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INTRODUCTION 

Researchers' ar.e currently determining diagnos.tic criteria from 

vectorcardio.grBlilS, .Nun~·imrasive detection of infarct location, size 

and presence of a second infarct near an older one. can be accomplished. 

The measurements and calculations required in the comparison of a 

vectorcardiogram with these criteria can be done by computer; thus, 

relieving physicians of much tedium, enabli_ng them to spend a greater 

amount of time on higher professional skills. In 1970, 

In general, there is no difficulty in formulating an 
adequate algorithm for the diagnostic evaluation of 

.vectorcardiograms to be followed by a computer. 
However, an algorithm for the pattern detection of vector-
cardiograms cannot- be adequately formulated at the present 
time ..• consequently in .many cases the value of ccimputer 
analysi~ is seriously limited. 

In 1978, the work of Gustafson, Willsky, Wa.ng, Lancaster and 

Triebwasser (14,15). was publish_ed, describing computerized statistical 

techniques. ·f()r detection of arrythmias ·based on R-R intervals. In 

1971, at the second International Federation for Information Processing, 

Technical Committee on Informatiori Processing in Medicine, (IFIP TC-4) 

Workip.g Conference on Computer Application on ECG and VCG Analysis, Wolf, 

MacFarlane, Friedricks, Duicmetiere, Werhrer, Van Bemmel, and Smith each 

discussed -pz:ograms implemented for wave rec_ognition (47). Others, e.g., 

Pipbe_rger, et al. (30), have produced computer p:r:ograms for VCG waveform 

analysis. In order to provide this di_agnostic capability to the 

practici.ng clinician, it would be desirable to develop an inexpensive 

instrument which would b.ii straightforward for a technician to operate, 

-. 
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- - -
Microprocessor technology, including compatible analog-to-digital (A/IJ) 

and digital-to-analog (D/A) converters, may be exploited to ~his end. 

This thesis describes the design and implementation of a microprocessor-

based vectorcardiographic data acquisition system. The controlling 

firmware is written to provide support- for modular algorithms for 

analysis of VCG waveforms. 

A design for a microprocessor-based vectorcardiograph was proposed 

by Anil Sahai in his doctoral dissertation: The Design of a Micro-

processor-Controlled· Vectorcardiographic System (34), Due to the 

introduction of improved and less expensive parts, the hardware and 

software have been redesigned. The design and implementation are 

presented herein. 

I 
I 
I 
( 
I 

- ~- --- -1 
- _, ! 
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REVIEW OF LITERATURE 

Vectorcardiography 

The vectorcardiogram is a planar projection of the heart dipole. 

Frontal, left or right sagittal and transverse (horizontal) views are 

taken. These displays are constructed by plotting one electrocardio-

graphic lead versus another instead of versus time. The passage of 

time would not be evident in the simple two-dimensional picture, 

therefore, the line is modulated in some way to indicate the direction 

and duration of time corresponding to a particular segment. Dashes and 

teardrops shapes are used. In a more sophisticated presentation 

suggested by Brinberg (Cited in ·wartak (43)), cones are drawn depicti.ng 

the direction by their orientation and extent of time by spaci.ng. A 

recent technique employs color to clarify the pattern (20), 

The arrangement of electrodes used most frequently is the Frank 

lead system (8), which is based on a homogeneous torso model (10), 

There is some controversy over which lead system is best (see, for 

example, Zywietz and Schneider ·(47)), and much of the use of Frank 

leads involves modification of the electrode placement (32). It is 

not necessary to change the lead placement to compensate for the 

position of the heart in the individual patient, as an electrical 

circuit, called a resolver, exists which can perform rotations of the 

vectorcardiogram (43). A discussion of the sensitivity of di.agnostic 

programs using the Frank lead system to mispositioning of leads is given 

in Greiser and Freidricks (12). 
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A representation of the Frank lead system is shown in Figure 1. 

The resistors perform a linear combination of the body-surface 

potentials, producing the three leads--X, Y, and z. 
are developed from the leads as follows: ·Transverse: 

The three planes 

X vs Z; saglttal! 

Z vs Y; and frontal: X vs Y, Figure 2, also after Wartak (43); shows 

a normal vectorcardiogram. Different segments of the waveforms provide 

information of diagnostic value, The section of the pattern from the 

isoelectric or E-point to the 0-point (see Figure 2) is called the 

P-loop and is produced by atrial depolarization. As atrial repolariz~

tion is not completed before ventricular depolarization begins, the 

P-loop is not clos.ed, Le., the 0-point is not equivalent to the 

E-point. Ventricular depolarization produces the QRS-loop, the largest 

in area of the three loops. The last excursion of the curve is called. 

the T-loop. It is produced by ventricular repolarization. The 

characteristics .of the loops, the separation of their et!dpoints, and 

the instantaneous position of the vector are all used in diagnosis. For 

a thorough introductory description of vectorcardiography, see Wartak, 

Simplified Vectdrcardiography (43). 

