenient to make 64 the
mazimum number per trial, cr to use the last 64

responses of a longer trial,
ANALYS consists of two parts;

i) a subroutine TRANS which computes and
stores the first six harmonics of the discrete Fourier

transform of the response to each stimulus,

ii) a programme STATS which cdmputes statistics
of the transformed data, namely the amplitude mean,
phase mean and phase standard deviation of each

harmonic.

Lo5.1 Linkage with stinmulus generator programme,

Although ANALYS is run in conjunction with
STIMC, it is also possible to run STIMC by itself
without the analysis programme, This is useful when
the stimulus generator is to be used for BSER or

electrocochleography, as the stimulus repetition

rates used in these tzchniques are normally higher
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Lthan those used Tor cortical rcsponses. The discrete
Fourier transform in ANALYS limaits the repetiilion
periocd to about one second, VWhen STIMC is used by
itself, two dummy subroutines. EXEC20 and EXTC30;

take 1lhe place of ANALYS.

In the wversion written for programmable
read-only memory implementation, a short routine
which pexrforms the‘necessary linking when required
was added. This prints a message which asks the
operator whether the analysis programme is to be

used, as the first question in a run.

k5.2 Storage of transformed data.

A discrete Fourier transform (DFT) which
computed six harmonics was used. A fast Fourier
transform (FPT) algorithm was not used as there
would have been no advantage in speed, as only a
few harmonics were nceded. Two bytes (one real,
one imaginary) are required to store ceach point
ol the result. Thus 123 bytes are stored for each

harmonic, oxr 768 bytes in total,
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1 overator instructions
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RTI
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subroutine T
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Figure 4.6 How control passes between stimulus generation, trigser gencration,

and data acquisition functions.
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The discrete Touricr transform subroutine TRANS takes

the DFT of the response to previous stimuli. I

t 1z execcuted
during inter-stimulus intervals, wlen the microprocessor is

not being used by the stimulus generating programme., This

¥
[

saves botll time and nemory capaclty, as the transformed data
toakes much less space in menory as would the data as first

collcected. This is best explzined by reference to a timing

diagrax and flow chart (see figure 4.6).

At the ond of czch stimulus, a JSR instruction

[¢]

auses a Jump to TRANS, Vhen TRANS.hag been executed, control
returns to the stimulus generation programme. Interrupts
occur every'lo nS of inter-stimulus time, and these cause
the microprocessor to leave the programme briefly and td

set up any trigger outputs that have been requested.

A data buffer collects data {rom the output of an
analogue~-to-digital (4/D) converter every 10 mS starting at
the beginning of the stimulus. TRANS first ensures that the
data buffer is full by waiting until 640 aS after the

besinning of the previous stimulus. This means that the DFT

I

will te applied to 64 points. The data buffer is then dis-
conrected from the A/D converter and connected to the
microprocessor (by software). The DFT is calculated for six

harmonics and the result is stored in menmory.

Tt may be that an inter-stimulus time has been
selected which is toc short for the execubtion of TRANS, Ir

this is the czose then a warning is glven.
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STATS is a programme which eveluates certain statistical

varaencters Irom the data collected z.d Tourier transfiormed by the
TRAIS cubroutine. It nay be entered, if desired, upon completion

of & train of stimuli by the stimulus senerator programme. Outpnt

r~ ~ ~, - ont - -
of data from SPATE may take two forms;

1) a tabuiar listing from.a deta terminal.
2) a mraphic plot of the transformed data voints on an

cscillioscope, using the X-Y inpats,

The parameters calculated by STATS, for each harnonic

nmurier, are as followss

1) Mean amplitude.
2) Mean phase.

3) Standard deviation of phase. .

The transformed data from the. execution of TRANS is stored
in an arca labelled HARBUF. During execution of STATS a new

buffer, PHABUF, is built up. Points in PHABUF correspond to points

in UARBUF but contain no zmplitude information, that is, they have
all been rcduced to unit amplitude vectors. This is done by taking

a (complex) woint in HARBUT, calculating its amnlltud and
dividing ooth recal and imaginary na_tu by the amplitude. This is

equivalent o teoling the cosine and sine of the phase angle, or

)
v

,.

'nsrojection onto the unit circlel,
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unit anplitude is perforsmed next nvolves finding the

ampiitude r each harmonic

0]
o]

£ ezch point. the mean azmplitude

mmber is calculated at the same tine.

The mean and standard deviation of the vhases of the
transformed responses, for each harmonic number, are computed

1

using an algorithm equivalent to that of Cheung (1977). The
vnit amplitude vectors are all added torether to give a

resultant vector. The phase angle of this new vector is the

nean of the phase angles of the original points,

.

The routine for caleculating standard deviations
exploits the eight-bit representation of numbers in the
microprocessor. FPhase angles are scaled such that 10Chex = 3600.
Then if two angles are regarded as unsigned integers and one isA
subtracted from the other, disregarding overflow, the result
will be a two's complement number with & modulus representing
an sngle of 180° or less. Wnen squared, using a two's complement
subroutine, the sign vanishes, so that it is always the smaller

angle between two vphases that is selected.



4e5:5 nPiT and SORT svhvoutines

pre

AMPLI computes the amplitude of a complex numbver whose real

Al
J

nd Imaginery paris are in twos complement form in ACCB and ACCA,
These two gquantities arc sguared and added, and the nrogramme

continues with the SQRT routine.

SERrT cbmputes the square root of the two-byte unsigned
integer (ACCA,ACCB) and pilaces the result in ACCB. It uses the
levton-Raphson iterative metnod, where 1f a is the number to
be square~rcoted and X is an estimate of "a  then a better

estimate is

2 (x o+ 2=
) ( }.n ” )
n

X
n+l

Iteration continues until two consacutive estimates are

equal or differ by one loast~significaht bit.

 As the operands of AMPLI arée in twos complement form and
cannot have an absolute value greater .than 80 hex, the (uhsigned)

result cannot be greater than B5 hex.
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L.5.6 420 subroutine

-

This subroutine finds the angle vhose sine is in

-3

ACCA and whess cosine is in ACC3, Unit radius is equivalent

1

o L0 hex and 3607 is equivalent to 10Chex. The absolute

velue of sin end cos is taken and they are compared. The

snaller value is selected, so that the angle to bz looked up
w317 1 - 1l LYZO m 1 4
will never be rreater than 427, The sanme lookup table is used

as for the sne function in STINCG, After this angle has been

- e, . S . < o o] 0 o)
found, it isc added to or subtracted from 07,90 ,1807, or 270

Advantages of this routine arej accuracy, as the
function (sin or cos) of nsximum siope is chosen for
comparison with the lookup tablej and reasonable speed,
as no more than 32 points of the table have to be searched.
The tangent function is not used and 50 large values which

might cause arithmetic overflow are avoided.
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Lhe5.7 Outout routincs.

The results are listed in tabular form at a data
terminal. As they are required in decimal form, a binary
to decimal conversion routine is needed {(labelled HDEC).

This converts a 9 bit binarv number to a 3 4digit decimal
number. Frinter control routines from the stimulus
generator programme are used in the production of the

listirg.

After printing the results, a graphic display of
the transformed responses may be obtained, The X and Y
inputs of an oscilloscope are driven from D/A converters
with buffer amplifiers. For each harmonic number, a
cluster diagram is provided, with markers showing phase
mean and standard deviation, X and Y axes, and a heading

giving the harmonic number,

The asynchronous communichtions interface (ACIA)
is interrogated frequently during the display to determine
wheﬁher a key has been pressed on fhe data terminél, The
display routine starts with transformed responses of
harmonic number 1, Typing a number froh i to 6 changes
the harmonic number., Typing a letter 'X' returns the
systém to the stimulus generator programme, Other

characters are ignored,.



