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ABSTRACT

Most diseases of the heart cause changes in the heart
sounds and additional murmurs long before other symptoms ap-
pear, and hence heart sound analysis by auscultation is the
primary test conducted by physicians. The heart sound signal
(or phonocardiogram), however, has much more information,
which, if analyzed quantitatively in a proper manner could
lead to important diagnostic results. A microprocessor-based
system is proposed to perform guantitative analysis of the
phonocardiogram. The heart sounds are recorded from loca-
tions on the chest along with the electrocardiogram (ECG)
and carotid pulse signals. The phonocardiogram is segmented
into systole and diastole using the ECG and carotid pulse as
references. The phonocardiogram is quantified into four pa-
rameters representing the time and frequency domain charac-
teristics of the signal. Results of the application of the
methods to 47 phonocardiogram signals are presented. This
work shows that the parameters of phonocardiogram signals
with systolic or diastolic murmurs differ from those of nor-

mal signals and hence aid in the detection of murmurs.
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Chapter 1

INTRODUCTION

After a half-century of steady increases in heart disease
fatalities in the United States, the rate now appears to be
on the decline. Unfortunately, heart disease is still by
far the nation's leading killer. Cardiologists admit they
aren't sure why the death rates are falling. Most of them

agree, however, that technology is aiding in the process

(1],

The advent of a new generation of early diagnostic tech-
nologies such as coronary angiography, digital radiography,
computed tomography, radio-nuclide emission imaging, nuclear
magnetic resonance (NMR) imaging, and ultrasound techniques
[2] are partly responsible for the decline. Presently, cor-
onary angiography is the "gold standard of coronary diagno-
sis" despite its invasiveness, its use of small but signifi-
cant radiation doses, and its slight (0.2% or less) risk of
' provoking a heart attack [1]. However, angiography is not
foolproof. The arteries may be obscured by other organs, and
image interpretation is sometimes difficult, especially of
the smaller vessels. Ultrasound techniques provide views of
the cardiac valves and chambers, ‘and with its real-time ca-

pabilities, study of the heart valves in motion is possible.
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However, due to 1its persistent problems in resolution and
contrast, ultrasound has almost reachedbits limits as a car-
diac tool [1]. NMR imaging provides images of the heart with
high clarity and resolution, although interpretation of the
images is still qguite difficult. NMR imaging is still in its
infancy thus it is still very expensive and is something of

a wildcard in diagnostic technology [1].

With the arrival of the early diagnostic technology, many
basic and fundamental technigques used in <clinical practice
have been neglected and abandoned in less-than-perfect stag-
es. In particular, the age-old art of heart sound analysis
by auscultation suffers from a lack of guantitative analysis
techniques. Much needs to be done in order to bring the
analysis of the phonocardiogram to a state comparable to
that of the electrocardiogram (ECG), the electromyogram

(EMG), or the electroencephalogram (EEG).

Frequently, murmurs or alterations in the heart sounds
are the only definitive signs of some types of heart dis-
ease, appearing 1long before stress on the cardiovascular
system is sufficient to produce other signs and symptoms
[3]. Detection and recognition of heart murmurs is a valua-
ble source of 1information concerning the functioning of
heart valves. Auscultation of the heart is presently the
primary test performed by cardiologists to assess the condi-
tion of the heart. This technigue provides beneficial infor-

mation to the clinician concerning the functional integrity
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of the heart. However, the techniqué is plagued by an insuf-
ficient understanding of the genesis of heart sounds and any
diégnosis based solely on auscultaﬁion is questionable and
is, in fact, seldom practised. This is due to the wide div-
ersity of opinion concerning the theories that attempt to
.explain the origin of heart sounds and murmurs [4-20]. Fur-
ther, from a study of the physical characteristics of heart
sounds and human hearing, it is seen that the human ear is
poorly suited for cardiac auscultation, thus 1limiting the
capacity of the physician [21]. In addition, auscultation is
a subjective test and is prone to interpreter variations and

errors [22,23].

This has led to many attempts towards automated analysis
of the heart sound signal using the phonocardiograph. The
phonocardiogram (PCG), which is a graphic recording of the
heart sounds, allows the physician to compare the temporal
relationships between the heart sounds and the mechanical
and electrical events of the cardiac cycle. While gualita-
tive descriptors used by physicians, such as 'muffled compo-
nent' of a sound, 'musical murmur', 'rumble', or 'whiff',
may be hard to measure or quantify, other features of the
PCG can be measured more accurately by gquantitative methods.

The important features of the PCG are:

1. Frequency content of murmurs and sounds.
2. Maximum intensity of sounds and intensity pattern of

murmurs.



3. Timing sequence of murmurs and sounds.
4, Location of the maximum intensity point and the
transmission pattern of murmurs and sounds on the

precordium.

The need for noninvasive methods has always been present,
and phonocardiography could be of great wuse in achieving
this goal. Even though phonocardiography has been available
for more than 60 years it has been mainly used by physicians
in a qualitative manner. The PCG contains valuable informa-
tion, which, 1if analyzed_quantitatively in a proper manner,
could lead to important diagnostic results. The PCG is cur-
rently used in the diagnosis of cardiac malformations and
" pulmonary hypertension in infants. Noninvasive and passive
methods are needed in pediatric cardiology. The small size
of the thorax and the presence of fewer intervening struc-

tures aids heart sound analysis in infants.

A few automatic diagnostic systems for the PCG have been
developed. Presently, the PCG is being used to test the
functional and structural integrity of cardiac prosthetic
valves. However, there still exists the need for a simple
and efficient method to gquantify the PCG signal into parame-
ters aiding the detection of murmurs. A system performing
such a task would be extremely useful for screening purposes
as well as in routine diagnosis. Such a system would also be

useful for further heart sound research.



1.1 PROPOSED METHOD

Since only short segments of the PCG are wusually exam-—
ined, and few real time constraints are involved in process-
ing the data, a microcomputer based system could adequately
perform the time and frequency domain analysis techniques
encountered in phonocardiographic studies. Furthermore, be-
cause of its low cost, the system could be dedicated entire-
ly to PCG applications. In this work, a three-channel pro-
totype system, designed to process the PCG, ECG, and carotid
pulse signals, is presented. The microcompﬁter system, here-
after referred to as the PCG analysis system, 1is used to
perform gquantitative analysis of the phonocardiogram for the

detection of murmurs.

The Motorola 4 MHz MC68000 microprocessor is the central
processing unit (CPU) of the PCG analysis system. The system
includes 32K bytes of random access memory (RAM), 32K bytes
of read only memory (ROM), and ‘input/output (I/0) facilities
to provide interfaces to a terminal and host computer. Sys-
tem hardware is also comprised of a th;ee—channel data ac-
quisition system, an Intel 8231A arithmetic processing unit
(APU), and a signal display section using three digital-to-
analog (D/A) converters. The D/A converters can be connect-
ed to an oscilloscope or strip chart recorder. The approxi-
mate cost of this prototype system is $1500.00. The system
can be easily expanded if additional analog channels or in-
creased processing capabilities are reqguired. The system

software is written in MC68000 macro assembly language.
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The PCG analysis system is wused to implement methods for
the time and frequency domain analysis of the systolic and
diastolic segments of the PCG signal. A technique for the
segmentation of the PCG into systole and diastole using the
ECG and carotid pulse as timing references 1is carried out.
Using a QRS-complex detection algorithm based on a smoothed
difference of the ECG and a transformation based on a
smoothed second difference of the carotid pulse, ﬁhe PCG can
be segmented into systole and diastole. Quantification of
the time and frequency domain characteristics of each PCG
segment is conducted by first computing the energy curve.
An important point involved in the design of a dedicated PCG
analysis system is the implementation of a FFT algorithm in
assembly language in order to provide the basic core of
spectral analysis techniques. Using the FFT routine, the
energy spectrum of the PCG is computed. A quantity known as
the Energy Distribution Coefficient (EDC) is used to quanti-
fy the energy curve and energy spectrum. The PCG signal can
then be represented by the systolic and diastolic time and
frequency EDC parameters which give an indication of the lo-
cation of murmurs in time and the frequency content of the

signal.



1.2 THESIS OUTLINE

Following a brief description on cardiac physiclogy and
the production of heart sounds and murmurs, the characteris-
tics of the phonocardiogram are outlined and a review of the
various signal processing techniques that have been applied
to the analysis of the PCG, ECG, ‘and carotid pulse signals
is then given. The system hardware and the signal process-
ing technigues developed for this work are then discussed in
detail. Following these, a discussion of the results ob-
tained is given along with conclusions and recommendations
for further research. Details of hardware used and program

listings are given in the appendices.



Chapter 1II

HEART SOUNDS AND PHONOCARDIOGRAPHY

2.1 CARDIAC PHYSIOLOGY

2.1,.1 The Electrocardiogram

The electrocardiogram (ECG) 1is a manifestation of the
electrical activity within the heart. The ECG signal may be
recorded by measuring the potential difference between two
points on the body. These two points constitute an ECG lead.
The triangular lead arrangement Kknown as Einthoven's trian-
gle is normally used, whereby electrodes are placed on the
right arm (RA), the left arm (LA), and the left leg (LL).
An electrode 1is also placed on the right leg (RL) and is
grounded or wused as the reference voltage. The resulting
three leads are lead I, LA to RA; lead II, LL to RA; and
lead IiI, LL to LA. Figure 2.1 shows a normal ECG lead
along with the conventional terms used in describing the de-

flections and intervals in the tracing.



2.1.2 The Cardiac Cycle

To understand the physiological aspects of heart sound
production, a brief review on the phases of the cardiac cy-
cle is given [24]. Figure 2.2 is an anterior view of the
heart showing the cardiac chambers and valves. The human
heart has four chambers. The atria are the receiving cham-
bers of the heart. The systemic veins empty into the right
atrium and the pulmonary veins empty into the left atrium.
The ventricles are the pumping chambers of the heart. The
ventricles receive blood from their respective atria and
pump it into the major arteries of the pulmonary and system-
ic circulations. The right ventricle pumps into the pulmo-
nary artery and the left ventricle into the aorta. The atria

and ventricles are separated on the right side by the tri-

cuspid valve and on the left side by the mitral valve. To-
gether, the tricuspid and mitral values are referred to as
the atrioventricular (AV) valves. The valves situated at

the ventricular outflows are the semilunar valves. The pul-
monary valve opens into the pulmonary artery and the aortic

valve opens into the aorta.

The period of ventricular relaxation, during which the
ventricles become filled with blood, 1is called diastole and
the period of ventricular contraction is called systole.
The P wave of the ECG, which occurs during late diastole,
represents electrical excitation of the atria. In approxi-

mately 100 msec atrial contraction commences, causing a
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slight rise in both atrial and ventricular pressures. At
this stage the AV valves are open. Ventricular depolariza-
tion then occurs, marked by the onset of the QRS-complex of
the ECG, and ventricular contraction begins shortly. As the
ventricles contract, the intraventricular pressure rises,
closing the AV valves. The semilunar valves are also closed
at this time. This phase, termed the the isovolumic con-
traction phaée continues for about 50 msec. The intraventri-
cular pressure increases until this pressure is greater than
the pressure in the pulmonary artery and aorta. At this
point the semilunar valves open and blood is ejected from

the ventricles. -

Ventricular systole lasts approximately 300 msec; the
ventricles then begin to relax and their pressures drop rap-
idly, closing the semilunar valves. After semilunar valve
closure, the isovolumic relaxation phase continues for about
80 msec and ends with the opening of the AV valves, occur-
ring when ventricular pressures fall below atrial pressures.
The phase of rapid filling begins when the AV valves open.
During systole, blood accumulates in the atria and the atri-
al pressures increase. When ventricular pressures become
less than atrial pressures, blood moves down from the atria
to the ventricles. This process lasts for 100 msec. The
final phase of the cardiac cycle is the phase of slow fill-
ing or diastasis. This phase lasts about 200 msec and is
caused by continued venous return and is terminated by atri-

al systole.
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Figure 2.1: Typical Normal ECG Lead

Significant features are the P,Q,R,S, and T waves, the
duration of each wave, and time intervals such as the
ORS,S-T, and Q-T intervals (From reference [24], p.52)
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heart. (From reference [24], p.28).
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2.1.3 Normal Heart Sounds

Heart sounds are generally believed to be caused by the
acceleration or deceleration of blood 1in the heart chambers
[3]. There are two major heart sounds that occur during the

sequence of one complete cardiac cycle (Figure 2.3).

The first heart sound (S1) can be divided into four com-
ponents. The first component arises at the onset of ventri-
cular contraction when blood is accelerated in the ventri-
cle, surging blood toward the atrioventricular valves [3].
The freguency and intensity of the first component are very
low since the ventricles are relaxed and the acceleration of
blood is not high. This movement of blood closes and applies
tension to the atrioventricular valves before ventricular

pressure rises.

The second compenent of the first heart sound begins with
abrupt tension of the closed AV valves decelerating the mov-
ing blood [3]. The frequency of these vibrations is greater
than that in the first component. The intensity of the vi-
brations is dependent upon the velocity of the blood and the

abruptness with which it is decelerated.

The third component of the first heart sound occurs dur-
ing ventricular contraction. The pressure in the ventricle
rises above that in the corresponding artery and blood moves
toward the semilunar valves [3]. The freguency and intensity

of these vibrations is similar to those produced in the sec-
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ond component. The fourth component probably represents vi-
brations due to turbulence in blood flowing rapidly through

the ascending aorta and pulmonary artery [3].

The closure of the semilunar valves gives rise to the
second heart sound (S2). Although the primary vibrations
occur in the arteries, they are also transmitted to the ven-
tricles and atria by movement of the blood, valves, and
valve rings [3]. The frequency of the second sound is usu-
ally higher than that of the first sound and 1is normally
split into two components (A2,P2), reflecting the fact that
the aortic valve normally closes before the pulmonary valve.
Pathological conditions may cause this gap to widen, or may

also reverse the order of occurrence of A2 and P2.

In some cases a third heart sound (S3) may be heard, cor-
responding to sudden termination of the ventricular rapid
filling phase. These vibrations are of low freguency and
the sound is generally inaudible in the normal adult, but is
frequently heard in-children. In late diastole, a fourth
heart sound (S4) may be sometimes heard, caused by atrial
contractions displacing blood into the distended ventricles.
In addition to these sounds, valvular clicks and snaps are

occasionally heard.



A. COMPONENTS OF FIRST HEART  SOUND

4

B. SECOND HEART
SOUND, /

W

C. THIRD HEART
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\

- Figure 2.3: The Etiology of Heart Sounds

Schematic drawing of the causes of various components of the heart sounds
based on the concept that the vibrations are induced by acceleration or
deceliration of the blood within elastic chambers. {From reference [31],
p.-424).

A. The first heart sound can be divided into 4 components. The initial
vibrations occur when the first myocardial contractions in the ventricle shift
blood toward the atrium to seal the AV valves. The second component begins with
abrupt tension of closed AV valves decelerating the blood. The third component
involves oscillations of blood between the distending root of the aorta and the
ventricular walls. The fourth component represents vibrations due to turbulence
in blood flowing rapidly through the ascending aorta and pulmonary artery.

B. The second heart sound begins with closure and tensing of the semilunar

valves. Although primary vibrations occur in the arteries, they are also
transmitted to ventricles and atria by movement of blood, valves, and valve
rings.

C. The third heart sound occurs at the end of the rapid £filling phase.
Sudden termination of this phase may throw the entire AV system into vibrations
which have very low frequency.
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2.1.4 Murmurs

The intervals between S1 and S2, and $2 and S1 of the
next cardiac cycle (corresponding to ventricular systole and
diastole) are normally silent. Murmurs, which are caused by
certain cardiovascular defeéts and diseases, occur in these
intervals. Murmurs are high frequency noise-like sounds
which arise when the blood velocity becomes high in the
presence of an irregularity through which the blood flows.
Typical conditions in the cardiovascular system which cause
blood flow turbulence include valvular stenosis and valvulér

insufficiency.

Systolic murmurs (SM) are caused by conditions such as
ventricular septal defect (VSD), aortic stenosis (AS), pul-
monary stenosis (PS), mitral insufficiency (MI), and tricus-
pid insufficiency (TI). While semilunar stenosis (AS,PS)
causes an obstruction in the path of blood being ejected
during systole, AV valvular insufficiency (MI,TI) causes re-
gurgitation of blood to the atria during ventricular con-
traction. Diastolic murmurs (DM) are caused by such condi-
tions as aortic and pulmonary insufficiency (AI,PI) and
mitral and tricuspid stenosis (MS,TS). Other conditions
causing murmurs are atrial septal defect (ASD), patent duc-
tus arteriosus (PDA), as well as certain functional condi-
tions due to vigorous exercises, which increases cardiac

output and blood velocity.
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Although murmurs are noise-like, certain features aid in
distinguishing between different causes. For example, AS
causes a diamond shaped midsystolic murmur, while MS causes
a decrescendo-crescendo type diastolic-presystolic murmur.

See Figures 2.4 and 2.5 for tracings of such signals.

2.1.5 The Carotid Pulse

The carotid artery in the neck 1is the point of the ar-
terial system closest to the heart where external sensing
can be performed. The carotid pulse tracing (Figure 2.6)
begins to rise abruptly with aortic ejection and reaches its
iqitial peak at the time ejection is probably at its maximum
[25]. The first peak, called the percussion wave (P), is
usually followed by a plateau or secondary wave, called the
tidal wave (T), late in systole [25]. The pulse then falls
smoothly to a point in which the dicrotic notch (D) is in-
scribed. The tidal wave represents primarily the reflected
pulse returning from the upper body. The dicrotic notch is
produced by abrupt completion of aortic valve closure [25].
In early diastole a small positive wave designated as the
dicrotic wave (DW) occurs, which represents the reflected
pulse from the lower body [25]. Figure 2.7 shows the impor-

tant intervals of the carotid waveform,
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Figure 2.4: Phonocardiogram of Patient with Severe
Aortic Stenosis

The ECG signal is also shown. Note the systolic murmur
with peak intensity in midsystole (diamond shaped en-
velope). (From reference [25], p.132).
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Figure 2.5: PCG of Patient with Mitral Stenosis

The ECG signal and apexcardiogram are also shown.
Note the pre-systolic accentuation of the diastolic
murmur. (From reference [25], p.152).

Figure 2.6: Typical Normal Carotid Pulse Tracing

Percussion wave P occurs approximately at maximum car-
otid ejection. Tidal wave T follows late in systole.
Dicrotic notch D indicates closure of aortic valve. In
diastole the dicrotic wave DW occurs.
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Figure 2.7: Normal Phonocardiogram, ECG, and Carotid
Pulse Tracings

The pre-ejection period PEP is measured from the Q wave
of the ECG to the onset of carotid upstroke. The ejec-
tion time ET is the interval from the start of carotid
upstroke to the dicrotic notch. Note that the first
heart sound occurs at the end of the QRS complex. The
second heart sound occurs just before dicrotic notch.
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2.2 PHONOCARDIOGRAPHY

2.2.1 Auditory Perception of Heart Sounds

Due to the varying threshold of audibility of the human
auditory system with frequency of sound presented, and the
low frequency nature of heart sounds, only a portion of the
cardiohemic vibrations is audible [3]. The maximum sensitiv-
ity of human auditory perception lies in the 1000 Hz to 2000
Hz region, which is above the usual range of cardiac sounds.

Normal heart sounds usually lie in the 20 Hz to 200 Hz range

while the maximum frequency of murmurs is 600 Hz [3].

From a study of the physical characteristics of heart
sounds and human hearing, it is seen that the human ear is
poorly suited for cardiac auscultation [21]. Certain de-
tails such as the presence of murmurs, which are of much
higher frequency than the normal sounds, can be detected
easily by auscultation. Howevér, it has been shown that
auscultation is a subjective test and is prone to interpret-

er variations and errors [22,23].

Although the training and experience of the cardiologist
do improve results attained by auscultation, the heart sig-
nal has much more information. This has led to many at-
tempts towards automated analysis of the heart sound signal

using the phonocardiograph.
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2.2.2 Relationship Between Heart Sounds, ECG, and Carotid
Pulse

The phonocardiograph [26], which consists ¢f microphones,
selective filters and amplifiers, and a recording unit,
gives a graphic recording of heart sounds and murmurs
(called a phonocardiogram or PCG). It is valuable in that it
eliminates the subjective interpretation of these sounds.
Additional channels are also provided for the recording of
reference tracings so that the evaluation of heart sounds
and murmurs with respect to the electrical and mechanical

events in the cardiac cycle can be conducted.

The relationship between the PCG, ECG, and carotid pulse
can be seen in Figure 2.7. The ECG can be used as a refer-
ence in identifying the first heart sound. The beginning of
the QRS-complex provides a sharp reference which can be used
to accurately determine the onset of ventriéular contrac-
tion. Thus the R wave can be used to determine the start of

the first heart sound.

Although variable, the beginning of the steep ascent of
the carotid pulse usually coincides with the fourth compo-
nent of the first heart sound [25]. The dicrotic notch fol-
lows A2 (aortic component of the secona heart sound) by the
time required to travel to the recording site 1in the neck.
This usually amounts to 10 - 50 msec and 1is dependent upon
the distance of the recording site from the heart and the

pulse-wave velocity [25].
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2.2.3 PCG and Pulse Recording Procedures

Since heart sounds and murmurs are of low amplitude, ex-
traneous sounds must be minimized in the vicinity of the pa-
tient. Thus it is a standard procedure to record the phono-
cardiogram in a room that is as gquiet as possible. The
patient is placed in a supine position with the head on a
pillow, ECG leads are placed on all four extremities and a
standard Lead II 1is recorded throughout the procedure.
There are optimal recording sites for various heart sounds,
sites at which the intensity of sound is the highest because
the sound is being transmitted through solid tissue or
through a minimal thickness of 1inflated 1lung [27]. An
HP21050A contact sensor is strapped firmly to the patient at
one of the heart sound pickup areas on the chest shown in

Figure 2.8. These locations are as follows:

1. Aortic area: second right intercostal space.
2. Pulmonary area: second left intercostal space.
3. Tricuspid area: fourth left intercostal space.

4. Mitral area: near the apex of the heart.

The HP21050A contact sensor has a relatively flat response
from 0.05 Hz to 1000 Hz with an equal attenuation of about 5
dB over the entire range. This makes it equally suitable to
record the first and second heart sounds (below 200 Hz) and

high frequency murmurs (up to 600 Hz).
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The HP21281A pulse transducer kit is used to record the
carotid pulse. A trained technician locates the site where
the carotid pulsation 1in the neck is the strongest and the
pickup pressure cup is applied firmly. This transducer has

a frequency response of approximately dc to 1000 Hz.

A three-channel HP1514B ECG/Phcno system is used to ob-
tain an amplified ahd filtered phonocardiogram with simulta-
neous ECG and carotid pulse reference signals. Channel 1
records a filtered heart sound. In this work, the PCG was
obtained using a highpass filter (cutoff frequency of 25
Hz). Channel 2 is used to record a Lead II ECG as a timing
reference. Any lead could bewused as long as a suitable ref-
erence QRS-complex is obtained. Channel 3 is used to re-
cord a highpass filtered carotid pulse with a cutoff fre-
guency of 1 Hz. Figure 2.9 shows a block diagram of the
HP1514B ECG/Phono recording system as it is wused to record

the PCG and carotid pulse in this project.

A four-channel HP3960 FM instrumentation recorder is used
to simultaneously record the PCG, ECG, and carotid pulse
waveforms. The signals are recorded for a duration of 10

seconds.’

' The recording time of 10s is sufficient to diagnose heart
diseases from the PCG. It is desirable to reduce recording
time to a few seconds, especially for children, since the
patient's breath is held during recording.
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Figure 2.8: Locations For Surface Heart Sound Pickups

A, aortic area: second right intercostal space; P,pul-
monary area: second left intercostal space; T, tricus-
pid area: fourth left intercostal space; M, mitral
area: near apex of heart. (From reference [28], p.357)

LOWPASS

STRIP CHART
INPUT HEART HIGHPASS LOWPASS *{"‘:ngu [~ RECORDER
HEART  }—3 SOUND  L—3{ pILTER |34 FILTER > AMPLIFIER ¢ z
SOUND PREAMP fc =» 25Hz fc*2000Hz

CHANNEL !

OUTPUT

LOWPASS

STRIP C HART
INPUT HIGHPASS LIl > RECORDER
CAROTID | PULSE L5 PILTER  |—3 AMPLIFIER ¢ z
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Figure 2.9: Block Diagram of the HP1514B ECG/Phono
System

Note that the heart sound signal and carotid pulse are
highpass filtered at 25 Hz and 1 Hz, respectively. The
signals are lowpass filtered at 100 Hz and directed to
a strip chart recorder. The unfiltered signals are di-
rected to the respective output channels.
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2.3 REVIEW OF PCG SIGNAL PROCESSING TECHNIQUES

Many signal processing techniques have been tried to
guantify the PCG signal. The time-envelope of energy of the
PCG signal is clinically significant as murmurs of specific
envelope shapes occur in certain parts of the cardiac cycle.
For example, aortic stenosis causes a diamond shaped systol-
ic murmur, while mitral stenosis leads to a decrescendo-cre-
scendo type diastolic-presystolic murmur. Early techniques
to extract the sound envelope employed demodulation and syn-
chronized averaging of the envelope of the cardiac sounds
[291]. Complex demodulation and power spectrum estimation
techniques have been conducted to extract the 'envelogram'
of the PCG signal [30]. In another method, the average powver
in contiguous 10 msec segments was plotted to obtain a 'pow-
er curve' [31]. Maximum amplitude and zero crossing meas-
urements of the PCG signal have been attempted [32]. The
use of wave analyzers and bandpass filter banks to improve
detection of aortic stenosis in the presence of mitral in-
sufficiency has also been reported [33]. In addition, car-
diac screening systems have been designed based on measure-
ments of frequency content, amplitude, energy, and timing of

heart sounds [34-36].

Analysis of the PCG signal 1in the frequency domain has
also been extensively researched [37-52]. A sound spectro-
graph, in which sound intensity is displayed in gray shades

against time and frequency coordinates is discussed in ref-
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erence [37]. Three dimensional contour plots of the PCG in-
volving contours of equal intensity against time and fre-
quency coordinates have been conducted [38]. Fast Fourier
transform analysis of PCG signals has been attempted
[42-49]. Other techniques of spectral analysis on the PCG

are discussed in references [50-52]..

Linear predictive analysis has been used to extract the
spectral patterns from the PCG signal [53]. These parameters
are used as features for pattern classification. The linear
predictive method was also used to derive an algorithm for
detection and segmentation of the first and second heart
sounds based on the frequency domain characteristics of the
heart sounds [54]. A spectral analysis technigue using se-
lective linear prediction coding to determine the spectral
distribution of the second heart sound is described in ref-

erence [55].

In addition, 1images of sound distribution produced from
multiple PCGs recorded on the chest wall have been used to
compute chest wall maps showing the varying distribution
patterns of sounds and murmurs over the passage of time
[56]. Statistical analysis of heart sounds has been per-
formed using the first two statistical moments to classify
the heart sounds into deterministic and nondeterministic

sounds and to segment the heart sound components [57,58].
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The phonocardiogram has also been used to test the func-
tional and structural integrity of cardiac prosthetic valves
[59-68]. Parametric pole-zero modelling methods for fre-
guency domain feature extraction [69] and FFT techniques for
spectral analysis [70,71] have been reported for prostﬁetic

valve sound analysis.

Digital signal processing techniques such as homomorphic
filtering have been applied to the PCG with limited success
[72-75}. Pole-zero modelling by Shanks' method was also at-
tempted with some success [72,74-76]. Procedures for.quanti—
tative ahalysis of the PCG in the time and frequency domain
have been proposed u;ing the energy curve and péwer spectrum
[77,78,79]. The application of speech signal processing
techniques to the analysis of the PCG has been discussed in

reference [80].

An overview of the methods tried illustrates that there
have been many attempts at the analysis of the PCG. However,
there still exists a need for a simple and efficient method
to quantify the subjective features of the PCG and classify
the various types of murmurs. A system performiﬁg such a
task, realizable for online analysis, would be extremely
useful for screening purposes, as well as in routine diagno—

sis and further heart sound research.
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2.4 REVIEW OF ECG AND PULSE SIGNAL PROCESSING TECHNIQUES

The ECG and carotid pulse can be used as reference sig-
nals for the identification of features in the PCG. 1In par-
ticular, the QRS-complex of the ECG provides a.sharp refer-
ence which can be wused to identify. the first heart sound
(start of systole). The dicrotic notch in the carotid pulse
can be used to approximate the onset of the second heart

sound (start of diastole).

The application of signal processing technigques to the
analysis of the ECG has been quite extensive; see, for exam-
ple, references [81-86]. A thorough review of the digital
analysis of the ECG can be found in reference [87]. Reported
techniques have used a transform based on the first differ-
ence of the ECG signal as a reference for the PCG [88,89]. A
single peak corresponding to the QRS-complex is found and

used to identify the first heart sound.

The waveshape for the carotid pulse is essentially the
same as for the aortic pulse and, as such, many of the ar-
terial pulse wave analysis techniques reported can be ap-
plied directly to the carotid pulse. Reviews of some of

these methods are given in references [87] and [90].

The use of specially designed filters that selectively
exaggerate the feature sought, as well as minimize noise,
has been reported [91]. An application of the AZTEC prepro-

cessing program [92] has been wused to initiate the search
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for important points, such as systolic upstroke and onset of

dicrotic notch, in the central arterial pressure wave [93].

Pattern recognition technigues have also been used to
identify the features of arterial pulse waves. An algorithm
for the automatic identification of the important points in
brachial pulse waves is described in references [94,95]. A

waveform parsing technigue has been used to detect and meas-

ure structural variations of the carotid pulse wave [96].

A real time pressure algorithm has been developed using
data reduction analysis and specific selectable thresholds
to filter noise énd detect critical points [97]. A method
for the processing of the arterial pressure wave involving a
series of algorithms to identify the major events of the

aortic pressure wave is reported in [98].

Most reported pulse analysis technigues have been for
real-time analysis and are concerned with data reduction

techniques and the identification of all major events in the

pressure cycle. In this study, real-time processing of the
carotid pulse is not necessary. One cardiac cycle of the
carotid pulse, in which the dicrotic notch 1is localized,

need only be extracted. A transform based on the second de-
rivative of the carotid pulse is computed to provide a ref-
erence point for the identification of the second heart

sound.



Chapter III

SYSTEM HARDWARE DESCRIPTION

3.1 INTRODUCTION

The Motorola MC68000 microprocessor is the central pro-
cessing unit of the prototype PCG analysis system. A de-
tailed operational description of the MC68000 processor is
available in the MC68000 User's Manual [99]. The analysis
system consists of two computer boards; the Motorola Educa-
tional Computer Board (ECB) and a Signal Acquisition and
Analysis Board (SAAB). The ECB consists of the microproces-
sor, memory, timer, and input/output (I/0) facilities. The
user interface to the ECB is provided by connecting the
board to a terminal via an RS-232 interface. A second serial
port is provided to connect the ECB to a host computer sys-
tem. A complete hardware description of the ECB is provided

in the ECB User's Manual [100].

The SAAB, designed to be directly interfaced to the ECB,

consists of the following:

1. A three-channel data acquisition system including
anti-aliasing filters, sample/hold units, an analog
multiplexer, and an analog-to-digital (A/D) convert-

er.

- 30 -
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2. An arithmetic précessing unit (APU) to provide ex-
tended signal processing capabilities.

3. Three digital-to-analog (D/A) converters to display

the various output signals on an oscilloscope or

strip chart recorder.

Figure 3.1 shows a block diagram of the PCG analysis system.

The SAAB schematic diagrams are included in Appendix A.

This chapter provides a brief description of the MC68000
Educational Computer ‘Board hardware 1including the MC68230
Peripheral Interface/Timer and ECB interfécing techniques.
Following this a detailed description of the signal acguisi-
tion and analysis board will be given including the data ac-
quisition system, the APU and the D/A circuitry. In this
discussion, active low signals are designated by an asterisk

(*) following the signal name.

3.2 MC68000 EDUCATIONAL COMPUTER BOARD

The ECB includes a 4 MHz MC68000 16-bit microprocessor,
32K bytes of dynamic random access memory (RAM), 16K bytes
of firmware read-only memory (ROM), two serial communication
ports (RS-232 compatible), a parallel port, a 24-bit pro-

grammable timer, and a wire-wrap area.
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Figure 3.1: Block Diagram of PCG Analysis System
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The ECB memory map is shown in Table 3.1. The RAM is ad-
dressed at the bottom of the memory map ($000007-$007FFF)
and consists of sixteen MCM4116B devices. The user area of
RAM extends from $000900-3$007FFF. The firmware ROM is locat-
ed at $008000-300BFFF. The system firmware is stored in two
MCM68A364 devices. All 1/0 devices are mapped into the same
64K byte page at $010000-$SO1FFFF. Redundant mapping occurs
since the address is not fully decoded (i.e. the same device

appears at several addresses).

Two MC6850 asynchronous communications interface adapters
(ACIAs) provide the bus interface for the two serial ports.
One of the ACIAs is used for connecting a terminal to ECB
Port 1 and the other ACIA is used to connect a host computer
system to ECB Port 2. A baud rate generator provides the
transmit and receive clocks for both ACIAs. Both serial

ports are RS-232 compatible.

The ECB includes an MC68230 peripheral interface/timer
(P1/T) device. This device consists of two parallel inter-
face ports, 8 general purpose I/0 pins, and a 24-bit pro-
grammable timer. Table 3.2 shows the address map for the
MC68230 timer. For complete details regardiné the timer
registers and - programmable options available to the timer,

refer to the MC68230 PI/T Data Sheet [101].



TABLE 3.1

Educational Computer Board Memory Map

Function Address
System Memory $000000-s0008FF
Vector Table $000000~-s0003FF
User Memory $000900-s007FFF
Tutor Firmware $008000-$00BFFF
1/0 Devices $010000-301FFFF
PI/T $010000-$01003F
ACIAs $010040-5010043
Not Used $020000-$02FFFF
M6800 Page $S030000-$03FFFF
Not Used $040000-SFFFFFF
TABLE 3.2

MC68230 Timer Address Map

Address PI/T Register

$010021 Timer Control Register (TCR)

$010023 Timer Interrupt Vector Register (TIVR)
$010027 Counter Preload Register High (CPRH)

- 8010029 Counter Preload Register Middle (CPRM)
$01002B Counter Preload Register Low (CPRL)
$01002F Counter Register High (CNTRH)
$010031 Counter Register Middle (CNTRM)
$010033 Counter Register Low (CNTRL)

$010035 Timer Status Register (TSR)
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3.2.1 Interfacing to the ECB

A small wirewrap area is provided directly on the ECB. In
addition to the wire wrap area, the ECB has a connection
aréa which gives access to 46 of the MC68000 bus and system
timing signals and has provision for an auxiliary 50 pin I/0

header.

Five connections on the ECB, denoted E1*-ES5%, are provid-
ed, giving active-low enable signals for unused areas of the
MC68000 memory map. Figure 3.2 shows the decode logic for
these enable signals and Table 3.3 shows the memory map for

the signals.

When interfacing to the ECB, special care must be taken
with the Data Transfer Acknowledge signal (DTACK*). This
input indicates that the data transfer between the processor
and a device is completed. It may be used as a handshake
line when the MC68000 is wused in asynchronous operations.
The processor DTACK* 1is generated by ANDing DTACK PIT¥*,
DTACK RAM*, and DTACK ROM*, as shown in Figure 3.3. The pro-
cessor DTACK* goes low whenever any of these go low. Another
signal can not be added to the processor DfACK* since‘the
signal is not an open collector output. The USER DTACK* is
connected to the system via ECB connection E7. The DTACK
PIT* is turned off when not used and the USER DTACK* can be
bussed at this point. The USER DTACK* must be an open-col-

lector or three-state driver.
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Figure 3.2: MC68000 Memory Enable Signal Decode Logic

TABLE 3.3

MC68000 Memory Enable Signal Address Map

Enable Signal Address Segment
E1* $020000-$02FFFF
E2* $040000-S04FFFF
E3* $050000-305FFFF
E4* $060000~306FFFF

ES* $070000-$07FFFF




37

3.2.2 ECB—-to-SAAB Interface

Individual wirewrap pins are soldered into the connec-
tions provided on the ECB. Signals from these pins are wire-
wrapped to a 50-pin right angle header, which is inserted
into the auxiliary I/0 header location on the ECB. The SAAB
has a similar 50-pin header. The interface between the ECB
and the SAAB is provided via a 50-conductor ribbon cable.
Four extra signals are connected to the header, these being
the memory enable signals E1*, E2*, E3*, and the USER DTACK*

connection E7.

The MC68000 data bus and address bus are buffered using
7415245 and 74LS241 devices, respectively. These buffers are
enabled only when devices on the SAAB are addressed and when
the MC68000 ADDRESS STROBE (AS*) 1is asserted, indicating
there is a valid address on the address bus. The MC68000
| READ/WRITE (R/W*) signal.is used to define the data bus

transfer as a read or write cycle.

The SAAB USER DTACK* is provided by ANDing the respective
DTACKs* from the data acquisition system, arithmetic pro-
cessing unit, and digital-to-analog conversion circuitry.

This signal goes low indicating completion of data transfer.

The MC68000 microprocessor can handle seven levels of in-
terrupts. Interrupt requests to the ECB are restricted to
an M6800 type autovectored priority level 4 interrupt. The

ECB provides an autovectored interrupt request designated



38
6800 IRQ*. The 6800 IRQ* signal is generated by ANDing the
interrupt request signals from the data acquisition system
(ADIRQ*) and the APU (APUIRQ*). When either of these signals
goes low the 6800 IRQ* line is asserted, generating the lev-

el 4 interrupt on the MC68000.

The ECB wirewrap area 1is used to provide 16K bytes of
user ROM, using two 2764 devices. The ROM 1is mapped into
memory segment $070000-S07FFFF. Connection E5* from the ECB
is used in the decoding scheme. The USEROM DTACK* signal is
generated using a 74LS175 device. Schematic diagrams of the
ECB-to-SAAB interface qnd the ROM circuitry are found in Ap-

pendix A.

(3]
<

4K7

DTACK PIT

DTACK ROM D—— DTACK
DTACK RAM—-———J——

Figure 3.3: ECB DTACK* Signal Generation
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3.3 DATA ACQUISITION SYSTEM

A block diagram of the data acquisition system is shown
in Figure 3.4. In this system, data is taken from the analog
inputs at the same instant of time, requiring a sample-hold
unit per channel ahead of the analog multiplexer. All sam-
ple-holds are given the hold command simultaneously. The
multiplexer then sequentially switches to each sample-hold
output while thé analog-to-digital (A/D) converter converts

the signal into digital form.