Normal values and variation in vectorcardiograms are bei_ng 

obtained as a function of age (9,13), body size, sex (45) and race (2), 

for the purpose of diagnosis of abnormal. patterns, Di.agnostic criteria 

are being determined in many disease states, including ventricular 

(1,39,41) and atrial hypertrophy (9,46), atrial flutter (46), conduction 

defects--Wolf-Parkinson-White syndrome (40), sick sinus panconduction (31), 

and blocks (4). Vectorc~rdiographs give information about old 
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infarcts (22), localization (27, 28, 33) and size (44) of infarcts, 

perioperative infarcts (24), diaphragmatic myocardial infarcts (37) 

and especially posterior infarcts, which can only be determined by 

vectorcardiography (6). lschemia (7), hypertension (2), aortic 

regurgitation (41) and coronary occlusion (16,35) have known effects on 

vectorcardiograms. The vectorcardiogram can be used to measure pulmonary 

arterial pressure in the presence of chronic rheumatic mitral valve 

disease (36), to ·detect aberrant chromosome types (23) and to monitor 

the extent of damage to the heart in Fabry' s disease (25). Various 

features of the vector pattern are·utilized in diagnosis: the three 

planar projections (27); instantaneous values of magnitude and direction 

o~i the vector in the planes (33); spatial magnitude (from the Pythagorean 

theorem); and angle (41), ratios of magnitudes; and distances between 

points,,.· '.l'he difference between features from a prior pattern to a 

present one are used (33), and at least one group of researchers has 

suggested that the variability of the pattern over time in one individual 

may be significant (47). 

Some researchers obtain orthogonal potentials by means of ECG 

electrodes connected through a resistor scaling network to Grass 

recorders. Magnetic tape recordings of analog signals are later fed 

to A/D converters att_ached to minicomputers for data ·analysis (26 ,47), 

Others have. used commercial vectorcardiograph units (27·,46), At least 
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1 one of these units is no. longer available for sale • The functions 

required of such a unit are diverse. 

The measurements and computations required can be accomplished 

niore efficiently by computer if the computer can be instructed to 

recognize the waveform and to perform the analysis (43). Many programs 

are already available. In Computer Application of ECG and VCG Analysis 

(47), specific programs are described. ·For example, in one article, 

"Conduction Defects with and without Myocardial Infarction", by 

J. Gelin (11), a prog:ram is described which can give diagnoses for 

complete left bundle. branch block, complete ·r.ight bundll' branch block, 

left hemiblocks, and conduction·defects with myocardial infarction. 
I Several arrythmia detection programs are cited in the two articles by 

Gustafson, Willsky, et al. (14, 15). 

·In Friedman, ·niagncistic ·EcG ·and VCG, criteria ar.e given for the 

diagnosis of left and·right·ventricular·hypertrophy or enlargement, 

Wolf-Parkinson-White syndrome, (based on ·individual VCG patterns), and 

a host of associations of disease conditions with arrythmias, This book 

contains many references to special articles where diagnostic criteria 

may be found. Wartak, in'Simplified Vectorcardiography gives 

decision trees (the semantic content of a program, rather than the 

instructions themselves) for diagnosis of left·ventricular hypertrophy, 

right ventricular hypertrophy, biventticular hypertrophy, and Wolf-

Parkinson-White syndrome. 

1Personal .communication with Mike Kellen, Medical Sales E.ngineer, 
Hewlett ~ackard Co., Iowa City, Iowa. 
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Microprocessors in Instrumentation 

While the computer systems on which these programs run·may be 

more expensive than is feasible for some situations, the use of micro-

processors may bring the cost down sufficiently to make these .diagnostic 

programs more available (18). For·example, a·recent business reply 

mail advertisement from Abbott ·Medical Electronics states: 

We've eliminated the computer from our new computerized ACS 
Arrythmia Detection System, using new·microprocessor technology. 
And we've cut.our selling price nearly in half while increas-
ing the system's clinical usefulness. 

It is also important that an instrument be simple to learn and use (42). . . ' 

By using microprocessor compon·ents, instrumentation can be des.igned 
I . wh'.i.ch. is. tai;tored to ·a particular· application, i, e;, many features which 

are ,not of interest can be left ·out, ·and those which are desirable 

incorporated without significant impact on price. Peatman describes how 

this is done in Microcolilpliter-'based ·nesign (29) ~· This book provides an 

introduction to design with microprocessors, but· is written for those 

who intend to design systems at the component 1evel, · An introduction 

which is more appealing, and has· the additional benefit of hands-on 

experience is use of the Heathkit ·Microprocessor Trainer (E2). 

The educational literature associated with the ·kit provides· an elementary 

but thorough description of microprocessors .. Experiments with the 

hardware are clearly spelled out·, so that the user is painlessly exposed 

to the use of the microprocessor.· The kit with microprocessor, 

associated components, and educational literature costs $300 as of 

June, 1981. Kern's book; Microprocessors and ·small'Digital ·computer 

\ 
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Systems for Engineers and Scientists (21), presents microprocessor-

based design in perspective with other computer-based laboratory 

instrumentation. This book is very well-organized, presenting the 

wealth of detail necessary to begin a design in such a fashion that the 

sought-for information is readily found. · Finally, further references are 

given after each section. This book seems to reach its goal, to 

help readers understand· the manufacturers' literature and 
to make informed choices· of 'microprocessors, minicomputers, 
peripherals. 