4.5.8 Scaline of prinfed results,

Vhen the phase mean and standard deviation angles are
evaluated, 3607 is represented by 100 hexadecimal. Therefore, when
these angles are printed out in degrees, they must be multiplied. by

260/255, This is done before binary-to-decimal conversion.

The amplitude meen is also multiplied by a scaling
factor hefore printing it out, to give the resulf in volts/Hz at
the input of the A/D converter, but thié'scaling factor corrects
for a number of explicit and implicit multiplicafions that the

signal has undergone, namely;

1) Scaling by the A/D converter. By reference to the
slope of the A/D calibration curve, it is seen that one volt is

represented by 252/5 (decimal),

2) The subroutine TRANS divides by 16 in order to
obtain a one-byte result. However, in order to save time, it
does not multiply by the sampling period (0.0l seconds), which

should be done in order to obtain the correct DIT.

3) After conversion to decimal, a three-digit result
is obtained. Results wvere expected sometimes to exceed 0,1 V/Hz
but névcr to excced 1V/Hz: thercfore the decimal point was placed
before the three decimal digits. This implied a further division

by 1000,
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Puttling these factors together, the necessary scaling

corrcction is:

5. . . . _ g0 203 .
55 ¥ 16 x 0.0l » 1000 = 65 = g - approx.

The multiplicaticn by 203 is done by the MULT subroutine

ond the division by 64 is done by shifting.

The practice of Chirlian (1973) was followed in computing
the discrete Fourier transform. He includes the sampling rate
explicitly in the formula for the DFL, go that thg units are
V/Hz rather than volts, as given by other writcx;so This is
because he derives the Fourier series for periodic functions
as a special case of the Fourier transform for non-periodic
functions. The spectral lines thus obtained may be regarded

informally as having infinite amplitude but finite area.
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Vhen ihe discrete Fourier transform subroutine TRANS
was first tested, it. failed to run. Not only did it either get
stuck in a loop or clsec print out a string of mcaningless
charactsrs, but 1t often also corrupted the programme so that it
had to be reloazded. The cause of this particular problem took

some time tc find, and was fairly subtle.
k]

In order to locate more accurately wvhere the programme
was failing, a series of small changes to the subroutine were
tried. It was found that if the call in TRANS to the sine
subroutine FQS was removed, then TRANS would run. However, FQS
had worked ih the stimulus generator prbgfamme and so there wvas
no obvious reascn why it should stop-TRANS working. The execution
timing would be altered; though, by leaving out FQS, and thié
would affect the positions of interrupts in the running of the

subroutine IRANS, These occurred every 10 mS.

Investigation of the interrupt system failed to reveal
any obvious faults. It was possible that the interrupt request
signal to the microprocessor was racing with the microprocessor
clock. This possibility was ruvled out by adding an inverter to
shift the transitioans of IRG by a quarter of a cycle with

respect to the microprocessor clock. The effect of this was a

small improvement, but not a complete cure.

As the Fault seemed to be associated with interrupts

:

and subroutine calls, the area of memory in which the staclk was
stored was examined after each attempt to run TRANS., The stack

contains data enabling the microprocessor to return to the

S

-

correct address after an interrupt or subroutine call. Thus,
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Oriaticn aLout Ve progress of the
programnc could be obtained. It was noted that sometimes the stack
contained éatsa which -did not correspond to an address within the
programme, &8 it should have done. It was suspected that data on

the stacl was comehow being corrupted during the cxecution of TRANS,

The fault was finally traced to the fact that the area of
memory in which the stack was stored was patiern sensitive.
flthough the memory had appeared to work corrcctly whenrit was
first tested, particular sequences of reads and writes caused
corruptions. For example, location LFF6 was loaded with TF.
Location 4FF2 was then changed from 00 to FF and back to 00.
On reading kfFé again, it was found to have changed to FB.

This type of fault is extremely difficult to test for, even with
high speed automatic teét equipment, because of the immense variety

of possible sequences.

This problem did not seem to be due to a fault in one
'particular memory IC, as sometimes more than one bit was affected.
It depended on the +5V supply to the memory board, which at that
time was rather low in voltage (+4.8V). Pulling out one of the
other boards, thus reducing the load on the +5V regulator,
corrected the fault. This regulator vas a 3A type, and it was
rumning close to its maximun rating. It was changed for a 54 type,
and exira decoupling capacitors were added to the memory board.
When the programmable read-only memory board was added ( to be
described later ), the RAM beard concerncd was no longer needed,

so circumventing the problem.
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When the disciete Fourier transform subroutine

TRANS was Tirst written, it toolt 1610 mS to run,
including a ‘'wait time'! of 640 mS while the input

data was sampled and stored, As the maximum run time
was intended to be one second, some improvement was
needed ip the speed of cxecﬁtion. Thig was done by
identifying oreas of the sublroutine which took a large
number of machine cycles to run,; and rewriting them teo
save machine cvcles, although possibly using more bhytes
of’ memory for.programme storage. Several changes were
made, each of which contributed significantlf to an
overall improvement in speed, reducing the run time
for TRANS from 1C¢10 mS to less than 990 mS., This
rought it well within the design requirements. These

changes were as follows: v .

i) Instructions which use indexed addressing
generally take one cycle longer to execute than
corresponding instructions with extended addressing.
ﬁowever, extended addressing instructions are fhreé
bytes iong while indexed addressing instructions are
only two bytes long. So indexed addressing instxructions
ware used in parts of TRANS which were to be executed
only once or only a few times, while extended
addressing was used for instructions which were to be

execcuted many hundreds of times, during & run of TRANS,
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2) ‘The branch-te-subroutine (BSR) instruction
takes 8 machine cycles, and the more general Jjump-Llo-
subroutine (JSR) instruction takes 9 machine cycles' to
exccute, Al the end of each subroutinec there is a
return-from-subroutine (RTS) instruction which takes
a Tfurther 5 machine cycles; Thereforc, the use of
subroutines was avcided when the concemitant saving in

memory would not have been large,

3) improvements in speed were made to subroutines
in the stimulus generator programme which were called
by TRANS, The multiplication subroutine was changed so
that temporary results would be stored in reserved
locations rather than in relocatable locations. This
meant that extended addressing could be uscd instead of
indexed addressing. Some of the instructions involved

were within loops, so this made a considerable

improvement in the speed of multiplication.
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Testing the svsten with anclomue test sirmals,

The system was programméd to produce 64 sitimuli with a
repetition period of 1.28 geconds. (The stimuli were positive pulsec
but the audio output was not used in these experiments.) Various
test signals were-applied to the A/D input. In cach test, a train
of 64 stimuli was generated, and then the STATS programme was run

(by typing 'A' in response to the guestion 'HEXT(S,G,A2)*)

In the firet tests, a d.c. level was applied to the A/D
converter. Three voltages were tried, OV(short circuit), -2V and
4+2V. The expected mean amplitudes were zero for harmonics 1 to 6,
with undefined phases. However, it was found initially that the
mean amplitudes vere small but non-zero, and that the phase means
were all close to 225° for all harmonics. This was found to be due
to the DFT subroutine and not to the subsequent statistical programme.
The-DFT subroutine contained a truncation after multiplication, but
before summation, and this gave a systematic error to the result.
vThis was corrected by introducing steps in the programme to round
off the results of multiplicationa' After this change, the correct
zero result was obtained for each harmbnic‘af each of the three d.c.

voltages.

The system was then tested with sine waves, square wavec
and triasngular waves applied to the A/D input. Sine waves with the
fundamental frequency of I = 1000/640 Hz e&nd frequencies of 2f, 3f,
and 4f vere used. The amplitudes were approximately 1V peak,

Square and triangle waves of the fundamental frequency were also tried,

to see vhether the Fourier zanalysis obtained agreed with theory.
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Test signals-wcfe provided by a variable
frequency signal generator, The microprocessor and
the sirnal generator were not synchronized electrically,
but the frequency of the signal generator was
adjusted by hand to maintain synchrenism, For this
rcason, the ‘'phase standard deviations' in the results

werc 1Nnon-~zcero.