The data acquisition system is mapped into memory segment
$020000-S02FFFF., Data acqguisition control is accomplished
using a 74LS138 3- to 8-line decoder. Connection E1* from
the ECB and MC68000 address lines A1-A3 are used in the de-
coding scheme, as shown in Figure 3.5. Table 3.4 shows the

address map for the data acquisition control signals.,

The PCG, ECG, and carotid pulse signals are directed
through anti-aliasing filters using the active lowpass But-
terworth filter shown in Figure 3.6. These lowpass filters
(one per channel) are constructed using MC741 operational
amplifiers. The lowpass filter cutoff frequency (fc) for
the PCG signal is 500 Hz. The cutoff frequency for the ECG

signal and the carotid pulse is 100 Hz.
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Data Acquisition Control Signal Address Map

TABLE 3.4

Address Function
$020001 Select ECG channel of multiplexer (ADCH1)
$020003 Select PCG channel of multiplexer (ADCH2)
5020005 Select Carotid channel of multiplexer (ADCH3)
$020006 Not Used
$020008 Not Used
$02000aA Not Used
$02000C Read A/D Converter (ADREAD)
$02000E Initiate hold state of S/H devices (HOLD)

Co

]

AN

MC741

R4 Ro -
0 Vo
Vio AN\~ A\ t;////

Figure 3.6: Active Lowpass Butterworth Filter

Lowpass filter designed such that R = Ry = Rz,Rf
Cz = 2C1 and Cy = .707/0)CR. )

= 2R,
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Three National Semiconductor LF398 Sample and Hold
Circuits are used to hold the three signals at the same in-
stant of time. Figure 3.7 shows a schematic diagram of a
sample/hold unit as it is configured in the data acquisition
system. The hold mode is initiated by taking the logic input
of each device high. This 1s accomplished by asserting the
HOLD* signal. The MC555 timer is set up in monostable mode
resulting in a 5.0 volt, 30.0 usec pulse whenever HOLD¥* 1is
asserted. With a hold capacitor of 0.01 uF, typical acqui-

sition time is 20.0 usec.

A National Semiconductor CD4051 device is employed 1in
this system 4&ds a 3-channel multiplexer with three control
inputs A, B, and C. The three control signals select 1 of 3
channels to be turned "ON" and connect the input to the out-
put. The function table for the three select inputs is shown
in Table 3.5. A schematic diagram of the multiplexer as it
is configured in this system is shown in Figure 3.8. To sim-
plify multiplexer control the filtered ECG, PCG and Carotid
pulse signals are connected to the multiplexer input chan-
nels 6, 5, and 3, respectively. Control of channel selec-
tion is accomplished wusing a 74LS175 device in conjunction -
with the ADCH1*,  ADCH2*, and ADCH3* signals and the

CONVERSION COMPLETE (CC*) signal from the A/D converter.
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Figure 3.7: Schematic Diagram of LF398 Sample-Hold
Unit
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TABLE 3.5

Function Table for Multiplexer Control Signals

Input States
C A "ON" Channels
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The National Semiconductor ADC1210 is a CMOS device used

to perform 12-bit successive approximation‘(SA) analog-to-
digital conversion. The A/D converter operates at a clock
frequency of 125 KHz. This clock is derived by dividing the
ECB 1MHZ CLOCK signal by 8 wusing a 74LS93 4-bit binary
counter. The A/D is configured to convert analog inputs in
the # 2.5 volt range. The outputs of the ADC1210 are buff-
ered using 74C901 hex 1inverting TTL buffers and are then

connected to the inputs of 74LS373 latches.

A schematic diagram of the A/D converter is shown in Fig-
ure 3.9. To start conversion, the START CONVERSION (sc*)
pin is taken low by asserting ADCH1¥, ADCH2*, or ADCH3*,
This causes the SA register to reset synchronously on the
next clock cycle low-to-high transition. Conversion begins
on the next low-to-high transition of the clock pulse. After
completing the conversion, the CC* signal is asserted. This
output, together with a 74121 monostable multivibrator, gen-
erates the ADIRQ* signal. The timing diagram of the A/D op-
eration is shown in Figure 3.10. Asserting ADREAD* latches

the A/D output data to the MC68000 data bus.

The ADTACK* signal 1is generated using the «circuit shown
in Figure 3.11. There are two cases in which this signal is
generated. The first case arises when the HOLD* or ADREAD*
signals are asserted. These signals operate synchronously
with the processor. Using the 74LS175 device, a delay corre-

sponding to 4 clock cycles of the ECB 8MHZ CLOCK signal is
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incurred before ADTACK* 1is sent to USER DTACK¥*. The second
case arises as a result of the asynchronous operation of the
A/D converter and the processor. The ADTACK* signal is as-
serted only when the A/D converter SA register has been re-
set and the converter is about to start its conversion pro-

cess. The timing diagram for this case is shown in Figure

3.12.
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Figure 3.9: Schematic Diagram of ADC1210 A/D
Converter
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Figure 3.11: ADTACK* Signal Generation
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3.4 INTEL 8231A ARITHMETIC PROCESSING UNIT

The 4 MHz Intel 8231A (also Advanced Micro Devices
Am9511) arithmetic processing unit (APU) performs fixed and
floating point arithmetic and floating point trigonometric
and mathematical operations. All transfers take place over
an 8-bit bidirectional data bus. Operands are pushed onto an
internal stack and a command is issued to perform operations
on the data in the stack. Results are then available on the
stack or additional operations may be performed. Transfers
to and from the APU are handled by the MC68000 over data
lines DO-D7. These data lines are buffered using a 74LS245

device.
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The APU is mapped into memory segment $050000-$05FFFF.
ECB connection E3* and MC68000 address line A4 are used in
the decoding scheme. The resulting addresses generated are
$50001 for the operand entry address and $50011 for the com-

mand entry address.

A schematic diagram of the APU is shown iﬂ Figure 3.13.
The C/D*, RD*, and WR* lines are used to determine the type
of data transfer to be performed over the data bus. Table
3.7 describes the functions available and the corresponding
signals on the C/D*, RD*, and WR* lines needed to provide
these functions. A command may be issued after the reguired
operands have been positioned on the stack. ﬁpon completion
of command execution, the END* output goes low. This signal
is wused to generate the APUIRQ* signal, informing the
MC68000 that execution of the command is completed. The
MC68000 sends an interrupt acknowledge signal to the APU by
asserting APUEACK*,. This signal resets the END* output on

the APU.

The APUDTACK* signal is generated using a 74LS175 and
74LS74 device, as shown in Figure 3.14. The READY* output
is used as a handshake signal during read or write trans-
actions. A low on this output indicates the APU has not yet
completed its information transfer with the MC68000. For
read operations, after RD* and CS* go low, READY* will go
low and remain 1low until the data bus contains valid data,

then goes high. The READY* pulse low duration (TPPWR) can



be a minimum of 0.9 usec and a
write operations, after WR* and
for a very short duration.
a minimum of zero and a maximum

not go low at all for very fast

cuitry handles these cases.

The

50
maximum of 3.05 usec. For
CS* go low, READY* goes low
READY* pulse low duration is
of 50 nsec. This signal may

devices. The APUDTACK* cir-

The timing diagrams for the APU

read and write operations are shown in Figure 3.15.
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Figure 3.13: Schematic Diagram of INTEL 8231A APU
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TABLE 3.7

APU Function Table

C/D* RD* WR*

Function

oo
[l e ol i
[ an e ol el ol

Push data byte onto stack

Pop data byte from stack

Enter command byte from data bus
Read status

Undefined

LS175

g8y e

éi
5
12
13
8MHZ 9
LS04
E3 LS00
R/W*

a2z L
Qa0

LS74

(4]
N]& <

aa 4 R/w*

A
al
ﬁz

w

PAUSE™*

Q
6
“>0—— APUDTACK*

Figure 3.14: APUDTACK* Signal Generation




52

read:

APUCLK

RIW

PAUSE

LS74 Q
APUDTACK

write:

APUCLK

RIW

PAUSE

Ls175 Q4
APUDTACK

Figure 3.15: APUDTACK* Timing Diagrams
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3.5 DIGITAL-TO-ANALOG CONVERSION CIRCUITRY

The digital-to-analog (D/A) converters are mapped in mem-
ory segment $040000-$04FFFF. Control of the D/A converters
is provided with a 74LS138 3- to 8-line decoder. Connection
E2* from the ECB and MC68000 address lines A1-A3 are used in
the decoding scheme, as shown 1in Figure 3.16. Table 3.8

shows the D/A control signal address map.

Three National Semiconductor DAC1210 12-bit D/A convert-
ers are interfaced‘direcély to the MC68000 data bus. These
devices are configured to appear as one-word addresses in
the I/0 space. Conversion of a 12-bit digital word to an
analog signal is performed by writing the data to D/A memory
location DACHx (where x = 1, 2, or 3). The output of the
D/A converter is a current (IOUT1); thus a current-to-volt-
age converter circuiﬁ using an MC741 operational amplifier
is used to provide an output voltage in the range 0.0-5.0
volts. A schematic diagram of one of D/A converters as it is

configured in this system is shown in Figure 3.17.

The DADTACK* signal 1is generated using the 74LS175 con-
figuration similar to that shown:  in Figure 3.11, The E1%*
signal is replaced by E2* and a delay corresponding to 4
clock cycles of the ECB 8MHZ CLOCK signal is incurred before

the DADTACK* signal is sent to the USER DTACK* circuitry.
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Figure 3.16: D/A Circuitry Decode Logic

TABLE 3.8

D/A Control Signal Address Map

Address Function

s040000 Perform D/A conversion on channel 1 (DACH1)
$040002 Not used

$040004 Perform D/A conversion on channel 2 (DACH2)
3040006 Not Used

$040008 Perform D/A conversion on channel 3 (DACH3)
s04000a Not used

s04000C Not used

$04000E APU Interrupt Acknowledge (APUEACK)
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Chapter 1IV

SIGNAL PROCESSING TECHNIQUES AND SOFTWARE
DESCRIPTION

4.1 INTRODUCTION

Frequently, murmurs or alterations in the heart sounds
are the only definitive signs of some types of heart dis-
ease, appearing long before stress on the cardiovascular
system is sufficient to produce other signs and symptoms‘
[3]. Presently, auscultation is the primary test performed
to assess the condition of the heart;  however, this test is
prone to interpreter variations and errors [22,23], The pri-
mary aim in automated PCG analysis is the quantification of
the subjective features of the signal. The important fea-
tures of the PCG signal are the intensity and timing se-
guence of murmurs and sounds, and the location, frequency
content, and envelope shape of murmurs, if present. Cur-
rently, there exists the need for a simple and efficient
method to quantify the PCG signal into parameters aiding the
detection of murmurs. Such a system would be extremely use-

ful for screening purposes and routine diagnosis.

In this chapter, methods for the time and frequency do-
main analysis of the systolic and diastolic segments of the

phonocardiogram (PCG) signal are presented. A technique for

_56_.
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the segmentation of the PCG into systole and diastole is
also discussed. The electrocardiogram (ECG) and the carotid
pulse signals are used as timing references for the first
and second heart sounds. Using a QRS-complex detection al-
gorithm based on a smoothed difference of the ECG signal,
the RR interval, corresponding to one cardiac cycle, can be
established. The beginning of the cardiac cycle coincides
with the start of the first heart sound (start of systole).
A transformation based on a smoothed second difference of
the carotid pulse is applied to locate the dicrotic notch in
the carotid pulse. Using the location of the dicrotic notch,
the beginning of the second heart sound (start of diastole)

can be determined.

Upon segmenting the PCG into systole and diastole, gquan-
tification of the time and frequency domain characteristics
is conducted. The energy curve and energy spectrum of each
segment are computed and are then guantified using the con-

cept of an Energy Distribution Coefficient (EDC).

The signal processing software is written.in MC68000 as-
sembly language using the MC68000 two-pass Cross Macro As-
sembler resident on the Amdahl 580/5850 computer system.
This assembler provides access to the host computer's re-
sources including the text editor and filing system. For a
complete description of the assembler and an instruction set

summary refer to the assembler reference manual [102],
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For debugging purposes, the software can be downloaded
from the host computer system into the Educational Computer
Board (ECB) memory. The ECB operates under control of
"TUTOR" firmware. TUTOR is the system monitor which controls
communication with the terminal and host computer and pro-
vides debug capabilities, line assembly/disassembly, and I/0
control. Upon completion of the debugging process, the soft-
ware can be programmed into an erasable programmable read

only memory (EPROM).

The signal processing software can be divided into the

following major categories (Figure 4.1):

1. System Initialization

2. Analog-to-Digital Conversion

3. Detection of the QRS-Complex in the ECG

4. Detection of the Dicrotic Notch in the Carotid Pulse
5. Segmentation of the PCG into Systole and Diastole

6. Computation of the PCG Energy Curves

7. Computation of the PCG Energy Spectra

8. Computation of the Energy Distribution Coefficients

This chapter provides a detailed description of the signal
analysis theory and techniques and the signal processing
software. A program listing is included in Appendix B, In
this discussion numbers in hexadecimal form are represented

with a preceding 'S$'.
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LOWPASS FILTER

SYSTEM INITIALIZATION

A/D CONVERSION: 1KHz FOR 1.5 SECONDS
QUANTIZED TO 12-BITS

COMPUTE ENERGY CURVE OF FIRST DIFFERENCE
OF ECG. DETECT SUCCESSIVE QRS PEAKS.

COMPUTE ENERGY CURVE OF SECOND DIFFERENCE
OF CAROTID PULSE.DETECT DICROTIC NOTCH.

4

SEGMENT PCG INTO SYSTOLE AND DIASTOLE
USING ECG AND CAROTID AS REFERENCES
AND USING STANDARDIZED S2-D DELAY.

COMPUTE ENERGY CURVE AND ENERGY SPECTRUM
OF PCG SYSTOLE AND DIASTOLE

COMPUTE TIME AND FREQUENCY EDC VALUES

Figure 4.1:

Signal Processing Flowchart
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4,2 SYSTEM INITIALIZATION

The MC68000 microprocessor contains a 16-bit status reg-
ister (Figuré 4.2) which contains the interrupt mask as well
as the following condition codes: extend, negative, =zero,
overflow, and carry. Additional status bits indicate that
the processor is in a trace mode and in one of two states of
privilege: the supervisor state or the user state. The ini-
tialization procedure begins with selecting the supervisor
state for the MC68000. The supervisor state 1is the higher
state of privilege in which all instructions can be execut-
ed. The intefrupt mask of the status register is initialized

to allow level 4 interrupts or higher.

.Since the processor 1is in the supervisor state, the
32-bit supervisor stack pointer is set to a valid RAM ad-
dress. The seven 32-bit address registers and eight 32-bit
data registers are initialized as necessary throughout the

program.

Initialization of the starting address of the a/D and APU
interrupt service routines (ISR) is also required. Interrupt
vectors are memory locations from which the processor fetch-
es the address of a routine which will handle the interrupt.
A vector number is an 8-bit nuﬁber which, when multiplied by
four, gives the address of an interrupt vector. When the

M6800 IRQ* signal 1is asserted a level 4 interrupt acknowl-
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Figure 4.2: MC68B000 Status Register

edge cycle from the MC68000 causes an autovectored response
with the vector number equal to 28. Autovectoring is used
when the interrupting device can not provide the processor
with the vector number. The address of the A/D and the APU
interrupt service routines 1s thus stored in the iﬁterrupt

vector at address $000070.

4,3 ANALOG-TO-DIGITAL CONVERSION

The PCG, ECG, and carotid pulse signals are sampled at a
rate of 1024 Hz. The sampling period is controlled using the
timer in the PI/T. The timer 1is initialized by writing the
sampling period to the Counter Preload Register (CPR). The
timer is set up to load the Counter Register (CR) from the
CPR and to begin decrementing the CR. At the start of the
sampling period, the S/H device hold state is initiated by
performing a 'dummy' write to address HOLD. During each sam-

pling period, data from the three analog channels are digi-
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tized and stored in RAM. A flowchart of the A/D process 1is
shown in Figure 4.3. The following events are carried out

for each analog channel:

1. A 'dummy' write to address ADCH1, ADCH2, or ADCH3 is
conducted to ccnnect the analog multiplexer input to
the output and to start the A/D converter. |

2. The processor stops fetching and exeéuting instruc-
tions until the CONVERSION COMPLETE* signal is re-
ceived from the A/D converter (via the M6800 IRQ*
level 4 interrupt).

3. The A/D ISR address is fetched from the level 4 in-
terrupt vector and the program enters the ISR. The
digitized data is read from address ADREAD and stored

in the system memory.

After the three analog signals have been digitized, the
processor waits until the sampling period is over (CR equals
zero). Upon reaching zero, the CR is loaded from the CPR and
resumes counting and the sampling process continues. Approx-
imately 1.5 seconds of data are acqguired and stored in RAM,

upon which the timer is disabled.
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HALT TIMER

Analog-to-Digital Conversion Flowchart
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4.4 _DETECTION OF THE QRS—-COMPLEX IN THE ECG

The digitized ECG signal is first downsampled to an ef-
fective sampling rate of 256 Hz by taking every fourth sam-
ple. A QRS-complex detection routine based on a smoothed
difference of the digitized ECG signal is used to determine
the RR interval [88,89]. With x(n) representing the digi-
tized ECG signal, the following transformation is applied to
compute the smoothed energy curve of the first difference of
the ECG signal:

2

g(n) = [x(n-k+1) - x(n-k)] w(k) (4.1)

R

k=1

Here w(k) is a weighting sequence or window which selects a
segment of x(n), M is the number of samples>in the window,
and n is the running index of the signal and its transform.
The purpose of the window is to attach lower weight to sam-
ples which occurred further back in time. Thus w(k) tends to
zero monotonically as k increases. We define w(k) = (M-k+1),

where k = 1,2...M. This process, in effect, convolves the

ECG difference signal with a decreasing weighting seguence.

The ECG transform g(n) yieids a single positive peak for
each cardiac cycle with maximum value occurring near the end
of the QRS-complex. An ECG signal and its corresponding
transform g(n) with M=16 are shown in Figure 4.4. In this
figure note that the ECG signal is corrupted with low ampli-
tude 60 Hz noise. This noise was picked up during the re-

cording procedures. The low level noise, however, does not
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affect g{n). Since the amplitude of the noise is minimal in
comparison with the amplitude of the QRS-complex, the noise

is effectively smoothed out during the convolution process.

A simple peak detecting routine is used to detect succes-
sive QRS end points (Q1,02) from g{(n). The ECG transform is
scanned and a threshold is set at half the maximum transform
value. The transform data is scanned a second time to search
for the QRS end points. A sample in g(n) 1is considered a
QRS end point peak 1f the sample value at that point is
greater than the threshold and is greater than the ten pre-
vious samble values and the ten following sample values.
This search is continued until two peaks are found, repre-

senting the start and end of one cardiac cycle.

Figure 4.5 shows the carotid pulse and the ECG transform
g(n). After detecting two successive peaks in g(n), denoted
Q1 and Q2, point C1 is identified on the carotid pulse. This
point corresponds to the start of the cardiac cycle. The di-

crotic notch is searched for in a region starting at Ct1.
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Figure 4.4: ECG and ECG Transform g(n)

Note that the ECG transformation g{(n) yields a single
positive peak for each cardiac cycle with maximum

value occurring near the end of the QRS-complex.

The 32-bit g(n) sample values have been truncated to

12-bits for display purposes.
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Figure 4.5: Carotid Pulse and ECG Transform g(n)

Point . C1 on the carotid pulse corresponds to the
start of the cardiac cycle. C2 1is the point 500 msec
after C1.

The 32-bit g(n) sample values have been truncated to
12-bits for display purposes.
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4.5 DETECTION OF THE DICROTIC NOTCH IN THE CAROTID PULSE

The carotid pulse can be characterized by measuring the
important intervals of the waveform. The pre-ejection period
(PEP) is the period from the beginning of the QRS-complex of
the ECG to the onset of the carotid upstroke as indicated in
Figure 2.7. The following equation may be used to approxi-

mate the true PEP interval [25]:
PEPC = PEP + 0.4(HR) (4.2)

Here PEPC is the rate-corrected pre-ejection period (normal-
ly 131413 msec), PEP is the actual pre-ejection period, and
HR is the heart rate in beats per minute (bpm). It should
be noted that this is only an approxiﬁate relation which de-
pends on, among other factors, age, sex, and physiological.

condition of the heart.

Another indirect measurement is the ejection time (ET),
which is the interval from the onset of carotid upstroke to
the dicrotic notch, as indicated in Figure 2.7. 1In the nor-
mal resting individual, this interval 1is dependent upon
heart rate. Using the following equation, the true ejection

time (ET) can be approximated by [25]:
ETC = ET + 1.6(HR) (4.3)

Here ETC is the rate-corrected ejection time, ET is the ac-
tual ejection time, and HR is the heart rate in bpm. The

normal value for ETC is 395+13 msec for males and 415+11
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msec for females. It should be noted that although these
equations yield only approximate time intervals, they can be

used to localize the dicrotic notch in a general area.

Using equétion (4.2), the maximum interval between the
end of the QRS-complex and the onset of carotid upstroke can
be determiﬁed. Using a maximum PEPC of 144 msec and a mini-
mum heart rate of 60 bpm, the PEP is 120 msec. It should be
noted that equation (4.1) yields a peak near the end of the
QRS-complex, therefore the interval between the S-wave of
the ECG and the onset of carotid upstroke is 90 msec (using
a minimum QRS width of 30 msec). The ejection time of the
carotid palse is the time interval from the onset of up-
stroke to the dicrotic notch. Equation (4.3) can be used to
approximate the region in which the dicrotic notch will
fall. Using a minimum heart rate of 60 bpm and a maximum ETC
of 425 msec, the ET is 325 msec. Using the PEP and ET inter-
vals, the maximum interval between the QRS-complex and the
dicrotic notch is 380 msec. To take into account variational
factors, such as abnormal PEP or ET intervals and formula
approximations, it was decided to search for the dicrotic
notch in an area between C1 and a point 500 msec after C1.

This point is designated C2 on Figure 4.5.

The digitized carotid pulse is first downsampled to 256
Hz. The dicrotic notch is defined as the point of minimum
pressure occurring after the percussion wave, in the region
of the maximum second derivative. A least sguares estimate

of the second derivative [98] is obtained from
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p(n) = [2y(n-2) - y{(n-1) - 2y(n) - y(n+1) + 2y(n+2)] (4.4)

where y(n) represents the digitized carotid pulse waveform,
and p(n) 1is the second derivative evaluated at the nth data
point. The following transformation is then applied to ob-
tain a smoothed energy curve of the second derivative of the
digitized carotid pulse:

M 2

s(n) = = p (n-k)w(k) (4.5)

k=1
Here w(k) is a window which selects a segment of p(n), M is
the number of samples in the window and n is the running in-

dex of the signal and its transform. The window w{k) was se-

lected such that w(k) = (M-k+1), as for the ECG.

This transformation yields two positive peaks with local
maxima occurring at points corresponding to the onset of
carotid upstroke and the dicrotic notch. The carotid pulse
and its corresponding transform with M=16 are shown in Fig-
ure 4.6. . The first peak (T1) represents the onset of up-
stroke. After T1 is detected, the search for T2, thé peak
corresponding to the dicrotic notch, is undertaken. A peak
detecting routine, similar to that presented in the previous
section, 1is used to locate both peaks. To locate the di-
crotic notch, the local minimum which occurs on the carotid
pulse within a *+ 20 msec region of the maximum second deriv-

ative (T2) is determined.
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Figure 4.6: Carotid Pulse and Transform s(n)

The carotid transform s(n) results in two relative
maxima. Peak T1 corresponds to the onset of carotid
upstroke and peak T2 corresponds to the dicrotic
notch.

The 32-bit s{n) sample values ‘have been truncated to
12-bits for display purposes.
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4.6 PCG SIGNAL PROCESSING

4.6.1 Segmentation of PCG into Systole and Diastole

The ECG transform g(n) 1is used to identify the start and
end of one PCG cycle. Figure 4.7 shows the PCG signal and
the corresponding g(n). The peaks in g(n) provide a sharp
reference which can be used to determine the start of the
first heart sound and thus the start of the cardiac cycle.
The PCG cycle ends at the beginning of the next first heart
sound. The start and end points of one cardiac cycle are la-

belled P1 and P3, respectively, on the PCG signal.

The dicrotic notch in the carotid pulse is used to iden?
tify the start of the second heart sound (S2). With the
start of S2 determined, segmentation of the PCG into systoie
and diastole is possible. Figure 4.8 shows a PCG signal and
the corresponding carotid transform s(n). As can be seen in
the figure, there 1is a time delay between the start of S2
and the dicrotic notch (T2 on carotid transform - this in-
terval will be referred to as the S2-D delay). This time
delay must be properly determined in order to correctly

identify the start of S2.

The $2-D delay is dependent upon the distance of the re-
cording site from the heart and the pﬁlse~wave velocity.
Since the recording site of the carotid pulse is kept rela-
tively constant, it was decided to use a measurement based

on a standardized S2-D interval in order to correctly locate
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the start of S2 [103,104]. For the cases tested the S2-D
delay was initially measured from a strip chart recording of
the signals. This delay is reflected in column 1 of Table
4,1, Column 2 contains the heart rate of the patient. The
range of the S2-D delay is qQuite small, ranging from a mini-
mum of 35 msec to a maximum of 54 msec. For the signals an-
alyzed in this study the mean delay was found to be 42.6
msec with a standard deviation of 5.0 msec. The mean delay
and the standard deviation of the $2-D delay are used to

compute the standardized S2-D interval.

The mean S$2-D delay is subtracted from the computed loca-
tion of the dicrotic notch. To prevent the likelihood that
any portion of S$2 is included in the systolic segment, a
value equal to two standard deviations of the mean delay (in
this work 10 msec) is further subtracted. This point, which
identifies the start of S2, is labelled P2 on the PCG signal

“(Figure 4.8).

To summarize, the standardized S2-D interval is equal to
the mean delay plus two standard deviations of the mean de-
lay. 1In this work the interval is 53 msec. This value is
subtracted from the computed location of the dicrotic notch
to give the location of the start of the second heart sound.
Figure 4.9 shows a PCG signal separated into its systolic
and diastolic segments. Qualitatively, the PCG segmentation
is quite accurate, as can be seen in this figure. Minor

problems which may result in this method and an analysis of
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the PCG quantification error resulting from this procedure

are discussed in the following chapter.

We believe this procedure to be quite accurate for gquan-
tifying the time and frequency domain characteristics of the
systolic and diasﬁolic segments of the PCG. This method is
computationally simpler than other methods presented for PCG
segmentation and analysis of the first and second heart
sounds [40,42,45,54,55,57,58,67]. The minimal computation
time makes it very useful for online analysis using a dedi-
cated microcomputer system. In most reported cases, the ex-
act location of the start of S2 is not used; rather, a win-
dow which selects the approximate location of S2 is used in
the analysis [40,42,45,67]. Other reported methods involv-
ing linear prediction coding [57,58] are not suited for this
type of microcomputer system, while statistical methods
[57,58] require many cardiac cycles to perform PCG segmenta-

"tion and are thus time consuming.

The procedure proposed in this work requires a third sig-
nal - the carotid pulse, which 1is a useful diagnostic tool
recommended to be recorded with the PCG and ECG signals
[105]. The use of the standardized S2-D interval simplifies
the problem of accurate S2 location. This procedure has
been successively implemented on the PCG analysis system and
is used to segment the PCG into systole and diastole in or-
der that time and frequency domain analysis can be performed

on both PCG segments.
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TABLE 4.1

Delay Between Second Heart Sound and Dicrotic Notch

Patient $2-D Delay (msec) Heartrate (bpm)
A 45 61
B 46 73
C 44 70
1a 42 77
1b 43 76
1c 44 76
2a 53 75
2b 53 75
2c 54 72
3a 41 87
3b 39 85
3c 38 83
4a 43 111
4b 44 117
5 38 82
6 39 84
7a 40 83
7b 44 83
8a 52 62
8b 50 60
Sa 41 92
Sh 39 94
10 41 77
11a 47 82
11b 45 g3
13 47 82
14a 46 80
14b 48 80
15b 42 74
15¢ 44 78
16a 35 130
17a 44 76
18a 39 90
20 35 67
21 36 82
22a 35 45
22b 41 51
22c¢c 41 51
24a 35 54
24b 41 58
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4.6.2 PCG Enerqgy Curve

The pattern of energy distribution of the PCG signal is
very important in the diagnosis of valvular and septal de-
fects, which causé murmurs of characteristic envelope shapes
in particular locations of the cardiac cycle. This work em-
ploys the method of computing energy covered by a moving
window, which is commonly used 1in speech signal processing

[106].

The energy of a signal is an easily extractable parame-
ter. In the case of a real discrete time signal x(n), the
energy is defined in general as [106]

© 2 )
E = z x (n) (4.6)
n=-oo
for nonstationary signals such as the PCG, a time-varying
energy calculation can be used as follows:
M 2
E(n) = z x (n-k)w(k) (4.7)
k=1
where w(k) 1is a decreasing weighting sequence which selects
a segment of x(n) and M is the number of samples in the win-
dow. The sequence E(n) displays the time-varying energy
characteristics of the signal x(n). The selection of a suit-
able window w(k) and appropriate window width M is very im-
portant in obtaining useful energy measurements. The window
w(k) 1is taken as a decreasing function so that PCG samples

which occurred further back in time will have lower weight

attached with them. The choice of M depends on the nature of
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the signal and the sampling rate wused. If M is too small
there will be many ripples in E(n) making it appear noisy;
however, if M is too 1large E(n) will become featureless
[106]. With a sampling rate of 1024 Hz, M is chosen to be 32

and the window function is defined as w(k) = M+1-k.

This method is used to obtain the time-varying amplitude
characteristics of the systolic and diastolic segments of
the PCG signal for one cardiac cycle. The significance of
E(n) 1is that it provides a good measure for separating the
heart sounds and murmurs from the silent periods during the
cardiac cycle. Thus, thé presence of murmurs is indicated
when significant energy appears after the first heart sound
in the systolic segment or after the second heart sound in

the diastolic segment.

4,6.3 PCG Energy Spectrum

The frequency content of the PCG 1is one of the easiest
features that can be assessed by auscultation. It is also an
important factor in the detection of murmurs. A normal PCG
lies in the 0 - 200 Hz frequency band. The frequency content
of murmurs may be as high as 600 Hz; however the freguency
content depends upon the pressure gradient across the de-
fect, which depends upon the extent of the defect. The ener-
gy spectrum of the signal, which is the square of the Fouri-
er fransform, gives useful information by providing the

distribution of energy versus frequency.
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Physically, the Fourier transform X(k) represents the
distribution of signal strength with frequency. The fast
Fourier transform (FFT) 1is a method for computing the dis-
crete Fourier transform (DFT). With x(n) representing the
signal, the DFT is defined by [107]

N-1 nk
X(k) = r x{(n) w (4.8)
n=0 N
for k = 0,1,...,N-1. The term X(k) is the kth coefficient of
the DFT and x(n) is the nth sample of the time series, con-
sisting of N samples. The term Wy = exp(-j27/N). The inverse
discrete Fourier transform (IDFT) is given by
1 N-1 -nk
x(n) = - Z X(k) W (4.9)
N k=0 N :

A typical FORTRAN source code of a radix-2 decimation in
time FFT is shown in Figure 4.10. The FFT subroutine imple-
mented in MC68000 assembly language 1is based on this algor-
ithm [108]. To facilitate understanding of the assembly lan-
guage version, each FORTRAN statement 1is reproduced in the

comment field of the corresponding block of MC68000 instruc-

tions (See Appendix B).

The first part of the program, which is equivalent to the
DO 3 loop, performs the 1in-place bit reversal shuffling of
the input vector. The second part} equivalent to the nested
DO loops, performs the actual FFT computations. Loop DO 4
I=J,N,LE evaluates the butterflies which have the same coef-

ficient W) in a given stage. Loop DO 5 I,LE1 computes and
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keeps track of which coefficient WY 1is being evaluated in a
given stage, while loop DO 5 L=1,LN runs through all M stag—

es.

The 8231A APU performs 16— and 32-bit fixed-point opera-
tions, as well as 32-bit floating-point arithmetic. In addi-
tion to the basic afithmétic operations (add, subtract, mul-
tiply, aivide) the APU also evaluates logarithmic and
trigonometric functions. The APU commands operate on oper-
ands located at the top of the APU stack (TOS) and next on
stack (NOS) and results are returned to the stack at NOS and
then popped to TOS. Operands are entered into the stack
least significant Eyte first and most significant byte last
by writing to the APU operand entry address APUOPER. The APU
stack can accommodate four floating-point quantities. After
the operands are positioned on the stack, a command can be
issued by writing to the APU command entry address APUCOM.
An interrupt request from the APU signals the current com-
mand execution is completed. At this time, the result from
an operation can be read from TOS or a new command can be

given.

The time required to compute a 1024-point FFT is approxi-
mately 4.3 seconds. All calculations are done in floating-
point arithmetic to eliminate scaling and rounding of val-
ues, and to provide a greater dynamic range. Figures 4.11
and 4.12 show examples of typical time signals and their re-

spective transforms computed using the PCG analysis system.
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Since the digitized PCG segment x(n) is of finite length,
the data is multiplied by a Hamming window w(n) to improve
the spectral quality of the output. This process convolves
the Fourier transforms of x(n) and w(n). The Hamming window
equation is as follows [109]:
.54 + (.46)cos(2mn/N), |n| < (N-1)/2

w(n) = (4.10)
0 , otherwise

Here N is the number of samples in the segment.

The FFT routine is used to compute the Fourier transform
of the systolic and. diastolic segments of the PCG signal
over one cardiac cycle. The energy spectrum, which 1is the
square of the Fourier transform, is computed for both seg-
ﬁents to obtain the distribution of energy versus the fre-
guency. This method is used to obtain the fregquency domain
characteristics of the PCG for one cardiac cycle. An indi-
cation of the presence of high frequency murmurs is obtained
when the energy spectrum displays‘significant energy beyond

200 Hz.
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C

SUBROUTINE FFT(F,LN)

COMPLEX F(1024),U,W,T,CMPLX
PI=3.141593
N=2*%*LN

C START BIT REVERSAL

C

C FFT

U >

NV2=N/2

NM1=N-1

J=1

DO 3 I = 1,NM1

IF (I .GE. J) GO TO 1
T = F(J)

F(J) F(I)

F(I) T

K=NV2

IF (K .GE. J) GO TO 3
J = J-K

K=K/2

GO TO 2

J=J+K

Hon

COMPUTATION

DO 5 L=1,LN
LE=2%*[,
LE1=LE/2
U=(1.0,0.0)
W=CMPLX (COS(PI/LE1),-SIN(PI/LE1))
DO 5 J=1,LE1
DO 4 I=J,N,LE
IP=I+LE1
T=F(IP)*U
F(Ip)=F(I)-T
F(I)=F(I)+T
U=U*W

RETURN

END

Figure 4.10: FFT FORTRAN Source Code
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4.6.4 PCG Enerqgy Distribution Coefficient

To quantify the energy curve, a quantity which depends on
the distribution of energy over the duration of the signal
is used. This quantity is the Energy Distribution Coeffi-
cient [77] and is defined as

L L ;
EDC, = z a(n)E(n)/ = E(n) (4.11)
n=1 n=1
where E(n) 1is the energy curve, L is the number of samples

in E(n), a(n) is a nondecreasing weighting sequence, and the

subscript t denotes the time domain. In this work, we de-
fine a(n) = n. Additional subscripts s and d denote the
systolic and diastolic segments, respectively. A similar

guantity EDCf is defined for the frequency domain with E(n)
in the above equation replaced by the energy spectrum. The

denominator is a normalization factor.

From the above equation, it is apparent thét due to the
progressively heavier weighting PCG signals with systolic
and/or diastolic murmurs will have larger EDCyg and/or
EDCtd values than a normal PCG signal with no murmurs.
Also, signals with higher frequency components can be ex-

pected to have higher EDCfs and EDC values as their energy

fd
spectra will have larger values at frequencies away from the
origin. Thus the PCG signal can . be represented by the four
Quantities EDC tg, EDCiq- EDCis' and EDC¢q which give an in-

dication of the location of murmurs in the cardiac cycle and

the frequency content of the signal. To compare different
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records of varying durations, a correction factor must be
applied to the guantity EDC. In this work, the EDC; values
are corrected by dividing by the number of samples and mul-
tiplying by a factor of 1024. A correction factor 1is not

necessary for EDC as the duration L of the energy spectrum

f
is common to all signals, equal to one half the number of

points used for the computation of the FFT.

4.7 SUMMARY

To summarize, an MC68000 microprocessor based system has
been designed to analyze the time and frequency domain char-
acteristics of the PCG signal. The ECG and carotid pulse
signals are used as timing references for the PCG to identi-
fy the first and second heart sounds and to segment the PCG
into systole and diastole. The systolic and diastolic energy
curves and energy spectra are computed and quantified using
the Energy Distribution Coefficient. Typical computation
times for the PCG analysis system routines are shown in Ta-
ble 4.2. These times could be considerably reduced with a
faster microprocessor. Upon completion of the analysis rou-
tines the EDC values are available to the operator. A rou-
tine to display the results is then invoked allowing the op-
erator to view the various output signals on an oscilloscope

or strip chart recorder via the D/A converters.
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TABLE 4.2
Typical Execution Times of the PCG Analysis System
' Routines
Signal Processing Routine Typical Execution

Time (seconds)

A/D Conversion 1
ECG ‘Processing—-QRS Complex Detection 1
Carotid Processing-Dicrotic Notch 0
PCG Processing—-Time Domain:
Systolic Energy Curve and EDC- 2
Diastolic Energy Curve and EDC 3
PCG Processing-Frequency Domain: '
Systolic Energy Spectra and EDC 6
Diastolic Energy Spectra and EDC 6

TOTAL: 22.3




Chapter V

DISCUSSION OF RESULTS

Phonocardiogram signals of 5 healthy, normal subjects and
20 patients with valvular and other cardiovascular defects
were taken up for study using the proposed techniques. For a
majority of the patients, PCG signals were obtained from
various recording sites on the chest wall. This provided a
greater number of signals to be tested using the PCG analy-
sis system. The ECG signal and carotid pulse were used as
references for selection of the PCG signal over one cardiac
cycle and for the segmentation of the PCG 1into systole and
diastole. The energy curves and energy spectra of the sys-—
tolic and diastolic segments of the PCG signals were ob-
tained, and using these, EDC g, EDC.4, EDCgg, and EDC¢q were

computed.