An eminently satisfying book is·Microprocessors in Instruments and Control 

by Bibbero (3). This book reviews fundamentals of·data acquisition and 

control then digital logic before describing microprocessors. Ample 
I references are given. 

Last, for articles· describing· implementation, des.ign and deb.uggi.ng 

specifics, it may be helpful ·to look through 'ApPl:Ying Microprocessors 

from the Electronics Magazine Book·Series, 'Altman and Scrupski (eds,) (1). 

There are many features of" the vectorcardiogram ·which may be of 

diagnostic value. Provision of all of these capabilities in one device 

may lead to a very·complicated and/or expensive piece of equipment, If 

a family·of· instruments could be developed, each member of which·answers 

the needs of some particular investigators, without iricoipor.af:i.rig' ar:C ·, 
features, a reduction in cost and·'complexity could result. This set of 

related instruments could be developed by designi.ng· hardware to acquire 

raw vector data, and modular software routines to analyze·it, Selective 
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insertion of the program modules into the basic vectorcardiograph, 

which microprocessor technology makes possible, could accomplish this 

end. 
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PROBLEM DESIGN REQUIREMENTS 

The design requirements are divided into fiveareas: quality of 

signal measured, safety of instrument, quality of display, simp1icity of 

use, and ease of improvement. 

To be of diagnostic value, the Frank lead signals must be accurately 

represented from 0.2 Hertz to 200 Hertz (43). To satisfy the Nyquist 

criterion, then, a sampling (and conversion) rate of 400 Hertz per lead 

is required of the A/D converter and multiplexer. Real-time processing 

of the signal implies a conversion tum-around time of less than or equal 

to 0.8.milliseconds or 800 microseconds.· Tum~around time also includes 

software execution time for servicing interrupt requests, The time 

required for a conversion can be measured using a triggerable logic 

analyzer with int.erval timing capability. Measurements of voltage 

on each lead must be made at the same time (47), 

A high input impedance on the leads is required both to improve a 

signal quality and to minimize the·current drawn from the patient. 

The baridwidth and resolution 9f the display must be sufficient 
• 

for·the waveforms' highest frequency components to be seen, Resolution 

can be estimated by comparing the ratio of the-diameter of the illuminated 

spot to the linear dimension of the display, with the ratio of the change 

in volt.age to be discerned to the voltage excursion of the segment 

containi.ng the voltage change. 

The controls of the device must be readily understood from the 

user's viewpoint. There should be no settings of the input devices 

which are meaningless or ambig~ous. 
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The design should be modular, so· that improvements can be readily 

implemented. Thorough documentation, obviously, is necessary for both 

hardware and software. 
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SYSTEM DESCRIPTION 

The function of the instrument can be subdivided as follows: 

1. acquisition of analog ECGs including amplification 

2. filtering and sampling of the data 

3. digitizing 

4. storage in memory 

5. control panel 

6. retrieval from memory 

7. digital manipulation ·(Le., computation) 

8. display 

These functions are implemented within the instrument. A block di.agram 

showing the relationship of these functions is given in .Figure 3. 

Acquisition· and Amplification of ECGs 

The Frank lead system, the most widely used in clinical instruments 

as described in Biophysical Measurements· (38), ·is employed. The leads 

are buffered to provide high input· impedance (for' electric shock 

reduction and signal improvement). The buffering is followed by the 

scaling network of the Frank lead system. ·The x, Y, and Z leads are 

then amplified by instrumentation amplifiers, filtered by second-order 

Butterworth filters to remove aliasing, which would otherwise be 

introduced by subsequent sampling, ·and the signal· raised ·to an offset 

of 2. SV, to center the signal in· the range of the input of the A/D 

converter, The lead signals are then coupled to the··multiplexer inputs, 
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In van Bemmel et al. (42), a summary of filter cutoffs used by 

researchers is given. Most are using approximately 200 Hertz, and only 

one is using above 500 Hertz. The X, Y, and Z leads are sampled 

sequentially by a multiplexer, which feeds the selected analog channel 

to a .sample/hold amplifier. The sample/hold supplies the SAR (successive 

approximation register) A/D (analog-to-digital) converter which provides 

digital data to the microprocessor via the data bus. 

The analog· channel switched to the sample/hold also drives the 

display circuitry so that the data ·being gathered are displayed in 

real time.. Frank leads can be· monitored in real time by this connection. 