The 'sine wave' outpﬁt of the signal generator
was not precisely sinusoidal but was an approximation
with five straight line segmenté representing each
guadrant. The analysis by the system iﬁdicated that
the power in the fundamental was very much greater than
thet in any of the harmonics, as expected, Tﬁe results

are given below.

Analysis of square and triangle waves by tﬁe system
gave results which were in agreement with their
theoretical harmonic‘contentg, i.e, no even harmonics,
and odd harmonics with amplitudes which are fixed
fractions of the fundamental. These are % and 1/5-for'
the third and fifth harmonics of the square wave, and
1/9 and 1/25 for the corresponding harmonics of the

triangle wave,



Table 4,1 - Tests with known analogue signals.

1296

Sine vave, approx. 2V nesk-to-vealz, [requency 1/0.6h Hz

(Harmonic 1 frequency).

Harmonic Amplitude mean computed Expected relative
Turber by microprocessor (V/Hz) harmonic content

1 0.288 0.288

2 0.006 o

3 0.002 0

L 0.C00 0

5 0.002 o

6 0.000 0

Sine wave, same amplitude, frequency 2/0.6h Hz (harmonic 2)

Harmonic Aumplitude mean computed Eﬁpected relative
Munmber by microvrecessor (V/Hz) harmonic content

1 0,000 0

2 5,288 0.288

3 0,000 o

i 0.002 o

5 0.000 . 0

6 0.002 0

Sine wave, same amplitude, frequency 3/0.64 Hz

(harnonic 3)

Harmonic Amplitude mean computed Expected relative
Number Ly microproceszor (V/Hz) harmonic content

1 0,0C0 0

2 0.000 0]

3 0.288 0.288

L 0.c02 0]

5 0.C00 0

6 0.002 0
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Sine wave, same amplitude (2V glioph), frequency 4/C.6L Hz

(hermonic 4).

Harmonic Amplitude mean computed Expected relative
Number by microvrocessor (v/Hz) harmonic content

1 0.0C0 0

2 0.00C 0

3 0.co2 o)

A 0.288 0,288

5 0.002 . 0

) 0.0C0 0

Triangle wave, amplitude 2V th-pk, frequency 1/0.6L Hz

Harmonic Amplitude mean computed Expected relative
Mumber '“by microprocessor (V,/Hz) - harmonic content

1 0.278 0,278

2 0,002 o)

3 0.028 0.031

Yy 0.000 0

5 0.008 0.011

6 0.000 o)

Square wave, amplitude 2V pk-pk, frequency 1/0.64 Hz

Harmonic Amplitude mean computed Expected relative
Number by microprocessor (V/Hz) harmonic content

1 0.382 0.382

2 0,008 8]

3 0.126 -C.127

L 0,008 0

5 0.072 0.076

6 0.008 0
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Annlvsis ¢f rsnaiogue signais recorded

on magnetic tane.

Although the system was intended {to be
operated 'on line', it was descided that it would be
desirable to include a facility whéreby ER4. signals
which had been recorded on magnetic tape qoqld be
analyzed dy the system at a later time. This facility
would 2enable signal analysié progiammes to be |
developed and tested without requiring the presence

of subjects except for the initial recording.

The recording was carriéd ocut using an f.m.
tape recorder {'Store 4', Racal)., The ERA signal was
recorded on one track, and a trigger signal,
synchronized with the original stimulus, was rccorded
on another track. A voice track was used to record

comments didentifying different trials.

The main problem in analyzing such records
lay.in triggering the microprocessor system from the
tape recorder. Normally, the stimulus generator
programme would send trigger signals oﬁt from the system,
but in this case trigger signals were to be fed into
the system to control its operation. Fortunately,
this did not involve any modification to the hardware,
as the PIA (peripheral intefféce adapter) connected teo
the four trigger sockeis was a bi-directional device
and could be programmed to act as an input instead of
an output., However, socme programme modirication was

necessary.



Ls the triggexr pulscs werernormally generated
during interrupt service, it secmed that +the best way
to modify the brogramme would be to write an alternative
interrupt routine. This had the advantage that no
modificaition to the main body of the programme would

e neeaed,

The new interrupt routine first set up a PIA
bi~directional port as an input, then waited for a
trigger input. After this a fixed delay elapsed
before the next stimulus was initiated. Although in
this mode it was not strictly»ngcessary to produce
auditory sitimuli, theyv provided an indication to the
operator that the system was being triggered by the

tape recorder.,

There were initially problems in writing an
interrupt routine which would perform as infended.
These were found to be due to the following points:
If the IRQ (interrupt request) line to the micro-
processor is ﬁot cleared before returning from the
interrupt, then the system will be interrupted again
immediately after the return. This clearing is done
by reading the output register of the PIA.originating
the interrupt request. The Tﬁa line is set once every
10 mS, so that if the interrupt service routine takes
longer than this, it should be reset just before the

return.
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On a system reset, the microprocessor addressed locations
] 1
‘FTIE and then FI'TE, These locaticnc zcontained the high and low

bytes of the pregraece starting address. On an interrupt, the
vy

microproceascr addressed locations FIF4L and FFIB, which contained

the starting address of the interrupt rcutine.

These functicens could have besn performed by a standard
sepicoinductor ROM, but as only four lccations were involved,
the restart generator was built from a few sinple gates. The
Motorola monitor RO programme started at FEDS, -and so the
restart circuit was oripinally designed to generate this address
on a reset, and address F¥S?7 on an interrupt. The interrupt
routine was then in a small area of random-access memory between
FFLO and FF57.

.

Later, when considering the changes that would be needed
when incorporating programmable read-only memory (PRCH) into
the sgystem, it wvas realized that some modification to the restart
generator vas called for. Ideally, the systeﬁAshould be ready to
run as coon as it is switched on. Therefere, the restart generator
should address locations in the PROM rather tham in the monitor
RO ér in volatile RAM. The circuit was modified by'adding a
switch which would enable the user to select either the original

restart and interrupt locations or locaticns in PROM. These were:

MINTRUG Monitor PROM
Restart FED6 L E66

Interrupt FF57 - L¥FE7
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senzrater and phase onalysis prograntes

r

. - - -
required a total of Ix X of memory for programme storage and

just over OX of memory for temporery data storage. At Tirst,
the rrogrommes vere loaded into random access uemory from
digital cassettes each time the microrrocessor was used.

Vnen the prograrmmes had been further developed, it was decided

that the D“OGT"“‘ e¢s ghould bLe stored on UV eraéable and

electrically revrogrammable PROMs, to avoid the loading process.

n

Sconie thousht was given to ways of reducing the amount
of memory taken by the wrogrammes. In particular, the possibility
of having a small (128 byte) random-azccess memory in the arca
0C00-C07F or O0C0.00FF was examined. Thisz weould have allowe
direct addressing to be used. This mode of addressing uses two
bytes instead of three bytes for some instructions. However, by
experimenting with the CDC assembler, it was found that the
total reduction in programme length possible would only be 128
bytes. This idea was rejected’because the programme would still
need more than 3K bytes of PROM, so no savings in the number of
PROM integrated circuits could be made. Also, the PIA address
decoding circuitry would have required modification; and the

possible increase in execution speed was not significant.