An important aspect of PCG segmentation is to ensure min-
imal error results in the computation of the EDC values.
Possible errors 1in the segmentation procedure include the

following:

1. Portion of S2 included in systole.
2. Portion of systole included in diastole.
3. Portion of systole, with a systolic murmur, included

in diastole.

- 90 -
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The use of the standardized S2-D interval ensures that a
portion of S2 is not included 1in the systolic segment, al-
though the two other cases mentioned above are still possi-
ble sources which may affect the EDC values. Figures 5.1 and
5.2 show a normal PCG and a PCG containing a systolic mur-
mur, respectively, with various magnitudes of PCG segmenta-
tion error. The PCG signals were initially viewed on a strip
chart recording and the exact S2-D delay was used to segment
the signal 1into systole and diastole. Segmentation errors
were then introduced by varying the standardized S2-D inter-
val. Referring to Table 4.1 it can be seen that the minimum
$2-D delay is 35 msec. Using the standardized S2-D interval
of 53 msec, the maximum error which could be expected in
segmenting the PCG is 18 msec, i.e., 18 msec of systole will
be included in the diastolic segment. This is one of the
and EDC _ val-

t £
ues are computed for the case with no error and for the cas-

cases shown in Figures 5.1 and 5.2. The EDC

es with segmentation errors. The results are reflected in
Table 5.1. Note that the errors in the EDC values are rela-
tively small, confirming the accuracy of this method. The
PCG Segmentation method proved to be quite accurate for the

PCG analysis performed in this work.
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TABLE 5.1

EDC Errors Incurred From Segmentation'Errors

PCG Error EDCts EDCtd EDCfs EDCfd
Normal no error 160 123 77 82
(Pigure 5.1) 10 msec 163 128 77 80
18 msec - 170 132 77 80

SM no error 410 119 120 77
(Figure 5.2) 10 msec 416 122 131 75
18 msec 420 130 133 75

Figure 5.3 shows a PCG signal, segmented into systole and
diastole, and the energy curve and energy spectrum of each
segment. It can be seen that the energy curves display peaks
corresponding to the first and second heart sounds. From the
energy spectra it is seen that there is practically no ener-
gy beyond 120 Hz. The energy spectrum of the systolic seg-
ment contains peaks at approximately 25 Hz, 42 Hz, 58 Hz,
and 74 Hz. It is interesting to note that a previous study
for spectral decomposition of the first heart sound revealed
it consists of a number of peaks in the frequency range 10 -
140 Hz [44]. In the present analysis, the peaks have ap-
peared in the same frequency range. Similarly, the diastol-
ic energy spectrum contains peaks at approximately 35 Hz, 54
Hz, 83 Hz, and 106 Hz, which égree with results attained in
[45], in which spectral decomposition of the second heart

sound was performed.
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The segmented PCG of a subject with wventricular septal
defect (VSD) is shown in Figure 5.4. The corresponding ener-
gy curves display peaks corresponding to the first heart
sound and a split second heart sound. The systolic energy
curve shows the presence of a systolic murmur. The systolic
energy spectrum indicates significant energy up to approxi-
mately 330 Hz, indicating the presence of a high frequency
murmur. The diastolic energy curve and energy spectrum show
a normal diastole with no murmurs and no significant energy

beyond 120 Hz.

PCG signals of subjects with pansystolic ejection murmur
(PEM), mitral insufficiency (MI), and aortic stenosis (AS)
with «corresponding energy curves and energy spectra are
shown in Figures 5.5, 5.6, and 5.7. The systolic energy
curve and energy spectrum shown in Figure 5.5 indicate the
presence of a systolic murmur with energy up to approximate-
ly 200 Hz. The diastolic energy curve and energy spectrum
indicate normal diastole. The systolic energy curve and the
diastolic energy curve shéwn " in Figure 5.6 display peaks
corresponding to a systolic and diastolic murmur.  However,
these murmurs are of low frequency (below 120 Hz) and thus
the energy spectra do not indicate significant energy at
higher frequencies. The systolic and diastolic energy curves
and energy spectra of the patient ‘with AS, shown in Figure
5.7, exhibit the presence of a low frequency systolic murmur

and a normal diastole.
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To take into account variations of the PCG signal during
inspiration and expiration, the average of a minimum of five

sets of EDC EDCtd' EDCfs, and EDC values, obtained from

ts’ fd
PCG cycles picked up at random from the recordings, were

computed for each subject. The average EDC ¢ and EDC_, values

f
obtained for the- 47 signals tested are shown in Table 5.2,
The diagnosis of the cardiologist (col.2), the recording
site of the PCG (col.3), and the observed features of the
signal (col.4) are included in the table. From this table
it can be seen that in general, signals with systolic mur-
murs and/or diastolic murmurs have greater EDC ¢ and/or
EDCtd values than for normal cases. Also the EDCf values for
the cases with high frequency murmurs are greater than those
for normal cases. A definite classification scheme could
not be developed due to the nonavailability of an adequate
number of cases belonging to any particular disease catego-
ry. However, the signals were divided into systole and dias-
tole and further grouped 1into normal signals and signals
with murmurs. The mean and standard deviation of the EDC;
and EDCf values of each group are computed and reflected in
Table 5.3. Here it 1is seen that the signals with systolic
murmurs or diastolic murmurs have largers EDCts or EDCg4
values, respectively, than those for normal signals. Murmurs
are often graded depending upon their intensity. However, in
this work the murmurs were not graded and murmurs of varying

intensity are present within a group. This explains the

considerably high standard deviations (particularly in the
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cases with murmurs). Other factors which could induce varia-
tions in the EDC.q values include a large or split second
heart sound and the presence of &a third or fourth heart

~sound in late diastole.

For systole it can be seen that the EDC¢g values are
greater for cases with systolic murmurs than for normal cas-
es. However, many of the signals of the pathological cases
did not have apparent energy beyond 120 Hz. A few signals
had energy extending up to 330 Hz, these resulting in large
EDC ¢¢ values and thereby increasing the Epcfs mean. For the
EDC¢q values none of the pathological cases had diastolic
murmurs with significant energy over 120 Hz; i.e. all cases

had low frequency diastolic murmurs.

With an adeqguate training set having a sufficiently large
number of cases in each category and gradation of murmurs, a
pattern recognition technique could be developéd with the
EDC, and EDCf values as parameters for detection and clas-

t
sification of murmurs.
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TABLE 5.2
Average EDC, and EDC Values

Patient Diagnosis Site Observed EDC.g EDCyq EDCgg EDCeq
features :

1 2 3 4 5 6 7 8
A N P N 198 149 61 67
B N P N 169 154 75 80
C N P N 181 151 50 60
1A MI P SM, MDM 223 180 55 56
1B T 207 172 55 56
2A MI P SM, DM 379 154 52 54
2B T SPLS2 205 188 50 52
2C M 258 273 50 52
3a VSD P SM,SPLS2 540 120 104 100
3B T S3 520 188 108 96
4A MR P SM 327 180 54 56
4B T 205 190 56 54
5 ASD P SM,SPLS2 262 196 80 68
6 PAV P SM 259 138 70 65
7A VSD P SM,SPLS2 469 172 116 70
7B T 390 142 125 68
8a AS A SM 340 148 80 74
8B T 330 130 69 70
9A VSD P SM 245 197 74 56
9B T 204 156 65 60
10 VSD T SM 200 173 60 69
11a PEM p SM 356 144 - 118 80
11B C 403 200 95 66
12A VSD, PS p SEM, RA 315 230 74 89
12B P ‘RESP 350 230 80 62
12C M 326 230 86 61
13 VSD T SM 412 196 103 55
14A N p N 170 160 50 48
14B A 175 145 54 50
15A  AS A SM 454 186 74 56
15B M 381 181 74 56
15C p ‘ 360 143 60 58
16A VSD P PSM 430 176 109 75
16B T 458 143 103 60
16C T 421 159 105 65
17 ASD,PS T SM, DM 253 266 82 80
18 N T N 168 149 56 54
19A VSD, PS P SM 490 237 112 70
19B T 433 183 108 68
20 PS A MSM 230 144 68 75
21 PDA P SM, DM 346 318 58 69
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1 2 3 4 5 6 7 8
22A N P N 205 148 80 82
22B T 187 166 76 80
22C M 179 157 75 78
23A TA,PS A SM, DM 416 364 76 80
24A AR P SM, DM 224 155 84 76
24B M 246 263 73 82

Legend: col.2: N-normal, AS-aortic stenosis

ASD-atrial septal defect
MI-mitral insufficiency, MR-mitral regurgitation
PAV-prosthetic aortic valve
PDA-patent ductus arteriosus
PEM-pulmonary ejection murmur
PS-pulmonary stenosis, TA-tricuspid artesia
VSD—ventricularjseptal defect

col.3: P-pulmonary area A-aortic area
T-tricuspid area M-mitral area
C-clavicular

col.4: N-normal, SM-systolic murmur

DM-diastolic murmur

MDM/SM-middiastolic/systolic murmur

PSM-pansystolic murmur

RESP-respiration pulse

SPLS2-split second heart sound

S$3-third heart sound
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TABLE 5.3

Mean and SD of EDCt and EDCf Values

Number EDCts SD EDC¢g SD
Systole of cases
Normal 9 181.3 12.4 64.1 11,6
SM 38 338.6 97.4 80.7 21.6
Number EDC td SD EDC £4 SD
Diastole of cases
Normal 37 164.7  24.5 67.6 12.1
DM 10 233.2 69.8 65.7 12.2




Chapter VI

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
STUDY

6.1 CONCLUSIONS

In conclusion a prototype MC68000 microprocessor-based
system has been designed to provide qguantitative analysis of
the phonocardiogram. The system includes 32K bytes RAM, A
three-channel data acguisition section, ah arithmetic pro-
cessing unit, and a set of D/A converters. The system has
the provisions to be dedicated to phonocardiographic appli-
cations. A detection algorithm for the first and second
heart sounds, which is one of the most important problems in
an automatic phonocardiogram diagnosis system, has been de-
veloped. The ECG and carotid pulse signals are used to seg-
ment the phonocardiogram into systole and diastole. A method
has been presented to quantify the systolic and diastolic
segments of the phonocardiogram into four parameters repre-
senting their time and frequency domain charactéristics.
Tests on 47 phonocardiogram signals show that the method can
lead to an interesting and potentially useful method for de-
tection and classification of murmurs. Studies with a large
numbgr of signals could lead to an elaborate classification
scheme. A system performing such classification would be ex-

tremely useful for screening purposes and routine diagnosis.
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RECOMMENDATIONS

A large number of signals in each disease category
should be tested using the PCG analysis system and
the methods presented in this work. To improve clas-
sification the murmurs should be graded according to
their intensity. Furthermore, when recording the PCG
signals, the transducer should be placed on the area
of the chest at which the 1intensity of the murmur is
maximized. The signals should be recorded in an
acoustically quiet room, if ©possible. A pattern
classification technigue could then be developed us-
ing the EDC values as parameters for the detection

and classification of murmurs.

The PCG analysis system could be used to investigate

other areas of heart sound research such as:

a) applying passive sonar techniques to PCG signals
recorded at multiple locations on the thorax to
estimate the location of heart sognds in 3D. This
work would involve identification of corresponding
events in the different signals by cross—correla-
tion and coherence techniques;' estimation of time
delay between arrival of the.events at different
locations; and, ranging to determine the locations

of sources.
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b) testing the functional and structural integrity of
cardiac prosthetic valves using the sounds pro-

duced by the valves.

Modifications to the hardware could be undertaken to
increase the efficiency of the PCG analysis system.
In particular, a -direct memory access controller
could be added to increase the speed of APU opera-
tions. In addition, the system RAM could be increased
in order to store longer durations of signal. The
added RAM would also provide the additional memory
required to allow the signaLs to be digitized at a

higher sampling rate.
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TABLE A.1
Device Reference
Reference Type GND +5vV -5V  +12v  -12V
U1 74LS20 7 14
U2 74L.S05 7 14
U3 741500 7 14
U4 7415245 10 20
uUs 74L,8245 10 20
U6 741,824 1 10 20
U7 741,524 1 10 20
U8 74L.5373 10 20
U9 74L.S373 10 20
Ulo0 74C109 7 14
Ul 74C109 7 14
Utz 7415175 8 16
Ui3 74C109 7 14
Ul4d 741,5138 8 16
Ui1s 74L.S20 7 14
Uulé6 74L.S93 10 5
ui7 ADC1210 21 22 20
Ui8 741,574 7 14
U19 LM555 1 8
U20 741504 7 14
U21 74121 7 14
u22 MC1741 7 14
U23 MC14051B 8 16 7
u24 7400 7 14
u25 74LS175 8 16
u26 LF398 1 4
u27 LF398 7 1 4
u28 LF398 7 1 4
u29 MC1741 7 4
uU30 MC1741 7 4
U3i MC1741 7 4
U32 MC1741 7 4
U33 MC1741 7 4
U34 MC1741 7 4
u3s 74LS04 7 14
U36 74L,S175 8 16
u37 - 74L,5138 8 16
u3s DAC1210LCD 3,12 24
U39 DAC1210LCD 3,12 24
U40 DAC1210LCD 3,12 24
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TABLE A.2
Device Reference
Reference Type GND +5v -5V +12v  -12v
U4t MC1741 3 7 4
U4?2 MC1741 3 7 4
U43 MC1741 3 7 4
U44 741,574 7 14
U45 7415175 8 16
U46 741,593 10 5
ua7 8231A 1 2 16
U48 7415245 10 20
U49 74L504 7 14
U50 74LS00 7 14
U51 74LS00 7 14
Us2 741.8175 8 16
U53 2764 14 1,27,28 -
Ub4 2764 14 1,27,28
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Figure A.1: SAAB Schematic Diagram (sheet 1 of 3)
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Figure A.3:

SAAB Schematic Diagram (sheet 3 of 3)
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MC68000 ASM REV:1.51- COPYRIGHT MOTOROLA 1978 PAGE 1
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00000300
00005FFE
00000900
00001500
00001500
00002100
00002100
00002D00
00001B00
000020FC
00002100
00002300
00002300
00003700
00003700
00003EFC
00004700
00004700
00005700
00005700
00005EFC
00004700

00010021
00010025
0001002D
00010035
00020001
00020003
00020005
0002000C
00020008
00040000
00040004
00040008
00604000E
00050001
00050011

000000 OOFF
00007700
00007F00
00007F02
00007F04

00007F06

00007F08
00007F0A
00007F0C
00007F0BE
G0007F10
00007F12
00007F16
00007F18
00007F1A

* NAM THESIS PROJECT, YOU KNOW!!

MEMST
MEMEND
ECGSTRT
ECGEND
CARSTRT
CAREND
PCGSTRT
PCGEND
TRECGST
TRECGEN
TRCARST
TRCAREN
PCGENST
TMPSTA
XRST
XRENH
XREN
XIST
XIEN
TMPSTB
TMPENB
TMPSTC
*

* 1/0

EQU
EQU
SET
SET
SET
SET
SET

EQU
EQU
EQU

$0900
$5FFE
$0900
$1500
$1500
$2100
$2100
$2D00
$1B00
$20FC
$2100
$2300
$2300
$3700
$3700
$3EFC
$4700
$4700
$5700
$5700
S5EFC
$4700

START OF RAM

END OF RAM

STARTING ADDRESS OF ECG SAMPLES

ENDING ADDRESS OF ECG SAMPLES

STARTING ADDRESS OF PCG SAMPLES

ENDING ADDRESS OF PCG SIGNALS

STARTING ADDRESS OF CAROTID SAMPLES
ENDING ADDRESS OF CAROTID SAMPLES
STARTING ADDRESS OF TRANSFORMED ECG
ENDING ADDRESS OF TRANSFORMED ECG
STARTING ADDRESS OF TRANSFORMED CAROTID
ENDING ADDRESS OF TRANSFORMED CAROTID
STARTING ADDRESS OF PCG ENERGY CURVE
TEMPORARY STORAGE OF CONVOLVED SAMPLES
STARTING ADDRESS OF REAL PART OF PCG
HALFWAY POINT REAL ARRAY

ENDING ADDRESS OF REAL PART OF ECG
STARTING ADDRESS OF IMAGINARY PART OF PCG
ENDING ADDRESS OF IMAGINARY PART OF PCG
TEMPORARY STORAGE OF POWER SPECTRUM DATA
END OF TEMPORARY STORAGE

STARTING ADDRESS OF POWER SPECTRUM CONV.

DEVICE ADDRESSES

BEQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
BEQU
EQU
EQU
EQU
EQU

* VARIOUS

DS.B 255
VDR EQU
QRS BQU
QRS2 EQU
T2PEAK EQU
*

DCRTC EQU
*

PCGS1A EQU
PCGS1B EQU
PCGS2 EQU
PCGENSE EQU
PCGENDE EQU
SEQNUM EQU
EDCTSYS EQU
EDCTDIA EQU
EDCFSYS EQU

$10021
$10025
$1002D
$10035
$20001
$20003
$20005
$2000C
$2000E
$40000
$40004
$40008
$4000E
$50001
$50011

PI/T TIMER CONTROL REGISTER
PI/T COUNTER PRELOAD REGISTER
PI/T COUNTER

P}/T TIMER STATUS REGISTER
A/D CHANNEL 1 -

A/D CHANNEL 2

A/D CHANNEL 3

READ A/D CONVERTER

START SAMPLE-HOLDS

D/A CHANNEL 1 WRITE AND LATCH
D/A CHANNEL 2 WRITE AND LATCH
D/A CHANNEL 3 WRITE AND LATCH
APU INTERRUPT ACKNOWLEDGE
COMMAND TO W/R OPERANDS TO/FROM APU
SEND COMMAND TO APU

DATA REGISTERS USED BY ROUTINES

S7F00
VDR

VDR+2
VDR+4

VDR+6

VDR+8
VDR+10
VDR+12
VDR+14
VDR+16
VDR+18
VDR+22
VDR+24
VDR+26

127

AREA OF MEMORY USED FOR DATA REGISTERS

NUMBER OF BYTES TO QRS1

NUMBER OF BYTES TO QRS2

NUMBER OF BYTES TO DICROTIC NOTCH USING
T2 PEAK OF CAROTID TRANSFORM.

NUMBER OF BYTES TO DICROTIC NOTCH USING
CDCRTC ROUTINE.

NUMBER OF BYTES TO S1

NUMBER OF BYTES TO SECOND $1 (QRS2)
NUMBER OF BYTES BETWEEN S1 AND S2

END OF SYSTOLIC PCG ENERGY CURVE

END OF DIASTOLIC PCG ENERGY CURVE

TIME DOMAIN EDC FOR SYSTOLIC SEGMENT
TIME DOMAIN EDC FOR DIASTOLIC SEGMENT
FREQ DOMAIN EDC FOR SYSTOLIC SEGMENT
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63 00007F1E EDCFDIA EQU VDR+30 FREQ DOMAIN EDC FOR DIASTOLIC SEGMENT
64 00007F2A L EQU VDR+42

65 00007F2C LE EQU VDR+44

66 00007F2E LE1 EQU VDR+46

67 00007F30 1 EQU VDR+48

68 00007F32 J EQU. VDR+50

69 00007F34 WR EQU VDR+52

70 00007F38 WI EQU VDR+56

71 00007F3C UR EQU VDR+60

72 00007F40 Ul EQU VDR+64

73 00007F44 QuoT EQU VDR+68

74 00007F48 COUNTER EQU VDR+72

75 *

76 *

77 *  A/D AND APU CONSTANTS, COMMANDS, AND REGISTERS

78 *

79 *

80 0000007A ADSMPL EQU 122 COUNTER VALUE - 1024 HZ SAMPLING RATE
81 000001EB ADWNSMP EQU 488 COUNTER VALUE - 256 HZ SAMPLING RATE
82 00000001 STRTIMR EQU $01 START TIMER

83 00000000 HLTIMR EQU $00 HALT TIMER

B4 00000070 ADEXADD EQU $70 A/D EXCEPTION ADDRESS

85 00000070 APUEXAD EQU $70 APU EXCEPTION ADDRESS

86 *

87 *

88 * ECG, CAROTID, PCG ADDRESSES AND FFT CONSTANTS

89 *

90 *

91 00000900 ECGSNEW EQU  $0900 NEW ECG START ADDRESS

92 00000C00 ECGENEW EQU  $0C00 NEW ECG END ADDRESS

93 00000C00 CARSNEW EQU  $0C00 NEW CAROTID START ADDRESS

94 00000F00 CARENEW EQU  SOF00 NEW CAROTID END ADDRESS

95 00000F00 PCGSNEW EQU  S$OF00 NEW PCG START ADDRESS

96 00001B00 PCGENEW EQU  $1B0OC NEW PCG END ADDRESS

97 00000008 ECGDWN EQU $08 ECG DOWNSAMPLE FACTOR (/2)

98 00000008 CARDWN EQU $08 CAROTID DOWNSAMPLE FACTOR

99 00000002 PCGDWN EQU $02 PCG DOWNSAMPLE FACTOR (/2)

100 00000010 ECGCNV  EQU 16 ECG CONVOLVE WINDOW WIDTH

101 00000010 CARCNV  EQU 16 CAR CONVOLVE WINDOW WIDTH

102 00000020 PCGCNV  EQU 32 PCG CONVOLVE WINDOW WIDTH

103 00000098 T1TOT2 EQU 152 MOVE AHEAD THIS MANY BYTES TO LOOK FOR T2
104 0000001B DS2DEL EQU 27 DELAY BETWEEN S2 AND DICROTIC NOTCH (53 MS
105 00000004 LNN EQU 10

106 00000400 N EQU 1024 N=2**LNN

107 00000200 NV2 EQU N/2 NV2=N/2

108 000003FF NM1 EQU N~1 NMT=N-1

109 008A3D70 HAMS54 EQU $008A3D70 .54 FLOATING POINT

110 7FEBBS51E HAM46 EQU $7FEBB51E .46 FLOATING POINT

111 *

112 *
113 * APU COMMANDS
114 *
115 *

116 00000006 . ACOS EQU $06  32-BIT FLOATING-POINT INVERSE COSINE
117 00000005 ASIN EQU $05  32-BIT FLOATING-POINT INVERSE SINE
118 00000007 ATAN EQU $07  32-BIT FLOATING-POINT INVERSE TANGENT
119 00000034 CHSD EQU $34  32-BIT FIXED-POINT SIGN CHANGE
120 00000015 CHSF EQU $15  32-BIT FLOATING-POINT SIGN CHANGE
121 00000074 CHSS EQU $74  16~BIT FIXED-POINT SIGN CHANGE
122 00000003 cos EQU $03  32-BIT FLOATING-POINT COSINE

123 0000002C DADD EQU s2C 32-BIT FIXED-POINT ADD
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124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
138
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

0000002F
0000002E
00000036
0000002D
0000000A
00000010
00000013
0000001E
0000001F
0000001C
0000001D
00000012
00000011
00000008
00000009
00000000
060000038
00000018
60000078
00000037
00000017
00000077
0000001a
00000008
0000006C
0000006F
00000002
00000068
00000076
00000001
0000006D
00000004
00000039
00000019
00000079

000000FD
000000F8
000000F7
000000F3
000000EC
000000EA
000000ES
000000E8
00000087
000000E6
000000E5
000000E4
000000E3
000000E2
000000E1
00000000

DDIV
DMUL
DMUU
DSUB
EXP
FADD
FDIV
FIXD
FIXS
FLTD
FLTS
FMUL
FSUB
LOG
LN
NOPAPU
POPD
POPF
POPS
PTOD
PTOF

PTOS

PUPI
PWR

SADD
SDIV

LINKIT
OUTCH
INCHE
OUTPUT
HEX2DEC
PUTHEX
PNT2HX
PNT4HX.
PNT6HX
PNTBHX
START
TUTOR
OUT1CR
GETNUMA
GETNUMD
ERROR1
*

EQU
EQU
EQU
EQU
EQU
EQU
EQU

S2F
$2E
$36
$2D
$0a
$10
$13
$1E
S1F
sic
$1D
s$i12
$11
$08
$09
$00
$38
$18
$78
$37
$17
$77
$1a
$0B
$6C
$6F
$02
$6E
$76
$01
$6D
$04
$39
$19
$79

32-BIT
32-BIT
32-BIT
32-BIT
32-BIT
32-BIT
32-BIT
32-BIT
32-BIT
32-BIT
16-BIT
32-BIT
32-BIT
32-BIT
32-BIT

PAGE 3

FIXED-POINT DIVIDE
FIXED-POINT MULTIPLY, LOWER
FIXED-POINT MULTIPLY, UPPER
FIXED-POINT SUBTRACT

FLOATING POINT
FLOATING POINT
FLOATING-POINT
FLOATING-POINT
FLOATING-POINT
FIXED-POINT TO
FIXED-POINT TO
FLOATING-POINT
FLOATING-POINT
FLOATING-POINT
FLOATING-POINT

NO OPERATION
32-BIT STACK POP

EXP(X)

ADD

DIVIDE

TO 32-BIT FIXED POINT
TO 16-BIT FIXED-POINT
32-BIT FLOATING-POINT
32~BIT FLOATING-POINT
MULTIPLY

SUBTRACT

COMMON LOG

NATURAL LOG

32-BIT STACK POP (SAME AS POPD)

16-BIT STACK POP

PUSK 32-BIT TOS ONTO STACK

PUSH 32~BIT TOS ONTO STACK (SAME AS PTOD)
PUSH 16-BIT TOS ONTO STACK

PUSH 32-BIT FLOATING-POINT PI

32-BIT
16-BIT
16~BIT
32-BIT

FLOATING-POINT X(Y)
FIXED-POINT ADD

FIXED-POINT DIVIDE
FLOATING-POINT SINE

16-BIT
16-BIT
32-BIT
16-BIT
32~-BIT FLOATING-POINT
EXCHANGE 32-BIT STACK
EXCHANGE 32-BIT STACK
EXCHANGE 16-BIT STACK

FLOATING-POINT

14 FUNCTION CODES

253
248
247
243
236
234
233
232
231
230
229
228
227
226
225
0

129

FIXED~POINT MULTIPLY,LOWER
FIXED-POINT MULTIPLY,UPPER

SQUARE ROOT

FIXED-POINT SUBTRACT

TANGENT
OPERANDS
OPERANDS (SAME AS XCHD
OPERANDS

APPEND USER TABLE TO TRAP 14 TABLE
OUTPUT SINGLE CHARACTER TO PORT 1
INPUT SINGLE CHARACTER FROM PORT 1
OUTPUT STRING TO PORT1

CONVERT HEX TO ASCII

CONVERT 1 HEX DIGIT
" w "
W z ww "
" 6 ¥ A
A 8 w "
RESTART TUTOR
GO TO TUTOR

OUTPUT STRING PLUS 'CR','LF'

CONVERT ASCII ENCODED HEX TO HEX

-=> ASCII
— 9
—_— [
> "
— ]

TO PORT 1

CONVERT ASCII CODED DECIMAL TO HEX
ERROR #1 MESSAGE: QRS COMPLEXES
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182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

:#############################################################
MACRO LIST
:#############################################################'

CALLCNVL MACRO
*
SETS POINTER FOR AND CALLS CONVOLVE ROUTINE FOR ECG AND

*

* CAROTID TRANSFORMS AND PCG ENERGY CURVE.

* MACRO CALL IS 'TRANSFORM START,CONVOLVE FACTOR,TRANSFORM END
*

MOVE.W #\1,40 STARTING ADDRESS OF TRANSFORMED SIGNAL
MOVE.W #\2,D0 CONVOVLE WINDOW WIDTH

MOVE.W #\3,A1 ENDING ADDRESS OF TRANSFORMED SIGNAL
JSR CNVLV GOTO CONVOLVE SUBROUTINE

ENDM

*ERFEBEHHHFFHEFHH AR R F AR R R H TR AR AR AR AR R Y
CLDATA2 MACRO
*

* CLEARS TWO DATA REGISTERS
*

CLR.\0 \1

CLR.\O \2

ENDM

HERFFHEHBAGE B EHFHHBESH BT HEHHH S F R R LA S ST 440008
CLDATA3 MACRO

*x

* CLEARS THREE DATA REGISTERS
*

CLR.\0 \1

CLR.\0 \2

CLR.\0 \3

ENDM

*ERABH AR B HGEH B AR LB RS RH R H B SR AL I H R A S BB 4 H S H AR H S 00
CLDATAB MACRO

*

* CLEARS BEIGHT. DATA REGISTERS
*

CLR.\0 DO

CLR.\0 D1

CLR.\0 D2

CLR.\0 D3

CLR.\0 D4

CLR.\0 D5

CLR.\0 D6

CLR.\0 D7

ENDM

S LI IS T RS LTRSS LS AL E LRSS LA LSS LTI L LS

CONVERT MACRO
*

* USED FOR A/D CONVERSION. DUMMY WRITE TO TIE PROPER MUX INPUT
* CHANNEL TO OUTPUT CHANNEL AND TO START A/D CONVERTER. THEN
#* WAIT FOR INTERRUPT. AFTER INTERRUPT INCREMENT CHANNEL COUNTE
* MACRO CALL IS 'A/D CHANNEL EA,COUNTER DATA REG®

N ,

MOVE.B #0,\1 MUX IN<-->QUT AND START A/D

STOP #$2300 WAIT UNTIL CONVERSION IS FINISHED.

* PUT PROCESSOR IN SUPERVISOR STATE WITH
* INTERRUPT PRIORITY LEVEL 0.

ADDI.B #1,\2 INCREMENT A/D CHANNEL COUNTER

ENDM .

FEEFLEREHFG SR AR AR HRAERE R HH AR SRR AR S RS A R R R Y

\ 130
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243
244
245
246
247
248
249
250
251
252
253
254
2585
256
257
258
258
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
2717
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303

DATAMV MACRO
*

* MOVES A BLOCK OF DATA FROM ONE LOCATION TO ANOTHER W/DOWNSAM
* MACRO CALL IS 'ORIGINAL STARTING ADDRESS,ADDRESS REGISTER,

* ORIGINAL END ADDRESS,ADDRESS REGISTER,NEW START,NEW END,

* ADDRESS REGISTER,DOWNSAMPLE FACTOR'

*

\STPOIN< \1,\2,\3,\4 OLD ECG DATA POINTER
1 SET \5 :
\3 SET \6 SET NEW START AND END ADDRESSES
MOVE.W #\1,\7 NEW DATA POINTER (DOWNSAMPLED DATA)
\@ MOVE.W (\2),(\7)+ MOVE DATA
aDD.W #\8,\2 DOWNSAMPLE
cMP.W \4,\2
BLT.S \@ CONTINUE UNTIL ALL DATA MOVED
ENDM

*EEFSHS S H SRR A HH R S A R S S R A
DATIMER MACRO

*

* INITIALIZE PI/T REGISTERS AND START COUNTING. ALL PARAMETERS
* HAVE BEEN SET UP FOR D/A ROUTINES. NEED SAMPLING PERIOD IN

* DO.
*

STPOIN2.L CNTR,A5,CPR,A6 COUNTER,PRELOAD ADDRESS

MOVE.L DO,D7 SAMPLING PERIOD; NOTE THAT THERE IS
* PRESCALER (/32); WITH THE CLK=4MHZ,
* A COUNTER VALUE OF 1 EQUALS 8 US.

MOVEP.L D7,0(A6) SAMPLING PERIOD --> PRELOAD REGISTE

MOVE.B #1,TSR RESET TSR

MOVE.B #STRTIMR,TCR START TIMER USING TCR RUN CODE

ENDM

HERHERAHHH SR H RS EH GBS SRS H AR R B AR FHEHHHAH SRS H RS 40
DELAY MACRO

*

* CAUSES A TIME DELAY. A DELAY VALUE OF '1' CORRESPONDS TO

* APPROXIMATELY 4.5 USEC.

* MACRO CALL IS 'DELAY VALUE IM,DATA REGISTER'

*

MOVE.W #\1,\2
\€@ DBRA \2,\€
* ENDM
FHEEHBHEHEHH SRS B E AL S S S HEH SRS SR HHH AR RHHH RIS
DSPLOPT MACRO
*

* DISPLAY D/A OPTIONS ON TERMINAL.
* MACRO CALL IS 'START ADDRESS OF MESSAGE EA,END ADDRESS EA'
*

LEA \1,AS5

LEA \2,A6

TRP14 OUT1CR

ENDM

*EHSHEA SR F B E B AR AR B B S RS R R R R 4
GETADD MACRO

*

* COMPUTES ADDRESS FROM NUMBER OF BYTES AND STARTING ADDRESS.
* MACRO CALL IS 'NUMBER OF BYTES BEA,ADDRESS REGISTER,STARTING
*  ADDRESS'
*

MOVE.W \1,\2

ADD.W #\3,\2
ENDM
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304
305
30&
307
308
308
310
311
312
313
314
315
316
317
318
318
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
338
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364

A E SRR A R A R R R R R R R

ML3216 MACRO
*

* THIS MACRO MULTIPLIES A 32 BIT NUMBER BY & 16 BIT NUMBER.

* RESULT (48 BITS) IS RETURNED IN MULTIPLICAND (LOWER 32 BITS)
* AND TEMP DR2 (UPPER 16 BITS).

* MACRO CALL IS 'MULTIPLIER (16 BITS) EA,MULTIPLICAND (32 BITS
* TEMP DR1,TEMP DR2,TEMP DR3’

*

CLR.L \<

MOVE.W \2,\3 LOWER WORD OF MULTIPLICAND INTO TEMP
MULU.W \1,\3 MULTIPLY TEMP BY MULTIPLIER

SWAP \2 UPPER WORD OF MULTIPLICAND INTO LOWER WO
MULU.W \1,\2 MULTIPLY LOWER WORD BY MULTIPLIER

MOVE.B #15,\5
\€@ LSL.L #1,\2
ROXL.L #1,\4

DBRA \5,\@

ADD.L \3,\2 ADD TO GET LOWER 32 BITS
CLR.L \i

ADDX.L \5,\4 ADD TO GET UPPER 16 BITS
ENDM

FERERSA AR A R SRR EA RN R R R R R R A R R Y
SPACE MACRO
*

* OUTPUTS BLANK LINE TO TERMINAL.
*

LEA SPAC,A5

LEA SPCE,A6

TRP14 OUT1CR

ENDM

*EEFRHR R R AR RS 4R H A S A R A S S R Y
STPOIN2 MACRO

*

* SETS TWO POINTERS. MUST INDICATE WHETHER B,W,LW.

* MACRO CALL IS 'VALUE IM,ADDRESS REGISTER' * 2

*

MOVE.\O #\1,\2

MOVE.\O #\3,\4

ENDM

FHESHHH BB EH S RA B H SRS H A AR AR R R A S
STPOIN3 MACRO )

e

* SETS THREE POINTERS. MUST INDICATE WHETHER B,W,LW.
* MACRO CALL IS 'VALUE IM,ADDRESS REGISTER' * 3
*

MOVE.\0 #\1,\2

MOVE.\0 #\3,\4

MOVE.\O #\5,\6

ENDM
*#############################################################

SQUARE MACRO
*

* THIS MACRO SQUARES A WORD AND STORES IT AS A LONG WORD.
* MACRO CALL IS 'DATA REGISTER (WORD),DATA REGISTER (LW),
* ADDRESS REGISTER (MEMORY POINTER)'

*

MOVE.W \1,\2

MULS.W \1,\2 SQUARE NUMBER

MOVE.L \2, (\3)+ STORE QUANTITY AS LONG WORD

ENDM
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365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

SESEHREHHEHRHRBRSHH RS HBREH B RSB E R AR AR SR SRR S S BB BB H S S S 484
TEMPMOVE MACRO

*®

* MOVES DATA FROM TEMPORARY MEMORY (FROM CONVOLVE S/R) TO

* ACTUAL TRANSFORM MEMORY.

* MACRO CALL IS °'TRANSFROM START,MEMORY POINTER'

*

STPOIN2 \1,A0,TMPSTA,A1
\@ MOVE.L {(a1)+,(A0)+ MOVE FROM TEMP TO TRANSFORM
CMP.W #\2,A0
BLT \@
ENDM X
AEEFFERHHERFH R F R H S S S H SRR R BRI R R R R R R4
TIMER MACRO
*
* INITIALIZE PI/T REGISTERS AND START COUNTING.
* MACRO CALL IS °'COUNTER ADDRESS REGISTER,PRELOAD ADDRESS
* REGISTER,SAMPLING PERIOD,PERIOD DATA REGISTER'
%

STPOIN2.L CNTR,\1,CPR,\2 COUNTER,PRELOAD ADDRESS

MOVE.L #\3,\4 SAMPLING PERIOD; NOTE THAT THERE 1§
* PRESCALER (/32): WITH THE CLK=4MHZ,
* A COUNTER VALUE OF 1 EQUALS 8 US.

MOVEP.L \4&,0{\2) SAMPLING PERIOD —~> PRELOAD REGISTE

MOVE.B #1,TSR RESET TSR

MOVE.B #STRTIMR,TCR START TIMER USING TCR RUN CODE

ENDM

*EEBEHEHH RSN S HH AR S H SRS S AR B S AR S S H AR S RS B R
TRP14 MACRO

*

* USED TO INVOKE TUTOR TRAP 14 HANDLER.

* MACRO CALL IS 'FUNCTION NUMBER IM'.

*

MOVE.B #\1,D7

TRAP #14

ENDM

i di i bR LIS EF RIS ELIEEE LSS EEESE SIS EE T
TRUNCAT MACRO

*

* THIS MACRO TRUNCATES A 32 BIT LONG WORD TO 12 BITS.
* MACRO CALL IS 'SIGNAL POINTER REGISTER,DATA REGISTER'
%

MOVE.L (\1)+,\2

swap \2
LSR.W #4,\2
ENDM

FHERE AR E R RS AR E R RN R R AR R R SRR R R R R R R R R A R S
TSTIMR MACRO

*

* TEST TSR TO DETERMINE IF TIMER HAS COUNTED DOWN TO ZERO.