This is designated Real Time· Mode. In Stored Data Mode, the output 

of the sample/hold is input to the A/D converter, which outputs digital 

data on the microprocessor data bus. The A/D converter interrupts. the 

microprocessor with' an "end-of-conversion" signal, at which. time the 

processor stores the data in memory. The data can then be retrieved by 

the microprocessor and sent to a D/A (digital-to-analog) converter, where 

they are converted to a signal for driving the cathode ray tube, The 

output of the D/A is routed to one of the channels of the analog 

mutliplexer used in data acquisition, so the same multiplexer (through 

which real time data are sent to the CRT) can select the previously 

stored data. 

The display is a low persistence CRT X-Y monitor, with a bandwidth 

of 4 kilohertz (El3). The functions of the vectorcardiograph are 

controlled from a front panel. ECG or VCG display can be selected, 

either in real time or from stored data. When ECG data are displayed, 
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the horizontal scan is supplied from a sawtooth generator circuit 

(selected through the multiplexer). Presently the X, Y and Z leads are 

available, but simple modification will allow for the bipolar leads I, 

II and III to be observed as well. Any of the three VCG planes may 

be selected, either in real time or stored. 

When Stored ~ Mode is selected, two sets of 3-digit BCD switches 

are used as inputs· to the processor to define the range of samples of 

the VCG pattern to be displayed. For example, if it were desired to 

examine the T-loop without interference from an overlapping P-loop, 

the switches could be set to display only· the desired portion of the 

waveform. The output is updated-as ·the switches are rotated, so that 

lengthening or shortening either end ·of the waveform can be done with 

rapid visual feedback. The ·resolution-of the switches is one sample 

per least significant· digit" as the waveform is made up· of 1000 samples 

per lead. Should a range of points be selected such that the starting 

point is higher that the stopping-point, "a range error light is 

illwninated. 

In summary 0 ·the ,ECG data' are conditioned and input into a multi-

plexer and can be displayed in real time or stored and then displa'Y'.ed 

with ·adjustable blanking. X, Y, z; X-Z, X-Y and Y-Z waveforms can be 

shown. 

Patient Interface 

The patient interface is that part"of the circuit·which touches the 
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patient or whose design is influenced directly by the requirements of 

the patient. 

In the vectorcardiograph, ·the ·interface comprises the electrodes, 

the leads, buffer amplifiers, ·resistor network for scaling and combining 

the input (Frank lead system), ·instrumentation ·amplifiers, the high-

pass filters which prevent formation of sum and difference f:requencies 

which come about due to· sampiing'·by ··the ·multiplexer, ·and· the conditioning 

of the signal ·from: a 'bipolar signal· to one varying from· 0 to 5 volts. 

Commercially·avaii'able electrodes'are·used. Buffering is presently 

accomplished by' a 741 operational·ampli<fier non,.-inverting foll'ower 

configuration which provides· a: higher· impedance to the device ·than it 

.would _otherwise· have. ·An ·input· in:.pedance of··two ll!egohms is .supplied· 

by the 741. 

To prevent leakage current"enteri.ng the patient in the event' of 

device abuse or failure, 'optoele'ctronic couplers such as the MCT2 by 

Genera+ .. Instrument or the 4N26 ·by ·Hewlett-Packard or Motorola could 

be placed in series with the operational ·amplifier, These .oper.ational 

.amplifiers and the patient side·of the optoelectronic ·isolator could be 

battery powered for isolation of the patient from the AC power ~ins. 

Optocouplers are available with· insulation volt.ages of 3000 volts (E3). 

The output of the optocoupler, if used, is scaled by the Frank 

lead system resistor network. The network used was taken from Bio-

physical Measurements (38) and is shown in Figure 1. After scaling, 

the X, Y, and Z leads are available as differential signals. These are 
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amplified by instrumentation amplifiers tailored for a gain of 

1000 (El). 

The amplified signal is then filtered by a second-order Butter-

worth filter. The cutoff frequency is ·500 Hertz, and the response is 

flat out to beyond 200 Hertz whi·ch is the high-frequency cutoff required 

for diagnostic measurements (43). 

The multiplexer will handle inputs· in ·a range centered at 2.5 volts. 

A range of 0 to 5 volts was chosen. The output of the filters is 

bipolar; therefore it is followed by a summing amplifier conf.iguration 

with a potentiometer to control the voltage added. As the patient 

requirements have been met and the signal has been conditioned to· the 

niquirements .of the multiplexer, this completes the desi·gn of the 

patient interface. 

Front Panel 

The front panel is an interface between· the device and the hospital 

or research personnel using the instrmnent. The front· panel must provide 

the means of selecting the options of which the ·instrmnent .is capable, 

without being so cluttered that it is too difficult to understand, or 

unwieldy to use in a crisis situation, ··It is an advantage to have a 

"soft" front panel, i.e., one for which the microprocessor can control 

the settings of the switches. For ·example, if one·were·to select VCG 

mode and X-Y plane, and then select X-Z'plane, off a soft front panel 

the microprocessor could automatically· deselect x~Y plane perhaps 

' 
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displaying the current state cif the instruments via light emitting 

diodes (LEDs) • Another method of preventing selection of incompatible 

features is the multiposition rotary switch, but this does not have 

the advantage of software selection of· options on startup or reset. 