It was decided that the EPRCGIS should be mounted on
a board which would be interchangeable with the 4O00-LFTF
random-access menory board. The 2000-2FFF and BOOO-BFFF'boards
yould remain to form a cdhtignous 8K block of RAl, This would

Tacilitate the development of programmes by replacing the original
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randon access nemory basrd. The EPRCHY beard included one 128 byte

RAM IC, as 3K of RAM would not have been quite sufficient. It algse

incinded fouwr 1K by & bit EPRQMs, type 2708. The total LK byte

capacliiy was not needed, so the decodins logic was arranged soO

that only ZIK bytes were alddressed. The 1238 byte RAM was placed

at locations LOCO-LO7F, and the TFROls were placed at L200-LITF,
The EPRCHS were vrogrammed by means of ; PROM mrogrammer

(Data I/0 Srcoten 19), loaded from the College CDT computer.

The PRCY mrosrammer not eonly cenerated the signals required to

rogramme the EPROHM devices, but alsoe verified their operation.

The stimnlus gencretor and nha"* analysis programnes Viere

QO

'Jo

Givided into four partc, to fit the addressing range of each of
the IPRONS. The format of these programmes éiffered frow that
required by the PROM programmer. The necessary reformatting was

done by a CEC programme written by 4. Erookes.

The EPROMS required three vower supplies: +12V, +5V,
and -5V, The +12V and +5V suvplies were already included in the

system., The -5V supply was derived from the -12V suprly by neans

[1o)

» follever, which wore mountcd on

the EPRON teard
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The prozramme use

[

in the PRCH imrlementation contains a

the system, It starts at location LE66,

a

routine for initialisin
vhich is the address generated by the restart gsensrator in the
EROH rode. The asynchronous communications interface (ACIA) is

initialised, and the header

* MICROPRCCESSOR SYSTE *

s vrinted, followed by the question

b

STIMULUS GENERATOR + FHASE ANALYSIS (A)

OR STIMULUS GENERATOR ONLY (G) ?':

By tyving G, the stimulus generator programhé is selected.
This mode would nornally be used for ECochG or BSER tests, wvhere
a high stimulus repetition-rate is required. By typing A, the phase
enalysis programme is linked to the stimulus generator programue.
This mode is used when phase analysis of cortical responses is to
be carried out. Note that in this mode,’the stimulus repetition
rate is limited to 1 Hz or below, becaﬁse of the time taken for

data collection and Fourier transformation.

Typing any character other than G or A returns the system
to MINIEUG control. Thic facility may be useéd for loading other

Prograrnes.
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CHAPTER 5
EXPERIVMENTAL STUDIES

2.1 Experimental procedure.

In order to demonstrate the complete system, a sample
of 20 subjects were tested, usually only in one ear, at three
different frequencies and at a variety of stimulus levels.

The subjects were drawn mainly from the hospital staff, and
none had any serious hearing defect. One subject was tested
'on line' (IG) ; that is, the phase analysis was done at the
time of testing. However, it was considereﬁ better for the
purposes of this research to keep EEG records on analogue
magnetic tape, as previously described, and to run the phase

analysis programme at a later time,

Tone burst stimuli were used, with a repetition
period of 1.25 seconds, a total length of 100 mS, and 10 mS
rise and fall times., The number of étimuli in a trial was
slightly more than 64. This ensured that 64 post-stimulus
records would be available when the analogue tape was played
back, An announcemeﬁt was recorded on a voice track before each
trial, and trigger pulses were recorded on another track.

The ensemble averages were computed and recorded at the time

of testing, using the 'Medelec' signal averager.

The procedure for playing back the tapes was as follows.
The stimulus generator programme, phase analysis programme, and

magnetic tape reading routine were loaded into the microprocessor.



A trial length of 64 stimuli was selected, and the microprocessor
was prepared so that a trial would éommence on typing 'S'.

The tape was started and the relevant announcement was located.
The trigger pulses recorded on the tape could be observed both
~on an oscilloscope and by watching a peak meter on the tape
recorder, The trial was started after the first of these

trigger pulses to follow the announcement. This procedure
ensured that the same set of 64 records would be selected if

the analysis was repeated.

The results from these tests are presented in the
tables which follow. The ensemble averages are included for
comparison. These were visually scored using a five-point scale,
from ++ for a definite response, through +, 0, - down to -- for a

complete lack of response. An equivocal trace scored 0. Also

included in the results is the approximaté subjéctive threshold.
This was determined at the time of testing, by asking the
subject whether the trains of stimuli could be heard or not.

If the subject heard all the stimuli at one amplitude level

and none of the stimuli at the next lower level, then the mean
of the two levels was taken as the subjective threshold. If the
subject heard all the stimuli at one level, some of the stimuli
at the next lower level, and none of the stimuli at the next
lower level after that, then the subjective threshold was taken

as the second of these three levels.

When the visual scoring was carried out, the scorer was
showvn the complete set of ensemble averages for all stimulus levels
at one frequency. The scorer was not told the names of the subjects,

who werc identified by numbers.
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The following points should be noted when interpreting
the results from the phase analysis method. It will be seen by
interpolation from the results of Ross, quoted above, that the
5% confidence limit for the phase standard deviation, with a
sample of 64 points, is approximately 90.59 . Thus figures of
900 or less may be taken as significant, while figures of 91O

or more are not significant.

However, for each trial there are not one but six
values of phase standard deviation, one for each harmonic number.
Thus, random white noise would be expected to give significance
in one particular harmonic in 5% of trials, by chance, while
significancé would be expected in any one of six harmonics in

a larger proportion of trials.

For m independent random variables, the probability
of any n being significant foilows a binomial distribution.
If m = 6, and each variable is significant in 5% of trials,
then the probability of the efent

n=0 is 0,95° = 0.735
n=1 is 6 x 0.05 x 0.955 = 0.232

n =2 or more is 0,033

These figures indicate that if only one harmonic has
a phase standard deviation of 900 or less, then this is not

highly significant: it would be expected to occur by chance



138

in over 25% of tests on random white noise. If any two
harmonics have phase standard deviations of this magnitude,

then this is significant at 33%.

By analogy with the scale for visually scoring
the ensemble averages, the results have been summarised by
scoring + for any one harmonic significant, ++ for two or
more harmonics significant, and - for no significance in

any harmonic.

The microprocessor prints out the amplitude mean of
each harmonic in V/Hz at the A/D converter input. The gain of
the amplifiers prior to this stage is noted in the results.
This is such that the voltage at the A/D converter input is
not too large, thus overloading the A/D converter, or too
small, causing excessive errors of quantization. With a
reasonable signal level at the A/D converter input, the first

harmonic has a mean amplitude of from 0.02 to 0.1 V/Hz.

The total gain prior to the A/D converter was 25000
in most testsf Howevef, in some trials it was found that the
level of the signal recorded on tape was somevhat low, so the
gain on playback was increased by a factor of 2.5.-. This is
noted in the results as (x 62500) , above the printout for

the relevant trials.
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5.2

Summary of results.

It may be seen from the preceding tables that
the microprocessor results were generally in fair
agreement with the visually-scored ensemble averages

and with the subjective thresholds.

The method of scoring the microprocessor results
was simple but rather arbitrary, and some of the
results did not show a uniform progression from
++ > (+) » - with decreasing stimulus level.

For example, in table 5.10 (subject DA-K, left ear,
500 Hz), the scores in order of decreasing stimulus
level were ++, ++, ++, ++, -, +, —. This éould be

due to statistical yariability. If such a result
occurred in clinical practice, the test would probably

be repeated at one or more stimulus levels.

This type of result did not occur with the
visually scored ensemble averages. It transpired that
the uniform nature of these results was partly an
artificial phenomenon due to the method of scoring.
Scorers did not look at each trial individually, but
at the complete set of trials for each frequency.

As the main purpose of the tests was to determine
hearing thresholds, scorers tended to ascribe+{(+) to
all trials above threshold, and-(-)to all trials below

threshold.