* AFTER COUNTING DOWN DETERMINE IF ALL DATA HAS BEEN PROCESSED

- % MACRO CALL IS 'END ADDRESS REGISTER,SIGNAL POINTER REGISTER'

%

\@ CMP.B #0,TSR
BEQ \@
MOVE.B #1,TSR
cMP.w \1,\2

ENDM
*

133



QUANTITATIVE ANALYSIS OF PCG,ECG, AND CAROTID PULSE PAGE 8

425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485

EFFEHEREF AR AR NSRRI AR A R R A S R R R R
*EFERSHHEFHE S EHE A B R HHE RS R R R A A
*%

#
*# #
Bt APU & FFT MACROS #
*# #

#
*EEHERE A H R H AR RS R A RS A R S R R R R R R
*EFERFAREER AR AR R R R R R R R
*

*

APU MACRO

*

* JSSUE A COMMAND TO MANIPULATE DATA ON APU STACK.
* MACRO CALL IS °‘COMMAND IM'
*

MOVE.B #\1,APUCOM

STOP #$2300

ENDM

*HEEBHEFH R T HH SR FSHH ST RAHAHR ARSI B RS SR R
APUSGRD MACRO

*

* READ 32-BIT WORD FROM APU TO SIGNAL ARRAY

*  MACRO CALL ‘SIGNAL AR,ARRAY SCRIPT DR,APU ADDRESS AR'

*

MOVE.W #$3,D7
\€@ ROL.L #$8,D6

MOVE.B (\3),D6

DBRA D7,\@

MOVE.L D6,0(\1,\2)

ENDM

REE TR E I IS T RS SR ISR LSS LSS SIS AL SRS L RS LSS LT L
APUSGWR MACRO

*

* MOVE A 32-BIT NUMBER FROM SIGNAL ARRAY TO APU

* MACRO CALL IS 'SIGNAL POINTER AR,ARRAY SCRIPT DR,APU ADDRES
*

MOVE.L 0(\1,\2),D6

MOVE.W #$3,D7
\@ MOVE.B D6, (\3)

ROR.L #$8,D6

DBRA D7,\@

ENDM

*EREBARB RS SRS G R RS RG G A BB B A SRS FEERH A AT EM O G A SRS RS B H S H1S
APURD MACRO

*

%  READ 32-BIT NUMBER FROM APU.

*  MACRO CALL IS 'APU OPERAND ADDRESS AR,DATA DR'
*

MOVE.W #$3,D7
\@ ROL.L #$8,\2

MOVE.B (\1),\2

DBRA D7,\€

ENDM
HERGFAFHREBRLHREBRF AR B BERBRRBETR BRI A
APUWR MACRO

*

* MOVE A 32-BIT NUMBER FROM MEMORY TO APU
* MACRO CALL IS 'VALUE DR,APU ADDRESS AR'
*

MOVE.W #$3,D7
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486
487
488
489
430
491
492
493
494
495
496
4897
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

\@ MOVE.B \1,(\2)

ROR.L #38,\1

DBRA D7,\@

ENDM
FHERHBERFHHRBHRHHH SRS A S S S HH 0SS H A S RS SR S S S S 1 8
LPUWR16 MACRO
k4
* MOVE A 16-BIT NUMBER FROM MEMORY TO APU
* MACRO CALL IS 'VALUE DR,APU ADDRESS AR'
*

MOVE.W #3$1,D7
\& MOVE.B \1,(\2)

ROR.L #358,\1

DBRA D7,\@

ROR.L #$8,\1

ROR.L #$8,\1

ENDM

FEERHREH B R R BT EHH R H A HH BB A B H RS BSR4 4B S 40 8 8
POW2TOA MACRO

*

* CALCULATES 2**A. MACRO CALL IS 'A EA'
*

MOVE.W \1,D7

SUBI.W #1,D7

MOVE.W #1,D6
\@ MULU.W #2,D6

DBRA D7,\@

ENDM

HERBHHAFHEH AR HH RIS B A H SRS SRS SRS SR RS H A RSB H 8 4 434
REORDER MACRO

*

* MACRO CALL IS ADDRESS AR,J DR,T DR,I DR
*

MOVE.L 0(\1,\2),\3
MOVE.L 0(\1,\4),0(\1,\2)
MOVE.L \3,0(\1,\4)

ENDM
*

*
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526
527
528
529
530
531
532
533
534
. 535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551

552
553
554
556
556
557
557
557
557
557
557
558
558
558
559
560
561
562
563
564
565
566
567

PAGE 10

:#############################################################
MAINLINE
FEREHE A SRR BRI MR R IS S R AR R R R R

SET UP USER TRAP 14 TABLE

A/D CONVERSION

ECG PROCESSING

CAROTID PROCESSING

PCG PROCESSING (TIME DOMAIN)
PCG PROCESSING (FREQ DOAMIN)
SIGNALS USING D/A CONVERTERS

* MAINLINE CALLS THE FOLLOWING SUBROUTINES:
* USRFNCS:

® ADCONV ¢ PERFORM

* ECG: PERFORM

* CAR: PERFORM

* PCGT: PERFORM

* PCGF: PERFORM

* DAFIX: DISPLAY

* FIN: END PROGRAM

*

*

00006000 ORG $006000
006000 4280 CLR.L DO
006002 307C0900 MOVE.W #MEMST,A(
006006 20C0 MEMCLR MOVE.L DO, (a0)+
006008 BOFCS5FFE CMP.W #MEMEND,AO
00600C 6FF8  BLE.S MEMCLR
00600E 343CO007E MOVE.W #30,D2
006012 4EBB72D4 MAIN JSR BLANK
006016 51CAFFFA DBRA D2,MAIN
00601A 4EBS860CE JSR USRFNCS
00601E 4EB86126 JSR ADCONV
006022 21FC00006240
0070 MOVE.L #APISR,APUEXAD
00602A 4EBB624A JSR EBCG
00602E 4EB863CA JSR CAR
006032 4EBB65A0 JSR PCGT
006036 4EBB6F02 JSR PCGF
00603A 4EBB72D4 JSR BLANK
DSPLOPT QUIT,QUITE
00603E 4BFB6064 LEA QUIT,AS
006042 4DF8608BC LEA QUITE,A6
TRP14 OUTICR
006046 1E3CO0E3 MOVE.B #OUT1CR,D7
00604A 4E4E  TRAP #14
TRP14 INCHE
00604C 1E3COQF7 MOVE.B #INCHE,D7
006050 4E4E  TRAD #14
006052 0C000051 CMP.B #$51,D0
006056 6704 BEQ.S GOFIN
006058 4EBB7206 JSR DAFIX
00605C 4EB872D4 GOFIN JSR BLANK
006060 4EBB7ABE JSR FIN
006064 4F
00608C 20

QUITE DC.W ' '
*

*

136
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CLEAR MEMORY

CLEAR SCREEN

QUIT DC.W 'OPTION: QUIT (Q) OR DISPLAY RESULTS <R>'
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569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
- 587
588
589
590
5581
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
607
607
607
607
607
607
607
607
607
607
607
607
608
609
610
611
612
613
614
615
616

006088
006090
006094

006096
006098
00609A

00609C
00609E
0060A0

0060A2
0060A4
0060A6
0060A8
0060AA
0060AC
0060B0O
0060B2
0060B4
006088
0060BA
0060BC
0060BE
06060CO
0060C4
0060C6
0060C8
0060CA
0060CC

KA A AR AR KRB AR AR AN AKAKRARNANKKRAA T KAAKRATARKAR AN A A Ak hwdkd

* CONVOLVE SUBROUTINE
*° CALLED BY: ECNVL, CCNVL, PTCNVS, PTCNVD
R L R iR i R AR R 2T T T T T L

A0 ==> A2 <--> TRANSFORMED SIGNAL POINTER

*

* A1 <--> END OF TRANSFORMED SIGNAL
* A3 <--> CONVOLVE POINTER
* A4 <—-> TEMPORARY RESULT POINTER
* D0 <--> CONVOLVE WINDOW WIDTH (M)
# D1 <--> C(N) = SUMMATION .....
® D2 <~--> WINDOW WIDTH DOWN COUNTER
* D3 <--> TRANSFORM VALUE
* D4,D5,D6 <~-> TEMPORARY DATA STORAGE
Fr R AR 22 AR XA AR SRS R TSR XSS ISR EL LRSS EL LS L2 58 53 81
* CALL FOLLOWING MACROS:
* ML3216
HHKKKEKR R EEK AT TR AKKAKRKKRKAKRXAKRKEAXA KA AR AR A AR AR A A A XA kT h Ak ohdd
*  CONVOLVE SUBROUTINE USED BY ECG AND CAROTID TO SMOOTH ECG
% AND CAROTID TRANSFORM. USED BY PCG TO SMOOTH THE ENERGY CUR
* SET POINTERS. BLOCK OF MEMORY STARTING AT TMPSTA IS USED TO
* STORE THE CONVOLVED SIGNAL.
*
3448 CNVLV MOVE.W A(,A2 TRANSFORMED SIGNAL POINTER
387¢3700 MOVE.W #TMPSTA,A4 TEMPORARY MEMORY POINTER
584A  ADDQ.W #4,A2 INCREMENT BY ONE LONG WORD
*
* SET POINTERS FOR INNER LOOP CALCULATIONS
*
364A CNVLV1 MOVE.W A2,A3 CONVOLVE INNER LOOP POINTER
4281 CLR.L D1 C(N)=0
3400 MOVE.W DO,D2 NUMBER OF SAMPLES IN WINDOW
*
* COMPUTE C(N) FOR SPECIFIC N ,I.E., C(N)=SUMMATION.
*
2623 CNVLV2 MOVE.L -(A3),D3 DECREMENT, THEN LOAD DATA
B6C8  CMP.W AQ,A3
6D22  BLT.S CNVLV3 ENSURE THAT THE WINDOW DOES NOT
* EXTEND BEFORE THE START POINTER.
ML3216 D2,D3,D4,D5,D6 X(N~-K)W(K)
4285 CLR.L D5
3803 < MOVE.W D3,D4
CBC2  MULU.W D2,D4
4843 SWAP D3
C6C2  MULU.W D2,D3
1C3CO000F MOVE.B #15,D6
£38B @003 LSL.L #1,D3
E395 ROXL.L #1,DS
51CEFFFA DBRA D6,@003
D684  ADD.L D4,D3
4286 CLR.L D6
DB86 - ADDX.L D6,D5
D283 ADD.L D3,D1 C(N) SUMMATION
51CAFFDA DBRA D2,CNVLV2 CONTINUE UNTIL ENTIRE WINDOW COMPUT
2B8C1 CNVLV3 MOVE.L D1, (A4)+ C(N) COMPUTED FOR SPECIFIC N
584A  ADDQ.W #4,A2
B4CY  CMP.W A1,A2
6DCA  BLT.S CNVLV1 COMPUTE C(N) FOR ALL N
4E75  RTS

%
*
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618 ' *ERSF RS HSHHHEGH AR HA A B E B A H R R RS R R AR AR B R R SR 8

g;g :#############################################################

621 * DEFINE TABLE FOR TRAP 14 USER FUNCTIONS

622 *

6%3 :#############################################################

624

625 * AQ <--> START OF NEW TABLE, AFTER TRP14 A0 CONTAINS

626 * ) THE POINTER TO THE OLD TABLE

627 *

g%g :#############################################################

630 * CALL FOLLOWING MACROS:

631 * TRP14

632 *

633 *EREFHHS B EHEH RS EL SRS R H A RS S R RS B AR R R HR SRR R

234 :#############################################################
5

636 *

637 * THIS SUBROUTINE SETS UP THE LOOKUP TABLE OF THE STARTING

638 * ADDRESSES OF USER-DEFINED FUNCTIONS CALLED BY THE TUTOR TRA

639 * 14 HANDLER. THE FORMAT FOR ENTRIES IN THIS TABLE IS SUUSSSS

640 * WHERE $UU IS THE FUNCTION NUMBER AND $SSSSSS IS THE STARTIN

641 * ADDRESS OF THE FUCNTION.

642 *

643 *

644 0060CE 41F860DE USRFNCS LEA NEWTBL,AQ REGISTER A0 POINTS TO NEW TA

645 TRP14 LINKIT

645 0060D2 1E3COOFD MOVE.B #LINKIT,D7

645 0060D6 4E4E TRAP #14

646 0060D8 21CB60E2 MOVE.L AQ,ENDTBL A0 POINTS TO OLD TABLE

647 0060DC 4E75 RTS
648 0060DE. 0000 NEWTBL DC.W $0000
649 0060E0 60E6 DC.W UTRER1 ERROR #1~-QRS PEAK DETECT ERROR
650 0060E2 0000 ENDTBL DC.W $0000
651 0060E4 0000 DC.W $0000
*

652

653 *EEFHHERFEEEHHH AR R RS SHE SRR R R R R A S R R AR R
654 * ERROR HANDLING ROUTINES

655 ® CALLED BY TRAP 14

256 :#############################################################
57

658 * ERROR #1: UNSUCCESSFUL ATTEMPT AT FINDING TWO CONSECUTIVE
659 * ORS PEAKS. OUTPUT ERROR MESSAGE TO TERMINAL, THE
660 * GO TO TUTOR.

661 *

662 0060E6 4EBB72D4 UTRER1 JSR BLANK

663 DSPLOPT E1,ETE OUTPUT ERROR MESSAGE

663 0060EA 4BFB86100 LEA E1,A5

663 0060EE 4DF86124 LEA E1E,A6

663 TRP14 OUT1CR

663 0060F2 1E3CO0E3 MOVE.B #OUT1CR,D7

663 0060F6 4E4E TRAP #14

664 TRP14 TUTOR CONTROL TO TUTOR

664 0060r8 1E3CO0E4 MOVE.B #TUTOR,D7

664 0060FC 4E4E TRAP #14

665 0060FE 4E75 RTS

666 006100 45 E1 DC.W 'ERROR #1: 2 QRS COMPLEXES NOT FOUND'
667 006124 20 E1E DC.W ' '

668 *
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670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
703
703
703
703
703
704
705

706
706
706
706
707
708
709
710
711
712
713
714
715
718
718
715
718
715
715

RERERFEA RS ARG SR ERSH AR AR REHE R AR RS HR AR RRH S B AR SRR RSB
:#############################################################

&

A/D CONVERSION

*
*ERGEFARESHHHHHH B RSHE RS SRR R S

AD
Al
A2
A3
Ad

D0
D1
D2

ok % o 3k o ¥ % % % o ¥ % X 3k X X

*

AS,

<--> ECG POINTER

<--> PCG POINTER

<--> CAROTID POINTER

<~-> PI/T COUNTER ADDRESS

<~-> PI/T PRELOAD ADDRESS

A6 <--> USED BY TRAP 14 HANDLER
<--> SAMPLING PERIOD

<--> §/H DELAY

<-=> A/D CHANNEL COUNTER REGISTER

FEFEHESHHE AR SRR E R AR R R R R R AR R R R R Y
CALLS FOLLOWING MACROS:

CONVERT '*' DELAY
STPOIN3 TIMER->STPOIN2
TRP14 "'

*ERFERER R RS HERHR A BB RB AR RHH RS H RS H BB AR B RS A RS HA SRR R R RS04
i i s isd it idis s iad it st

*

* _ SET ECG, PCG, CAROTID POINTERS AND ISR, COUNTER, PRELOAD

* ADDRESSES. NOTE: INTERRUPTING DEVICE IS THE M6800 TYPE IRQ
* ISR IS AUTOVECTOR 28.
*

*

ADCONV DSPLOPT ADST,ADSTE DISPLAY START OF A/D

006126 ABFB61EA
00612A 4DFB86202

00612E 1E3CO0E3

006134 21rC0000621C

LEA ADST,A5
LEA ADSTE,A6
TRP14 OUTICR
MOVE.B #OUT1CR,D7
006132 4B4E TRAP #14

*

0070 MOVE.L #¥ADCISR,ADEXADD

STPOIN3.
MOVE.W #ECGSTRT,A0
MOVE.W #PCGSTRT,A1
MOVE.W #CARSTRT, A2

00613C 307C0900

006140 327C2100

006144 347C1500
*

& % F X % F ¥

W BCGSTRT,A0,PCGSTRT,A1,CARSTRT,A2

INITIALIZE TIMER. THE COUNTER IS SET WITH THE SAMPLING PERI
AND IS DECREMENTED. WHEN THE COUNTER REACHES ZERO, THE ZERO
DETECT BIT IN THE TSR WILL BE SET. THIS INDICATES THE END O
A SAMPLING PERIOD.

TIMER A3,A4,ADSMPL,D0

STPOIN2.
MOVE.L #CNTR,A3
MOVE.L #CPR,A4
#ADSMPL, DO
MOVEP.L DO,0{(A4)

006148 267C0001002D
00614E 287C00010025
006154 707a MOVE.L
006156 01CC0000
00615a 13rFC0001
00010035 MOVE.B

L CNTR,A3,CPR, A4

#1,TSR
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715 006162 13FPC0001

00010021 MOVE.B #STRTIMR,TCR
716 *
717 *
718 * PERFORM A DUMMY WRITE TO INITIATE THE HOLD STATE IN THE
719 * §/H DEVICES. A DELAY IS THEN INCURRED TO ALLOW THE S/H
720 * DEVICES TO ACQUIRE THE SIGNALS.
721 ®
722 ®
723 006164 4202 ADCONT CLR.B D2 CLEAR SIGNAL COUNTER
724 00616C 13FC0000
C002000E MOVE.B #0,HOLD DUMMY WRITE -- START HOLD STATE
725 DELAY 8,D1 DELAY FOR SAMPLE-HOLD (37 USEC)
725 006174 323C0008 MOVE.W #8,D1
725 006178 51COFFFE @010 DBRA D1,8010
726 *
727 *
728 * DIGITIZE THE ECG, PCG, CAROTID. A DUMMY WRITE IS PERFORMED
729 * TO TIE THE PROPER MUX INPUT TO THE OUTPUT AND TO START THE
730 *  A/D CONVERTER. A WAIT STATE IS THEN ENTERED UNTIL THE
731 * PROCESSOR RECEIVES AN INTERRUPT INDICATING THE END OF
732 * “CONVERSION. D2 IS USED AS A SIGNAL COUNTER TO INDICATE WHIC
733 * SIGNAL IS CURRENTLY BEING DIGITIZED.
734 *
735 %
736 CONVERT ADCH1,D2 CONVERT ECG
736 00617C 13FC0000
00020001 MOVE.B #0,ADCHT
736 006184 4E722300 STOP #52300
736 006188 06020001 ADDI.B #1,D2
737 i
738 *
739 CONVERT ADCH2,D2 CONVERT CAROTID
739 00618C 13FC0000
00020003 MOVE.B #0,ADCH2
739 006194 4E722300 STOP #$2300
739 006198 06020001 ADDI.B #1,D2
740 *
741 *
742 CONVERT ADCH3,D2 CONVERT PCG
742 00619C 13FC0000
00020005 MOVE.B #0,ADCH3
742 0061A4 48722300 STOP #$2300
742 0061A8 06020001 ADDI.B #1,D2
743 *
744 *
745 * WAIT UNTIL THE SAMPLING PERIOD HAS TERMINATED. WHEN THE ZER
746 * DETECT BIT IN THE TSR EQUALS ONE THE PERIOD IS OVER.
747 *
748 #
749 0061AC 0C380000
00010035 ADWAIT CMP.B #$0,TSR
750 0061B4 67F6  BEQ ADWAIT
751 *
752 *
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754 *
755 *
756 * AFTER THE PERIOD IS OVER, THE CONTENTS OF THE CPR ARE
757 * TRANSFERRED TO THE CNTR AND THE CNTR STARTS DECREMENTING
758 * AGAIN. RESET THE TSR BY WRITING A $1 TO THE REGISTER. THEN
759 * DETERMINE WHETHER 1.5 SECONDS OF DATA HAS BEEN ACQUIRED. IF
760 * ALL THE DATA HAS NOT YET BEEN ACQUIRED CONTINUE WITH THIS §
761 *
762 *
763 0061B6 13FC0001
00010035 MOVE.B #1,TSR RESET TSR
764 0061BE BOFC1500 CMP.W #ECGEND,A0
765 0061C2 6FA6 BLE ADCONT DETERMINE IF ALL DATA ACQUIRED
766 0061C4 13FC0000
00010021 MOVE.B #HLTIMR,TCR HALT TIMER USING TCR HALT CODE
767 *
768 *
769 * CLEAR MOST SIGNIFICANT NIBBLE IN EACH WORD. THE RANGE OF
770 * VALUES IS: -2.5V = 0000; 0.0V = 0B0O; 2.5V = OFFF.
771 . %
772 *
773 0061CC 307C0900 MOVE.W #ECGSTRT,A0Q '
774 0061D0 025B80FFF ADCNVRT ANDI.W #$OFFF,(A0)+ CLEAR MOST SIGNIFICANT NIB
775 0061D4 BOFC2DOO CMPI.W #PCGEND,AOQ
776 0061D8 6FF6 BLE.S ADCNVRT
777 *
778 DSPLOPT ADFIN,ADFINE DISPLAY END OF A/D
778 0061DA 4BFB86204 LEA ADFIN,AS5
778 O0061DE 4DF8621A LEA ADFINE,A6
7178 TRP14 OUT1ICR .
778 0061E2 1E3CO0E3 MOVE.B #OUT1CR,D7
778 0061E6 4E4E TRAP #14
779 *

780 0061E8 4E75 RTS

781 0061EA 53 ADST DC.W 'START OF A/D CONVERSION'
782 006202 20 ADSTE DC.W * '

783 006204 45 ADFIN DC.W 'END OF A/D CONVERSION'
784 006214 20 ADFINE DC.W ' '

785 *

786 *
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788 *#############################################################
789 A/D INTERRUPT SERVICE ROUTINE

790 * APU INTERRUPT SERVICE ROUTINE

73; :#############################################################
7

793 * A0 <--> ECG POINTER

794 * A1 <--> PCG POINTER

795 * A2 <--> CAROTID POINTER

796 *

73; :#############################################################
7

799 *

800 * THIS ISR SERVICES THE INTERRUPT CAUSED BY THE END OF CONVER
801 * SION SIGNAL FROM THE A/D CONVERTER. THE SAMPLE VALUE IS REA
802 * FROM THE A/D BUFFER, THEN STORED IN SYSTEM RAM. THE S/R ALS
803 * KEEPS TRACK OF WHICH SIGNAL IS BEING DIGITIZED AND INCREMEN
804 * THE ECG,PCG,CAROTID POINTERS. ECG=SIGNAL#0, PCG=SIGNAL#1,
805 * CAROTID=SIGNAL#2.

806 *

807 *

808 00621C 0C020000 ADCISR CMPI.B #0,D2

809 006220 6E08 BGT.S AD1 :

810 006222 30F90002000C MOVE.W ADREAD, (A0)+ STORE ECG DATA AND INCREMENT
811 006228 6014 BRA.S ADEND

812 00622A 0C020001 AD1 CMPI.B #1,D2

813 00622E 6E08 BGT.S AD2

814 006230 32Fr90002000C MOVE.W ADREAD, (A1)+ STORE PCG DATA AND INCREMENT

815 006236 6006 BRA.S ADEND
816 006238 34F90002000C AD2 MOVE.W ADREAD, (A2)+ STORE CAROTID DATA & INCREME
817 00623E 4E73 ADEND RTE
818 *
819 * THIS ISR HANDLES THE INTERRUPT RECEIVED FROM THE APU. AN
820 * INTERRUPT ACKNOWLEDGEMENT IS SENT TO THE APU BY WRITING TO
821 * ADDRESS APUEACK.
822 *
823 006240 33FCOOFF

0004000E APISR MOVE.W #$FF,APUEACK DUMMY WRITE~SEND INTERRUPT ACKNOWLE
824 006248 4E73 RTE
825 *
826 *
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828
829
830
831
832
833
834
835
836
837
838
839
840
841
B42
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
B6S
865
865
865
865
B66
867
B68
B69
870
B71
872
873
B74

00624A

00624E
006252

006256
00625A
00625C
006260
006264
006268
00626C
00626E
006294

ESESESE RS E AR HA R RS S S R R A A A A R R R R R
:#############################################################

*

ECG PROCESSING

*
*HGHEHHFSFSEAFBH R BEH BB R SRR R R A R R R R R R

% o % % % % % ¥ X

*

THE BCG PROCESSING ROUTINE IS COMPRISED OF THE FOLLOWING
MODULES ¢

EMOVE: DOWNSAMPLE ECG,CAROTID AND MOVE DATA TO BOTTOM OF
MEMORY .

EDFSQU: DIFFERENTIATE AND SQUARE ECG SIGNAL

ECNVL: CONVOLVE ECG

EQRS: FIND CONSECUTIVE QRS PEAKRS

SRS AR RH RS FLERHE A H R HH BB H RSB F S H AR H R RSB R R RSB R R R R BRI
HESHEBHE SRR HH S AR H AR A AR AR AR R R A AR

*

* A QRS COMPLEX DETECTION ROUTINE BASED ON A SMOOTHED DIFFEREN
* OF THE DIGITIZED BECG SIGNAL IS USED TO DETERMINE THE RR
* INTERVAL. WITH X(N) REPRESENTING THE DIGITIZED ECG, THE FIRS
* DIFFERENCE IS COMPUTED USING
* D(N)=xX(N+1)-X(N).
* THE FOLLOWING TRANSFORMATION IS THEN APPLIED TO SMOOTH THE
* ENERGY OF THE DIFFERENCE SIGNAL
* M2 :
* G(N)= B D (N-KIW(R)
* K=1
* WHERE W(K) IS A WEBIGHTING SEQUENCE WHICH SELECTS A SEGMENT O
* D(N) AND M IS THE NUMBER OF SAMPLES IN WINDOW, AND N IS THE
* RUNNING INDEX OF THE SIGNAL AND ITS TRANSFORM.
& .
%
*
4EB872D4 ECG JSR BLANK
DSPLOPT ECST,ECEN
4BFB626E LEA ECST,AS
4DFB86294 LEA ECEN,A6
TRP14 OUT1CR
1E3CO0E3 MOVE.B #OUTI1CR,D7
4E4E  TRAP #14
4EB86296 JSR EMOVE
4EB862D4 JSR EDFSQU
4EBB62F2 JSR ECNVL
4EBB6314 JSR EQRS
4E75  RTS

45 ECST DC.W 'BECG PROCESSING - QRS COMPLEX DETECTION’
20 ECEN DC.W ' '
%*

*
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876
877
878
879
880
881
882
883
884
885
886
887
888
889
BSO
891
B892
893
854
895
B36
897
898
899
899
899
899
899
899
899
899
899
899
899
900
900
900
900
900
900
900
900
900
900
900
901
901
901
901
901
901
901
201
901
901
901
902
903
904

AR AT A KA IR AR AKX A KRR A A AN KRR AT A AAREAAARAAEAIAARAAAARAANRAAR AT RNNER
X
* EMOVE
*
******_*_**s‘(****************************************************
*
* AD <-—-> SIGNAL POINTER
* Al <--> END OF SIGNAL DATA
#* A2 <--> NEW SIGNAL POINTER
¥*
AR AR T A N A AR A R AT AR AT AT AT A AN AR AR AT AR XA R KRR AT AAN R IAR AT XA Y
%
* CALL FOLLOWING MACROS:
* DATAMV->STPOIN2 '’
*
AR AR A KA AR AT A A AT AN A AN AAAAAAIAAAAE AR AR ARA AN R D AR AN AT AT TAR
*
&
¥  THIS MODULE DOWNSAMPLES THE ECG AND CAROTID BY 4 TO GIVE AN.
* EFFECTIVE SAMPLING RATE OF 256 HZ. ALL DATA INCLUDING THE P
* ARE THEN RELOCATED TO THE BOTTOM OF USER MEMORY.
*
%
EMOVE DATAMV ECGSTRT,A0,ECGEND,A1,ECGSNEW,ECGENEW, A2, ECGDWN
STPOIN2 ECGSTRT,A0,ECGEND,AT
006296 307C03900 MOVE #ECGSTRT,AQ
006294 327¢1500 MOVE #ECGEND, A1
00000900 ECGSTRT SET BECGSNEW
00000C00 ECGEND SET ECGENEW
00629E 347C0800 MOVE.W #ECGSTRT, A2
006242 34D0 @016 MOVE.W (A0),(A2)+ MOVE DATA
0062A4 5048  ADD.W #ECGDWN,AQ
0062A6 BOCY9 CMP.W A1,AD
0062A8 6DF8  BLT.S @016
DATAMV CARSTRT,A0,CAREND,A1,CARSNEW, CARENEW,A2 , CARDWN
STPOIN2 CARSTRT,A0,CAREND,A1
0062aA 307C1500 MOVE #CARSTRT,AQ
0062AE 327C2100 MOVE #CAREND,AT
00000C00 CARSTRT SET CARSNEW
00000F00 CAREND SET CARENEW
0062B2 347C0C00 MOVE.W #CARSTRT,A2
006286 34D0 @017 MOVE.W (A0),(A2)+ MOVE DATA
0062B8 5048  ADD.W #CARDWN,AD
0062BA BOC9  CMP.W A1,AD
0062BC 6DF8 BLT.S @017
DATAMV PCGSTRT,A0,PCGEND,A1,PCGSNEW, PCGENEW, A2, PCGDWN
STPOIN2 PCGSTRT,AD,PCGEND, AT
0062BE 307C2100 MOVE #PCGSTRT,AQD
0062C2 327C2D00 MOVE #PCGEND,A1
00000F00 PCGSTRT SET PCGSNEW
00001800 PCGEND SET PCGENEW
0062C6 347CO0F00 MOVE.W #PCGSTRT,AZ2
0062CA 34D0 @018 MOVE.W (A0),(A2)+ MOVE DATA
0062CC 5448  ADD.W #PCGDWN,AD
0062CE BOCS CMP.W A1,A0D
0062D0 6DF8 BLT.S @018
0062D2 4E75 RTS
3
*
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906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
921
921
922
923
924
925
926
926
926
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
945
945
945
945
946
946
946
946
946
946
946
947
948
949

0062D4
0062D8
0062DC
0062DE
0062E0
0062E2

0062E4
0062E6
0062E8
0062EA
0062EE
0062F0

0062F2
0062F6
0062FA
0062FE

006302
006306
00630a
00630C
006310
006312

KA AKKA AR KA KRBT KA AKRKERATANAEKRAXNXATANA A A A Ak Ak h koo hehdd

* EDFSQU
AR A E A KA AR AN T AA AR KA AR AT A A A AR A AR AR ALK AT AR AR AR A T XA Ak KX d
* A0 <--> ECG POINTER
* A1 <--> TRANSFORMED ECG POINTER
* D0 <--> N
® D1 <--> X(N+1)-%X(N)
x 2 <==> K(N+1)-R(N)*%2
AR AR AT A AT A AR A AT AR AR KR AT AA AT AR NATA AR ARKR A A AN AN ATk hhd%
* CALLS FOLLOWING MACROS:
* STPOIN2 SQUARE
A AR K A A AT A A AT A AR R A A AN AR AR AR AKNAARRAXARA I AN AR XKkt
*
* TAKE FIRST DIFFERENCE OF DIGITIZED ECG SIGNAL AND SQUARE.
*
EDFSQU STPOIN2 ECGSTRT,AQ,TRECGST,AT
307C09800 MOVE #ECGSTRT, A0
327C1B00 MOVE #TRECGST, AT
4299 CLR.L (Al1)+ SET 1ST TRANSFORMED ECG SAMPLE TO 0
3018 EDFSQ MOVE.W (A0)+,DO

3210 MOVE.W (AQ),D1
9240  SUB.W DO,D1
SQUARE D1,D2,A1
3401 MOVE.W D1,D2
csc1 MULS.W D1,D2

22C2  MOVE.L D2,(A1)+ MOVE DATA
BOFCOCO00 CMP.W #ECGEND, A0
6DEE  BLT.S EDFSQ CONTINUE TIL ALL SAMPLES TRANSFORM
4E75  RTS
*
AR AT TN N R AR AR KA A AARAARAKR A ANRAKARAXN AT RAXAA AR R AR TR AT odbdeddst
* ECNVL
**************************************************************
* AQ <--> TRANSFORMED ECG START
* A1 <--> TRANSFORMED ECG END
* DO <--> CONVOLVE WINDOW WIDTH
* A1 <--> TEMPORARY STORGE POINTER
AR KA R A KA AT AR A AR AR AT A A AT LKA AAAAACNKRARAKNAAAK A AR RS TR A kb kde*
* CALLS FOLLOWING MACROS: SUBROUTINES :
* CALLCNVL TEMPMOVE CNVLV

KEXEAH AT RT AR ERAANKRAKAKRAKAXKAANANAKRAANAARAA LI AR AR Ao h bk hhhhd
*

* CALL CONVOLVE ROUTINE TO SMOOTH TRANSFORMED ECG
*

ECNVL CALLCNVL TRECGST,ECGCNV,TRECGEN

307¢c1B800 MOVE.W #TRECGST,AQ
303co0010 MOVE.W #ECGCNV,D0
327C20FC MOVE.W #TRECGEN,A1l
4EBB60BE JSR CNVLV

TEMPMOVE TRECGST, TRECGEN
STPOIN2 TRECGST,AQ,TMPSTA, AT

307¢1B0D MOVE #TRECGST,A0

327¢3700 MOVE #TMPSTA,A1

2009 @022 MOVE.L (A1)+,(a0)+ MOVE DATA
BOFC20FC CMP.W #TRECGEN,AQD

6DF8 BLT @022

4E75  RTS

*
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951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
2986
987
088
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011

A A KR A KA TR AR T AT AR AR I AR TR AATAARAAR AR K ARKRE A A RA AN AR AT Aok hix
%
****************************Eggi******************************
* A0 <--> TRANSFORMED ECG POINTER
* A1 <--> TRANSFORMED ECG SUBPOINTER FOR PEAK DETECT LOOP
* DO <—-> TEMPORARY DATA STORAGE
* D1 <--> MAXIMUM TRANSFORMED ECG VALUE, THEN THRESHOLD
* D2 <--> COUNTER FOR PEAK DETECT LOOP
* D3 <--> NUMBER OF PEAKS DETECTED COUNTER
* D4 <--> PEAK LOCATION COUNTER
* D5 <--> CURRENT TESTING FOR PEAK VALUE
* D6 <--> NUMBER OF SAMPLES TO QRS PEAK #1
* D7 <--> NUMBER OF SAMPLES TO QRS PEAK #2
KA AT AR AN T A AT NA T AN AT ANATNARA AR A ATARARANNAN R A A A A A kA kAT hkx
* FIRST SET POINTERS. THE PEAK LOCATION COUNTER IS FIRST SET
* 36 (BYTES). THIS IS DONE SINCE THE SEARCH FOR THE FIRST QRS
* PEAK STARTS AT THE TENTH TRANSFORM SAMPLE. THE QRS PEAK
* COUNTER IS SET TO ONE. ONCE THE COUNTER REACHES -1 BOTH QRS
* COMPLEXES HAVE BEEN FOUND.
*
006314 4281 EQRS CLR.L DI CLEAR CURRENT MAXIMUM
006316 383C0024 MOVE.W #36,D4 COUNTER
00631A 163C0001 MOVE.B #1,D3 SET QRS PEAK DOWN COUNTER
00631E 307C1B0O0 MOVE.W #TRECGST,A0 STARTING ADDRESS OF SEARCH FOR MAXI
*
* THE TRANSFORMED ECG VALUES ARE SCANNED AND A THRESHOLD IS SE
* AT THREE QUARTERS THE MAXIMUM VALUE.
*
006322 B290 EQRST CMP.L (A0),D1 COMPARE CURRENT MAXIMUM TO NEW VAL
006324 6C02 BGE.S EQRS2 IF (A0)<D1, NO MAXIMUM
006326 2210 MOVE.L (A0),D1 Di<(A1) THUS STORE NEW CURRENT MAX
006328 5848 EQRS2 ADDQ.W #4,A0
000020F0 TRECGCHK EQU TRECGEN-12
00632a BOFC20F0 CMP.W #TRECGCHK,AQ
00632E 6DF2 BLT.S EQRST SEARCH ENTIRE DATA
006330 E489 LSR.L #2,D1
006332 2001 MOVE.L D1,D0
006334 DOB1 ADD.L D1,D0
006336 D081 ADD.L D1,D0 SET THRESHOLD AT 3/4 * MAX
%
*
* THE TRANSFORMED VALUES ARE SCANNED A SECOND TIME. IF THE SAM
* YALUE IS BELOW THE THRESHOLD, THE SAMPLE IS THROWN OUT. NOTE
* IF THE ENTIRE TRANSFORM HAS BEEN SCANNED WITHOUT THE DETECTI
* OF TWO QRS COMPLEXES, AN ERROR MESSAGE IS DISPLAYED. IF THE
* SAMPLE VALUE IS GREATER THAN THE THRESHOLD, THEN CHECK FOR A
* PBAK, CORRESPONDING TO QRS COMPLEX.
*
*
006338 307C1B00 MOVE.W #TRECGST,A0 STARTING ADDRESS OF TRANSFORMED ECG
00633C DOFPC0024 ADD.W #36,A0 START LOOKING FOR PEARS AT 10TH LW
006340 5848 BEQRS3 ADDQ.W #4,A0 INCREMENT POINTER TO NEXT LONG WORD
006342 BOFC20FC CMP.W #TRECGEN,AD
006346 6E46 BGT.S ECGERR IF ENTIRE TRANSFORMED ECG BUFFER HA
* BEEN CHECKED W/0 2 PEAKS THEN ERROR
006348 5844  ADDQ.W #4,D4 PEAK LOCATION COUNTER (IN BYTES)
00634A B290 CcMP.L (A0),D1 COMPARE (A0) TO THRESHOLD. IF LESS
00634C 6EF2 BGT EQRS3 THEN GO TO NEXT SAMPLE
*®
*
* A PEAK IS FOUND BY COMPARING THE SAMPLE VALUE WITH THE TEN
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00634E
006352
006354
006356
006358
00635A

00635E
006362
006364
006366
006368

00636C
006368
006372
006374
006376
00637A
006378

006380
006382

006386
006388

00638C

00638E
006392

AND CAROTID PULSE PAGE 21

* PREVIOUS AND TEN NEXT SAMPLE VALUES. IF THE SAMPLE VALUE IS
* GREATER THAN THESE TWENTY SAMPLES, A PEAK, CORRESPONDING TO
* THE END OF THE QRS COMPLEX, HAS BEEN FOUND. THIS IS CONTINUE
* UNTIL TWO PEAKS ARE FOUND.