The front panel used in this design is extremely simple, requiring 

only two PIAs (peripheral interface adapters) to interface it to the 

microprocessor. Toggle switches were chosen to select among the different 

options. Soft switches could be implemented as shown in Figure 4, 

requiring significantly more parts and supply current. 

The front panel includes a momentary switch labelled "Record" 

which sends a non-maskable interrupt (NMI) to the processor. Use of the 

NMI pin for this functif>n reflects a choice of priority for the different 

functions. Beginning a record of data is regarded as the high.est 

priority function of the instrument. It is envisioned that the 

physician may s~e an interesting waveform on the real time display and 

decide to record the ECG signals immediately. Use of a first~in-first-

out (FIFO) buffer at the output of the A/D would expand the functionality 

of the instrument to include a record of information from the inimediate 

past. 

The interrupt, which is of lesser priority, is used to signal 

end-of-conversion from the analog-to-digital converter. A standby switch 

to inhibit any display while the switches are being set up, and a light 

emitting diode (LED) indicator which lights ·for non-meaningful combina-

tions are also provided. 
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Internal Design 

Interfacing the A/D, D/A, PIAs and memory to the microprocessor 

.was made relatively easy by the availability of parts designed for 

microprocessor bus architecture. 

For the analog/digital conversion, a National ADC0817 was chosen 

(ElO). Integrated injection logic technology permits fabrication of 

analog and digital parts on the same substrate and this chip combines a 

16-channel analog multiplexer with·an 8-bit successive approximation 

register. Bus compatible address pins are provided for channel 

selection. The chosen input is brought out to a coIIn11on pin to enable 

the designer to save parts by processing· on·ly the chosen s.ignal. This 

circuit places a sample/hold amplifier at the coIIn11on output -(E9) ,, The 

9utp~t of the sample/hold is fed into the analog-to-digital conversion 

portion of the chip. The·microprocessor supplies the start pulse to 

the converter, and the latch control to the sample/hold, The conversion 

takes approximately 100 µsec, during which the hold value changes by 10 . . ' . 

microvolts, or about 1%. End-of-conversion is signalled to the micro-

processor via CAl input of a PIA, which pulls ·the lesser priority 

interrupt line low. The interrupt is hand·led by a routine which stores 

the data in memory. The A/D latches the value onto the data bus for 

the microprocessor to load (read), and the microprocessor load (read) 

instruction to the A/D address initiates another conversion. In between 

the interrupts, the microprocessor is free to execute any algorithms, 

such as described by Gustafson et al. (14, 15), In the current des.ign, 

no. processing of the data is done. 
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One thousand data points per lead are gathered and stored in 

memory. On retrieval, the data are accessed as directed by the 

decimal digit switches. Three digits identify the first sample 

point to display and the other·three digits. indicate the last piece 

of data. These switches are interfaced to. the microprocessor through 

two PIAs. PIAs are part of the Motorola 6800 family of parts, and 

can be connected directly to the microprocessor buses. They provide 

two 8-bit wide programmable I/O (input/output) ports, interrupt lines 

to and from peripherals, and interrupt· lines to ·the processor. The 

BCD switches provide a 4-bit binary output·for each digit. 

Display 

The D/ As used are Signe tics SE 5018' s which are designed for 

microprocessor compatibility (Ell).· The input data are.latched. The 

device provides a voltage output (0-10 volts), which is routed to the 

analog multiplexer to be displayed. ·Before the s.ignal is connected .to 

multiplexer it must be conditioned. ·· The voltage is divided in two by a 

voltage divider so that the maximum is 5 volts and filters (low-pass 

Butterworth) are used for deglitching. 

Bus connections between boards are made usi.ng ·1211 ribbon cable, with 

alternate leads grounded, to reduce coupling of one s.ignal lead to the 

next. Power was transmitted to the boards on separate wires, The 

bus transceivers used were Signetics 8T26s. (El2). These chips can 

drive 18" of unterminated line, provide 40 milliamperes of current sink 
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on outputs, and require 25 microamps for all inputs. All the bus 

transceivers' supplies were bypassed with 0.1 microfarad ceramic 

capacitors. 

The use of high current drivers and microprocessor compatible parts 

simplified the design considerably. 

\. 
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SYSTEM DESIGN DETAIL 

Patient Interface 

Please refer to Figure 1 which shows the buffer amplifie~s and 

scaling network. Many kinds of patient electrodes are cOUDDercially 

available. Therefore, no development of electrodes was undertaken. 