Thresholds for the microprocessor results and for the
visually scored ensemble averages were determined in the following
way. When the score at one stimulus level was - or --, and the
score at the next higher level was + or ++, the threshold was
taken as halfway between the two levels, If a visually scored

trace scored O, this was taken as the threshold.

When a unique threshold existed for the microprocessor
scores, it was compared with the threshold obtained from the visual
scores and with the subjective threshold. 33 of the tests had
unique thresholds for the microprocessor results. Of these, 14
were above the subjective threshold for the respective test (i.e.
higher in intensity). 8 agreed with the subjective threshold and

11 were below it.

12 of the thresholds obtained from the microprocessor results
were above those obtained by visual scoring: 6 agreed and 15 were

below.

The visually scored averages for these tests were also
compared with the subjective thresholds. 15 of the thresholds
obtained from the visual scores were above the subjective

threshold, 1k agreed and 4 were below.

It can thus be seen that vhen a threshold could be
uniquely identified from the microprocessor results,.it was
generally comparable with the subjective threshold. The visually
scored ensemble averages gave somewhat fewer false positives

with respect to the subjective threshold.
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Many of the atypical results obtained in this study could be
eliminated by suitable design of the testing protocol. For example,
it has been pointed out above that it is sometimes advantageous
to repeat a trial: this is also true for the ensemble average
method. The scoring method, while simple, has its limitations.

A result in which the phase SD's of all the harmonics were 910
would be scored as -, when it would perhaps be more appropriate to

asslgn a higher score.

Child (personal communication) has used the phase spectral
method with patients with a hearing loss, as well as with normal
hearing subjects. He notes that the thresholds obtained by the
phase spectral method from hearing-loss patients are in better
agreemen? with the subjective thresholds than is the case with

normal hearing subjects.

The above trials were all carried out using analogue magnetic
tape records. Table 5.61 below shows the results obtained when a
subject was tested on-line., These trials are not strictly
comparable with those of Tables 5.1 - 5.60 , as the length of the
stimulus was 50 mS rather than 100 mS. No ensemble averages are
available i:OI‘ comparison: however, it can be seen that the phase
constraint at high stimulus levels was most pronounced with this

subject.



Table 5.61

On-line operation.
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On-line operation.
Subject IG, 1000 Hz tone bursts (continued).

Amplifier gain 25,000 . Stimulus level 60 dB.
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The results of the four trials at 80 4B with subject IG
at 1000 liz (above) were pooled and the following statistics

were calculated:

Hean of four Standard deviation
Harmonic 'phase S5.D." of four 'phase S.D,'
Number results (°) results ®)
1 94.25 6.6
2 81 6.15
3 68.25 | 9.8
oy 67.5 4.5
5 7475 2.04
6 79.5 3.2

This gives some indication as to the repeatability of
the phase spectral method. While harmonic 3 gave rather
variable results, the higher harmonics (4,5,6) showed good

repeatability, harmonic 5 particularly so.
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De3 Testing the additive hypothesis

Two subjects ( AMcK and LL ) were selected for further
study, with a view to testing the additive hypothesis for the

generation of evoked potentials.

The method used to test the hypothesis was essentially
as follows. The average response from each trial was added to
an ensemble of pre-stimulus EEG records. The pre-stimulus records
began 640 mS before the stimulus, and ended at the beginning of
the stimulus. As the stimulus repetition period was 1.25 S,
they began late enough for the response to the previous stimulus
to have decayed. Only trials in which the statistics of the pre-

stimulus records were reasonably stationary were used.

The ensemble produced by this addition process was
subjected to the same statistical procedure as tﬁe post-stimulus
records, to find the phase standard deviation of the first six
harmonics. The results were compared. If the additive hypothesis
were to be accepted, then the standard deviations obtained would

be similar to those obtained from the post-stimulus records.

As the hypothesis was being tested for the first six
harmonics only, it was convenient to work in the frequency
domain and to ipnore harmonics higher than the sixth. This meant
that the amount of data to be collected at each trial was much
reduced. Thus, in a trial of 64 stimuli, with 64 samples of each
response collected, there would have been a total of 4096 points
to be recorded. Instead, the Fourier transform routine was
employed, giving 64 amplitude and phase values for 6 harmonics,

a total of only 768 points.
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It was arranged that the microprocessor would print out
this transformed data when the phase analysis programme was run..
This was done by adding a short routine for this purpose. As the
data was printed out, it was also recorded on a digital cassette
at the data terminal. The data recorded on the cassettg could

then be transferred to the CDC computer for further amalysis.

It may be noted in passing that this is a good example of
how computing tasks might be shared between microprocessors and
larger machines. The CDC computer is versatile and fast, and
better suited to lengthy mathematical procedures. The microprocessor
reduces the amount of data to be handled, thus making more

efficient use of the mainframe machine.

By changing the contents of one address in the analogue
magnetic tape reading routine, it was possible to trigger the
microgprocessor so that the 640 mS pre-stimulus period of each

record was analysed instead of the 640 mS post-stimulus period.

The two subjects selected for further study were chosen
because their phase amalysis results appeared to be typical and
their subjective thresholds were close to O dB. The transformed
pre-stimulus ar'ld post-stimulus records, at three different
frequencies and at a number of supra-threshold levels were

recorded on digital cassettes and transferred to the CDC computer.



Sk Analysis of the transformed data.

The transformed data as collected above was first
examined to determine whether the post-stimulus amplitude .
records for each harmonic were significantly greater than
the pre-stimulus records. If this had been the case, then

it would have lent support to the additive hypothesis,

The test employed for this purpose was the
Kolmogorov-Smirnov two-sample test (Lindgren,1968: Massey,
1951: Siegel, 1956). This is a nonparametric test which
exists in two forms; a two-tailed teét, which tests whether
two samples are significantly different from each other:
and a one=tailed test, which tests whether a particular
sample is significantly larger in mean than the other sample.
The computational details of the two tests are very similar,
s0 a programme was written which would compute both test

statistics.

This test was applied to the pre~stimulus and post-
stimulus amplitude levels for each of six harmonics for 27
different tfials, that is 162 pairs of samples each containing
64 points. Significance at 5% was obtained in only two cases.
The conclusion to be drawn was that the post-stimulus amplitudes
vere not significantly different from the pre-stimulus

amplitudes.
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As the differences between pre- and post-stimulus
records were subtle, it was essential that pre-stimulus records
selected as examples of unstimulated EEG were stationary
over the length of a trial. Suiltable pre-stimulus records

were selected according to two criteria:

1) Uniformity in the distribution of phases for
all six harmonics in each ensemble of 64 records. This was
declded on the basis of the phase standard deviations computed
by the microprocessor. Trials in which any harmonic showed

significant phase aggregation at 5% were excluded.

2) Stationarity of the amplitude spectrum. This was
tested b& means of a run test for each of the six harmonics.
If the run test indicated that any harmonic of a trial was

significantly non-stationary at 5%, the trial was excluded.

(Bendat and Piersol, 1971)

6 out of 12 of the pre-stimulus ensembles from
subject AMcK passed both these tests, while 9 out of 15

of those from subject LL did so.

»



AR

Table 5.62

Results of tests on pre-stimulus records.

Subject Stimulus Phase Run Both
level ,dB uniformity test tests
‘Stimulus test passed passed
frequency A passed
AMcK
500 Hz 8o *
60 » * *
40 *
20 - » *
1 KHz 80 * * *
60 .
40 ® * *®
20 *
2 KHz 8o * * *
60 * * *
L0 *
20 o
LL
500 Hz 80 * * *
60 * * *
L!_O ® 3 *
20 *® w® *
10 ] ‘ * »
1 KHz 80 *
" 60 *
40
20 * * *
10 *
2 Kz 80 * * *
60 *
40
20 *® L3 *
L 3 - *
B 10




To each record of the selected pre-stimulus ensembles
was added the averaged response of the post-stimulus
ensemble from the same trial. The addition was done
in the frequency domain, as explained above, This
method is wvalid because of the additivity property
of Fourier transforms. The mean amplitude, mean phase,
and phase standard deviation of the six harmonics of

the resultant ensemble were then computed.