*

*

343C000A MOVE.W #10,D2

3248 MOVE.W AO,A1

2410 MOVE.L (A0),DS

BAA1 EQRS4 CMP.L ~(A1),D5

6DE6 BLT EQRS3

S51CAFFFA DBRA D2,EQRS4
*

*

343C000A MOVE.W #10,D2

3248 MOVE AO,A1

BA99 EQRSS5 CMP.L (A1)+,D5

6DD8 BLT EQRS3

51CAFFFA DBRA D2,EQRSS

%
* PEAK FOUND!
*
*
*

3E04 MOVE.W D4,D7

04030001 SUBI.B #1,D3

6D0C BLT.S EQRS6
3co7 MOVE.W D7,D6

06440190 ADD.W #400,D4
DOFC0190 ADD.W #400,A0

60C0 BRA EQRS3

*
*
*
* BY FACTOR OF 4.
*
*
X
*
E24E EQRS6 LSR.W #1,D6
31C67F00 © MOVE.W D6,0QRS1
*
E24F  LSR.W #1,D7
31C77F02 MOVE.W D7,QRS2
*
4E75  RTS

ECGERR TRP14 ERRORT
1E3C0000 MOVE.B #ERROR1,D7

4E4E TRAP #14
*

&

LOAD COUNTER FOR PEAK DETECT LOOP
TRANSFORM ECG POINTER TO SUBPOINTER
CURRENT VALUE BEING TESTED FOR PEAK
USING PREDECREMENT

COMPARE VALUE IN (AQ0) TO 10 PREVIOU
SAMPLE VALUES.

LOAD COUNTER

TRANSFORM ECG POINTER TO SUBPOINTER
AS PREVIOUS ROUTINE., IF VALUE <

10 NEXT SAMPLES, GO TO NEXT SAMPLE.

DETERMINE IF BOTH QRS PEAKS HAVE BEEN FOUND.

147

IF NOT, CONTINUE SEARCH FOR NEXT QRS PEAK.

STORE PEAK LOCATION IN D7

IF =-1, THEN 2 PEAKS HAVE BEEN FOUN
D6 CONTAINS FIRST PEAK LOCATION

JUMP AHEAD TO SEARCH FOR NEXT PEAK
SEARCH FOR NEXT PEAK

BOTH QRS PEAKS HAVE BEEN FOUND. THE ECG HAS BEEN DOWNSAMPLED
TAKING INTO ACCOUNT THAT THE TRANSFORM

1S REPRESENTED BY LONG WORDS (4 BYTES), THE NUMBER OF BYTES
TO QRS1 AND QRS2 CAN BE FOUND BY DIVIDING D6,D7 BY 2.

NUMBER OF BYTES TO QRS1 (2 BYTES=
1 SAMPLE)

NUMBER OF BYTES TO QRS2 (2 BYTES=
1 SAMPLE)

ERROR-TRAP 14
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1063
1064
1068
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1080
1080
1080
1081
1082
1083
1084
1088
1086
1087
1088
1088
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107

006394
006396
006398
00639A
00639C
00639E
0063A0
0063a2
0063a4
0063a6
0063A8
0063aA

0063AC
0063AE
0063B2
006386
0063BA
0063BE
0063C2
0063C4
0063C6
0063C8

A A K AT A AR TR TN A A A AR AR AR IR ALK AR A AAAAKRARAAXARR RN AR A Addhar

* FINDMAX SUBROUTINE

* CALLED BY: CT1T2
P I I R T R TR T T T T T T

* A0 <--> SIGNAL POINTER

* A1 <-~> END OF SIGNAL
* D0 <—-> CURRENT MAXIMUM
* D1 <--> LOCATION OF MAXIMUM IN BYTES
* D2 <--> COUNTER
****************#********************************************#
# CALLS FOLLOWING MACROS:
* CLDATA3
Y A R R R R R R s A R AR R R R AR X R R AR XT8R2 5255322282222 22 2 ¢ 2 4
%
* FINDMAX SUBROUTINE. FINDS MAXIMUM VALUE IN A SET OF DATA
* AND COUNTS THE NUMBER OF BYTES TO THAT MAXIMUM.
*®
FINDMAX CLDATA3.L DO,D1,D2
4280 CLR.L DO
4281 CLR.L D1
4282  CLR.L D2
B090 FINDMX CMP.L (A0),DO COMPARE TRANSFORM VALUE WITH CURRENT
6C04 BGE.S FMAX IF MAX>VALUE <--> NO NEW MAX
2010 MOVE.L (A0),DO0 IF VALUE>MAX <--> NEW CURRENT MAX
3202 MOVE.W D2,D1 LOCATION OF CURRENT MAX IN BYTES
5848 FMAX ADDQ.W #4,A0 INCREMENT SIGNAL POINTER
5842  ADDQ.W #4,D2 INCREMENT COUNTER
BOC9  CMP.W A1,A0 ALL TRANSFORM VALUES CHECKED?
6DF0 BLT FINDMX IF NOT CONTINUE
4875  RTS
*
*
**************************************************************
* TWO'S COMPLEMENT SUBROUTINE
* CALLED BY: C2DFSQ,PTSQU,PFMSYS
KA KA KK AT A T T AR A AT AN A TR AR A AN KRAAKR AKX KARARAAAKR I KA AR AR I A I TS
* A0 <--> STARTING ADDRESS AND SIGNAL POINTER
* A1 <--> ENDING ADDRESS OF SIGNAL
* DO <--> SAMPLE VALUE TO BE CONVERTED
F X P R R A R A2 222 2 R 2 X232 2223322322333 22322232223 22322238222 22222 21
%
* CONVERTS 12-BIT NUMBER TO 16-BIT TWO'S COMPLEMENT REPRESENT
®
3010 TWOCOMP MOVE.W (A0),DO
06400800 ADDI.W #$800,D0
0880000C BCLR #12,D0
08000008 BTST #11,D0
67000006 BEQ TWOCOMA
0040F000 OR.W #S$F000,DO
30C0 TWOCOMA MOVE.W DO, (A0)+ MOVE DATA
BOCY9  CMP.W A1,AD
6FE4 BLE.S TWOCOMP
4E75  RTS

*
%
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1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
54

R NPT G W NS WU QY
JEE R QT W QN N Q'Y

0063Ca

0063CE
0063Dp2

0063D6
0063DA
0063DC
0063E0
006364
0063E8
0063EC
0063EE
00641C

*ERRREREE R HEB B H R R HE I HCH RS R LR RH AR BH RS BB E R R BB R A4
:#############################################################

* CAROTID PROCESSING
*

:#############################################################

THE CAROTID PROCESSING ROUTINE IS COMPRISED OF THE FOLLOWIN
MODULES ¢

C2DFSQ:  SECOND DERIVATIVE AND SQUARE CAROTID

CCNVL: CONVOLVE CAROTID

CT1T2: FIND PEAKS IN CAROTID TRANSFORM CORRESPONDING TO
ONSET OF EJECTION AND DICROTIC NOTCH

CDCRTC: FIND DICROTIC NOTCH IN CAROTID PULSE

FHERHAHH A E RSB ERHH SR AR SRS SR AR R RS R R R R S AR A

*

*

*

*

*

*

*

*

*

*

*

*

* THE DICROTIC NOTCH OF THE CAROTID PULSE IS SEARCHED FOR IN
* REGION STARTING AT QRST (P1 ON CAROTID PULSE) TO A POINT 50
* MSEC AFTER P1. THE DICROTIC NOTCH I$ DEFINED AS THE POINT O
* MINIMUM PRESSURE OCCURRING IN THE REGION OF THE MAXIMUM SEC
* DERIVATIVE. A LEAST SQUARES ESTIMATE OF THE SECOND DEIVATIV
* 1S OBTAINED FROM

* P(N) = 2¥(N-2)-Y(N-1)~2¥(N)-¥(N+1)+2Y(N+2)

* WHERE Y(N) IS THE DIGITIZED CAROTID PULSE AND P(N) IS THE

* SECOND DERIVATIVE EVALUATED AT THE NTH DATA POINT. THE

*  FOLLOWING TRANSFORMATION IS THEN USED TO OBTAIN A SMOOTHED
* ENERGY CURVE OF THE 2ND DERIVATIVE

* M2

* S(N)= E P (N-K}W(K)

* K=1

* WHERE W(K) IS A WINDOW WHICH SELECTS A SEGMENT OF P(N), M I
* THE NUMBER OF SAMPLES IN WINDOW AND N IS THE RUNNING INDEX
* THE SIGNAL AND TRANSFORM. THE WINDOW W(K) WAS SELECTED SUCH
*  THAT W(K)=(M-K+1).

*

*

4EBB72D4 CAR JSR BLANK
DSPLOPT CAST,CAEN
4BFB63EE LEA CAST,AS
4DF8641C LEA CAEN,Ab
TRP14 OUT1CR
1E3CO0E3 MOVE.B #OUTICR,D7?
4B4E TRAP #14
4EBBG41E JSR C2DFSQ
AEBB6470 JSR CCNVL
4EBB64A0 JSR CT1T2
4EBB64CA JSR CDCRTC
4AB75 RTS

43 CAST DC.W 'CAROTID PROCESSING - DICROTIC NOTCH DETECTION’
20 CAEN DC.W ' °
*

*
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167 IS S LR TR L AL EL S LTRSS TR SR LT L LIS L LE R LI ELEL TR LEEE L L TR
168 *

169 * ' C2DFSQ

170 *

171 KA AR AR AR AT AN A A IR AR A AR A A AR EANARAAAR AR ARARAXA AR AR AKAR
172 * AD <--> TRANSFORMED CAROTID POINTER

173 * A1 <--> START OF CAROTID PULSE CORRESPONDING TO QRS

174 * A2 <--> SUBPOINTER IN CALCULATION OF SECOND DIFFERENCE
175 * A3 <--> END OF TRANSFORMED CAROTID PULSE

176 * D1 <--> TEMPORARY DATA REGISTER

177 * 2 <--> TEMPORARY DATA REGISTER

178 A A A A A A A TR AR R A T N T T A N A N AR K AR KA AAAKRA VIR AR AATR AL AR
179 * CALL THE FOLLOWING MACROS: SUBROUTINES:

180 * GETADD STPOIN2 TWOCOMP

181 # SQUARE

182 222232222 2222 22 RS ST IR E R TS LS T SR ETTRSIEELT SR L S
183 * TAKE SECOND DIFFERENCE OF CAROTID PULSE, SQUARE TRANSFORMED
184 *  VALUES IN A REGION STARTING AT QRS1 AND CONTAINING 500 MSEC
185 * OF DATA.

186 *

187 00641E 307C0C00 C2DFSQ MOVE.W #CARSTRT,AQ

188 006422 327COF00 MOVE.W #CAREND,A1

189 006426 4EBB63AC JSR TWOCOMP CONVERT CAROTID TO TWOS COMPLEMENT
190 STPOIN2 TRCARST,AD,TRCAREN,A3

190 00642A 307C2100 MOVE #TRCARST,AQ

190 00642E 367C2300 MOVE #TRCAREN,A3

191 GETADD QRS1,A1,CARSTRT

191 006432 32787F00 MOVE.W QRS1,A1

191 006436 D2FrCOCOO0 ADD.W #CARSTRT, A1

192 00643A 4298 CLR.L (AO0)+ CLEAR REGISTER

193 00643C 4298 CLR.L (AD)+ FIRST TWO LOCATIONS ARE ZERO

194 00643E 4293 CLR.L (A3)

195 006440 42A3 CLR.L -(A3)

196 006442 42A3 CLR.L -(A3) LAST TWO LOCATIONS ARE ZERO

197 006444 3449 C2DFSQ1- MOVE A1,A2 USE A2 AS SUBPOINTER

198 006446 5449  ADDQ.W #2,A1 INCREMENT CAROTID POINTER

1199 006448 321A MOVE.W (A2)+,D1

1200 00644Aa 5C4A ADDQ.W #6,A2

1201 00644C E349 LSL.W #1,D1 COMPUTE 2 * Y(N-2)
1202 00644F 925A SUB.W (A2)+,D1 - ¥(N-1)
1203 006450 5C4A  ADDQ.W #6,A2

1204 006452 341A MOVE.W (A2)+,D2

1205 006454 5C4A  ADDQ.W #6,A2

1206 006456 E34A LSL.W #1,D2

1207 006458 9242 SUB.W D2,D1 -2 * v(N)
1208 00645a 925A  SUB.W (A2)+,D1 ~ ¥(N+1)
1209 00645C 5C4A ADDQ.W #6,A2

1210 00645E 3412 MOVE.W (A2),D2

211 006460 E34A LSL.W 41,D2

212 006462 D242  ADD.W D2,Di + 2 * ¥(N+2)
213 SQUARE D1,D2,A0 P{N)*#%2

213 006464 3401 MOVE.W D1,D2

213 006466 C5C1 MULS.W D1,D2

213 006468 20C2 MOVE.L D2,{A0)+ MOVE DATA
214 00646A BOCB CMPA.W A3,A0

215 00646C 6DD6 BLT C2DFSQ1 CONTINUE UNTIL 500 MSEC OF PULSE
216 00646E 4E75  RTS

217 *

218 *
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1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1245
1245
1245
1245
1246
1247
1248
1248
1248
1248
1248
1248
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259

006470
006474
006478
00647C

006480
006484
006488
006484
00648E

006490
006494
006498
00649C
00649E

**************************************************************
*

* CCNVL

*

KKK KKK KK AR A A KRN KK A KA KT AN KR IAAAKRA KK AAKKR A KRR KA KA KR AR KAk k*
*

A0 <—-> TRANSFORMED CAROTID START
A1l <—-> TRANSFORMED CAROTID END
D0 <--> CONVOLVE WINDOW WIDTH

A1 <--> TEMPORARY MEMORY STORAGE

KEKKK KKK KKK KA KKK R AR KRR R KAN K AN KRR KRR KKK AKRKA A AR N K AR AR AR AR K

CALLS FOLLOWING MACROS:
CALLCNVL
TEMPMOVE

CALLS FOLLOWING SUBROUTINES:
CONVOLVE

KEKKAKKEEARKA A KKK RAKRKAKLAKKRKKKKARKERAKAKRKRKRAKR R AR AR RRA N A A AR Ak dohddk

ko % X % ok ¥ 2 R % O OF O % O Ok * X

CALL CONVOLVE ROUTINE TO SMOOTH TRANSFORMED CAROTID

*

CCNVL CALLCNVL TRCARST,CARCNV,TRCAREN

307¢C2100 MOVE.W #TRCARST,AD
303¢c0010 MOVE.W #CARCNV,DO
327¢2300 MOVE.W #TRCAREN, AT
4EBB60BE JSR CNVLV

*

*

TEMPMOVE TRCARST, TRCAREN

STPOIN2 TRCARST,AQ,TMPSTA,AT
307¢2100 MOVE #TRCARST,AQ
327C3700 MOVE #TMPSTA, A1
20D9 @030 MOVE.L (A1)+,(A0)+ MOVE DATA
BOFC2300 CMP.W #TRCAREN,AQ
6DF8 BLT @030

*

* CONVERT CAROTID SAMPLES BACK TO 12-BIT REPRESENTATION FOR
* DAC ROUTINES
*

307€0C00 MOVE.W #CARSTRT,A0

06580800 CCNVLA ADD.W #3800, (A0)+ CONVERT TO 12-BIT
BOFCOFO00 CMPI.W #CAREND,AD

6FF6 BLE.S CCNVLA

4E75 RTS

*
*
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1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1288
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1287
1297
1298
1298
1298
1299
1300
1301
1302
1303
1304
1308
1306

0064A0
00644
0064A8

0064AC
0064AE

0064B2
0064B4
006488
0064BC
0064BE
0064C0
0064C4
0064cC8

St ok % F N G o oF b oF b ok b 3E % % 3 % 3%

*
*
*
*
*
%*

*

AEEEEREKEKRKRTARAKRE AR AR ANAKR AR RXA AL AL AA AR AN KT AN A hdhd

cT1T2

KT KA KKEKR I AR RRNRKEREAKI KRR RRKKRAKRRKR AT AT A Ak hhk ko ddhdkd

A0 <--> TRANSFORMED CAROTID POINTER
A1 <-~> END OF TRANSFORM

D0 <--> CURRENT MAXIMUM

D1 <--> OUPEAK, DNPEAK (T1 & T2)
D2 <--> COUNTER

AR AR AR AT AR AR KKK AKX AR KRKAARA AN RN AN XA AR A A A A A Aavhondodhd

CALLS FOLLOWING MACROS:
GETADD '' STPOIN2

CALLS FOLLOWING SUBROUTINES:
FINDMAX ‘'

AR AR AN AR A AT TR AR AN T AR RN AR AA AR AR AL AT NS AT AT AT AT hdww

FIND PEAK IN CAROTID TRANSFORM CORRESPONDING TO ONSET
OF EJECTION AND DICROTIC NOTCH, I.E., T1 & T2.

CT1T2 STPOINZ TRCARST,A0,TRCAREN,A

307€2100 MOVE #TRCARST,A0 :

327€2300 MOVE #TRCAREN,AT

4EBB6394 JSR FINDMAX FIND MAXIMUM VALUE IN TRANSFORMED CARO
*
* THE MAXIMUM IN THE CAROTID TRANSFORM CORRESPONDS TO THE ONS
* OF EJECTION. SET A POINTER TO A POINT 150 MSEC (39 SAMPLES
* 150 BYTES) AHEAD OF T1. THEN SEARCH FOR T2 IN THE AREA FROM
* THIS POINT TO THE END OF THE TRANSFORMED CAROTID.
*
* D3 CONTAINS NUMBER OF BYTES TO A POINT

GETADD D1,D3,T1TOT2 200 MSEC {(T1TOTZ2) AFTER T1.

3601 MOVE.W D1,D3
06430098 ADD.W #T1TOT2,D3
GETADD D3,A0,TRCARST POINTER FOR SEARCH OF T1
3043 MOVE.W D3,A0
DOFC2100 ADD.W #TRCARST,AD
4EBB6394 JSR FINDMAX
D243 ADD.W D3,D1 BYTES FROM P1 TO T2
B249 LSR.W #1,D1 DIVIDE BY 2 TO CONVERT LW TO W
D2787F00 ADD.W QRS1,D1
31C17F04 MOVE.W D1,T2PEAK BYTES TO T2 FROM BEGINNING OF C
4E75 RTS

*
*
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0064CA
0064CE
0064D2

0064D6
0064DA
0064DE

0064E2
0064E6
0064E8
0064EC
0064EE
0064F0
0064F2
0064F4
0064F6

0064FA
0064FE
006502
006506

006508
00650C

**************************************************************
*

* CDCRTC

*

KA AT A AR TA AR IR KA KAAAKAATRKEAANTAARRNAN RN AN AR R AR AR Ak hakd

*

A0 <--> CAROTID POINTER STARTING 10 SAMPLES BEFORE T2
A1 <--> POINT 10 SAMPLES AFTER T2

D0 <--> CURRENT MINIMUM

D5 <--> START OF S§2

AR AR T AKR AR LK KR AR A AAKRKAIRAA AN AR A XRANA A AR A A AN A A h ke ok vhhdd

CALLS FOLLOWING MACROS:
GETADD ''

AR AR KRR AN AT AT TR A NI AN AT AT AAA XA ARRAAANAAAN AR DA A A koS d bk

DEFINE A REGION ON THE CAROTID PULSE CORRESPONDING TO +_ 10
SAMPLES OF THE T2 PEAK. IN THIS REGION SEARCH FOR A LOCAL
MINIMUM CORRESPONDING TO THE ACTUAL DICROTIC NOTCH

® % & % % % & ok Ok % % ¥ ok % ¥ F H

*
CDCRTC GETADD T2PEAK,A0,CARSTRT

30787F04 MOVE.W T2PEAK,AQ

DOFCOCO0 ADD.W #CARSTRT,A0

90FC0014 SUBA.W #20,A0 POINT 10 SAMPLES BEFORE T2 ON CAROTID
GETADD T2PEAK,A1,CARSTRT

32787F04 MOVE.W T2PEAK,A1

D2FCOCO0 ADD.W #CARSTRT, A1

D2FC0014 ADD.W #20,A1 POINT 10 SAMPLES AFTER T2 ON CAROTID
*

303C7FFF MOVE.W #$7FFF,D0 CURRENT MINIMUM VALUE

B050 CDCRTC1 CMP.W (A0),DO COMPARE PULSE VALUE WITH CURRENT MINI

6D000006 BLT CDCRTC2 IF VALUE>MIN,THEN NO CURRENT MINIMUM

3010 MOVE.®W (A0),DO . IF MIN>VALUE,THEN A NEW MINIMUM

3A08 MOVE.W AQ,DS LOCATION OF CURRENT MINIMUM

5448 CDCRTC2 ADDQ.W #2,A0 INCREMENT PULSE POINTER

BOCY CcMP.W A1,AD CHECK ALL 10 SAMPLES FOR MINIMUM

6DF0 BLT CDCRTC1

04450C00 SUB.W #CARSTRT,D5 SUBTRACT CARST TO GET NUMBER O
* DICROTIC NOTCH IN CAROTID PULSE

31C57r06 MOVE.W D5,DCRTC

0445001B SUB.W #DS2DEL,DS5 SUBTRACT DELAY TO GET START OF S2

9A787F00 SUB.W QRS1,D5 CALCULATE NUMBER OF BYTES BEWTEEN QRS
* AND START OF §2

ES4D LSL.W #2,D5 MULTIPLY BY 4 (PCG SAMPLED AT RATE 4
* CAROTID

31C57F0C MOVE.W D5,PCGS2 NUMBER OF BYTES BETWEEN S1 AND §2

4E75 RTS

%
*
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1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1374
1374
1374
1374
1374
1374
1374
1374
1375
1376
1377
1378
1379
1379
1379
1379
1379
1379
1379
1379
1379
1379
1379
1379
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391

00650E
006510
006512
006514
006516
006518
00651A
00651C
00651E
006522
0606524
006526

006528
00652A
00652C
006530
006532
006536
00653A
00653C
00653E
006542
006544
006546
006548
006547
00654C
006552
006554
006556
00655A
00655E
006560
006562

KA A KR KRR E R AR AAK AL AKANKRARAR IR R KA AR I A ARk kR v kA kS dhhkkd i

* ENERGY DISTRIBUTION COEFFIECIENT CCMPUTATION S/R
R T 2 L T R R R AR AR X T e e e T e e T L]

A0 <--> START OF SEGMENT

*

* A1 <--> END OF SEGMENT

* D3,D2 <--> EDC DENOMINATOR

* D1,D0 <--> EDC NUMERATOR

* D5,D6,D7 <--> TEMP DATA REGISTERS FOR MULTIPLICATION
AR AR A AR A AR T AR AL AR A AT ARAKRETARKRAANAEKRAARAAAR KA TN A ke hdwd
* CALLS FOLLOWING MACROS: SUBROUTINES :

* CLDATAS ML3216 DVD6464
AR KKK AR KA AR KA A NR AR AR AR E AR KRR A A AAAR S AN T AR R A AR AL AR d ok

*

* COMPUTE ENERGY DISTRIBUTION COEFFICIENT. PERFORM PRECORRECTI
* ON EDC BY MULTIPLYING BY 1024.
*

EDC CLDATAB.L

4280 CLR.L DO

4281 CLR.L D1

4282 CLR.L D2

4283 CLR.L D3

4284 CLR.L D4

4285 CLR.L DS

4286 CLR.L D6

4287 CLR.L D7

42BB7F12 CLR.L SEQNUM

2818 EDC1 MOVE.L (A0)+,D4

D484  ADD.L D4,D2

D787  ADDX.L D7,D3 EDC DENOMINATOR
ML3216 SEQNUM,D4,DS%,D6,D7 E(N)*H(N)

4286 CLR.L DS :

3A04 MOVE.W D4,D5

CAFB7F12 MULU.W SEQNUM,DS

4844  SWAP D4

CBFB87F12 MULU.W SEQNUM,D4

1E3C000F MOVE.B #15,D7

E38C @037 LSL.L #1,D4

E396 ROXL.L #1,D6

51CFFFFA DBRA D7,@037

D885  ADD.L D5,D4

4287 CLR.L D7

DD87  ADDX.L D7,D6

D084  ADD.L D4,DO0

D386  ADDX.L D6,D1. EDC NUMERATOR

067800017F12 ADDI.W #1,SEQNUM INCREMENT SEQUENCE

BOCY CMPA.W A1,A0

6DCC BLT EDC1

4EBB6564 JSR DVD6464

20387F44 MOVE.L QUOT,DO

EBB8 LSL.L #5,D0

EBB8 LSL.L #5,D0 MULTIPLY BY 1024 (PRE-EDC CORRECTI
4E75 RTS

%
&®
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1393
1394
1398
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426

006564
006568
00656A
00656C
006572
006574
006576
006578
00657A
00657E
006580
006584
006586
006588
00658A
00658C
006530
006532
006594
006598
00659C
00659E

HAKERKAKRAKE AR AT AT AR A AR AR AR IR I NI ANAAAANAXAARA A AR I A Ao hakddd

* DVD6464

A AT AT TR A AR A AT AR R AT AKX AT AR AR A AR AR AR A AL AN AR A A hh%
* D1,D0 <--> DIVIDEND

* D3,D2 <--> DIVISOR

* DS,D4;D7,D6 <--> PARTIAL DIVIDEND; TEMP PART DIVIDEND

AR AN A A A AR A KKK AKRI KA A A AR AXAAAAARNAAAKNAXNARKR AR AR AR AR AR AN AR

* THIS ROUTINE PERFORMS 16 BIT BY 16 BIT DIVISION. RESULT IS 3
* BIT QUOTIENT.
*

42B87F44 DVD6464 CLR.L QUOT CLEAR QUOTIENT
4284 CLR.L D4
4285 CLR.L D5 CLEAR PARTIAL DIVIDEND

11¥C00407F48 MOVE.B #64,COUNTER NUMBER OF BYTES IN DIVIDEND
E388 D6464A LSL.L #1,D0
E391 ROXL.L #1,D1

E394 ROXL.L #1,D4

E395 ROXL.L #1,D5 SHIFT DIVIDEND INTO PARTIAL DIVIDEN
2E387F44 MOVE.L QUOT,D7

BE38F LSL.L #1,D7 SHIFT QUOTIENT

21C77F44 MOVE.L D7,QUOT

2C04 MOVE.L D4,D6

2E05 MOVE.L D5,D7 MOVE PARTIAL DIVIDEND FOR SUBTRACTI

9cB2 SUB.L D2,D6

9F83 SUBX.L D3,D7

6D00000A BLT D6464B

2806 MOVE.L D6,D4

2407 MOVE.L D7,D5 SAVE NEW PARTIAL DIVIDEND
52BB7F44 ADDQ.L #1,QU0T INCREMENT QUOTIENT
53387F48 D6464B SUBQ.B #1,COUNTER DECREMENT COUNTER
66D4 BNE D6464A

4875 RTS

*
*
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1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1448
1448
1448

1448

1448
1449
1450
1450
1450
1450
1450
1450
1451
1452
1452
1452
1452
1452
1452
1453
1454
1454
1454
1454
1454
1454
14855
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466

0065A0

0065a4
0065a8

0065AC
006580
006582

006586
0065BA

0065BE
0065C2
0065C4

0065C8
0065CC

0065D0
0065D4
0065D6

0065DA
0065DE

0065E2
0065E6
0065E8
0065EC
0065EE
00660a
00660C
006626
006628
006644
006646
00665E

*ESSHEFEHH B A RS R SR EEBHSFBE AR HRBFRFERE RS R RS AR LA R AR A S0
:#############################################################

* PCG PROCESSING - TIME DOMAIN
*

*EEF S HEFHFEEHEF S EER AR R F R R  R

THE PCG PROCESSING ROUTINE IS COMPRISED OF THE FOLLOWING
MODULES:

PTSQU: SQUARE PCG SAMPLES TO OBTAIN PCG ENERGY CURVE
PTCNVS: SMOOTH SYSTOLIC PCG ENERGY CURVE

PTCNVD: SMOOTH DIASTOLIC PCG ENERGY CURVE

PTEDC: COMPUTE PCG SYSTOLIC AND DIASTOLIC EDC

GRS AGHHGEHFF RGBSR RS AR A AR BB AR BRI R B ST SR RS EV ARSI BRI F RG4S
:#############################################################

x

* Ok % % % % F %

%

4EBB72D4 PCGT JSR BLANK
DSPLOPT PCST,PCEN

4BFB65EE LEA PCST,A5

4DFB660A LEA PCEN,A6
TRP14 OUTICR

1E3CO0E3 MOVE.B #OUTICR,D7

4E4E TRAP #14

4EBB6660 JSR PTSQU
DSPLOPT PCSST,PCSEN

4BFB8660C LEA PCSST,AS

4DFB6626 LEA PCSEN,A6
TRP14 OUTICR

1E3CO00E3 MOVE.B #OUT1CR,D7

4E4E TRAP #14

4EBBG6AE JSR PTCNVS
DSPLOPT PCDST,PCDEN

4BFB6628 LEA PCDST,AS

4DFB6644 LEA PCDEN,Ab6
TRP14 OUTI1CR

1E3CO0E3 MOVE.B #OUTI1CR,D7

4B4E TRAP $#14

4EB866DC JSR PTCNVD -
DSPLOPT PCEST,PCEEN

4BFB6646 LEA PCEST,A5

4DF8665E LEA PCEEN,A6
TRP14 OUTICR

1E3C00E3 MOVE.B #OUT1CR,D7

4AB4E TRAP #14

4EBB66FE JSR PTEDC

4E75 RTS

50 PCST DC.W 'PCG PROCESSING - TIME DOMAIN'
20 PCEN DC.W ' °
20 PCSST DC.W ' SYSTOLIC ENERGY CURVE'’
20 PCSEN DC.W °

20 PCDST DC.W ' DIASTOLIC ENERGY CURVE'
20 PCDEN DC.W '

20 PCEST DC.W '

20 PCEEN DC.W '

*

COMPUTE EDC VALUES'

*®
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1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1494
1494
1495
1495
1495
1496
1497
1497
1497
1498
1498
1498
1499
1500
1501
1501
1501
1501
1502
1503
1504
1505
1506
1507

006660
006664
006666
00666A
00666E
006670

006674
006678

00667C
006680
006684

006688
00668C

006690
006694
006698
00669C

00669E
0066A0
0066A2
0066A4
0066A6
0066A8
0066AC

KKK T XK AR A TR I ERAH IR AR AR AR AR KRR AR IR AR AR R AR AR AR IR AR A KA T AATER

*

PTSQU

L R T T e e R e L e I e e T L ]
<~=-> PCG POINTER STARTING AT QRST

*

AQ

<--> PCG END CORRESPONDING TO QRS2

22 2 2232332223233 2322222222228 R SRR e Rt Rl s iy

SQUARE

KR AR R A IR I AT TR AR AR I A AR AN AT AN AR AR KIS A XA ISR IR AR KA h R X Tk d %

SQUARE ENTIRE PCG SIGNAL TO GET ENERGY CURVE OF SIGNAL. USE
TWO'S COMPLEMENT REPRESENTATION. OBTAIN START AND END OF ON
CYCLE OF PCCG CORRESPONDING TO QRS1 AND QRS2.

FIND START AND END OF PCG CYCLE
CORRESPNDING TO QRS1 AND QRS2. TAKE
INTO ACCOUNT PCG SAMPLING RATE.

CONVERT PCG TO TWOS COMPLEMENT

* A2 <--> PCG ENERGY CURVE POINTER
* Al
* D0 <--> X(N)
* D1 <=-> X(N}#*2
*
* CALLS FOLLOWING MACROS:
* GETADD ''*°
*
*
*
*®
*
*
*
30387F00 PTSQU MOVE.W QRS1,D0
E548  LSL.W #2,D0
31C07F08 MOVE.W DO,PCGS1A
30387F02 MOVE.W QRS2,D0
E548  LSL.W #2,D0
31C07F0A MOVE.W DO,PCGS1B
*
&

GETADD PCGS1A,AQ,PCGSTRT
30787F08 MOVE,.W PCGS1A,A0
DOFCOF00 ADD.W #PCGSTRT,AD

GETADD PCGS1B,AT1,PCGSTRT
32787F0A MOVE.W PCGS1B,A1
D2FCOFO00 ADD.W #PCGSTRT, A1
4EBB63AC JSR TWOCOMP

GETADD PCGS1A,AQ0,PCGSTRT
30787r08 MOVE.W PCGS1A,AD
DOFCOF00 ADD.W #PCGSTRT,A0

GETADD PCGS1B,A1,PCGSTRT
32787F0A MOVE.W PCGS1B,Al
D2FCOF00 ADD.W #PCGSTRT,A'
347¢2300 MOVE.W #PCGENST,A2

3018 PTSQ1 MOVE.W (A0)+,DO0

SQUARE DO,D1,A2

3200 MOVE.W DO,D1
C3cCo MULS.W DO,Dt

24C1 MOVE.L D1,(A2)+

BOCS CMP.W A1,AD

6DF 4 BLT PTSQ1

31CATF10 MOVE A2,PCGENDE
4875 RTS

*
*
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PCG ENERGY CURVE POINTER
GET PCG SAMPLE

MOVE DATA

CHECK IF ALL VALUES SQUARED

IF NOT, CONTINUE WITH THIS ROUTINE
END OF DIASTOLIC ENERGY CURVE
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ST QN RN\ U NI A Y QT QY QS
QT RTTAE AR,
[ S i O O S R N
OWU®NITTA D W 2 OD

1521

0066AE

006682

006686
0066BA

0066BC
0066BE
0066C2
0066C6

0066CA
0066CE
0066D2
0066D4
0066D8
0066DA

0066DC
0066E0
0066E4
0066E8
0066EC
0066F0
0066F4
0066F6
0066FA
0066FC

AEKER KR AR AR T KRR KA KT LRI AE AR I AA KRR AR KA AKR I AR R AT IR AR AR AR

* PTCNVS

KKK KEKEE AT AR KT A KA KEAR K AR AN TR ARK AR A AR A R ANAARARA A AT R A %N
* AD <--> START OF SQUARED PCG SIGNAL

* A1 <--> END OF SYSTOLIC SEGMENT

* D0 <--> CONVOLVE WINDOW WIDTH

* A1 <--> TEMPORARY STORAGE POINTER

AR KK TR KA KRR KKK KK AR T KARAKAKREAKREK R AKX AR A AN A AR AN KN kRN
* CALLS FOLLOWING MACROS:

* GETADD STPOIN2 '

* CALLS FOLLOWING SUBROUTINES:

% CNVLV

A A AT KKK A KR AN A A A AR AR A KA ARKR AR R A AN AT ALTAKA AR A IR AR RNK

* CALL CONVOLVE ROUTINE TO SMOOTH ENERGY CURVE OF SYSTOLIC
* SEGMENT OF PCG SIGNAL
%

PTCNVS STPOIN2 PCGENST,AQ0,PCGCNV,DO

307C2300 MOVE #PCGENST,AD
303C0020 MOVE #PCGCNV,DO
32387F0C MOVE.W PCGS2,D1

E349 LSL.W #1,D1
GETADD D1,A1,PCGENST
3241 MOVE.W D1,A1

D2FC2300 ADD.W #PCGENST, At
31C97F0E MOVE A1,PCGENSE END OF SYSTOLIC ENERGY CURVE
4EBB60BE JSR CNVLV GOTO CONVOLVE SUBROUTINE
STPOIN2 PCGENST,A0,TMPSTA,A1
307C2300 MOVE #PCGENST,AQ
327¢3700 MOVE #TMPSTA, A1
20D9 PTCST MOVE.L (A1)+,(A0)+ MOVE CONVOLVE TEMP TO PCG ENERGY
BOFS87FOE CMP.W PCGENSE,AQ
6DF8B BLT PTCS1
4E75  RTS
*
A A AT RN A A AR T AR A A AT T AT AR AR A KA AT XA AAAAKRAKRARLRNRRAA AT R A X
* PTCNVD
EE 2222 EL S ST E LSS EELTELEE LS L SIS RS S LSS LS LT LS L L L S
* A0 <--> START OF DIASTOIC SEGMENT OF PCG SIGNAL
* A1 <--> END OF DIASTOLIC SEGMENT
* D0 <--> CONVOLVE WINDOW WIDTH
* A1 <-~> TEMPORARY STORAGE POINTER
EE 3233222 LA E LTSS S S L ST LS EEELELESETEEL L L L L84
* CALLS FOLLOWING SUBROUTINES:
* CNVLV

KKK KKA K KA A AR KR AR AT A AAAR A AAKAAAAANNANARKR SRR AN DA AKX Ak dk

* CALL CONVOLVE ROUTINE TO SMOOTH ENERGY CURVE OF DIASTOLIC
* SEGMENT OF PCG SIGNAL
*

30787F0E PTCNVD MOVE.W PCGENSE,A(

303C0020 MOVE.W #PCGCNV,DO CONVOLVE WINDOW WIDTH
32787F10 MOVE.W PCGENDE,A1 END OF DIASTOLIC SEGMENT
4EBB60BE JSR CNVLV GOTO CONVOLVE SUBROUTINE

30787F0B MOVE.W PCGENSE,AD

327C3700 MOVE.W #TMPSTA, A1

2009 PTCD1 MOVE.L (A1)+,(A0)+ MOVE CONVOLVE TEMP TO PCG ENERGY
BOF87F10 CMP.W PCGENDE,AQ

6DF8 BLT PTCD1

4R75 RTS

*
*
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1564
1565
1566
1567
1568
1569
1570
1571
1872
1873
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1688
1589
1590
1591
1592
1593
1594
1598
1596
1597
1598
1599
1600
1601
1602
1603
1604
1606
1606
1607
1608
1608
1608

0066FE
006702
006706

00670A
00670E
006712
006714
006716
006718

00671C
006720
006724

006728
g0672C
006730
006732
006734
006736

00673A
00673E

006742
006746
00674A
00674E
006750
006752

PAGE 33

HRKEEKKAAKAK KA AT AKRKR A KRKA KA KRARAR AR A AARRIANR A A AR T ARk ok koo hhhddddss

* PTEDC

AR AR KR KK AN A AT A KRN AR AR A AR AARRAAAKRTERRRAK A AR AN A I A r kA hkdk
* A0 <--> START OF SEGMENT

* A1l <~--> END OF SEGMENT

* D0 <--> EDC - RETURNED FROM EDC S/R

* D2 <--> NUMBER OF SAMPLES IN SEGMENT

KA A AR KA TR KA R KA R T T AN A AT A ARSI AT AL AAXRARA AT AN R AT A A X hd%
* CALLS FOLLOWING SUBROUTINES:

* EDC

AR AR T T AT A AN A AT AN A A AR A AT RAASRAAAXAXAKNAX AR A KRN A AR S Ak whkdk

*
* COMPUTE EDCTSYS
*

307C2300 PTEDC MOVE.W #PCGENST,A0
32787F0E MOVE.W PCGENSE,A1
4EBB650E JSR EDC

®

* SYSTOLIC EDC IN DO. CORRECT THE EDC BY DIVIDING BY THE NUMBE
SYSTOLIC SEGMENT.