Leads from the electrodes are buffered by 741 monolithic integrated 

circuit (IC) op amps (operational amplifiers). The operational ampli-

fiers provide a high~impedance input (two megohms) on the patient 

side, and a low-impedance (much less than 75 ohms) on the resistor 

network side. The 74ls may be expected to draw 0.001 microamps from 

the patient, which is not expected to produce any shock (personal 
I 

col!llllunication, Dr. Curran Swift). The operational amplifier is 

connected· in a unity-gain follower conf.iguration; therefore, its 

output is expected to be bipolar with respect to the right leg reference, 

of millivolts in amplitude (41), and will roll-off at 20 dB/decade, 

with a cutoff frequency of approximately 700 kilohertz. The outputs 

of the buffer amplifiers (74ls) are connected to the Frank lead system 

scali.ng network (resistance values are noted in Figure 1) as described 

in Biophysical Measurements (38). A value of 10 kilohms was used for R. 

The output of the scaling network comprises ·the three Frank leads: 

Vx, Vy, and Vz. 

ECG Signal Acquisition and Amplification 

The three Frank leads carry bipolar differential signals on the 

order of millivolts. It is desirable to condition these signals for 
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the input to the analog-to-digital converter (A/D). The circuit from 

the differential signals up to the A/D input is given in Figure 5. 

This circuit comprises a Burr-Brown instrumentation amplifier, (either 

model 3660 or 3662) set for a gain of, 250. This is followed by a low-

pass filter designed for a high-frequency cutoff of 500 Hertz. The 

roll-off at high frequency is 40 dB/decade. The filter is a second-

order Butterworth, which is used by several re~earch groups (45). This 

particular implementation of a second-order Butterworth active filter 

was obtained from Rapid-Practical·Design of Active Filters (17), The 

function of this filter is to attenuate frequencies of 500 Hertz or 

higher, Later in the signal·processing, sampling will occur, which will 

fold back s_ignals at a given frequency into sum and difference 

frequencies, This is called alias~ng. For example, for a sampl~ng 

frequency of 1 kilohertz, a signal component of 800 Hertz·will appear 

at 1 kiloHertz - 800 Hertz = 200 Hertz, and at 1800 Hertz (1 kiloHertz 

+ 800 Hertz). If we are concerned about signal accuracy around 200 

Hertz, and not around 800 Hertz, we ·can· attenuate any signal around 

800 Hertz, so that when it is folded back, its contribution will be 

small compared to the signal of interest, Most researchers find no 

useful information above approximately 200 Hertz; they use a· low-pass 

filter whose cutoff is 300 Hertz or less (47), One researcher uses 

50 Hertz (47). This circuit uses 500 Hertz; therefore, frequency 

response should be more than adequate. A voltage_ ·greater than the 

maximum expected QRS peak (10 millivolts) was amplified to 2.5 volts, 

leading to a gain factor of 250. 
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Sampling and Conversion 

The sampling and conversion is accomplished by the circuit shown 

in Figure 6. The inputs are from the band-pass filters described 

above. The National ADC0817 is a combination 16-channel multipl.exer 

and successive approximation A/D converter. Four address lines are 

used to select the input channel, which becomes connected to the 

so-called common output. At this output, any circuitry which it may 

be desirable to place before the converter is situated. 

a sample/hold circuit is shared by each analog channel:. 

In this des.ign, 

The sample/hold 

follows its input signal until the control input is brought low to 

cause it to retain data. The circuit·for controlling the sample/hold 

was obtained from a National ADC0817 Application Note (ElO). 

The address lines are decoded to detect the address of the A/D 

which is sent out on the address lines by the microprocessor in 

response to either a read instruction or a write instruction, The R/W 

control line is used to signal the A/D to start a conversion and to 

cause the sample/hold to hold. The end of conversion output (EOC) is 

sent to a digital input of a peripheral interface adapter (PIA). The 

PIA input can be conditioned by the software to respond·to a falling 

edge of a signal, which is appropriate in this case. Upon detection of 

the EOC signal, an interrupt is sent to the microprocessor. The 

interrupt handling subroutine reads· the data from the A/D data output 

leads, which are connected via bus buffers (discussed later) to the 

microprocessor data inputs. 
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At the conclusion of the data gathering routine, the sample/hold 

is allowed to sample, the address of the analog channel is changed, and 

a new conversion is initiated. The sample/hold biasing circuit was 

obtained from National's Linear Data Book (E9). Both static and 

dynamic zeroing are made available to service personnel. Static 

zeroing is correction of output offset, as in an operational amplifier, 

Dynamic zeroing· refers to removal of a ·step change in the output when the 

sample/hold control input makes a transition·to low voltage. 

Front Panel 

·The front panel makes available several:· toggle .sw±tches (five of 

which are currently handled by the software), six ·digits of BCD switches 

'for selecting intervals of the ·VCG loops, a push button switch for 

recording (st;oring) of data, and. an error light·. The front panel 

interfaces to the VCG are shown. in Figure 7. 

The components labelled PIA are peripheral interface adapters. 

These digital interface units are members of the Motorola 6800 family of 

chips, that is, they are designed by Motorola to attach directly to 

the microprocessor address, data and control buses. They include 

internal .registers which specify ·the mode of operation. For exa111Ple, 

in the case of the EOC signal from the A/D converter, a pin is configured 

as an input which will respond to a falling edge by signalling the 

microprocessor on the interrupt line· (discussed later). The PIA has 

two separate 8-bit peripheral ports. The 16-bit lines Jilay·be individually 

programmed as an input or an output, This design calls for one output 
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line .to control the error light. The remaining lines are configured 

(by the software) to act as inputs. 