The computation was performed on the CDC machine
using a FORTRAN programme, The pre-stimulus ensemble
was converted from phase and amplitude'form to a
complex array. The standard response to be added to
each reco?d was formed as follows. The amplitude mean
of each harmonic of the post-stimulus ensemble,
computed by the microprocessor programme, was
multiplied by a constant scaling factor of 1/8.

This was then combined with the phase mean and
converted to complex number form. As all the trans-
formed guantities were now in real and imaginary form,
the addition of the standard response was a simple

matter,

The constant scaling factor needs some explanation.
To construct an accurate model using the additive
hypothesis, the standard response must be added to
the unstimulated records with the correct signal-to-
noise ratio. The signal-to-noise ratio is increased by
a factor of (N by ensemble averaging, where N is the

number of members in the ensemble. This factor must
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be allowed for in scaling the standard response,

The results from this reconstruction procedure are given
in Tables 5:63, 5.64 | The results from the real post-stimulus
data are repeated in these tables for comparison. Phase S8.D.

values which show significant constraint at 5% are underlined.

It may be seen at a glance that the reconstructed data
does not appear to have the phase constraint of the post-stimulus
data. A formal statistical test may be invoked to test the confidence
of this statement. The data to be tested is in matched pairs,
and its distribution is non-normal. A suitable test in this case
is the Wilcoxon matched-pairs signed—fank test (Siegel, 1956:

Haber and Runyon, 1977).

This test was applied to each of the 15 trials separately
(i.e. to six pairs of phase standard deviation values). In four
trials, the phase SD for the reconstructed data was significantly
higher than that for the post-stimulué data, at 2.5 % . (These
trials were: LL, 500 Hz, 80 dB and 40 dB; 2 KHz, 80 dB and 10 dB).
In two trials, the significance level was 5% (AMcK, 2KHz, 80 dB;
LL, 1 KHz, 20 dB). The remaining trials did not reach the 5%

significance'level.

It is hazardous to apply a test to such a small sample, as
one atypical member of the sample can make a vast difference to
the result of the test. In a matched pairs test, it is permissible
to create a larger sample by merging two or more smaller samples,

Thus, the two trials from subject AlicK at 80 dB (1 KHz and 2 KHz)
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were combined. The significance obtained on testing this sample

of 12 pairs was 5%. Similarly, with

2 trials from AlicK at 60 dB the significance was 2.5%

2 1 " LL " 1048 " n 1 5%
3 1 " LL % 2088 " 1t 11 0.5%
2 1 1" ILiL " 80 gB n ] ] 0_5%

When all the trials for a subject were combined, the phase S.D.s
for the reconstructed data were found to be higher than those for the

post-stimulus data, at significance levels much better than 0.5 %

5.5 Effect of increasing the amplitude of the added signal

The results so far have indicated that a model which uses
the additive hypothesis for the generation of evoked potentials
does not prﬁduce the amount of phase constraint observed in practice,
If the amplitude of the added standard signal in the model was
increased, the phase constraint would be expected to increase,
possibly to the extent observed in real subjects. Under these

" conditions it might be thought that the additive hypothesis could
5till be tenable. To consider this possibility, another experiment
was designed, dual in nature to the previocus one. In this, the
amplitude of the standard signal was increased until significant
phase consiraint was beginning to appear. The values of amplitude
mean for each harmonic were compared. If it could be shown that the
amplitude means in the reconstruction were significantly greater
than those from the original data, then this would indicate that

the model was invalid.



The amplitude of the standard signal was increased by
changing the scaling factor described above. It was found
that by increasing this factor from 0.125 to 0.2 , significant
phase constraint could be observed in most trials. The results

obtained using this figure are given in Tables 5.65, 5.66.

It will be seen that the amplitude means for the
reconstructed data appear to be generally greater than those
for the original data. This was tested using the Wilcoxon
matched-pairs signed-rank test for each trial. In four trials
there was a significant difference at 2.5%, and in a further

six trials there was significance at 5% .

" The Wilcoxon test was also applied to the phase standard
deviatioﬂs, as before. This was necessary in order to check
that the phase S.D.s of the reconstructed data were similar
to those from the original data. If they had been significantly
smaller, then it would not have been possible to draw any
conclusions from the experiment. If both the phase S.D. and the
amplitude mean values for the reconstructed data were
significantly greater than the corresponding values for the
original data, then there would be particularly strong grounds

for rejecting the additive hypothesis.

In no trial were the phase S.D.s of the reconstructed
data significantly less than those of the original data. In
four trials they were significantly larger (three at 2.5%,
one at 5%), and in the remaining 11 trials there was no sipgnificant

difference beiween them. (See table 5.67 )
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5.64

Subject LL

Left ear

Results from post-stimulus data

Results from reconstructed
data (scaling factor .125)
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Table -6k (contd.)

Subject LL

Left ear

Results from post-stimulus data

Results from reconstructed
data (scaling factor .125)
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Table 5.65

Subject AMcK Left ear

Results from post-stimulus data

Results from reconstructed

data (scaling factor 0.2)
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Table

5.66

Subject LL

Left ear

Results from post-stimulus data

Results from reconstructed
data (scaling factor 0.2)
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Table 5.66

(contd.)

Subject LL

Left ear

Results from post-stimulus data

Results from reconstructed
data (scaling factor 0.2)
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Signiricance tests on the rezults using scaling facter 0.2

Subject
Stimulus Amplitude Phase
Stimuius Jevel mean test iean
ireguency aB est
AMcK
500 Hz 60 NS 15
20 PSG 5% NS -
1 KHz 8o NS NS
40 RSG 2.5% NS
2 Kz 80 BSG 5% NS
€0 XSG 2.5% NS
iL
500 Hz 80 NS RSG 2.5%
60 RSG 5% NS
Lo NS RSG 2.5%
20 RSG 5% " NS
10 RSG 2.5% NS
i Kz 20 RSG 2.5% NS
2 Xiz 80 RSG 2.5% RSG 2.5%
20 REG 5% NS
10 NS RSG 5%
RSG Tezonstructed data significantly greater than

N3

original data (followed by significance value).

No significant difference.
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The design, construction and testing of a microprocessor system
for audiological work has been described. The system was used in
fundamental studies concerning the generation of auditory evoked

potentials in man.

The purpose of the system was ?o generate auditory stimuli and
to analyze the vertex potentials so evoked, using the phase spectral
method. The phase spectra of an ensemble of post-stimulus records sre
compared with each other to test whether there is evidence of phase
aggregation. This is indicative of a response, and offers the prospect
of a completely objective method of threshold measurement, in which

respect it is unique,

Phase aggregation could be caused in one of two different ways.
It could be due to synchronization between a multiplicity of neural
units which together integrate to prodﬁce the electroencephalogram.
'On the other hand, the auditory evoked potentials could be generated
by the addition of a response to normal unstimulated EEG. Phase

aggregation would then be expected as an epiphenomenon,

The experimental work described in this thesis points very
strongly to the conclusion that this 'additive hypothesis' is not
sufficient to account for the amount of phase aggregation observed
in practice, and that an alternative hyvothesis should be proposed.
This result has great significance in the study of brain function,

as has been indicated by Stuart et 1. (1972).
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The requirecments for 2 stimnlus generator; specified in
section 3.2 , and for « phastc spectrum analyzer, have been
completely satisfied. The stimulus generator has been in general
.use in a clinical setting for a range of audiometric tests,

The phase spectral analysis technique for AEP detection has been
demonstrated with a sample of twenty normal hearing subjects.