* OF SAMPLES IN THE
*

CORRECT DIASTOLIC EDC BY DIVIDING BY TH

CONVERT BACK TO 12-BIT NUMBER

ADD DATA

323¢2300 MOVE.W #PCGENST,D1
34387F0E MOVE.W PCGENSE,D2
9441 SUB.W D1,D2
B44A  LSR.W #2,D2
80c2 DIVU D2,D0
31C07F16 MOVE.W D0,EDCTSYS
*
* COMPUTE EDCTDIA
*
30787F0E MOVE.W PCGENSE,AD
32787810 MOVE .W PCGENDE,AT
4EBB6SOE JSR EDC
*
* DIASTOLIC EDC IN DO.
* NUMBER OF SAMPLES IN SEGMENT.
*x
32387F0B MOVE.W PCGENSE,D1
343B87F10 MOVE.W PCGENDE,D2
9441 SUB.W D1,D2
E44A  LSR.W #2,D2
80C2 DIVU D2,D0
31C07F18 MOVE.W DO0,EDCTDIA
*®
GETADD PCGS1A,A(0,PCGSTRT
30787F08 MOVE.W PCGS1A,A0D
DOFCOF00 ADD.W #PCGSTRT,AD
GETADD PCGS1B,A1,PCGSTRT
32787F0A MOVE.W PCGS1B,A1
D2FCOF00 ADD.W #PCGSTRT, AT
06580800 PTEDC1 ADD.W #5800, (A0)+
BOCY9 CMP.W A1,AD
6FF8  BLE.S PTEDCI
AE75  RTS

%
*
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1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1640

1640
1641
1642
1642
1642
1642
1642
1642
1642
1643
1643

1643
1644
1644

1644
1645
1645

1645
1646
1646

1646
1647
1647

1647
1648
1648

1648
1649
1649

B TR T T T T T T T s T T S T
* APU/FFT SUBROUTINES

LR R T T T T2 s 2Ty
*

* THE FOLLOWING SUBROUTINES ARE USED BY FFT:

*

* CALCW:  COMPUTE W=CMPLX(COS$(PI/LE1),-SIN(PI/LE1))

* CALCT: COMPUTE T=F(IP)*U

* CALCFIM: COMPUTE IMAGINARY F(IP)=F(I)-T:F(I)=F(I)}+T

* CALCFRL: COMPUTE REAL F(IP)=F(I)-T:F(1)=r(I)+T

* CALCU:  COMPUTE U=U*W

*

A A A A A K AR A AR R AN T AR A A AT AN AT A AL A A I AT AT EAAAAARAAKRARNAARIANKRR AR XX
*

* CALLS FOLLOWING MACROS:

* APU APURD APUWR APUWR16

*

AR A A AT A AR AR AN A A AN A A A AT A AN AAR AN AN AN AN ANARRARA XN ERAXN AL
x 7

* COMPUTE W=CMPLX(COS(PI/LE1),~SIN(PI/LET)

*  REAL: WR=COS(PI/LE1)

*  IMAG: WI=-SIN(PI/LE1)

*

CALCW APU PUPI PUSH PI ON TO STACK -> T0S

006754 13FrC001A

00050011 MOVE.B #PUPI ,APUCOM
00675C 4E722300 STOP #$2300
006760 3C387F2E MOVE.W LE1,D6 MOVE LE1 TO TOS
APUWR16 D6,A0
006764 3E3C0001 MOVE.W #$1,D7
006768 @053 MOVE.B D6,(A0)
00676A ROR.L #$8,D6
00676C S51CFFFFA DBRA D7,@053
006770 ROR.L #58,D6
006772 ROR.L #88,D6
APU FLTS CONVERT LE1 TO 32-BIT FLOATING POINT
006774 13FC001D
00050011 MOVE.B #FLTS,APUCOM
00677C 4E722300 STOP #$2300

"APU FDIV PI/LE1 -> TOS

006780 13FC0013

00050011

MOVE.B #FDIV,APUCOM

006788 4E722300 STOP #$2300

APU PTOD PUSH TOS -> NOS; TOS UNCHANGED

00678C 13FC0037

00050011

MOVE.B #PTOD,APUCOM

006794 4E722300 STOP #$2300

APU COS cos(P1/LE1) -> TOS

006798 13rC0003

00050011

MOVE.B #COS,APUCOM

0067A0 4E722300 STOP #$2300

APU XCHD EXCHANGE TOS AND NOS

006744 13FC0039

00050011

MOVE.B #XCHD,APUCOM

0067AC 4E722300 STOP #$2300

APU SIN SIN(PI/LE1) -> TOS

006780 13FC0002

00050011

MOVE.B #SIN,APUCOM

006788 48722300 STOP #$2300

APU CHSF -SIN(PI/LE1) ~> 70§

06067BC 13FC0015

00050011

MOVE.B #CHSF,APUCOM
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1649
1650
1650
1650
1650
1650
1651
1652
1652
1652
1652
1652
1653
1654
1655
1656
1657
1658
1659
1660
1660
1660
1660
1660
1660
1661
1661
1661
1661
1661
1661
1662
1662
1662
1662
1662
1663
1663

1663
1664
1664

1664
1665
1665
1665
1665
1665
1666
1666

1666
1667
1667

1667
1668
1668
1668
1668

0067C4 4E722300 STOP #$2300
APURD AOD,D6

0067C8 3E3C0003 MOVE.W #83,D7

0067CC E19E @061 ROL.L #$8,D6

0067CE 1C10 MOVE.B (A0),D6

0067D0 S1CFFFFA DBRA D7,@061

0067D4 21C67F38 MOVE.L D6 ,WI
APURD A0,D6

0067D8 3E3C0003 MOVE.W #53,D7

0067DC E19E @062 ROL.L #$8,D6
0067DE 1C10 MOVE.B (A0),D6
0067E0 S51CFFFFA DBRA D7,@062
0067E4 21C67F34 MOVE.L D6,WR
0067EB 4E75  RTS

*x

* COMPUTE T=F(IP)*U:

PAGE 38

STORE WR AND WI 32-BIT FL-P VALUES

* REAL: TR=(FR(IP)*UR)-(FI(1P)*UI)
*  IMAG: TI=(FI(IP)}*UR)+(FR(IP)*UR)

*

CALCT APUSGWR A3,D1,A0
MOVE.L 0(A3,D1),D6

0067EA 2C331000
0067EE 3E3C0003 MOVE.W #83,D7
0067Fr2 1086 @063 MOVE.B D6, (AD)
0067F4 EO9E ROR.L #$8,D6
0067F6 S1CFFFFA DBRA D7,@063
APUSGWR A2,D1,A0
0067Fa 2C321000
0067FE 3E3C0003 MOVE.W #$3,D7
006802 1086 @064 MOVE.B D6, (AD)
006804 EOSE ROR.L #8$8B,D6
006806 51CFFFFA DBRA D7,@064
APUWR D2,A0
00680Aa 3E3C0003 MOVE.W #383,D7
00680E 1082 @065 MOVE.B D2, (AQ)
006810 E09A ROR.L #5$8,D2

006812 S1CFFFFA DBRA D7,Q065
APU FMUL
006816 13FC0012
00050011 MOVE.B #FMUL,APUCOM
00681E 48722300 STOP #$2300
APU XCHD
006822 13FC0O039

00050011 MOVE.B #XCHD,APUCOM
00682Aa 4E722300 STOP #$2300
APUWR D3,A0
00682E 3E3C0003 MOVE.W #S83,D7
006832 1083 @068 MOVE.B D3, (A0)
006834 E09B ROR.L #$8,D3
006836 51CFFFFA DBRA D7,@068
APU FMUL
00683a 13FC0012
00050011 MOVE.B #FMUL,APUCOM
006842 45722300 STOP #$2300
APU FSUB
006846 13rPCO0T1
00050011 MOVE.B #FSUB,APUCOM
00684E 4E722300 STOP #$2300
APUSGWR A3,D1,A0
006852 2C¢331000 (
006856 3E3C0003 MOVE.W #$3,D7
006854 1086 @071 MOVE.B D6, (AD)

161

MOVE FI(IP) & FR(IP) TO APU STACK

MOVE.L 0(AZ,D1),D6

MOVE UR TO APU STACK

(FR(IP)*UR) -> TOS

EXCHANGE TOS AND NOS

MOVE Ul TO APU STACK

(FI(IP)*UI) -> TOS

(FR(IP)*UR)-(FI(IP)*UI)=TR -> TOS

MOVE FI(IP) & FR(IP) TO APU STACK

MOVE.L 0(A3,D1),D6
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1668
1668
1669
1669
1669
1669
1669
1669
1670
1670
1670
1670
1670
1671
1671

1671
1672
1672

1672
1673
1673
1673
1673
1673
1674
1674

1674
1675
1675

. 1675
1676
1677
1678
1679
1680
1681
1681

1681
1682
1682
1682
1682
1682
1682
1683
1683

1683
1684
1684

1684
1685
1688

1686

00685C
00685E

BO9E ROR.L #$8,D6
51CFFFFA DBRA D7,@071

APUSGWR AZ2,D1,A0
2€321000
3E3C0003 MOVE.W #$3,D7
1086 @072 MOVE.B D6, {(AD)
EO9E  ROR.L #$8,D6
51CFFFFA DBRA D7,8072

APUWR D3,A0
3E3C0003 MOVE.W #$3,D7
1083 @073 MOVE.B D3, (A0)
E09B  ROR.L #$8,D3
51CFFFFA DBRA D7,€073

APU FMUL
006878 13FC0012

00050011 MOVE.B #FMUL,APUCOM
006886 4E722300 STOP #$2300
APU XCHD
00688a 13FC0039
00050011 MOVE.B #XCHD,APUCOM

006862
006866
00686A
00686C
00686E

006872
006876
006878
00687A

006892 4E722300 STOP #$2300
APUWR D2,A0

006896 3E3C0003 MOVE.W #83,D7

00689A 1082 @076 MOVE.B D2, (A0)

00689C E09A ROR.L #$8,D2

00689E S1CFFFFA DBRA D7,@076
APU FMUL

0068a2 13FC0012

00050011 MOVE.B #FMUL,APUCOM

0068aA 4E722300 STOP #$2300
APU FADD
0068AE 13FC0010
00050011 MOVE.B #FADD,APUCOM
0068B6 4E722300 STOP #52300
0068BA 4E75 RTS
*

* COMPUTE IMAGINARY PART
*

%

CALCFIM APU PTOD
0068BC 13FrC0037
00050011 MOVE.B #PTOD,APUCOM
0068C4 4E722300 STOP #$2300
APUSGWR A3,D0,A0

PAGE 36

MOVE.L 0(a2,D1),D6

MOVE UI TO APU STACK

(FR(IP)*UI) -> TOS
EXCHANGE TOS AND NOS

MOVE UR TO APU STACK

(FI(IP)*UR) -> TOS

(FR(IP)*ﬁI)+(FI(IP)*UR)=TI -> TOS

OF F(IP)=F(I)-T;F(I)=F(I)+T:
FI(IP)=FI(I)-TI;FI{(I)=FI(I)+TI

PUSH TOS->NOS; TOS UNCHANGED

MOVE F(I) TO APU STACK

EXCHANGE TOS AND NOS

FI(I)-Ti=FI(IP)

0068C8 2C330000 MOVE.L 0(a3,D0),D6
0068CC 3E3C0003 MOVE.W #8$3,D7
0068D0 1086 @080 MOVE.B D6, (AD)
006802 EO9E ROR.L #8$8,D6
0068D4 51CFFFFA DBRA D7,@080
APU XCHD
0068D8 13FC0039
00050011 MOVE.B #XCHD,APUCOM
D068BED 4E722300 S$TOP #$2300
APU FSUB
0068E4 13FC0011
00050011 MOVE.B #FSUB,APUCOM

0068BEC 48722300 STOP #$2300
APU XCHD
0068r0 13rC0039
00050011 MOVE.B #XCHD,APUCOM
0068F8 48722300 STOP #$2300
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BEXCHANGE TOS AND NOS



QUANTITATIVE ANALYSIS OF PCG,ECG, AND CAROTID PULSE PAGE 37

1686
1686
1686
1686
1686
1686
1687
1687

1687
1688
1688
1688
1688
1688
1688
1689
1689
1689
1689
1689
1689
1690
1691
1692
1693
1694
1695
1695

1695
1696
1696
1696
1696
1696
1696
1697
1697

1697
1698
1698

1698
1699
1699

1699
1700
1700
1700
1700
1700
1700
1701
1701

1701
1702
1702

APUSGWR A3,D0,AD MOVE F(I) TO APU STACK
0068FC 2C330000 MOVE.L 0(A3,D0),D6
006900 3E3C0003 MOVE.W #S$3,D7 ’

006904 1086 @084 MOVE.B D6,(A0)
006906 EOSE ROR.L #$8,D6
006908 S51CFFFFa DBRA D7,@084
APU FADD FI(I)+TI=FI(1)
00690C 13FCO010
00050011 MOVE.B #FADD,APUCOM

006314 4E722300 STOP #$2300
APUSGRD A3,D0,A0
006918 3E3C0003 MOVE.W #$3,D7

00691C E195E @086 ROL.L #s$8,D6
00691E 1C10 MOVE.B (A0),D6

006920 S51CFFFFA DBRA D7,@086

006524 27860000 MOVE.L D6,0(A3,D0)
APUSGRD A3,D1,A0D

006928 3E3C0003 MOVE.W #$3,D7

00692C E19E @087 ROL.L #$8,D6
00692E 1C10 MOVE.B (A0),D6
006930 51CFFFFA DBRA D7,@087
006934 27861000 MOVE.L D6,0(A3,D1)
006938 4E75 RTS

*

* COMPUTE REAL PART OF F(IP)=F(I)-T;F(I)=F(I)}+Ts
* FR(IP)=FR(I}-TR;FR(I)=FR(I)+TR
*
CALCFRL APU PTOD PUSH TOS~>NOS; TOS UNCHANGED
00693A 13FC0037
00050011 MOVE.B #PTOD,APUCOM

006942 4E722300 STOP #$2300

APUSGWR A2,D0,AQ MOVE FR(I) TO APU STACK
006946 2C320000 MOVE.L 0(A2,D0),D6
00694A 3E3C0003 MOVE.W #$3,D7

00694E 1086 @089 MOVE.B D6,(Aa0) -
006950 EO9E ROR.L #$8,D6
006952 51CFFFFA DBRA D7,@089
APU XCHD EXCHANGE TOS AND NOS
006956 13FC0039
00050011 MOVE.B #XCHD,APUCOM
00695E 4E722300 STOP #$2300
APU FSUB FR(I)~-TR=FR(IP)
006962 13FCO011
00050011 MOVE.B #FSUB,APUCOM
00696A 4E722300 STOP #32300
APU XCHD EXCHANGE TOS AND NOS
00696E 13FC0039
00050011 MOVE.B #XCHD,APUCOM

006976 4E722300 STOP #$2300

APUSGWR A2,D0,AD MOVE FR(I) TO APU STACK
006974 2¢320000 MOVE.L 0(A2,D0),D6
006978 3E3C0003 MOVE.W #$3,D7

006982 1086 @093 MOVE.B D6, (AD)
006984 EO9E ROR.L #$8,D6
006986 51CFFFFA DBRA D7,@093
APU FADD FR(I)+TR=FR(1)
00698a 13FC0010
00050011 MOVE.B #FADD,APUCOM

006992 4E722300 STOP #$2300
- APUSGRD A2,D0,AD
006996 3E3C0003 MOVE.W #$3,D7
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1702
1702
1702
1702
1703
1703
1703
1703
1703
1703
1704
1708
1706
1707
1708
1708
1710
1710
1710
1710
1710
1711
1712
1712
1712
1712
1712
1713
1713

1713
1714
1714
1714
1714
1714
1715
1716
1716
1716
1716
1716
1717
1717

PR N Y

NNNNNN ~N D
— s

[ T G QY
WO Lo mw [oeRev b

006992 BE19E @095 ROL.L #$8,D6
00699C 1C10 MOVE.B (A0),D6
00699E 51CFFFFA DBRA D7,€095
006%A2 25860000
APUSGRD A2,D1,A0
0069Aa6 3E3C0003 MOVE.W #33,D7
0069AA E198 @096 ROL.L #$8,D6
0069AC 1C10 MOVE.B (A0),D6
0069AE S51CFFFFA DBRA D7,€@096

. PAGE 38

MOVE.L D6,0(a2,D0)

006982 25861000 MOVE.L D6,0(A2,D1)
0069B6 4E75  RTS
*
* COMPUTE U=U*W
*  REAL: UR=(UR*WR)-(UI*WI)
*  IMAG: UI=(UI*WR)+(UR*WI)
*

CALCU APUWR D2,AQ
006988 3E3C0003 MOVE.W #383,D7
0069BC 1082 @097 MOVE.B D2, (A0)
0069BE E09A  ROR.L #$8,D2

0069C0 51CFFFFA DBRA D7,@087

0065C4 2C387F34 MOVE.L WR,D6
APUWR D6,A0

0069C8 3E3C0003 MOVE.W #5$3,D7

0069CC 1086 @098 MOVE.B D6, {(A0)

006SCE EO9E ROR.L #$8,D6

0069D0 S51CFFFFA DBRA D7,@098
APU FMUL

0069D4 13FC0012

00050011 MOVE.B #FMUL,APUCOM

0069DC 4E722300 STOP #$2300
APUWR D3,AD

0069E0 3E3C0003- MOVE.W #83,D7

006984 1083 @100 MOVE.B D3, (a0)

0069E6 E09B ROR.L #$8,D3

0069E8 S1CFFFFA DBRA D7,@100

0069EC 2C387F38 MOVE.L WI,D6
APUWR D6,A0D

0069F0 3E3C0003 MOVE.W #83,D7
0069F4 1086 €101 MOVE.B D6, {(A0)
0069F6 EO9E ROR.L #$8,D6
0069FB 51CFFFFA DBRA D7,@101
APU FMUL
0069FC 13FC0012
00050011 MOVE.B #FMUL,APUCOM
006A04 4E722300 STOP #52300
APU FSUB
006A08 13FC0011
00050011 MOVE.B #FSUB,APUCOM
006A10 48722300 STOP #52300
APUWR D3,A0
006A14 3E3C0003 MOVE.W #$3,D7
006418 1083 @104 MOVE.B D3, (A0)

006A1A E09B ROR.L, #$8,D3

006A1C S51CFFFFA DBRA D7,€104
006A20 2C387F34 MOVE.L WR,D6

APUWR D6,AQ

006A24 3E3C0003 MOVE.W #83,D7
006428 1086 @105 MOVE.B D6, (AD)
006A2A EOSE ROR.L, 488,D6

006A2C -51CFFFFA DBRA D7,@105%
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MOVE UI & WI TO APU STACK

(UI*WI) -> TOS

MOVE UR & WR TO APU STACK

(UR*WR) -> TOS
{UR*WR) - (UI *WI ) =UR~>T0S

MOVE UI & WR TO APU STACK
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1722
1722

1722
1723
1723
1723
1723
1723
1724
1725
1725
1725
1725
1725
1726
1726

1726
1727
1727

1727
1728
1728
1728
1728
1728
1729
1729
1729
1729
1729
1730

00050011

006A38

006A3C
006A40
006A42
006A44
006A48

006A4C
006A50
006A52
006A54

006A58

00050011

1082
E09A

APU FMUL
006A30 13rco0012
MOVE.B #FMUL,APUCOM
4E722300
APUWR D2,A0
3E3C0003

STOP #$2300

MOVE.W #$3,D7

@107. MOVE.B D2, (A0Q)

ROR.L #$8,D2

51CFFFFA
2C387r38
APUWR D6,A0
3E3C0003
1086 @108 MOVE.B D6, (AD)
ROR.L #$8,D6

EO9E

51CFFFFA
APU FMUL
13FC0012
MOVE.B #FMUL, APUCOM
006A60 4E722300
APU FADD
006A64 13FC0010

DBRA D7,@107
MOVE.L WI,D6
MOVE.W #$3,D7

DBRA D7,@108

STOP #$2300

00050011 MOVE.B #FADD,APUCOM
006A6C 4E722300 STOP #5$2300
APURD A0,D3
006A70 3E3C0003 MOVE.W #83,D7
006A74 E19B @111 ROL.L #$8,D3
006A76 1610 MOVE.B (A0),D3
006A78 S51CFFFFA DBRA D7,8111
APURD A0,D2
006A7C 3E3C0003 MOVE.W #83,D7
006A80 BE19A @112 ROL.L #58,D2
006AB2 1410 MOVE.B (AD),D2
006A84 B1CFFFFA DBRA D7,@112
006A88 4E75  RTS
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(UI*WR) -> TOS

MOVE UR & WI TO APU STACK

(UR*WI) -> TOS

(UI*WR) + (UR*WI ) =UI->TOS

NEW UR & UI VALUES



QUANTITATIVE ANALYSIS OF PCG,ECG, AND CAROTID PULSE PAGE 40

1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1741
1741
1741
1741
1741
1742
1742
1742
1743
1744
1745
1746
1747
1748
1748
1748
1749
1750
1751
1752
1753
1754
1754
1754
1754
1754
1754
1754
1755
1755

1755
1756
1756
1756
1756
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1767

1767

AR AR AR I KA KKK A A IR AR AR AAR AR A AR AT T ko ho oo dhns

* FFT SUBROUTINE

D L L R R R L TR T e ey e e e LT S L
* AQ <--> APU OPERAND ADDRESS

* A1l <--> APU COMMAND/STATUS ADDRESS

H AR KA HE AR IRI KKK KR IR R AR A A RA NI TRARKARKARAAARANR KRR IR AR A AR KR
* CALLS TOLLOWING MACROS: STPOINZ

KKK AT A AR AR TR A A AR AR AR KA HNTXIRA%
*

FFT DSPLOPT HAM,HAME

006A8A 4BFB6E9C LEA HAM,AS
006ABE 4DFB6EB4 LEA HAME, A6

TRP14 OUT1CR

006492 1E3CO0E3 MOVE.B #OUTICR,D7

006AS6 4B4E

TRAP #14
STPOIN2.L APUOPER,AQ,APUCOM,AT

006A98 207C00050001 MOVE.L #APUOPER,A(
006A9E 227C00050011 MOVE.L #APUCOM,AT

*

* CONVERT VALUES IN REAL AND IMAGINARY ARRAYS FROM 16-BIT
* FIXED POINT TO 32-BIT FLOATING POINT. MULTIPLY SIGNAL

*  BY HAMMING WINDOW W{N), WHERE W(N)=.54+.46(COS(2*PI*N/M))
*

STPOIN2.W XRST,A2,XIST,A3 START OF REAL AND IMAGINARY

006AA4 347C3700 MOVE.W #XRST,A2
006AAB 367C4700 MOVE.W #XIST,A3
*

* CONVERT 16-BIT NUMBERS IN REAL AND IMAGINARY ARRAYS

* TO- 32-BIT FLOATING POINT
*

006AAC 2012 FFTO MOVE.L (A2),DO PUT 16-BIT NUMBER INTO DR
APUWR16 DO,AQ WRITE NUMBER TO STACK
006AAE 3E3C0001 MOVE.W #$1,D7

006AB2 1080
006AB4 E098

@116 MOVE.B DO, (A0Q)
ROR.L #$8,D0

006AB6 S1CFFFFA DBRA D7,@116

006ABA E098B
006ABC E098

ROR.L #58,D0
ROR.L #$8,D0
APU FLTS CONVERT TO FLOATING POINT

006ABE 13rC001D

00050011 MOVE.B #FLTS,APUCOM
006ACE 4E722300 STOP #$2300
APURD A0,DC READ CONVERTED NUMBER
006ACA 3E3C0003 MOVE.W #$3,D7

006ACE E198
006AD0 1010

@118 ROL.L #3$8,D0
MOVE.B (A0),DO

006AD2 S51CFFFFA DBRA D7,@118

006AD6 24CO0 MOVE.L DO, (A2)+ STORE BACK INTO ARRAY

006AD8 B4FC5700 CMP.W #XIEN,A2

006ADC 6DCE BLT FFTO CONTINUE UNTIL ENTIRE ARRAYS CONVERTE
*

* MULTIPLY BY HAMMING WINDOW
*

006ADE 2A3C00000400 HAMM MOVE.L #1024,D5 NUMBER OF SAMPLES IN SIGNAL
006AE4 223CFFFFFE01  MOVE.L #-511,D1 START OF HAMMING WINDOW

006AEA 263C008A3D70 MOVE.L #HAMS54,D3

006AF0 283C7FEB8S1E MOVE.L #HAM46,D4

APU PUPI

006aF6 13FC001a

00050011

MOVE.B #PUPI ,APUCOM

D06AFE 4E722300 STOP #$2300
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1768
1769
1769
1769
1769
1769
1770
1770

1770
1771
1771

1771
1772
1772
1772
1772
1772
1773
1773

1773
1774
1774

1774
1778
1775
1778
1775
1775
1776
1776
1776
1777
1777
1777
1777
1777
1778
1778

1778
1779
1779
1779
1779
1779
1780
1780

1780
1781
1781

1781
1782
1782
1782
1782

006B02 7002 MOVE.L #$2,D0
APUWR DO,AC
006B04 3E3C0003 -MOVE.W #$3,D7
006808 1080 @120 MOVE.B DO, (A0)
006B0A EO098 ROR.L #58,D0
006B0C 51CFFFFA DBRA D7,@120
APU FLTD
006810 13FC001C
00050011 MOVE.B #FLTD,APUCOM
006B18 4E722300 STOP #52300
APU FMUL
006B1C 13FC0O012
00050011 MOVE.B #FMUL,APUCOM

006B24 4E722300 STOP #$2300
APUWR D5,A0
006B28 3E3C0003 MOVE.W #$3,D7

006B2C 1085 @123 MOVE.B D5, (AQ0)
006B82E EOSD ROR.L #38,D5
006B30 51CFFFFA DBRA D7,@123
APU FLTD
006B34 13rCO01C
00050011 MOVE.B #FLTD,APUCOM
006B3C 48722300 STOP #$2300
APU FDIV
006840 13FC0013
00050011 MOVE.B #FDIV,APUCOM
006B48 4E722300 STOP #$2300
APURD A0,D2 D2 = 2*p1/1024
006B4C 3E3C0003 MOVE.W #S$3,D7
006B50 E19a @126 ROL.L #$8,D2
006852 1410 MOVE.B (A0),D2

006854 51CFFFFA DBRA D7,@126
STPOIN2.W XRST,A2,XREN,A3
006B58 347C3700 MOVE.W #XRST,A2
006B5C 367C4700 MOVE.W #XREN,A3
HAMM1 APUWR D1,A0
006B60 3E3C0003 MOVE.W #$3,D7

006B64 1081 @128 MOVE.B D1, (a0)
006B66 E0SS ROR.L #58,D1
006B68 S51CFFFFA DBRA D7,@128
APU FLTD
006B6C 13FCO01C
00050011 MOVE.B #FLTD,APUCOM

006B74 4E722300 ~ STOP #$2300
APUWR D2,A0
006878 3E3C0003 MOVE.W #$3,D7

006B7C 1082 @130 MOVE.B D2, (A0)
006B7E E09A  ROR.L #$8,D2
006880 S1CFFFFA DBRA D7,@130
APU FMUL 2PI /1024 * N
006B84 13FC0012
00050011 MOVE.B #FMUL,APUCOM
006B8C 4E722300 STOP #$2300
APU COS COS(2PI*N/1024)
006890 13FC0003
00050011 MOVE.B #COS,APUCOM

006B98 4E722300 STOP #$2300
APUWR D4,A0
006B9C 3E3C0003 MOVE.W #$3,D7

006BA0 1084 @133 MOVE.B D4,{A0Q)
006BA2 E0SC ROR.L #88,D4
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1782 006BA4 51CFFFFA DBRA D7,6133
1783 APU FMUL L46COS(2PT*N/1024)
1783 006BA8 13FC0012

00050011 MOVE.B #FMUL,APUCOM

1783 006BBO 4E722300 STOP #$2300
1784 APUWR D3,A0
1784 006BB4 3E3C0003 MOVE.W #$3,D7

1784 006BB8 1083 @135 MOVE.B D3, (A0)
1784 006BBA E09B ROR.L #$8,D3
1784 006BBC 51CFFFFA DBRA D7,8135
1785 APU FADD .54+(.46C0OS(2PI*N/1024)
1785 006BCO 13FC0010
00050011 MOVE.B #FADD,APUCOM

1785 006BCB 4E722300 STOP #52300
1786 006BCC 2012 MOVE.L (A2),D0

1787 APUWR DO,AQ

1787 006BCE 3E3C0003 MOVE.W #53,D7

1787 0068D2 1080 @137 MOVE.B DO, (A0)

1787 006BD4 B098  ROR.L #$8,D0

1787 006BD6 51CFFFFA DBRA D7,@137

1788 APU FMUL (M) * w(N)

1788 006BDA 13FC0012 '
00050011 MOVE.B #FMUL,APUCOM

1788 006BE2 48722300 STOP #$2300
1789 APURD AQ,DO
1789 006BE6 3E3C0003 MOVE.W #$3,D7

1789 006BEA E198 @139 ROL.L #58,D0

1789 006BEC 1010 MOVE.B (A0Q),DO

1789 006BEE 51CFFFFA DBRA D7,@139

1790 006BF2 24C0 MOVE.L DO, (A2}+ MOVE DATA
1791 006BF4 5281 ADD.L #81,D1

1792 006BF6 B4CB CMP.W A3,A2

1793 006BFB. 6FO00FF66 BLE HAMM1
*
];gg AR KKK AT AT T AR A K AT KRR KRR AL AR ARNR AR AKRARAKNKRAAKRAAKRXRARAKRRAARXAXERKRANANKRR KRR
1796 * A2 <--> START OF REAL PART OF SIGNAL
1797 * A3 <--> START OF IMAGINARY PART OF SIGNAL
1798 * DO <--> J; D1 <--> I; D2 <~-> T; D3 <——> K
1799 * D4 <--> (J-1)%*4 ARRAY POINTER
1800 * 5 <--> (I-1)*4 ARRAY POINTER -
1801 RS T R LTSS EE L L LRI TR TR TR T LSRRI RIS L ELREIL S TSI ST X 4
1802 * CALLS FOLLOWING MACROS:
1803 * STPOIN2 '° CLDATA2 REORDER °*
1804 KKK AR A A KA A AT A AR A A A A A AT A A XA AT AAA AN ANATNRRRNAAKRRARN AR AR LS
1805 *
1806 ® FFT SUBROUTINE ---- DO 3 LOOP
1807 *
1808 DSPLOPT FFTM,FFTME
1808 006BFC 4BFB6EB6 LEA FFTM,AS
1808 006C00 4ADFB6EC4A LEA FFTME,A6
1808 TRP14 OUTICR
1808 006C04 1E3CO0E3 MOVE.B #OUTICR,D7

1808 006C08 4B4E TRAP #14

1809 006C0A 207C00050001 MOVE.L #APUOPER,AD

1810 006C10 347C3700 MOVE.W #XRST,A2 START OF REAL ARRAY
1811 CLDATA2.W D4,D5

1811 006C14 4244 CLR.W D4

1811 006C16 4245 CLR.W D5

1812 STPOINZ 1,D0,1,D1 J=131=1
1812 006C18 303C0001 MOVE #1,D0
1812 006C1C 323C0001 MOVE #1,D1
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1813
1814
1815
1816
1817
1818
1818
1818
1818
1819
1819
1819
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1848
1848
1849
1850
1861
1882
1853
1853
1853
1853
1853
1853
1854
1855
1856
1857
1858

1859

*
* DO 3 I = 1,NM1
*
006C20 B240 FFT3LP CMP.W DO,D1
006C22 6C1C  BGE.S FFTI1 iF (I .GE. J) GOTO 1
REORDER A2,D4,D2,D5 T=F(J);F(J)=F(1);F(1)=T:*REAL¥
006C24 24324000 MOVE.L 0(A2,D4),D2
006C28 25B250004000 MOVE.L 0(A2,DS),0(A2,D4)
006C2E 25825000 MOVE.L D2,0(A2,D5)
REORDER A3,D4,D2,D5 s *IMAGINARY*
006C32 24334000 MOVE.L 0(A3,D4},D2
006C36 278350004000 MOVE.L 0(A3,D5),0(A3,D4)
006C3C 27825000 MOVE.L D2,0(A3,D5)
006C40 363C0200 FFT1 MOVE.W #NV2,D3 K=NV2
006C44 B640 FFT2 CMP.W D0,D3
006C46 6C06 BGE.S FFT3 IF (K .GE. J) GOTO 3
006C48 9043 SUs.w D3,D0 J=J-K
006C4A E24B  LSR.W #1,D3 K=K/2
006C4C 60F6  BRA.S FFT2 GOTO 2
006C4E DD43 FFT3 ADD.W D3,D0 J=J+K
006C50 5241 ADDQ.W #1,D1 I=I+1
006C52 5845  ADDQ.W #$4,D5 I ARRAY POINTER
006C54 3800 MOVE.W DO,D4
006C56 5344  SUBQ.W #$1,D4
006C58 E54C  LSL.W #52,D4 J ARRAY POINTER
006C5a 0C4103FF CMP.W #NM1,D1
006C5E 6FC0  BLE.S FFT3LP 3 CONTINUE
*
*
*
*
P e R R R R R R R A R LR R R R XXX R RIS LS LTRSS LSS50 &5 8
* AQ0,A1 <--> APU OPERAND ADDRESS, APU COMMAND ADDRESS
* A2,A3 <--> REAL AND IMAGINARY SIGNAL START
* D0,D1 <--> I ARRAY SUBSCRIPT (LW), IP ARRAY SCRIPT (LW)
* D2,D3 <--> UR,UI 32-BIT FLOATING POINT VALUES
* D6,D7 <--> SCRATCH
AR A A A A KRR TR A EA R KA A AT AR A A AR AR ANTAARARAAANNRARAINRKRAXARARX
*
* DO 5 OUTSIDE LOOP
* PR
STPOINZ XRST,A2,XIST,A3 START OF REAL AND IMAGINARY SIGNAL
006C60 347C3700 MOVE #XRST,A2
006C64 367C4700 MOVE #XIST,A3
*
* DO 5 L=1,LN
*
006C68 31FC00017F2A MOVE.W #1,L L=1
FFTOLPS5 POW2TOA L
006C6E 3E387F2A MOVE.W L,D7
006C72 04470001 SUBI.W #1,D7
006C76 3C3C0001 MOVE.W #1,D6
006C7Aa CCFC0002 €146 MULU.W #2,D6
006C7E 51CFFFFA DBRA D7,@146
006C82 31C67F2C MOVE.W D6,LE LE=2¥%#[,
006CB6 H24E LSR.W #1,D6
006C88 31C6TF2E MOVE D6,LE1T LE1=LE/2
006C8C 42BB7F3C CLR.L UR
006C90 06B800000001
7F3C ADDI.L #1,UR
006C98 42BB7F40 CLR.L UI U=(1.0,0.0)
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1860
1861
1861
1861
1861
1861
1862
1863
1863
1863
1863
1863
1864
1864

1864
1865
1865

1865
1866
1866

1866
1867
1867
1867
1867
1867
1868
1868
1868
1868
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895

006C9C 2C387F3C MOVE.L UR,D6
APUWR D6,A0
006CAD 3E3C0003 MOVE.W #$3,D7

006CA4 1086 @147 MOVE.B D6, (AD)

006CA6 EO9E  ROR.L #$8,D6

006CA8 51CFFFFA DBRA D7,@147
006CAC 2C387r40 MOVE.L UI,D6

APUWR D6,A0

006CB0 3E3C0003 MOVE.W #$3,D7
006CB4 1086 @148 MOVE.B D6, (AD)

006CB6 EODSE  ROR.L #$8,D6

006CB8 S1CFFFFA DBRA D7,@148
APU FLTD
006CcBC 13FCO01C

00050011 MOVE.B #FLTD,APUCOM

006CC4 4E722300 STOP #$2300
APU XCHD
006CcCB8 13rC0039

00050011 MOVE.B #XCHD,APUCOM

006CD0 4E722300 STOP #52300
APU FLTD
006CD4 13FCO01C

00050011 MOVE.B #FLTD,APUCOM

006CDC 48722300 STOP #52300
APURD A0,D2
006CEO 3E3C0003 MOVE.W #$3,D7

006CE4 E19A @152 ROL.L #88,D2
006CE6 1410 MOVE.B (A0),D2

006CE8 S51CFFFFA DBRA D7,@152

APURD A0,D3

006CEC 3E3C0003 MOVE.W #8$3,D7
,D3

006CF0 E19B @153 ROL.L #$8

006CF2 1610 MOVE.B (AD),D3

MOVE UR & UI TO APU STACK

CONVERT UI TO 32-BIT FLOATING POINT

EXCHANGE TOS & NOS

CONVERT UR TO 32-BIT FLOATING POINT

UR & UI 32-BIT FL-P VALUES

* COMPUTE W=CMPLX(COS(PI/LE1),-SIN(PI/LE1))
*

a=1

CONVERT TO LW ARRAY POINTER
Ip=I+LE1

CONVERT TO LW ARRAY POINTER

006CF4 S1CFFFFA DBRA D7,@153

*
006CFB 4EBB6754 JSR CALCW

*

* Do 5 J=1,LE1

%
006CFC 31FC00017F32 MOVE.W #1,J

¥

* DO 4 I=J,N,LE

*®
006D02 31FB7F327F30 FFTLPS MOVE.W J,1 I=J
006D08 30387F30 FFTLP4 MOVE.W I,DO
006DOC 04400001 SUBI.W #1,D0
006D10 E548 LSL.W #2,D0
006D12 32387F30 MOVE.W I,D1
006D16 D27B7F2E ADD.W LE1,D1
006D1A 04410001 SyBI.W #1,D1
006D1E E549 LSL.W #2,D1

*

"% COMPUTE T=F(IP)*U:

%
006D20 4EB867EA JSR CALCT

*

* T -> TOS; TR

*  COMPUTE F(IP}=F(I)-T

* F(1)=F{I)+T

170



QUANTITATIVE ANALYSIS OF PCG,ECG, AND CAROTID PULSE PAGE 45

1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1507
1908
1908
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1919
1919
1919
1919
1913
1920
1921
1921
1921
1922
1923
1923
1923
1923
1923
1923
1924
1924