Each front panel toggle switch provides either a high (+5 volts) 

or low (0 volts) .signal to its peripheral port pin. The data are read 

by the program as if the PIA were a memory ·location, ·The combination of 

the five~switch settings specifies a particular subroutine to the 

controller program, for example, the switch setting: Real Time, VCG, 

X-Y (high), Y-Z (low), X-Z (low) causes the program ·to invoke a 

subroutine to display·the real-time frontal plane vectorcardiogram. Use 

of a three-position selector switch wOU:ld have been superior to three 

toggles, as it would eliminate meaningless switch combinations, i.e., 

any with more than one pattern selected, e.g., X-Y (high) and Y-Z 

(high). The BCD switches supply four bits· of binary data for each 

decimal 'd.igit displayed on the front panel. The logic is inverted, 

i.e., 0 is represented by 1111, 5 is represented by 1010. The program 

inverts the input from the BCD switches before converting the concatena-

tion o.f three BCD numbers. to a 'binary number. 

The last input on the front ·panel is the Record button, which is 

connected to a microprocessor input named ·NMI. This active-low s.ignal 

is held high by a pullup resistor, until brought low by pressing the 

switch. This input signals the microprocessor to suspend its current 

task, execute a subroutine specific to the NMI low interrupt, then 

return to. the previous operation. "In the present des.ign, the NMI 

subroutine reads data from one of the A/D converters, until 1000 data 
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points are collected from each lead, and stores the values in memory. 

The NMI processor pin is different from the IRQ processor pin in that 

its request cannot be ignored by the· microprocessor (See Figure 8). By 

means of a mask bit, IRQ signals can be prevented ·from disturbing. the 

program flow.· 

Memory 

The memory is divided into two parts: program memory and data 

memory. The program memory does not change. It contains the instructions 

which control the instrument; these are retained· in a 1024 x 8-bit 

programmable read only'memory, an Intel 2708 (E4). The 2708 is UV 

(ultraviolet) erasable, as a convenience for program development, It 

has been superseded by the Intel 2758, which does not require the -s volts 

and +12 volts supplies needed for the 2708, PROM (programmable read 

only memory) programmers for the 2758 are easier to build, as well, 

The data memory must be changeable. It has been implemented by 

Intel 2114s. To provide 4K x 8 of read/write memory·(RAM, or random 

access memory), eight 2114s are required. As the 2114s have bi-

directional input/output pints, and respond to ·the read and write 

signals fast enough, they can be connected to the microprocessor 

address, control and data buses very simply. 

Selection of a particular chip· within a memory array is made by 

means of address bus decoding. A 74138 (3 bit to 1 of 8 line converter) 

is employed to interpret microprocessor address lines Al4,-Al3, and ,Al2, 

Different patterns of these three bits represent addresses of different 
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parts of the circuit. The eight output lines are used as enables for 

these parts, hence the enables are named "PROM", "RAM", "PIA", etc. 

Selection of a particular chip within RAM memory is made by another 

74138, which currently d.ecodes only address lines AlO and All. 
I 

. ' 

The outputs of the 74138 which decodes AlO and All (RAM selector) ! 

are combined with the "RAM" select line and an inverted valid memory 

address (VMA) signal to form a set of chip select lines for the 

individual 2114s making up the 4K x 8 read/write memory. This combina-

tion is accomplished using 74LS27s, which are three-input NOR gates, 

followed by inverters (7404s). Only if RAM is in its active l:ow state, 

the output from the RAM selector is in its active l°". state, and the 

VMA is in its active low state will: the NOR output become high, As 

active low signals are desired for·tne RAM chips, the NOR.gates are 

followed by inverters. An improved des.ign would· replace the NORs.,and 

inverters by using the additional enab·le lines to the ·74138 RAM selector. 

Chip selection can be done without use of· address bus decoders, when 

the entire address space is ·not required. To see how to do this, 

refer to Peatman (29), Chapter 3:. 

The 2708 'is enabled by the "PROM" enable, .described above. The 

address chosen for the PROM corresponds to A15, Al3, and Al2 all high, 

because on reset or power-up the microprocessor sends·two addresses out 

on the data bus. The two bytes of data it receives·frommemory are 

concatenated to produce the address of the first instruction, which the 

microprocessor then fetches. The two addresses sent out on· reset have 
"--Al4, Al3, and Al2 high, and as it is desirable to store the first 
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instruction address in the PROM, the PROM is enabled for A14, A13, 

and Al2 high. There is an advantage in locating RAM in low addresses, 

i.e., Al4, Al3, and .A12 all low. The advantage comes about via 

specialized instructions for accessing low-address memory. These 

~nstructions· are faster to execute and take up less space in the PROM. 

To use these instructions with the RAM memory, the "RAM'' enable 

corresponds to Al4, Al3, and Al2 low. 