The results obtained Ey this technique comvare favourably with
results obtained by the traditional .visunally-scored ensemble
average method. it was not the purpose of this thesis to compare
the two methods at very great lengéh, as extensive clinical trials
are at present in progress to investigate this matter (R. Chila,
fersonal communication). Rather, it was the intenticn to iﬂdicate
that the phase spectral analyzer was capable of producing ciinically
useful results, before embarking upoﬁ the experimental work to

test the additive hypothesis.

EEG records from two subjects were used in the additive

'> hypothesis study. Out of 27 trials at a variety of stimulus levels
and three different frequencies, i5 were selected for further
consideration. These trials had produced pré~stimﬁlﬁs records

which satisfied certain stafistical tests for stationarity.

To each pre-stimulus record was added the averaged post-stimulus
record from the same trial.. It was then showm that this procedure,
vhich takes the additive hypothesis as the model for auditory evoked
potgntial generation, produced significantly less phase aggregation

than was observed in the post-stimulus reccrds from the trial.
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‘e

over a period of about a year, it is possible to make some
suggestions for incorporation into any future design of the
instrument. For example, it would be feasible to make it more
self-contained. The 'Medelec' signal avérager is used in
conjunction with the present system purely in order-to amplify
and filter fhe EEG signal. This function could be performed by

a physiclogical amplifier included as part of the phase analysis
syster. The data terminal at present employed to control the
operation of the system, hag more fa;ilities than are strigtly
necessary. The cassette drives were néeded during the development
of the softvare, but as the software now resides in PROM they are
seldom used. Only a small selection of the keys on the keyboard
are used, zo the data terminal could be replaced by a keypad
with some twenty keys, and a cheap printer with a carriage width

of perhaps 30 characters.

One point that remains somewhat unsettled is how to combine
the 'phaée standard deviation' results from each of‘six harmonics
in order to arrive at a score for each trial, and inevitably to
determine a threshold for the patient at a particular frequency.
One method is indicated in this thesis. While this is a simple
method, it is likely that it could be improved upon. The
microprocessor could be programmed to carry out this procedure

and to print the threshold at the end of a test.
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.5 V0 wiidh wmodel should be postulated

i)

The guéstion rema@lines
in place of the additive hypothesis. As Sayers amd Beagley (1974)
have pointed out, phase constraint in the frequency domain is perhaps
more realistically envisaged as a synchrogization Process in the
time domzin., Elul (1968) has studied this type of synchronization
model, and notes that if the number of generators is large, then
a small incrcase in syncironization will result in a large increase

in the EEG amplitude, The nature of the generators involved in

the production of the EEG remains a matter for debate.

There is certainly scope for furthér studies in systeé
identificaticn to describe more precisely the nature of evoked
potentials,rand perhaps to arrive at a suitable model. In this
respect the work of Reddy and Kirlin (1979) deserves mention.
They used pseudorandom noise as a stimulus. They computed the
power spectral density of the responses, and also %he transfer
function between stimulus and response, They observed freguency
following responses similar to those desqribed by Davis (1976) .
However, no unique transfer fﬁnctions; either with respect to

subject or to stimulus level, were ebtained.

In the studies described in this thesis, as in the work
of Reddy and Kirlin, the Brain‘and ear have been regarded as a
"black box!. Further studies of this type will‘inevitably involve
the processing of large masses of data. It has been shovn how the
microprocessor can be used as a valuaﬁle tool in pre-processing

and reducing the data from such experimental work.
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Figure Al -~ Microprocessor board
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Figure A.2

Data acquisition and display board.
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Addar AO
Al
Az
A3
Al
AS
L6
A7
A8
A9
A10
A1l
2
Dzata DO
DL
D2
D3
D4
D5
D6
DY
R/
DBE
273
Reset ON
Reset OFF
-12V
+12V
+5V
+5V
ov
ov

b10
bll
bl2
bl3
blh
bl5
b16
bl7
bl8
b19
b20
b2l

’.xj

Analogue 0/P
Analogue OV
TTY OV

TTY Data In
ITY Rdr Cirl
TTY Data Out
IRQ.-

Data tus ctrl
Gate Ctrl
Trigger 1
Trigger 2
Trigger 3
Trigger U4
600 Hz

76.8 kHz
L/5

PIA

X

Y

Reject

Analogue Input

Table A.1 - Function of board comnector pins.
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LPPENDIX B

SR R Y

o o Initialige PIb
E}V‘\J —s LRIV o

!

Print RBEADY: INFORM Analysis

7 -

awvait Go, routine Trogranmme
! Ta Al

Set stimulus Print NLZI(S,G,A)

counter, clear S | Awvait response

) interrupt mask, - ~——————{ and branch
reset clock. accordingly,

-

Viait for an
interrupt,
then wroduce
trigger zulse
if recuired.

Change mode word
so that next
stimulus nas the
opposite polarity

to initiate
stimulus

Set interrupt macg! ?s
Reset clock. it
Connect buffer to[€ Alternate
- 124
2/D converter. mode?
Load stack Load PIA with
pointer with Test ¥r (po?itive)
starting mode word or 00 tneg.
- o= 3
address. T,PorlL pulsey
AY i’
Ou?put Wait pulse
stimulus. time,clear PIA
N
Clear interrupt
mask. ' -
I Decrement count
- broduce trin of number of
Branch to analysis| | loos Y0 stimuli left.
subroutine if pulses as
b equired. Pequired. \
Reject
Yes

L
character flag set

received 2

k3 e B.l Flew chort for BEXEC routine.



Go to EXEC

[ ¢7]
e
) .
]
ct

Load Stack
Pointer

Test

Pulse Hode Vord Tone CA register
: Vor .
S— or Logon registey
. R/F register
Logon
Logon

Initialise

CA registers

Store logon at
current address
Increment logon and

Test
Mode Vord

Initialise
Cycle register

y
Compute sine
of Cycle Reg.

ﬁo

CA = ENDIL

4

Yes

R/F register
by F, compute
veight

Increment R/F
register Yes
by R, compute (Rise)
weight
Increment

;ompute
weignt x sine

[Store result

>1at curr. addr.,

Cicar INDHL

Go to EXEC

Fieure B.2

¥
Increment |
cycle registen
by N, and CA

register by 1.

Flow diagram for COMPIL routine



Addr, Address
in Yode in
STIIB STTHMC
(Hex)
S Tone lode Logon Mode
2000 | scr
Data stored in INFCRY programme

12017 SCR+25
2013 CA  Current address SCR+2lt
2019 SCR+25
201A | Rise/Fail 201A not used
201B register Logon Register SCR+27
201C ; bytes 2 bytes SCR+28
201D Cycle Register SCR+29
201E 3 bytes "l SCR+30
201F SCrt2L
2020 Sine SCR+32
2021 Weight SCR+33
2022 SCR+34

Scratch Area

2027 SCR+39

Taple B.1l

Special registers used in COMPIL programme

(toth STIMB

and STINC versions).
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(STINC)

Address Tone ode Pulse Modé Logon Mode
SCR Mode Yord
SCR+2 N Igcrement L. Increment
of cycle of logon
SCR+3 register registér
S St ti B ot ting
SCR+4 S0 Starting S0 Starting
SCR+5 addresss address
SCR+6 S1 Address of
end of rise
SCR+7 section
5CR+0 S2 Address of
stert of fall
SCR+9 section
SCR+10 R Increment PU Pulse
of rise width
SCR+11 register
SCR+12 k) Increment
of fall
SCR+13 register
SCR+15 P Period of repetition of stimuli
SCR+16 TR1 Trigger times .
SCR+17 TR2
SCR+18 TR
SCR+19 - TRhY
SCR+20
NS Number of stimuli
5Cz+21
SCR+22 Scratch area 18 bytes
SCR+39
Table B.2 Special registers used in INFORM routine




TRANS

W4
Test number of
>6L | stimuli left in

RTS trial.
<64 stimuld
=640 mS | Select data
~ 1
Read clock buffer to
microprocessor
< 64O mS control.
A\
Read clock and Take discrete
< SC 5
SCR+13 compare with < Fourier transform
= o -
RTS _uCR+15 and thre
harmonics.
> SCR+15
/
o Warnings
<——— 1ot enocugh
" RTS time.
BARBUF + 1281 4 b 11oonic
+ 255 v
SCR+40 | Harmonic number 4+ 256 .
+41 | Address of data ote end Harmenic

in buffer

+h2 - .
+43% | Address of result Zrd Harmonic
+4L

Lth Harmonic
+4§ Integrator
+46

5th Harmonic
+47 | Argunent of

+48 | sine,cosine

6th Harmonic
+49 | Increment of s,c¢ ’

+50 | Vorking area

J

Figure B.3 TIflow chart and special registers for

TRANS subroutine.