1924
19286
1925

1928
1926
1926
1926
1926
1926
1926
1927
1927

1927
1928
1928

*

006D24 4EBB68BC JSR CALCFIM
006D28 4EBB693a JSR CALCFRL
006D2C 3C387r2C FFT4 MOVE.W LE,D6
006D30 DD7B7F30 ADD.W D6,1I I=1+LE .
006D34 0C7804007F30 CMP.W #N,I
006D3A 6FCC  BLE FFTLP4 CONTINUE UNTIL LOOP 4 UNTIL I>N
*
*  COMPUTE U=U*W:
*
006D3C 4EBB69BS JSR CALCU
*
006D40 067800017F32 FFTS ADDI.W #1,J J=J+1
006D46 3C387F32 MOVE.W J,D6
006D4A BC787F2E CMP.W LE1,D6
006D4E 6FB2 BLE FFTLP5 CONTINUE - INNER LOOP 5 UNTIL J>LET
006D50 067800017F2A FFTOS ADDI.W #1,L
006D56 0C78000A7F2A CMPI.W #LNN,L
006D5C 6FOOFF10 BLE FFTOLPS CONTINUE OUTER LOOP 5 UNTIL L>LN
*x
*  COMPUTE POWER SPECTRUM BY SQUARING POSITIVE PART OF
*  MAGNITUDE
*
DSPLOPT PS,PSE
006D60 4BFBBECS LEA PS,A5
006D64 4DFB6EDE LEA PSE,A6
TRP14 OUT1CR
006D68 1E3CO0E3 MOVE.B #OUTI1CR,D7
006D6C 4E4E  TRAP #14
006D6E 207C00050001 MOVE.L #APUOPER,AQ
STPOIN2.W XRST,A2,XIST,A3
006D74 347C3700 MOVE.W #XRST,A2
006D78 367C4700. MOVE.W #XIST,A3
006D7C 303C0000 MOVE.W #$0,D0
FFT6 APUSGWR A2,D0,A0 WRITE REAL PART TO STACK
006D80 2C320000 MOVE.L 0(A2,D0),D6
006D84 3E3C0003 MOVE.W #33,D7
006D88 1086 @156 MOVE.B D6, (AQ)
006D8A EOSE  ROR.L #$8,D6
006D8C S1CFFFFA DBRA D7,@156
APU PTOD PUSH TOS
006D90 13FC0037
00050011 MOVE.B #PTOD,APUCOM
006D98 4E722300 STOP #$2300
APU FMUL SQUARE REAL PART
006D9C 13FC0012
00050011 MOVE.B #FMUL,APUCOM
006DA4 4E722300 STOP #52300
APUSGWR A3,D0,AD WRITE IMAGINARY PART TO STACK
006DA8 2C330000 MOVE.L 0(A3,D0),D6
006DAC 3E3C0003 MOVE.W #$3,D7
006DB0 1086 @159 MOVE.B D6, (A0)
006DB2 EOSE ROR.L #88,D6
006DB4 S1CFFFFA DBRA D7,@159
APU PTOD
006DB8 13FC0037
00050011 MOVE.B #PTOD,APUCOM
006DCO 4E722300 STOP #52300
APU FMUL SQUARE IMAGINARY PART
006DC4 13rC0012

00050011 MOVE.B #FMUL,APUCOM
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1928
1929
1929

1929
1930
1930
1930
1930
1930
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1939
1939
1939
1939
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
19654
1954
1954
1954
1954
1955
1955
1955
1955
1955
1956
1956

1956
1957
1957

1987
1958
1958
1958
1958

006DCC 4E722300 STOP #$2300
APU FADD . ADD XR**2 TO XI**2
006DD0 13FCO0i0
00050011 MOVE.B #FADD,APUCOM
006DD8B 48722300 STOP #52300
APUSGRD 42,D0,A0 STORE POWER SPECTRUM SAMPLE IN XREAL
006DDC 3E3C0003 MOVE.W #$3,D7
006DE0 BE19E @163 ROL.L #3$8,D6
006DE2 1C10 MOVE.B (A0),D6
006DE4 51CFFFFA DBRA D7,@163
006DEB 25860000 MOVE.L D6,0(A2,D0)
006DEC 06400004 ADDI . W #$4,D0
006DF0 0C401000 CMPI .W #4096,D0
006DF4 6D8A BLT FFT6
.006DF6 4E75 RTS SKIP CONVOLUTION ROUTINE FOR NOW
* CAN USE ROUTINE BY REMOVING THIS RTS.
X
* CONVOLUTION ROUTINE TO SMOOTH POWER SPECTRA
*
DSPLOPT SMPS,SMPSE
006DF8 4BFB6EED LEA SMPS,AS
006DFC 4DFB6F00 LEA SMPSE,A6
TRP14 OUT1CR
006E00 1E3COO0E3 MOVE.B #OUTICR,D7
006E04 4E4E  TRAP #14
006E06 207C00050001 MOVE.L #APUOPER,AD
006EOC 7008 MOVE.L #8,D0 CONVOLVE WINDOW WIDTH
006EOE 347C3700 MOVE.W #XRST,A2 START OF POWER SPECTRUM
006E12 387C4700 MOVE.W #TMPSTC,A4 TEMPORARY STORAGE POINTER
006E16 584A  ADDQ.W #$4,A2 INCREMENT POWER SPECTRA- POINTER
*
k3
006E18 364A FLCN1 MOVE.W A2,A3 CONVOLVE INNER LOOP POINTER
006E1A 4281 CLR.L D1 C(N)=0
006E1C 2400 MOVE.L D0,D2 # OF SAMPLES IN WINDOW
*
006E1E 2623 FLCN2 MOVE.L -(A3),D3 DECREMENT, THEN LOAD DATA
006E20 B6FC3700 CMP.W #XRST,A3
006E24 6D00005A BLT FLCN3 ENSURE WINDOW NOT BEFORE XRST.
APUWR D3,A0 X(N-K)
006E28 3E3C0003 MOVE.W #$3,D7
006E2C 1083 @165 MOVE.B D3, {(A0)
006E2E E09B ROR.L #58,D3
006E30 S1CFFFFA DBRA D7,@165
APUWR D2,A0 W(K)
006E34 3E3C0003 MOVE.W #83,D7
006E38 1082 @166 MOVE.B D2,{(A0)
006E3A E09A ROR.L #38,D2
006E3C 51CFFFFA DBRA D7,@166
APU FLTD
006E40 13FCO01C
00050011 MOVE.B #FLTD,APUCOM
006848 48722300 STOP #82300
APU FMUL K(N-K)IW(K)
006E4C 13FC0012
00050011 MOVE.B $#FMUL,APUCOM
006E54 4E722300 STOP #52300
APUWR D1,AQ0
006E58 3E3C0003 MOVE.W #83,D7
006E5C 1081 @169 MOVE.B D1, (AQ)
006ESE E099 ROR.L #5$8,D1
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1958 006E60 51CFFFFA DBRA D7,@169
1959 APU FADD C{N) SUMMATION
1959 006864 13FC0010

00050011 MOVE.B #FADD,APUCOM

1959 006E6C 4E722300 STOP #$2300
1960 APURD A0,D1
1960 006E70 3E3CC003 MOVE.W #8$3,D7

1960 006E74 B199 @171 ROL.L #$8,D1
1960 006E76 1210 MOVE.B (A0),D1

1960 006E78 51CFFFFA DBRA D7,@171

1961 006E7C 51CAFFAQ DBRA D2,FLCN2 CONTINUE FOR ENTIRE WINDOW
1962 *

1963 006EB0 28C1 FLCN3 MOVE.L D1, (a4)+ C(N) FOR SPECIFIC N
1964 006EB2 584A  ADDQ.W #$4,A2 INCREMENT POINTER
1965 006E84 B4FC3EFC CMP.W #XRENH,A2

1966 006E88 6DBE BLT FLCN1

1967 *

1968 * MOVE DATA BACK TO XRST

1969 *

1970 006EBA 307C3700 MOVE.W #XRST,AD

1971 006EBE 327C4700 MOVE.W #TMPSTC, A1

1972 006E92 20D9 FLCNE MOVE.L (A1)+,(A0)+ MOVE DATA

1973 006E94 BOFC3EFC CMP.W #XRENH,AD

1974 006E98 6DF8 BLT FLCNE
1975 O06E9A 4E75 RTS

1976 006E9C 20 HAM DC.W ' HAMMING WINDOW'

1977 006EB4 20 HAME DC.W ° '

1978 006EB6 20 FFTM DC.W ' FET'

1979 006EC4 20 FEFTME DC.W ' '

1980 006EC6 20 PS DC.W ° POWER SPECTRUM'

1981 006EDE 20 PSE DC.W ' '

1982 006EE0 20 SMPS DC.W ' SMOOTH POWER SPECTRUM’
1983 006F00 20 SMPSE DC.W ' '

1984 *

1988 *
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1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2006
2006
2006
2006
2006
2007
2007
2007
2007
.2007
2007
2008
2009
2010
2010
2010
2010
2010
2010
2011
2012
2013
2014
2014
2014
2014
2014
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

006F02

006F06
006F0A

006F0E
006712

006F14
006F18

006F1C
006F20
006F22
006F26

006F2A
006F2E

006F32
006F36
006F38
006F3C
006F40

006F44
006F48

006F4C
006F50
006F52
006F56
006758
006F7A
006F7C
006F8E
006F90
006FA2
006FA4
006FBC

*FREFHGHFHFHERAB B A H B HHH B RSB AR BB H RS ER AR EFE AR R AR AR A SR A A
:#############################################################

*
*

PCG PROCESSING - FREQ DOMAIN

SRS RS R R B R SRR RS R BB R RS R R R RSN BRI R BRS

MODULES:

PFMSYS:
FFT:
PFPSY¥S:
PFMDIA:
FPFT:
* PFEDC:

* % ok & ® X X OF

THE PCG PROCESSING ROUTINE IS COMPRISED OF THE FOLLOWING

MOVE PCG SYSTOLE INTO COMPLEX ARRAY
COMPUTE POWER SPECTRUM OF SYSTOLE

MOVE SYSTOLE POWER SPECTRUM TO TEMP
MOVE DIASTOLE INTO COMPLEX ARRAY
COMPUTE POWER SPECTRUM OF DIASTOLE
COMPUTE ENERGY DISTRIBUTION COEFFICIENTS

Wgiiidriissiziss i sidas etz ssisisEs i isisis it sid
:#############################################################

4EBB72D4 PCGF JSR BLANK
DSPLOPT PFST,PFEN
4BFB6F58 LEA PFST,AS5
4DFB6F7A LEA PFEN,A6
TRP14 OUTICR
1E3CO0E3 MOVE.B #OUT1CR,D7
4E4E TRAP #14
DSPLOPT PFSFT,PFSFTE
4BFB6F7C LEA PFSFT,AS
4DFB6FBE LEA PFSFTE,A6
TRP14 OUT1CR
1E3CO0E3 MOVE.B #OUTI1CR,D7
4B4E TRAP #14
4EBB6FBE JSR PFMSYS
4EBB6ABA JSR FFT
DSPLOPT PFDFT, PFDFTE
4BFB86¥90 LEA PFDFT,AS
4DFB6FA2 LEA PFDFTE,A6
TRP14 OUTICR
1E3C00E3 MOVE.B. #OUT1CR,D7
4E4E TRAP #14
4EBB700C JSR PFPSYS
4EB87022 JSR PFMDIA
4EBB6ABA JSR FFT
DSPLOPT PFEST,PFEEN
4BFB6FA4L LEA PFEST,AS
4DFB6FBC LEA PFEEN,A6
TRP14 OUTICR
1E3CO00E3 MOVE.B #OUT1CR,D7
4B4E TRAP #14
4EBB7062 JSR PFEDC
4E75 RTS

50 PFST DC.W 'PCG PROCESSING - FREQUENCY DOMAIN’®

20 PFEN DC.W °
20 PFSFT DC.W '
20 PFSFTE DC.W
20 PFDFT DC.W '
20 PFDFTE DC.W
20 PFEST DC.W '
20 PFEEN DC.W '

SYSTOLIC FFT’

9 A

DIASTOLIC FFT'

COMPUTE EDC VALUES'
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2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2047
2047
2048
2048
2048
2049
2050
2050
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068

006FBE
006FC2

006FC6
006FCa
006FCE

006FD2
006FD6
006FDA
006FDC
006FEOD
006FE4
O06FE6
006FES
O006FEA
OD06FEC
O06FEE
006FF4
006FF8
006FFA
O006FFE
007004
007008
007004

AR AR I A TR AR AT AR KA AN AKX AR AR AANKAA AR AA AR A KA AR AR RS AT doex
* PFMSYS

A AR A KT AR A K TR A A K AR T AR AAA XXX IR ARARNANAKNRNK AR XA AR R dAAR
%

A0 <--> START OF SYSTOLE

A1 <--> END OF SYSTOLE

A2 <--> START OF REAL ARRAY;IMAGINARY ARRAY

DO <--> SCRATCH

AR AN KRR A AR A AR KRR A KK A T AN RAACAAXNKRARKKRR SN AR I I A DRk hhkhdddk

CALL FOLLOWING MACROS:
GETADD '

KK A AN AR AN KA I A KA AN AR XK T AR AR KA A KA XA AAXXIR XK A XA A AR hhd

THIS ROUTINE MOVES THE SYSTOLIC SEGMENT OF THE PCG INTO THE
REAL ARRAY. THE ARRAY IS APPENDED WITH ZEROS. THE IMAGINARY
ARRAY IS SET TO ZERO.

B % %k Sk % X ¥ % ¥ ¥ X ook ¥ * ¥ %

*
PFMSYS GETADD PCGS1A,A0,PCGSTRT

30787F08 MOVE.W PCGST1A,AQ
DOFCOF00 ADD.W #PCGSTRT,A(
GETADD PCGS1B,A1,PCGSTRT
32787F0A MOVE .W PCGS1B,AT
D2FCOF00 ADD.W #PCGSTRT,A1
4EBB63AC JSR TWOCOMP CONVERT PCG TO TWOS COMPLEMENT
GETADD PCGS1A,AQ0,PCGSTRT START OF SYSTOLE
30787F08 MOVE.W PCGS1A,AQ
DOFCOFO0 ADD.W #PCGSTRT,A(
3248 MOVE.W AO0,A1
D2F87F0C ADD.W PCGS2,A1 ‘END OF SYSTOLE
347C3700 MOVE.W #XRST, A2 START OF XREAL ARRAY

4280 CLR.L DO

3018 PFMSYS1 MOVE.W (A0)+,D0 MOVE SYSTOLE IN REAL ARRAY
24C0 MOVE.L DO, (A2)+ MOVE DATA

BOCY9 CMP.W A1, AD

6DF8

BLT PFMSYS1

24FC00000000 PFMSYS2 MOVE.L #0,(a2)+ APPEND WITH ZEROS
BAFC4700 CMP.W #XREN,A2

6DF 4

BLT PFMSYS2

347C4700 MOVE.W #XIST,A2
24FC00000000 PFMSYS3 MOVE.L #0,(A2)+ SET IMAGINARY ARRAY TO ZERO
B4AFCS5700 CMP.W #XIEN,A2

6DF4
4E75

*
*

BLT PFMSYS3
RTS
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2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2090
2091
2091
2091
2092
2093
2094
2095
2096
2097
2098

00700C
007010
007014
007018
00701A
00701E
007020

KK R I KA AR ARR N T RRKII KK AR KRR AT AARARAETIARR KA RAA R AR ko Rk bRk
* PFPSYS

KA KA KNI NI AK A AE KRR I AN NI AN AR AR R RANRRAARNSARKR AR AR A Aok ddd
%*

A2 <--> START OF REAL ARRAY;POWER SPECTRUM
A3 <--> TEMPORARY STORAGE
DO <--> COUNTER

AR KA A KKK AR K AR KKK I KT R AT IR R IR I AT AART AKX ARK AR AN RR AR I FRAARR

CALL FOLLOWING MACROS:
STPOIN2

KKK KKK AN A KRR RN AN A AR IR KRNI I A AR A AR NS AA XA AR DX A A A AT rrd

THE SYSTLIC POWER SPECTRUM IS RETURNED IN THE FIRST HALF OF
REAL ARRAY. THIS ROUTINE MOVES THE POWER SPECTRUM TO TEMPORA
STORAGE .

B % ¥ b % % ¥ % & X X X R X X K

*
PFPSYS STPOIN2.W XRST,A2,TMPSTB,A3

347¢3700 MOVE.W #XRST,A2

367¢5700 MOVE.W #TMPSTB,A3

303c0200 MOVE.W #512,D0

26DA PFPSYS1 MOVE.L (A2)+, (A3)+ MOVE DATA
51CBFFFC DBRA DO ,PFPSYS1

6DF8 BLT PFPSYST

4875  RTS

*
*
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2100
2101
2102
2103
2104
2105
2106
2107
2108
2109
2110
2111
2112
2113
2114

2115.

2116
2117
2118
2119
2120
2120
2120
2121
2122
2122
2122
2123
2124
2125
2126
2127
2128
2129
2130
2131
2132
2133
2134
2135
2136
2137
2138

007022
007026
00702a

00702E
007032
007036
00703a
00703C
007038
007040
007042
007044
00704A
00704E
007050
007054
007054
00705E
007060
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KA K TR AR AR AR AR KA AR AR A AR NARRAKRA AN AL ATAXANA A A ARkt

* PFMDIA

HEEKAKKEEKKRKRKKALK A KKK AKARXHAN KX AAAAAKAARARKAARI A AXAAXR A A A c Tk ahd

*

A1 <--> END OF DIASTOLE

CALL FOLLOWING MACROS:
GETADD '°

ARRAY IS SET TO ZERO.

¥ & o % % ¥ % % ¥ o % ¥ F X% %

*

A0 <--> START OF DIASTOLE

A2 <--> START OF REAL ARRAY;IMAGINARY ARRAY

AR AN A AR AR A AR TR AR AR A KT LA AR AR A A AR AR AR A AR b T hXK

AR KA AR A AR AN AT TR R KN AAT KRN KRAAKRERRRKRKRARKLAAANR AR AN A ARk hwokx

THIS ROUTINE MOVES THE DIASTOLIC SEGMENT OF THE PCG INTO THE
REAL ARRAY. THE ARRAY IS APPENDED WITH ZEROS. THE IMAGINARY

PFMDIA GETADD PCGS1A,A0,PCGSTRT START OF SYSTOLE

30787¥08 MOVE.W PCGS1A,A0

DOFCOFO00 ADD.W #PCGSTRT,AD

DOF87F0C ADD.W PCGSZ2,A0 START OF DIASTOLE
GETADD PCGS1B,A1,PCGSTRT END OF DIASTOLE

32787F0A MOVE.W PCGS1B,A1

D2FCOF00 ADD.W #PCGSTRT, At

347C3700 MOVE.W #XRST,A2 START OF XREAL ARRAY

4280 CLR.L DO

3018 PprMprail MOVE.W (A0)+,DO MOVE DIASTOLE IN REAL ARRAY

24C0  MOVE.L DO, (A2)+

BOCY9 CMP.W A1,AD

6DF8  BLT PFMDIAT : .
24FC00000000 PFMDIA2 MOVE.L #0,(A2)+

B4FC4700 CMP.W #XREN,A2

6DF4  BLT PFMDIA2

347C4700 MOVE.W #XIST,A2
247C00000000 PFMDIA3 MOVE.L #0,(A2)+
BAFC5700 CMP.W #XIEN,A2

6DF4  BLT PFMDIA3

4E75 RTS

*
*

177

MOVE DATA

APPEND WITH ZEROS

SET IMAGINARY ARRAY TO ZERO:
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2140
2141
2142
2143
2144
2145
2146
2147
2148
2149
2150
2151
2152
2153
2154
21565
2156
2157
2158
2159
2160
2161
2162
2163
2164
2165
2165
2168
2166
2166
2166
2167
2168
2169
2170
2171
2172

007062
007066
00706A
00706E
007072
007076

00707a
00707E

007082
007086
00708Aa
00708E
607090
007092

KK R AR A R AT T AN A AR A AR AN A AR XA AT XA ANXAAAAAAA I AT AR A AT v vk

* PFEDC
EAEKKEAEAAAATAAKAANARRKR KR AR A AT ARAAAI AR AAR Ak whkdekhdn

*®

* A2 <--> START OF SIGNAL

* D6 <--> EDC VALUE IS RETURNED IN THIS REGISTER
*

AR AT KT ARKRKR AR A A KKK A AR KRIATANXARNR AT AN N AN AT Ahhkhk ke rhdokddscx

*

* CALL FOLLOWING MACROS: SUBROUTINES::
® BDC '°

*

A AR KKK AAKRAR KR AR IR ARAARRANA AR RAARAAAAR ARk hdehk ek hdk

*

*
* COMPUTE EDC VALUES OF SYSTOLIC AND DIASTOLIC SEGMENTS
*
N :
347¢5700 PFEDC MOVE.W #TMPSTB,AZ2
4EBB87094 JSR FLEDC
21C67F1A MOVE.L D6,EDCFSYS
347C3700 MOVE.W #XRST,A2
4EBB7094 JSR FLEDC
21C67F1E MOVE.L D6,EDCFDIA
*
GETADD PCGS1A,A0,PCGSTRT CONVERT BACK TO 12-BIT NUMBER
30787708 MOVE.W PCGS1A,A0
DOFCOF00 ADD.W #PCGSTRT,AQ
GETADD PCGS1B,A1,PCGSTRT
32787F0A MOVE.W PCGS1B,A1
D2FCOF00 ADD.W #PCGSTRT, A1
06580800 PFEDCT ADD.W #$800, (AQ)+ ADD DATA
BOCY9 CMP.W A1,AD

6FF8 BLE.S PFEDCT

4875 RTS
%*

*

178
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2‘] 74 KA A KK AT KA A AT KA A AR ATAA AR AR A KRR AN AR AAAAARAAKRARARA AR AR AN A AR X &R
2178 * FLEDC

21 76 AR KA KK T A A KA AR KA AR KKK T AT AN RARK A AR KT AAKNEXNRAAAANRKEAAA AR IR A KA
2177 *

2178 * A0 <--> APU OPERAND ENTRY ADDRESS

2179 * A1 <--> APU COMMAND ENTRY ADDRESS

2180 * A2 <-—> START OF SIGNAL. WHEN ROUTINE CALLED START OF
2181 * SIGNAL MUST BE IN A2

2182 * D0 <~--> N {(MULTIPLIER IN NUMERATOR)

2183 * D3 <--> SQUARE ROOT OF VALUE

2184 * D6 <--> FINAL EDC VALUE 32-BIT FIXED POINT

2185 *

21 86 KA A A A A KA R AN AT TR AT R T A AN AR AN A A A ARN N AT AL AT KA KA KARXLRAIARNANRANAXNRR
2187 *

2188 * CALL FOLLOWING MACROS:

2189 * STPOIN2 APUWR *°' APUSGWR ' APURD APU
2190 %

2‘] 91 E R E X XL R R AR €S2 LS E LTS ETLT L LTI ELE LT LT TR ELETELLL S 552
2192 *

2193 *

2194 * THIS ROUTINE COMPUTES THE FLOATING POINT EDC VALUE. PARAMETE
2195 * ARE ENTERED AS 32-BIT FLOATING POINT. EDC VALUES COMPUTED FO
2196 * POSITIVE SIDE OF POWER SPECTRUM. RETURNED VALUE (EDC) IS
2197 * CONVERTED TO 32 FIXED POINT AND RESIDES IN DATA REGISTER D6.
2198 *

2199 *

2200 FLEDC STPOIN2.L APUOPER,A(Q,APUCOM, AT

2200 007094 207C00050001 MOVE.L #APUOPER,AQ
2200 00709a 227C00050011 MOVE.L #APUCOM,AT
2201 0070A0 7000 MOVE.L #$0,D0

2202 . APUWR DO,AQD

2202 0070A2 3E3C0003 MOVE.W #$3,D7

2202 0070A6 1080 @185 MOVE.B DO, (A0)

2202 0070A8 E098 ROR.L #$8,D0

2202 0070AA S51CFFFFA DBRA D7,@185
2203 APUWR DO,AQ MOVE  NUMERATOR AND DENOMINATOR ON
2203 0070AE 3E3C0003 MOVE.W #$3,D7

2203 007082 1080 @186 MOVE.B DO, (AD)
2203 0070B4 E098 ROR.L #$8,D0

2203 007086 51CFFFFA DBRA D7,@186

2204 * STACK (INITIALLY ZERO).

2205 0070BA 4241 CLR.W D1 SIGNAL ARRAY POINTER

2206 0070BC 7401 MOVE.L #$1,D2 MULTIPLIER (N) IN EDC COMPUTATION
2207 FLEDC1 APUSGWR A2,D1,A0 WRITE POWER SPECTRA SAMPLE TO STA
2207 0070BE 2321000 MOVE.L 0(A2,D1),D6

2207 0070C2 3E3C0003 MOVE.W #83,D7

2207 0070C6 1086 @187 MOVE.B D6, (A0)
2207 0070C8 EO9E  ROR.L #$8,D6
2207 0070CA 51CFFFFA DBRA D7,@187
2208 APU FADD UPDATE DENOMINATOR
2208 0070CE 13FC0010
00050011 MOVE.B #FADD,APUCOM
2208 0070p6 48722300 STOP #5$2300
2209 APU XCHF EXCHANGE NUM AND DEN ON STACK
2209 0070pA 13FC0019
00050011 MOVE.B #XCHF,APUCOM

2209 0070E2 4E722300 STOP #52300
2210 APUWR D2,A0 WRITE N TO STACK
2210 007086 3E3C0003 MOVE.W #$3,D7

2210 0070EA 1082 @190 MOVE.B D2, (A0)
2210 0070EC EO9A ROR.L #$8,D2

179
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2210
2211
2211

2211
2212
2212
2212
2212
2212
2212
2213
2213

2213
2214
2214

2214
2215
2215

2215
2216
2217
2218
2219
2220
2220

2220
2221
2221

2221
2222
2222
2222
2222
2222
2223
2224
222%

0070EE 51CFFFFA DBRA D7,@190
APU FLTD
0070F2 13FCO01C
00050011 MOVE.B #FLTD,APUCOM
0070FA 4E722300 sTOP #$2300
APUSGWR A2,D1,A0
0070FE 2C321000
007102 3E3C0003 MOVE.W #$3,D7
007106 1086 @192 MOVE.B D6, (AD)
007108 EO9E ROR.L #$8,D6
00710A 51CFFFFA DBRA D7,€182
APU FMUL
00710E 13FC0012
00050011 MOVE.B #FMUL,APUCOM
007116 4E722300 STOP #$2300
APU FADD
007114 13FC0010
00050011 MOVE.B #FADD,APUCOM
007122 48722300 STOP #$2300
APU XCHF
007126 13FC0019
00050011 MOVE.B #XCHF,APUCOM
00712E 4E722300 STOP #$2300
007132 5282 ADD.L #$1,D2
007134 5841 ADD.W #$4,D1
007136 0C410800 CMP.W #2048,D1

00713A 6DB2 BLT FLEDC1
APU FDIV
00713C 13rC0013

00050011 MOVE.B #FDIV,APUCOM
007144 4E722300 STOP #$2300
APU FIXD
007148 13FCO01E
00050011 MOVE.B #FIXD,APUCOM
007150 4E722300 STOP #$2300
APURD A0,D6
007154 3E3C0003 MOVE.W #$3,D7
007158 BE19E @198 ROL.L #$8,D6
00715A 1C10 MOVE.B (AD0),D6
00715C S51CFFFFA DBRA D7,@198

007160 4E75 RTS
*

*

180

MOVE.L 0(A2,D1),D6

FLOATING POINT

WRITE POWER SPECTRA VALUE TO STAC

N * S(N)

UPDATE NUMERATOR

EXCHANGE NUMAND DEN

INCREMENT MULTIPLIER
INCREMENT SIGNAL ARRAY POINTER

CONTINUE UNTIL ENTIRE SPECTRA COM
NUMERATOR/DENOMINATOR = EDC

CONVERT TO 32-BIT FIXED

D6 CONATINS EDC VALUE
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gg%g :#############################################################

2229 * D/A CONVERSION ROUTINES

2230 *

2231 ® 1) NORMALIZE ALL TRANSFORM DATA TO BE CONVERTED

2232 * WITH 12 BIT D/A.

2233 * 2) DISPLAY OPTIONS MENU

2234 * 3) SELECT OPTION

2235 * 4) PERFORM CONVERSION

2236 * 5) GO TO 2)

2237 *

2238 *EREG SRS S HHAAA S A BB S GBS AR A A RS S SRR BB EA SRS S40

3333 :#############################################################
4

2241 *

2242 * FIND MAXIMUM VALUE IN ARRAY... MAX RETURNED IN DO

2243 ¥ A2 <--> START A3 <--> END

2244 *

2245 007162 4280 DAMAX CLR.L DO CLEAR INITIAL MAXIMUM

2246 007164 221A DAMAX1 MOVE.L (A2)+,D1

2247 007166 B0B1 CMP.L D1,D0 CHECK CURRENT VALUE AGAINST MAX

2248 007168 6C02 BGE.S DAMAX2 : )

2249 007164 2001 MOVE.L D1,D0 UPDATE CURRENT MAX

2250 00716C B4CB DAMAX2 CMP.W A3,A2

2251 00716E 6FF4  BLE.S DAMAX1 SEARCH ENTIRE ARRAY

2252 007170 4E75 RTS

2253 *

2254 *

2258 * NORMALIZE ALL DATA IN ARRAY TO MAXIMUM VALUE OF 4095 (¥FF)

2256 * AQ0,A1 <—--> APU ADDRESSES A2,A3 <--> START AND END

2257 * DO <--> MAXIMUM VALUE IN ARRAY

2258 *

2259 * .

2260 DANORM APUWR DO,A0

2260 007172 3E3C0003 MOVE.W #$3,D7

2260 007176 1080 @199 MOVE.B DO, (AD)
2260 007178 EC98 ROR.L #$8,D0
2260 00717A 51CFFFFA DBRA D7,@199
2261 APU FLTD
2261 007178 13FC001C

00050011 MOVE.B #FLTD,APUCOM

2261 007186 4E722300 STOP #5$2300
2262 APURD AO0,DO MAX VALUE - FLOATING POINT
2262 00718a 3E3C0003 MOVE.W #53,D7

2262 00718E E198 @201 ROL.L #$8,D0
2262 007180 1010 MOVE.B (A0),DO

2262 007192 S51CFFFFA DBRA D7,@201

2263 007196 223COCFFF000 MOVE.L #$OCFFF000,D1 4095 - FLOATING POINT
2264 00719C 2412 DANORM1 MOVE.L (A2),D2 SAMPLE VALUE

2265 APUWR D2,A0

2265 00719E 3E3C0003 MOVE.W #3$3,D7

2265 007142 1082 @202 MOVE.B D2, (A0)
2265 0071a4 EO9A ROR.L #$8,D2
2265 0071A6 S1CFFFFA DBRA D7,@202
2266 APU FLTD
2266 0071aA 13FCO001C

00050011 MOVE.B #FLTD,APUCOM

2266 0071B2 4E722300 STOP #$2300
2267 APUWR DO,AD
2267 007186 3E3C0003 MOVE.W #$3,D7

2267 0071BA 1080 @204 MOVE.B DO, (AD)

181
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2267
2267
2268
2268

2268
2269
2269
2269
2269
2269
2270
2270

2270
2271
2271

2271
2272
2272
2272
2272
2272
2273
2274
2275
2276
2277
2278
2279
2280
2281
2282
2283
2284
2285
2285
2285
2286
2286
2286
2287
2288
2289
2290
2290
2290
2291
2282
2293
2294
2295
2296
2297
2298
2299
2300
2301
2302
2303

0071BC E098 ROR.L #$8,D0
0071BE 51CFFFFA DBRA D7,@204
APU FDIV VALUE/MAX
0071C2 13FC0013
00050011 MOVE.B #FDIV,APUCOM
0071CA 4E722300 STOP #$2300
APUWR D1,A0
0071CE 3E3C0003 MOVE.W #$3,D7
0071D2 1081 @206 MOVE.B D1, (A0)
0071D4 E099 ROR.L #58,D1
0071D6 51CFFFFA DBRA D7,8206
APU FMUL (VALUE/MAX)*4095
0071DA 13FC0012
00050011 MOVE.B #FMUL,APUCOM

007182 4E722300 STOP #52300
APU FIXD FIXED POINT
007186 13FCO01E

00050011 MOVE.B #FIXD,APUCOM
0071EE 4E722300 STOP #$2300
APURD A0,D2
0071F2 3E3C0003 MOVE.W #$3,D7
0071F6 B19A €209 ROL.L #$8,D2
0071F8 1410 MOVE.B (A0),D2

0071FA S51CFFFFa DBRA D7,€209

D071FE 24C2 MOVE.L D2,(A2)+ MOVE DATA

007200 BACB CMP.W A3,A2

007202 6F98  BLE DANORMI NORMALIZ2E ENTIRE ARRAY

007204 4E75 RTS

NORMALIZE ECG, CAROTID, AND PCG TRANSFORMS... DIVIDE
ALL SAMPLES BY THE MAX AND MULTIPLY BY 4095.

A0,A1 <--> APU ADDRESSES

A2,A3 <--> START AND END OF ARRAY

* % % % X % %

*®

DAFIX STPOIN2.L APUOPER,A(0,APUCOM, A1
007206 207Cc00050001 MOVE.L #APUOPER,AQ
00720C 227C00050011 MOVE.L #APUCOM,AT
STPOIN2.W TRECGST,A2,TRECGCHK,A3

007212 347C1B00 MOVE.W #TRECGST,A2
007216 367C20F0 MOVE.W #TRECGCHK,A3
00721A 4EBB7162 JSR DAMAX
00721E 347C1B00 MOVE.W #TRECGST,A2
007222 4EB87172 JSR DANORM
STPOIN2.W TRCARST,A2,TRCAREN,A3

007226 347C2100 MOVE.W #TRCARST,A2
00722A 367C2300 MOVE.W #TRCAREN,A3
00722E 4EB87162 JSR DAMAX
007232 347C2100 MOVE.W #TRCARST, A2
007236 4EBB7172 JSR DANORM
00723A 347C2300 MOVE.W #PCGENST A2
00723E 36787F10 MOVE.W PCGENDE,A3
007242 4EBB7162 JSR DAMAX
007246 347C2300 MOVE.W #PCGENST, A2
007244 4EB87172 JSR DANORM
00724E 6000003C BRA DAFIXB

%

*

* TAKE SQUARE ROOT OF POWER SPECTRUM -> FOURIER TRANSFORM

* IN 32-BIT FIXED POINT (FOR DISPLAY PURPOSES)

182
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2304
2305
2306
2306
2306
2306
2306
2307
2307

2307
2308
2308

2308
2309
2309
2309
2309
2309
2310
2311
2312
2313
2314
2315
2316
2317
2318
2319
2320
2320
2320
2321
2321
2321
2322
2323
2324
2325
2326
2327
2327
2327
2328
2329
2330
2331
2332
2333
2334
2335
2336
2337
2338
2338
2338
2338
2338
2338
2339

*

007252 2412 PSTOFT MOVE.L (A2),D2
APUWR D2,A0

007254 3E3C0003 MOVE.W #383,D7

007258 1082 @213 MOVE.B D2, (A0)

007253 E09A  ROR.L #$8,D2

00725C S51CFFFFA DBRA D7,@213
APU SQRT

007260 13FC0001

00050011 MOVE.B #SQRT,APUCOM

007268 4E722300 STOP #52300
APU FIXD
00726C 13FCO01E

00050011 MOVE.B #FIXD,APUCOM

007274 4E722300 STOP #32300
APURD A0,D2

007278 3E3C0003 MOVE.W #$3,D7
00727C E19A @216 ROL.L #358,D2
00727E 1410 MOVE.B (A0),D2
007280 51CFFFFA DBRA D7,@216
007284 24C2 MOVE.L D2, (A2)+ MOVE DATA
007286 B4CB CMP.W A3,A2 :
007288 6FC8 BLE PSTOFT
00728A 4E75 RTS

* ¥ % % %

*

DAFIXB STPOIN2.L APUOPER,A0,APUCOM, A1
00728C 207c00050001 MOVE.L #APUOPER,A(
007292 227c00050011 MOVE.L #APUCOM,6 A1
STPOIN2.W XRST,A2,XRENH,A3

007298 347C3700 MOVE.W #XRST,A2
00729C 367C3EFC MOVE.W #XRENH,A3
0072A0 4EB87252 JSR PSTOFT
0072a4 347C3700 MOVE.W #XRST,A2
0072A8 4EBB7162 JSR DAMAX
0072AC 347C3700 MOVE.W #XRST,A2
0072B0 4EBB7172 JSR DANORM

STPOIN2.W TMPSTB,A2,TMPENB,A3
0072B4 347C5700 MOVE.W #TMPSTB,A2
0072B8 367C5EFC MOVE.W #TMPENB,A3
0072BC 4EB87252 JSR PSTOFT
0072C0 347C5700 MOVE.W #TMPSTB,A2
0072C4 4EB87162 JSR DAMAX
0072C8 347C5700 MOVE.W #TMPSTB,A2
0072CC 4EB87172 JSR DANORM
0072D0 60000016 BRA DA

*

*

* CLEAR SCREEN

%

BLANK SPACE
0072D4 4BFB72E4 LEA SPAC,A5
0072D8 4DF872E6 LEA SPCE,A6

TRP14 OUTICR
0072DC 1E3CO0E3 MOVE.B #OUT1CR,D7
0072E0 4E4E  TRAP #14 :

0072E2 4E75 RTS

183

57

NORMALIZE FREQUENCY DOMAIN DATA. TAKE SQUARE ROOT OF POWER
SPECTRUM TO GET FT - CONVERT TO 32-BIT FIXED POINT.
NORMALIZE DATA.... DIVIDE SAMPLES BY MAX AND MULTIPLY BY

4095. A0,A2 <--> APU ADDRESSES, AZ2,A3 <--> START AND END

THE
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2340
2341
2342
2343

2344
2345

2346
2347
2347
2347
2347
2347
2347
2348
2349
2350
2351
2352
2352
2352
2352
2352
2352
2353
2354
2355
2355
2355
2355
2355
2355
2356
2356
2356
2356
2356
2356
2357
2357
2357
2357
2357
2357
2358
2358
2358
2358
2358
2358
2359
2359
2359
2359
2359
2359
2360
2360
2360

0072E4 20 SPAC DC.W ' '
0072E6 20 SPCE DC.W '
*

0072E8 33rC0800

00040000 DA MOVE.W #$800,DACHT
0072F0 33FC0000

00040004 MOVE.W #0,DACH2
0072r8 13FC0000

00010021 MOVE.B #HLTIMR,TCR HALT TIMER USING TCR HALT CODE
007300 343CO01E MOVE.W #30,D2
DAMEN SPACE
007304 4BFB72E4 LEA SPAC,AS5
007308 4DF872E6 LEA SPCE,A6
TRP14 OUTICR
00730C 1E3CO0E3 MOVE.B #OUT1CR,D7
007310 4E4E  TRAP #14
007312 51CAFFFO DBRA D2 ,DAMEN
*
* DISPLAY OPTIONS
*
DAOPT DSPLOPT MSG,MSGE
007316 4BFB75F6 LEA MSG,AS
00731A 4DFB7628 LEA MSGE,A6
TRP14 OUTICR
00731E 1E3CO0E3 MOVE.B #OUT1CR,D7?
007322 4E4E  TRAP #14
007324 4EBB72D4 JSR BLANK
007328 4EB872D4 JSR BLANK
DSPLOPT OPT1,0PT1E
00732C 4BFB762A LEA OPT1,A5
007330 4DF8765E LEA OPT1E,A6
TRP14 OUTICR
007334 1E3CO0E3 MOVE.B #OUT1CR,D7
007338 4E4E TRAP #14

DSPLOPT OPT2,0PT2E
00733A 4BFB87660 LEA OPT2,AS5
00733E 4DFB769A LEA OPT2E,A6

" TRP14 OUTICR
007342 1E3COOE3 MOVE.B #OUT1CR,D7
007346 4E4E TRAP #14

DSPLOPT OPT3,0PT3E
007348 4BF8769C LEA OPT3,AS5
00734C 4DFB876D6 LEA OPT3E, A6
TRP14 OUTICR -
007350 1E3CO0E3 MOVE.B $OUT1CR,D7
007354 4E4E TRAP #14

DSPLOPT OPT4,0PT4E
007356 4BFB76D8 LEA OPT4,A5
00735A 4Dr87718 LEA OPT4E,A6
TRP14 OUTICR
007358 1E3CO0E3 MOVE.B #OUT1CR,D7
007362 4E4E TRAP #14

DSPLOPT OPTS5,0PTSE
007364 4BF8771a LEA OPTS5,AS
007368 4DFB8775C LEA OPT5E, A6
TRP14 OUTICR
00736C 1E3CO0E3 MOVE.B #OUT1CR,D7
007370 4EAE TRAP #14

DSPLOPT OPT6,0PTEE
007372 4BFB8775E LEA OPT6,AS
007376 4DFB8779C LEA OPT6E,A6

184
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2360
2360
2360
2361
2361
2361
2361
2361
2361
2362
2362
2362
2362
2362
2362
2363
2363
2363
2363
2363
2363
2364
2364
2364
2364
2364
2364
2365
2365
2365
2365
2365
2365
2366
2366
2366
2366
2366
2366
2367
2367
2367
2367
2367
2367
2368
2369
2370
2371
2372
2373
2374
2375
2375
2375
2376
2376
2376
2377
2378
2379

00737A
007378

007380
007384

007388
00738C

00738E
007392

007396
0073%9aA

00739C
0073a0

0073a4
0073A8

0073AA
0073AE

007382
0073B6

007388
0073BC

0073c0
0073C4

0073C6
0073CaA

0073CE
0073D2

0073D4
0073D8

0073DC
0073E0

0073E2
0073E6
0073EA
0073EE

0073F2
0073F6

0073F8
0073FC

0073FE
007402

TRP14 OUT1CR

1E3CO0E3

MOVE.B #0UT1CR,D7

4E4E TRAP #14
DSPLOPT OPT7,0PT7E

4BFB779E
4DFB77E0D

LEA OPT7,A5
LEA OPT7E,A6

TRP14 OUTICR

1E3CO00E3

MOVE.B #OUT1CR,D7

4E4E TRAP #14
DSPLOPT OPT8,0PTBE

4BFB77E2
4DF87826

LEA OPT8,A5
LEA OPT8E,A6

TRP14 OUT1CR

1E3CO0E3

MOVE.B #OUT1CR,D7

4B4E TRAP #1714
DSPLOPT OPT9,0PTI9E

4BF87828
4DFB7862

LEA OPTY,A5
LEA OPTIE,A6

TRP14 OUTICR

1E3CO0E3

MOVE.B #OUT1CR,D7

4B4E TRAP #14
DSPLOPT OPTA,OPTAE

4BFB87864
4DFB7898

LEA OPTA,AS
LEA OPTAE,A6

TRP14 OUTICR

1E3C00E3

MOVE.B #OUT1CR,D7

4E4E TRAP #14
DSPLOPT OPTB,OPTBE

4BFB8789a
4DFB78D4

LEA OPTB,AS
LEA OPTBE,A6

TRP14 OUT1CR

1E3CO00E3

MOVE.B #OUTI1CR,D7

4E4E TRAP #14
DSPLOPT OPTC,OPTCE

4BFB78D6
4DFB8790E

LEA OPTC,AS
LEA OPTCE,A6

TRP14 OUTI1CR

1E3CO0E3

MOVE.B #OUT1CR,D7

4E4E TRAP #14
DSPLOPT OPTF,OPTFE

4BFB7910
4DFB87944

LEA OPTF,A5
LEA OPTFE,Ab6

TRP14 OUT1CR

1E3CO0E3

MOVE.B #OUTICR,D7

4B4E TRAP #14
*

*

4EBB72D4
4EBB72D4
4BF87946
4DF8795C

ENTER OPTION

JSR BLANK

JSR BLANK

NTROPT LEA ENTR,AS
LEA ENTRE,A6

TRP14 OUTPUT

1E3C00F3

MOVE.B #OUTPUT,D7

4E4E TRAP #14
TRP14 INCHE

1E3CO0F7

MOVE.B #INCHE,D7

4B4E TRAP #14
%

0c000031
67000068

CMP.B #$31,D0
BEQ ECGCAR
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2380
2381
2382
2383
2384
2385
2386
2387
2388
2389
2390
2391
2392
2393
2394
2395
2396
2397
2398
2399
2400
2401
2402
2403
2404
2405
2406
2407
2408
2409
2410
2411
2412
2413
2414
2415
2416
2417
2418
2418
2420
2421
2422
2423
2424
2425
2426
2427
2428
2429
2430
2431
2432
2433
2434
2435
2436
2437
2438
2439
2440

007406
00740a
007408
007412
007416
00741A
00741E
007422
007426
00742Aa
00742E
007432
007436
00743A
00743E
007442
007446
00744A
00744R
007452
007456
00745A
00745E
007462
007466
007468

00746C
007470
007474
007478
00747C
007482
007486
00748A
00748E

007492
007496
00749A
00749E
0074a2
0074A8

PAGE

0C000032 CMP.B #$32,D0
670000FC BEQ PCGETR
0C000033 CMP.B #$33,D0
6700007E BEQ ECGTR
0c000034 CMP.B #$34,D0
6700009C BEQ CARETR
0Cc000035 CMP.B #$35,D0
670000BA BEQ CARTR
0C000036 CMP.B #536,D0
670000FE BEQ PCGCTR
0c000037 CMP.B #$37,D0
6700011C BEQ PCGSYS
0C000038 CMP.B #$38,D0
6700013C BEQ PCGDIA
0C000039 CMP.B #$39,D0
67000162 BEQ SYSFT
0C000041 CMP.B #$41,D0
67000182 BEQ SYSPS
0Cc000042 CMP.B #$42,D0
67000166 BEQ DIAFT
0C000043 CMP.B #$43,D0
67000186 BEQ DIAPS
0Cc000045 CMP.B #$45,D0
66000004 BNE NTROPT1
4E75 RTS
6000FE7E NTROPT1 BRA DA
*

*
«
*

A AT R KA R AN A I KA LA N A AR AL AN A NAXA KA N A RAAATAANAAAKTATIN AR AN A AT RANR

* D/A DISPLAY ROUTINES

KT A A AR E KA AR AA AN AN TAAAXA AR A A AKX ARAKN AR ACAA IR RS R ARk ok d

%
>
o

Lo >
Al <—->
<>
<—=>
<—=>
D1 <——>

3 <>

STARTING ADDRESS CHANNEL 1
STARTING ADDRESS CHANNEL 2
ENDING ADDRESS CHANNEL 1
ENDING ADDRESS CHANNEL 2
SAMPLING PERIOD

WORD/LONG WORD INDICATOR
SAMPLING CODE (FOR CHANNEL 2)

E A
>
W

*

R T T L R T L LR R AR A L LT AT 2 T
* DISPLAY ECG AND CAROTID PULSE ON CHANNELS 1 AND 2
*

307¢0900 ECGCAR MOVE.W #ECGSTRT,AQ
327¢0c00 MOVE.W #CARSTRT, AT
347C0C00 MOVE.W #ECGEND,A2
367COF00 MOVE.W #CAREND,A3
203C000001E8 MOVE.L #ADWNSMP,DO
163C0000 MOVE.B #0,D3
123C0000 MOVE.B #$0,D1
4EBB795E JSR DA2CH
6000FES58 BRA DA

*

* DISPLAY ECG AND ECG TRANSFORM ON CHANNELS 1 AND 2

*

307C0900 ECGTR MOVE.W #BCGSTRT,AD
327¢1800 MOVE . W #TRECGST,A1
347¢c0C00 MOVE.W #ECGEND,A2
367C20F0 MOVE.W #TRECGCHK,A3
203C000001E8 MOVE.L #ADWNSMP,DO0
163C0000 MOVE.B #0,D3
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2441 0074AC 123C0001 MOVE.B #1,D1

2442 007480 4EBB795E . JSR DA2CH

2443 007484 6000FE32 BRA DA

2444 *

2445 * DISPLAY CAROTID AND ECG TRANSFORM ON CHANNELS 1 AND 2
2446 *

2447 007488 307C0CO00 CARETR MOVE.W #CARSTRT,A0
2448 0074BC 327C1B0O MOVE.W #TRECGST, A1

2449 0074C0 347COF00 MOVE.W #CAREND,A2

2450 0074C4 367C20F0 MOVE.W #TRECGCHK,A3

2451 0074C8 203C000001E8 MOVE.L #ADWNSMP,DO

2452 0074CE 163C0000 MOVE.B #0,D3

2453 0074p2 123C0001 MOVE.B #1,D1

2454 0074D6 4EBB795E JSR DA2CH

2455 0074DA 6000FEOC BRA DA

2456 *

2457 * DISPLAY CAROTID AND CAROTID TRANSFORM ON CHANNELS 1 AND 2
2458 *

2459 0074DE 307C0C00 CARTR MOVE.W #CARSTRT,AQ
2460 007482 DOFB7F00 ADD.W QRS1,A0

2461 007486 327C2100 MOVE.W #TRCARST,A1

2462 0074EA 347COF00 MOVE.W #CAREND,A2

2463 0074EE 367C2300 MOVE.W #TRCAREN,A3

2464 0074F2 203C000001E8 MOVE.L #ADWNSMP,DO

2465 0074F8 163C0000 MOVE.B #0,D3

2466 0074FC 123C0001 MOVE.B #1,D1

2467 007500 4EBB8795E JSR DA2CH

2468 007504 6000FDE2 BRA DA

2469 *

2470 . * DISPLAY PCG AND ECG TRANSFORM ON CHANNELS 1 AND 2
2471 *

2472 007508 307COF00 PCGETR MOVE.W #PCGSTRT,A0Q
2473 00750C 327C1BOO MOVE.W #TRECGST, A1

2474 007510 347C1B00 MOVE.W #PCGEND,A2

2475 007514 367C20F0 MOVE.W #TRECGCHK,A3

2476 007518 707a MOVE.L #ADSMPL,D0

2477 00751A 123C0001 MOVE.B #1,D1

2478 00751E 163C0003 MOVE.B #3,D3

2479 007522 4EBB795E JSR DA2CH

2480 007526 6000FDCO BRA DA

2481 *

2482 * DISPLAY PCG AND CAROTID TRANSFORM AN CHANNELS 1 AND 2
2483 C*

2484 00752A 307COF00 PCGCTR MOVE.W #PCGSTRT,AD
2485 00752E DOFB7FO08 ADD.W PCGS1A,AQ

2486 007532 327C2100 MOVE . W #TRCARST, A1

2487 007536 347C1B0O0 MOVE.W #PCGEND,A2

2488 00753A 367C2300 MOVE.W #TRCAREN,A3

2489 00753E 707A MOVE.L #ADSMPL,DO

2490 007540 123¢c0001 MOVE.B #1,D1

2491 007544 163C0003 MOVE.B #3,D3

2492 007548 4EB8795E JSR DAZ2CH

2493 00754C 6000FD9A BRA DA

2494 *

2498 * DISPLAY SYSTOLIC PCG AND ENERGY ON CHANNELS 1 AND 2
2496 *

2497 007550 307COF00 PCGSYS MOVE.W #PCGSTRT,AQ
2498 007554 DOFBT7FO08 ADD.W PCGS1A,AQ

2499 007558 327C2300 MOVE.W #PCGENST, A1

2500 00755C 3448 MOVE.W AQ0,A2

2501 00755E D4FB7F0C ADD.W PCGS2,A2

187



QUANTITATIVE ANALYSIS OF PCG,ECG, AND CAROTID PULSE PAGE 62

2502 007562 36787F0E MOVE.W PCGENSE,A3

2503 007566 "07A MOVE.L #ADSMPL,DO

2504 007568 123C0001 MOVE.B #1,D1

2505 00756C 163C0000 MOVE.B #0,D3

2506 007570 4EB8795E JSR DA2CH

2507 007574 6000FD72 BRA DA

2508 ®

2508 * DISPLAY DIASTOLIC PCG AND ENERGY CURVE ON CHANNELS 1 AND 2
2510 *

2511 007578 307COF00 PCGDIA MOVE.W #PCGSTRT,AQ
2512 00757C DOF87F08 ADD.W PCGS1A,AD

2513 007580 DOFB7FOC ADD.W PCGS2,A0

2514 007584 32787F0E MOVE.W PCGENSE,A1

2515 007588 347COF00 MOVE.W #PCGSTRT,A2

2516 00758C 36787F10 MOVE.W PCGENDE,A3

2517 007590 DAFB7F0A ADD.W PCGS1B,A2

2518 007594 707A MOVE.L #ADSMPL,DO

2519 007596 123C0001 MOVE.B #1,D1

2520 00759A 163C0000 MOVE.B #0,D3

2521 007595 4EBB795E JSR DA2CH

2522 0075A2 6000FD44 BRA DA

2523 ) *

2524 * DISPLAY SYSTOLE FOURIER TRANSFORM ON CHANNEL 1
2525 *

2526 SYSFT STPOIN2.W TMPSTB,A1,TMPENB,A3
2526 0075A6 327C5700 MOVE.W #TMPSTB,A1

2526 0075AA 367CS5EFC MOVE.W #TMPENB,A3

2527 0075AE 123C0000 MOVE.B #$0,D1

2528 007582 4EBB79D0 JSR DA2CHFT

2529 007586 6000FD30 BRA DA

2530 *

2531 * DISPLAY DIASTOLE FOURIER TRANSFORM ON CHANNEL 1
2532 *

2533 DIAFT STPOIN2.W XRST,A1,XRENH,A3
2533 0075BA 327C3700 MOVE.W #XRST,A1

2533 0075BE 367C3EFC MOVE.W #XRENH,A3

2534 0075C2 123€0000 MOVE.B #$0,Dt

2535 0075C6 4EBB79D0 JSR DA2CHFT

2536 0075CA 6000FDIC BRA DA :

2537 *

2538 * DISPLAY SYSTOLE POWER SPECTRUM ON CHANNEL 1
2539 *

2540 SYSPS STPOIN2.W TMPSTB,A1,TMPENB,A3
2540 0075CE 327C5700 MOVE.W #TMPSTB,Al

2540 0075D2 367CSEFC MOVE.W #TMPENB,A3

2541 0075D6 123C0001 MOVE.B #$1,D1

2542 0075DA 4EBB79D0 JSR DA2CHFT

2543 0075DE 6000FDO8B BRA DA

2544 *

2545 * DISPLAY DIASTOLE POWER SPECTRUM ON CHANNEL 1
2546 *

2547 DIAPS STPOINZ2.W XRST,A1,XRENH,A3
2547 007582 327C3700 MOVE.W #XRST, A1

2547 0075E6 367C3EFC MOVE.W #XRENH,A3

2548 0075BA 123C0001 MOVE.B #$1,D1

2548 0075EE 4EBB79D0 JSR DA2CHFT

2550 0075F2 6000FCF4 BRA DA

2551 *

2552 0075F6 20 MSG DC.W ' EDCTS,EDCTD,EDCFS,EDCFD IN $7F16,7F1B,7FIA,7F1E’
2553 007628 20 MSGE DC.W ' '
2554 00762a 20 OPT1 DC.W ' 1. BCG - CHANNEL 1, CAROTID - CHANNEL 2 @ 256 HZ
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2555
2555
2557
2558
2558
2560
2561
2562
2563
2564
2565
2566
2567
2568
2569
2570
2571
2572
2573
2574
2575
2576
2877
2578
2579
2580
2581
2582
2583
2584
2585
2586
2587

00765E
007660
007690
00769A
00769C
0076D6
0076D8
00770C
007718
00771A
007752
00775C
00775E
007792
00779C
00779E
0077D6
0077E0
0077E2
00781C
007826
007828
007862
007864
007898
00789A
0078D4
0078D6
00790E
007910
007944
007946
00785C

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

OPTI1E DC.W ' '

OPT2 DC.W ' 2. PCG - CHANNEL 1, ECG TRANSFORM - CHANNEL 2'
DC.W ' @ 1024 HZ® ‘

OPT2E DC.W ' '

oPT3 DC.W ' 3. ECG - CHANNEL 1, ECG TRANSFORM - CHANNEL 2 @

OPT3E DC.W ' '

OPT4 DC.W ' 4. CAROTID - CHANNEL 1, BECG TRANSFORM - CHANNEL2
DC.W ' @ 256 HZ®

OPT4E DC.W ' ' : '

OPT5 DC.W ' 5., CAROTID - CHANNEL 1, CAROTID TRANSFORM - CHAN
DC.W ' @ 256 HZ'

OPTS5E DC.W ' '

OPT6 DC.W ° 6., PCG - CHANNEL 1, CAROTID TRANSFORM - CHANNEL
DC.W ' @ 1024 HZ®

OPT6E DC.W ' '

OPT7 DC.W ' 7, PCG(SYSTOLE) - CHANNEL 1, ENERGY CURVE - CHAN
DC.W ' @ 1024 HZ'

OPT7E DC.W ' '

OPTB DC.W ' 8. PCG(DIASTOLE) - CHANNEL 1, ENERGY CURVE - CHA
DC.W ' @ 1024 HZ'

OPTBE DC.W ' '

OPTY DC.W * 9, PCG(SYSTOLE) FOURIER TRANSFORM - CHANNEL 1 @
OPT9E DC.W ' '

OPTA DC.W ' A. PCG(SYSTOLE) POWER SPECTRUM - CHANNEL 1 500 H
OPTAE DC.W ' '

OPTB DC.W ' B. PCG{DIASTOLE) FOURIER TRANSFORM - CHANNEL 1 @

OPTBE DC.W ' '

OPTC DC.W ' C. PCG(DIASTOLE) POWER SPECTRUM - CHANNEL 1 @ 50
OPTCE DC.W ' '

OPTF DC.W ' E. CONTINUE WITH FREQUENCY ANALYSIS/END PROGRAM

OPTFE DC.W ' '

ENTR DC.W ' ENTER CHOICE (1-E): '

ENTRE DC.W ' '
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2589
2590
2591
2592
2593
2594
2595
2596
2597
2598
2599
2600
2601
2602
2603
2604
2605
2606
2607
2608
2608
2610
2611
2612
2612
2612
2612
2612
2612
2612

2612

2613
2614
2615
2616
2617
2618
2619
2620
2621
2622
2623
2624
2625
2626
2627
2628
2629
2629

2629
2629

2629
2630
2631
2632

B o % % X ok % % % N & X X N F ¥ X X %

KKEAEAR R TEK AR RKRAAARKA A AN R AAX AR L AA KA A ATk r ok odddhak

* DA2CH
A AR E N AT A A AN A AN KR A AR R A AR AT AR A AR AAENERERANAKKR AKX AKX KA AAK
A0,A2 <--> START,END ADDRESS - CHANNEL 1 DATA
A1,A3 <--> START,END ADDRESS - CHANNEL 2 DATA
D0 <--> SAMPLING PERIOD
D1 <--> WORD/LONG WORD INDICATOR
D2 <--> SAMPLE VALUE
D3 <-~-> SAMPLING CODE
AR A A A A AT AN A A AT EARRAAKRKRKRKAARKART AT NI AR v A v ddrehds
CALLS FOLLOWING MACROS:
DATIMER
TSTIMR
PR R R R R R R R R R AR R R R R R X242 L L4 L 0 244
THIS SUBROUTINE SENDS DATA (12 BITS) TO D/A CHANNELS 1 & 2.
FOR CASES WHEN TWO SIGNALS WITH DIFFERENT
SAMPLING RATES ARE DISPLAYED, THE SIGNAL WITH THE LARGER
SAMPLING PERIOD MUST GO TO CHANNEL 2 USING THE SAMPLING CODE
THE SAMPLING PERIOD OF THE DATA GOING TO CHANNEL 2 MUST BE
A FACTOR OF THE SAMPLING PERIOD OF THE DATA GOING TO CHANNEL
1. SAMPLING CODE = ((S.P.1./S.P.2)-1).
D1 IS THE WORD (0)/LONGWORD (1) INDICATOR.
INITIALIZE AND START TIMER
DA2CH DATIMER SAMPLING PERIOD MUST BE IN DO
STPOIN2.L CNTR,A5,CPR,A6

*

00795E 2A7C0001002D MOVE.L #CNTR,AS
007964 2C7C00010025 MOVE.L #CPR,A6

00796a 2E00

MOVE.L DO0,D7

00796C OFCE0000 MOVEP.L D7,0(A6)
007970 13FrC0001

00010035 MOVE.B #1,TSR
007978 13FC0001

00010021
007980 4204

MOVE.B #STRTIMR,TCR
CLR.B D4

007982 33DB00040000 DASIG MOVE.W (A0)+,DACH1

007988 B2CB CMP.W A3,At

00798a 6D000O00A BLT DACA
007988 243C0000 MOVE.W #$0,D2
007992 6000001E BRA DAC2
007996 0C040000 DACA CMP.B #0,D4
00799a 67000008 BEQ DACT
00799 5304 SUBQ.B #1,D4

007940 60000010 BRA DAC2
0075a4 1803 DAC1 MOVE.B D3,D4
007946 0C010001 CMPI.B #$1,D1
0073AA 66000004 BNE DAC3
0079AE 5449 ADD.W #$2,A1

007980 3419

DAC3 MOVE.W (A1)+,D2

007982 33C200040004 DAC2 MOVE.W D2,DACHZ

TSTIMR A2,A0D

007988 0C390000
00010035 @243 CMP.B #0,TSR

0079C0O 67F6

BEQ @243

0079C2 13FC0001
00010035 MOVE.B #1,TSR

0079Ca BOCA
0079CC 6DB4
00739CE 4E75

CMP.W A2,A0
BLT DASIG
RTS

%
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2634
2635
2636
2637
2638
2639
2640
2641
2642
2643
2644
2645
2646
2647
2648
2649
2650
2651
2652
2653
2653
2653
2653
2653
2653
2653

2653

2654
2655
2656
2657
2657
2657
2657
2657
2658
2658

2658
2659
2659

2655
2660
2660

2660
2661
2661
2661
2661
2661
2662
2662

2662
2663
2663

PAGE 65

KKK KKK KA KA KA KA AR A A A KA AR RAKRKAKAK AR RAN AR AARA R XA AR R T A XX Ah %

* DA2CHFT
A KKK AT KA KT A A A KK AR KA AT AR AR AAR KA KA AN AINKRAKKREIRAKRRAKRKK R AR KRR R hhhhkk
* A1 <-—> START OF FT - CHANNEL 2 DATA; PS
A3 <--> END OF FT - CHANNEL 2 DATA; PS
A4 <--> pPU OPERAND ENTRY ADDRESS
DO <-—> SAMPLING PERIOD (800 HZ)
D1 <--> FT/PS INDICATOR
D2 <--> SAMPLE VALUE D3 <--> 4095 FLOATING
A A KKK A K KKK K KA AT AR AR KKK KA AR ARAAAR I AR A AR A A KRR AIA AR AKX
CALLS FOLLOWING MACROS:

DATIMER TSTIMR
KKK KKK R AR KRR I AR IR I KRR AR I A AR I KRR A A IR AR I AR Rk hkkkkkhkkkx ok

*
* DISPLAY FOURIER TRANSFORM ON CHANNEL 2
*

% % ok Sk % % Ok %

0079D0
0079D6
0079DC

287C00050001 DA2CHFT MOVE.L #APUOPER,A4
263COCFFF000 MOVE.L #S$OCFFFO000,D3
203C0000009C MOVE.L #156,D0

DATIMER

STPOIN2.L CNTR,A5,CPR,A6

0079E2
0079E8
007%EE

2A7C€0001002D
2C7€¢00010025
2E00 MOVE.L
0079F0 OFCE0000
007SF4 13FC0001
00010035 MOVE.B
0079FC 13FC0001
00010021 MOVE.B
007A04 2419 DA2CHFT1
007A06 0C010001
007A0A 66000062

MOVE.L #CNTR,AS
MOVE.L #CPR,Ab
Dpo,D7

MOVEP.L D7,0(a6)

#1,TSR

#STRTIMR, TCR
MOVE.L (a1)+,D2
CMPI.B #31,D1
BNE DA2CHFT2

APUWR D2,A4

007A0E
007Aa12
007A14
007A16

3E3C0003
1882
E0%A
51CFFFFA

MOVE.W #5$3,D7

@245 MOVE.B D2, (Aa4)
ROR.L #$8,D2

DBRA D7,@245

APU FLTD

007a1a 13FC001C
00050011 MOVE.B
007A22 4E722300

#FLTD, APUCOM
STOP #$2300

APU PTOD :

007a26 13rC0037
00050011 MOVE.B
007A2E 4E722300

#PTOD, APUCOM
STOP #$2300

APU FMUL

007a32 13rC0012
00050011 MOVE.B
007A3A 4E722300

#FMUL , APUCOM
STOP #52300

APUWR D3,A4

007A3E
007A42
007844
007246

3E3C0003
1883
E09B
51CFFFFA
APU FDI
007Aa42 13FCO013
00050011 MOVE.B
007A52 4E722300

MOVE.W #$3,D7

@242 MOVE.B D3, (A4)
ROR.L #$8,D3

DBRA D7,@249
\4

#FDIV,APUCOM
STOP #$2300

APU FIXD

007A56 13FCO01E
00050011 MOVE.B

#FIXD,APUCOM
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2663
2664
2664
2664
2664
2664
2665
2666
2666

2666
2666

2666
2667
2668
2669
2670
2671
2672
2673
2674
2675
2676
2677
2678
2679
2680
2680
2680
2681
2681
2681
2682
2683
2684
2685

007A5E 4E722300 STOP #$2300
APURD A4,D2
007A62 3E3C0003 MOVE.W #$3,D7
007a66 E19a @252 ROL.L #3$8,D2
007A68 1414 MOVE.B (A4),D2
007A6A 51CFFFFA DBRA D7,8252
007A6E 33C200040004 DA2CHFT2 MOVE.W D2,DACH2
TSTIMR A3,A1l
007A74 0C390000
00010035 @253 CMP.B #0,TSR
007A7C 67F6 BEQ @253
007A7E 13FC0001
00010035 MOVE.B #1,TSR
007486 B2CB  CMP.W A3,Afl
007488 6FO00FF7A BLE DAZ2CHFT1
007A8C 4E75  RTS
*®

*
%*
SEHHH R
END OF PROGRAM

R DTSR
**************************************************************
%
%

007AB8E 4BF87AA2 FIN LEA FINST,AS

007A92 4DFB87AB2 LEA FINEND,A6
TRP14 OUTICR

007A%6 1E3CO0E3 MOVE.B #OUTICR,D7

007492 4E4E TRAP #14

TRP14. TUTOR
007A9C 1E3CO0E4 MOVE.B #TUTOR,D7
007AAQ0 4E4E TRAP #14
007AA2 54 FINST DC.W 'THATS ALL FOLKS'
007482 20 FINEND DC.W ' '

*

*
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*%%%x%x% TOTAL ERRORS

END

0--

APPROX1680 UNUSED SYMBOL TABLE ENTRIES

@003 0060B0
@022 00630A
@062 0067DC
@071 00685A
@084 006904
@095 00699A
@101 0069F4
@t 006A74
@123 006B2C
@135 006BB8
@148  006CB4
@163 006DE0
@185 0070A6
@198 007158
@206 0071D2
@245 007412
AD1 00622a
ADCISR 00621C
ADEXADD000070
ADST 0061EA
APUCOM 050011
ATAN 000007
CALCFIMO068BC
CAR 0063Ca
CARETR 0074B8
CCNVL 006470
CHSD 060034
CNVLV1 006096
CPR 010025
DA2CH 00795E
DAC2 0079B2
DACH3 040008
DAMAX1 007164
DAOPT 007316
DIAPS 0075E2
DVD6464006564
ECGCAR 00746C
ECGERR 00638E
ECST 006268
EDCTDIACO7F18
ENDTBL 0060E2
EQRS2 006328
ERROR1 000000
FFTO 006AAC
FFT4 006D2C
FFTM 006EB6
FINDMAX006394
FIXS 00001F
FLEDC 007094
FMUL 000012
HAM 006ESC
HAMM1 006B60
INCHE 0000F7
LINKIT 0QOOFD

@o10
@030
@063
@072
@086
@096
@104
@112
@126
@137
@152
@165
@186
@199
@209
@249
AD2
ADCNVRT
ADFIN
ADSTE
APUEACK
BLANK
CALCFRL
CARCNV
CARSNEW
CCNVLA
CHSF
CNVLV2
CT1T2
DA2CHFT
DAC3
DADD
DAMAX2
DASIG
DMUL

E1
ECGCNV
ECGSNEW
EDC
EDCTSYS
ENTR
EQRS3
EXP
FFT1
FFTS
FFTME
FINDMX
FLCN1
FLEDC1
FSUB
HAM46
HEX2DEC
J 007F32
LN

006178
006488
0067F2
00686A
00691C
0069AA
006A18
006A80
006850
006BD2
006CE4
006E2C
007082
007176
0071F6
007A42
006238
0061D0
006204
006202
04000E
0072D4
00693A
000010
000C00
006494
000015
00609C
0064A0
0079D0
007980
00002cC
00716C
007982
00002E
006100
000010
000900
00650E
007F16
007946
006340
00000A
006C40
006D40
006EC4
00639
006E18
0070BE
000011
EBB51E
0000EC
L

000009

@g16
@037
@064
@073
@087
@097
€105
@116
@128
@139
@153
@166
@187
@201
@213
@252
ADCH1
ADCONT
ADFINE
ADWAIT
APUEXAD
C2DFSQ
CALCT
CARDWN
CARSTRT
CDCRTC
CHSS
CNVLV3
D6464A
DA2CHFT1
DACA
DAFIX
DAMEN
DCRTC
DMUU
E1E
ECGDWN
ECGSTRT
EDC1
EDFSQ
ENTRE
EQRS4
FADD
FPT2
FFT6
FFTOS
FINEND
FLCN2
FLTD
GETNUMA
HAMS54
HLTIMR

007F2A
LNN

193

006242
00653A
006802
006876
060692C
0069BC
006A28
006AB2
006B64
006BEA
006CFO0
006E38
0070C6
00718E
007258
007A66
020001
00616a
00621A
0061AC
000070
00641E
0067EA
000008
000coo0
0064ca
000074
0060C4
006572
007Aa04
007996
007206
007304
007F06
000036
006124
000008
000500
006522
0062DE
00795C
006356 .
000010
006C44
006D80
006D50
007AB2
006E1E
00001C
0000E2
8A3D70
000000
LE
00000A

0 -~ TOTAL LINES 2685

@017
@053
@065
@076
@089
@098
@107
@118
@130
€146
@156
@169
@190
@202
@216
@253
ADCH2
ADCONV
ADREAD
ADWNSMP
APUOPER
C2DFSQ1
CALCU
CAREND
CARTR
CDCRTC1
CNTR
Ccos
D6464B
DA2CHFT2
DACH1
DAFIXB
DANORM
DDIV
DS2DEL
BECEN
BECGEND
ECGTR
EDCFDIA
EDFSQU
EQRS
EQRSS
FDIV
FFT3
FFTLP4
FFTOLPS
FINST
FLCN3
FLTS
GETNUMD
HAME
HOLD

007F2C
LOG

PAGE

0062B6
006768
00680E
00689a
00694E
0069CC
006A40
006ACE
0066B7C
006C7A
006D88
006E5C
0070EA
0071A2
006727C
007Aa74
620003
006126
02000C
0001ES
050001
006444
006988
000F00
0074DE
0064E6
01002D
000003
006598
DO07A6E
040000
00728C
007172
00002F
00001B
006294
000C00
007492
007F1E
0062D4
006314
006364
000013
006C4E
006D08
006C6E
007AA2
006E8B0
00001D
0000E1
006EB4
02000E
LE1

oooo08

67

@018
@061
@068
@080
@093
@100
@108
@120
@133
€147
@159
@171
@192
@204
@243
ACOS
ADCH3
ADEND
ADSMPL
APISR
ASIN
CAEN
CALCW
CARENEW
CAST
CDCRTC2
CNVLV
COUNTER
DA
DAC1
DACH2
DAMAX
DANORM1
DIAFT
DSUB
ECG
ECGENEW
ECNVL
EDCFSYS
EMOVE
EQRS1
EQRS6
FFT
FFT3LP
FFTLPS
FIN
FIXD
FLCNE
FMAX
GOFIN
HAMM
I 007F30
007F2E
MAIN

0062CA
0067¢CC
006832
0068D0
006982
0069E4
006A50
006808
006BA0
006CA4
006DB0O
006874
007106
0071BA
007988
000006
020005
00623E
00007a
006240
000005
00641C
006754
000F00
0063EE
006470
00608E
007F438
0072E8
0079A4
040004
007162
00719C
0075BA
00002D
00624a
000C00
0062F2
007F1A
006296
006322
006380
006A8A
006C20
006D02
007A8E
00001E
006ES2
0063A2
00605C
006ADE

006012
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MEMCLR 006006
N 000400
NTROPT1007468
OPT2E 00763%A
OPTS 007714
OPT7E 0077E0
OPTA 007864
OPTCE 007908
ouUTPUT 0000F3
PCEST 006646
PCGEND 001800
PCGETR 007508
PCGSNEWOOOF00
PCSST 00660C
PFEDC1 00708A
PFMDIA100703C
PFMSYS2006FEE
PFSFTE O06FBE
PNTBHX 0000E6

PSE 006EDE
PTCS1 0066D2
PTOS 000077
PWR " 000008
QuUOT 007r44
SMPS 006EE0D
SPCE 007286
SYSFT 0075A6
TCR 010021
TRCAREN002300
TSR 010035
UR 007F3C
WR 007r34
XIST 004700

MEMEND
NEWTBL
NV2
oPT3
OPTSE
oPT8
OPTAE
OPTF
PCDEN
PCGCNV
PCGENDE
PCGF
PCGSTRT
PCST
PFEEN
PFMDIA2
PFMSYS3
PFST
POPD
PSTOFT
PTEDC
PTSQ1
QRS 1
SADD
SMPSE
SQRT
SYSPS
TMPENB
TRCARST
TUTOR
USRFNCS
XCHD
XREN

00SFFE
0060DE
000200
00768cC
00775C
0077E2
007898
007910
006644
000020
007F10
006F02
000F00
0065EE
006FBC
007044
006FFE
006F58
000038
007252
0066FE
00669C
007r00
00006C
006F00
000001
0075CE
005EFC
002100
0000E4
0060CE
000039
004700

MEMST
NM1
opT1
OPT3E
OPT6
OPTBE
OPTB
OPTFE
PCDST
PCGCTR
PCGENEW
PCGS1A
PCGSYS
PFDEFT
PFEN
PFMDIA3
PFPSYS
PNT2HX
POPF
PTCD1
PTEDC1
PTSQU
QRS2
SDIV
SMUL
SSuUB
T1T0T2
TMPSTA
TRECGCHK
TWOCOMA
UTRER1
XCHF
XRENH .
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000900
0003FF
00762A
0076D6
00775E
007826
00789A
007944
006628
007524
001800
007r08
007550
006F%0
006F7A
007054
00700C
0000E9
000018
0066F4
006744A
006660
007Fr02
00006F
00006E
00006D
000098
003700
0020F0
0063cC2
0060E6
000019
003BFC

PULSE

MSG
NOPAPU
OPT1E
OPT4
OPT6E
OPT9
OPTBE
OUT1CR
PCEEN
PCGDIA
PCGENSE
PCGS1B
PCGT
PFDFTE
PFEST
PFMSYS
PFPSYS1
PNT4HX
POPS
PTCNVD
PTOD
PUPI
QuUIT
SEQNUM
SMUU
START
T2PEAK
TMPSTB
TRECGEN
TWOCOMP
VDR
XCHS
XRST
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0075F6
000000
00765E
0076D8
00779C
007828
0078D4
G000E3
00665E
007578
007r0E
007F0a
0065A0
006FA2
006FA4
C06FBE
007018
0000E8
000078
0066DC PTCNVS
000037 PTOF
00001A PUTHEX
006064 QUITE
G07F12 SIN
000076 SPAC
0000B5 STRTIMR
007F04 TAN
005700 TMPSTC
0020FC TRECGST
0063AC
007F00
000079
003700

MSGE
NTROPT
OPT2
OPT4E
oPT7
OPTIE
oPTC
QUTCH
PCEN
PCGDWN
PCGENST
PCGS2
PCSEN
PFEDC
PFMDIA
PFMSYST
PFSFT
PNT6HX
Ps

007628
0073EA
007660
007718
00779E
007862
0078D6
0000F8
00660A
000002
002300
007F0C
006626
007062
007022
006FE6
006F7C
0000E7
006ECS
0066AE
000017
0000EBA
60608C
000002
007284
000001
000004
004700
001800
007r40
007r38
005700