Fad

number - of

STATZ0; Calecuvlate the
amplitude ef a point

_.J/

in HAREU
Add amplitude to
accunulator

L4

Divide real, imaginary
by amplitude and store
resulting unit vector

in PHARUF,

Decrement
point no.

Divide amvlitude
accumulator by N to
find mean amplitude

Decrenent
harmonic no,

STATLD

241

PHEABUF +1

+2
+3
+h
+5
+6

Harmoniec MNumber

N

Amplitude
Accunulator

Address
HARBUF

Address in
PHABRUE

N Count

Amp7itudn

Working Area

Harmenic 1
Mean Amplitude

Harmonic 2

Harmonic 3

Harmonic 4 M

Harmonic 5 "

Harmonic 6 ©

PHABUF+12f Harmonic 1

+255
+256

+383
+384

+511
+512

etc.

points projected
onto unit circle

Harmonic 2

Harmonic 3

4

Figure B.t Flow chart and special registers used in STAT20, STAT30
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STATLD

i
+
Harmonic numbver
=6
STATL2; Tnitialise
registers
JI
Get unit vector,
add to real and H—

inmas,. accumnlators

l

AN

Increment address
in FHABUF;
decrenent NCOUNT

£0

Shift right
real & imag.
accurmulators

accumilators
both 1 byte

Project resultant
vector on unit ©

l

bind mean phase

¥ {

Decrement
harrionic

Take square root.
Store S5.D,

1

Divide by (N-1)

=0

Decrement
NCOUNT

Add to
accumulator

lean-sanmrle

Get sample point
and find angle
0>

STATSS;

angle and store
in PHABUF

PIABUS +Q A PEABUT + .
® 7 |Harmonic 1 BUF +17 Ty rmonic 1
lean Thase S.D.nf chase
+10 |H2 n +18 [Hp 0
+11 |H3 1" +19 [ HZ "
+12 |HL n +20 ML n
+13 |H5 " +21 jus__n
+1 (u6 " +22 | HA L

Initialise
registers

Fipure B.5 Tlow chart and special registers for

STATO, STATSO.
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PHERUF+2L| X,Y coordinates
of markers for

DIABDER12p| P20 SeD.

SCR+36
VWorking area
SCR+39 '
STAT72 o7 .
» Harmonic nunber
SCR+40
* +42] o, of stimull 1
Harmonic +42{ Ycan phase =angle
numter = 1 _ y=| S-D. of phas e /
+43

+LhL) Address in
+45) MESAUF

Tomlat
e 46| adsoess on
+L§'p A(J.dl‘ O.L u:edn,u.Dc
+49| and markers.

\ : +50| Real mean or S.D.
Calculate +5)1| Tmag mean or S.D.
addr in - s =

A ude
PHABUF (data) | +52 mplitude
AR

Evaluate S.D.
limits and
set marikers.

Display data | - ‘ '
(HARBUF) ,mean, :
) S.De,heading 6"]
{(MESBUF) ,axes.

Number
1 to 6

v
EXTC15

Figure B.6 TFlow cheri and special registers for STAT?2

display routine.



APPENDIX C

Table C,1l - Stimulus Generator Programme

MESTAM 1% THE FROFERTY OF MOTORTGLA <RI IHC,
COPYRIAHT 1974 TO 1975 B MOTOROLA IHO

MOTORMOLA ME=GD CTROTE AYIEMELER. FELERTE 1.0

ool HMAM ET TN

nonng SITIMULILYS SEHERATOR FROSEAMME - FREOM VYE

"""" i OFi5 A A .

ornt FIAR FHE i HULIO OUT
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Table C.3 EPR0H pumber 1 located at 4200 to 43FF

(The EPRCI contents are printed here in the format of the
MINIBUG loader. Each line begins with 'S17 , exceot the last line
vhich begins with 'S9'. The next two characters specify the length
of the line. Next there are four hexadecimal characters which identify
the address of the first byte of the data which follows. The last bLyte
of the line is not a data byte but a checksum, used for error detection

in MINIBUG.)
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Table C.& i

EFRGH nusber 2 located at 400 to L7FF
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Table T.7 Routines to print out the amplitude
and phase of the first six harmonics of every

responsec in a trial of up to 64 stimuldi.

Locations in ANALYS to be changed are:

Lay8 JSR AMPLI becomes JSR PRTAMP .
LAav9 Lo n 20
La7a B1 n 00
LBC1 JSR ARC n JSR PRTPHA
4BC2 Lo " : 20
4BC3 FAa " 36
Also,
3ATE chould be reset to 00
2000 BD PRTAMP JSR AMPLI Here to print
Lo . * amplitudes
B1
37 PRTO PSHB
200k 86 LDAA ?0F
OF ‘
B5 BITA SCR+62
3A
2008 7E
26 BNE PRT1
06
BD JSR OUTLFC New line, once
200C 46 ‘every 16 points
7C :
BD JSR OUTS
rE
2010 c7
7C PRT1 INC  SCR+62
3A
7E
2014 32 PULA
36 PSHA
5F CLRB
BD JSR HDEC Convert to
2018 Lc decimal form
A9 ‘
A6 LDAA 2,X



201C

2020

2024

2028

202C

2030

2034

2038

203C

8B
30
BD
FE
AE
08
BD
FE
C5

. 09

86
01
B1
3A
70
26
06
7F
3A
7E
BD
L6
7C
33
39
BD

FA
CE
34
72
20
C5

PRT2

PRTPHA

280

ADDA

JSR

INX
JSR

DEX
DEX
LDAA

CMPA

BNE

CLR

JSR

PULB
RTS
JSR

LDX

BRA

730

OoUTCH'

OUT2HS

?01

SCR+48

PRTZ
SCR+62

OUTLFC

ARC
?SCR+50

PRTO

Print
MS digit

Print two
least
significant
digits

Leave one
blank line
after last
response

Print
phases
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Thnis wrogrorme nny be usced to test the calibration of
the &/D converter and the general operation of the data acquisition

bosrd. Its effect is to print out Lhe reading from the &/D

LOCO  OF - SEI Tnitialize PIAfs
86  ILDAA OFF
F

97 S 0]
Leoy OO
85 LDAA 280
80
97 SThA 0z
4LO08 02
86 LDAA ?DB
DB ’
97 STAA o1
LOOZ  O1
97 STHA 03
03
LP1 86 LDAA 2FD Reset clock
4010 FD
97 STAA 02
02
7C NG 02 Data buffer to A/D
LO14 00 '
02 _
Lp2 08 INX Delay
0L jifo)s
5018 26 BNE P2
FC

Cco
(o)}

LDAA 27F
IZF

LO1C STAA 02

el
~J
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DX 70101

4020
JSR  QUT2HS (In MINIROG)
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