The memory is located physically on a separa.te board from the 

microprocessor. To drive the signal lines between memory and 

microprocessor, high current capability bus transceivers were employed. 

Signetics 8T26s (quad bus transceivers) ·were used on both address and 

data lines for simplicity in stocking·of parts (El2), These bus 

transceivers have tristate· outputs,· enabling the designer to place. more 

than two components on a signal lead. By· control·ling each device 

connected to the bus, i.e., by forcing all but one device into the high-

impedance (third) state, the· remaini.ng ·component ·can actively pull the 

signal lead high or low·without competition from another part, 

The· microprocessor supplies control lines, such as R/W (read, 

not write) and ~2 (phase 2 clock; also called data bus enable in this 

circuit) which are used in controlling the enables of·the data bus 

transceivers. For example, the memory card should drive the data bus 

if either RAM or PROM is eH.abled, (i.e,, ·the memory address is valid 

and address corresponds to RAM· or PROM) and if a READ instruction is 

being executed (R/W is high), The memory board transceiver drive enable 
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circuit is shown in Figure 9. The output of the second NAND is active 

low for (PROM or RAM) and READ. The signal is buffered by the transceiver 

which sends it to the memory board. As the transceivers are inverting, 

i:he signal arrives at the memory board active' high, and there enables 

the data bus drivers for the memory board. 

Microprocessor 

The microprocessor board holds 'the microprocessor chip (Motorola 

6800, see Figure,8), the clock chip ·(Motorola 6875), the address 

decoding circuits·; some bus transceivers, and the manual reset pushbutton 

switch. The Motorola 6800 was selected as the microprocessor to use 

I fo;r this project .because it and some ·o.ther members of ·the microprocessor 

ch.ip set were already owned ·by ·the department, and a cross-assembler 

(MSAM from Motorola) for 6800 assembly langua·ge ·was· available at the 

I.S. U. ComputatiOn Center. Subsequent purchase of a 6800-based 

microprocessor trainer (E2) by the department fac:!;litated test:i,njl of 

the individual components, by substitution (6800) or by use of the 

breadboards (2114, 6820, or 682ls). Software modules were also 

debugged using the trainer. 

The 6875 clock chip produces three clock s.ignals: !,ill for the 

microprocessor, t,il2 for the microprocessor, and a higher drive capability 

t,il2 or enable for the peripherals. The· frequency of the clock s.ignals 

can be controlled by an RC circuit, as explained in the ·6875 application 

note (EB). The 6875 also interfaces the reset pushbutton to the 

··. 



30 

microprocessor, supplying the fast rise time required by the 6800, 

and making possible a simple input switch circuit. Clock frequency 

generation and input switch circuits are shown in Figure 10.. A 

clock frequency of 0.8 megahertz is used in this circuit which allows 

straightforward use of the 2708 and the slowest (least expensive) 

version of the 2114s. 

Cables 

The address, control and data buses are delivered from the 

microprocessor board to the memory board and to the 1/0 board by means 

of ribbon cables. The ribbon cables are 16 lines wide; the address 

bus (AO ~ A9) is delivered to the 1/0 boal'.'d with some control bus 

signals o.n one cable. Capacitive coupling can occur, however. The 

ribbon cable carrying the 02 clock has every other conductor connected 

to ground on the microprocessor side. The cable from the data bus 

to the 1/0 board has alternate grounding as well. 

Interface of Internal Parts to Input/Output 

The interface tC' the front panel has been described. The PlAs 

receive the microprocessor address and control signals as delivered 

to the I/O board via a pair of bus transceivers; the PIAs also connect 

to the data bus. In the next section the digital-to-analog (D/A) 

converter circuit will be given. The D/As interface to the data bus 

lines as well. They are controlled by a signal "D/ A" derived from 

the addres'\ lines as "PIA" and "PR011'' were. There is a circuit which 
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controls the latch for data on the data bus shown in Figure 11. Q is 

set. to low·on reset, so the data on the data bus are presented through 

transparent latches tci the!.D/As. Should the D/A signal indicate one 

of the D/As is befng addressed, at the falling edge of 02, the data on 

. the data bus will be latched into the D/A which corresponds to the AO 

address line. If AO is high, the vertical output D/A is being· addressed, 

and its latch will be brought high. The 7432 is a quad 2-input NOR, so 

the inversion of RESET and AO is accomplished using spare gates from 

this chip. 

Sawtooth Generator 

The remaining internal circuitry consists of a sawtooth generator, 

which uses the circuit given in: Figure 12. As indicated, different 

component values cause different slopes and final values of the ramps. 

The ramp is used to sweep the horizontal input of the CRT when ECG traces 

are being displayed. A sawtooth waveform suitable for intensity 

modulation of the CRT trace to provide the teardrop pattern which 

indicates direction and rate of inscription could be implemented with 

this circuit. The ramp circuit may be divided into two parts: the 

astable oscillator which supplies a ramp interval and a recovery 

interval, and ·the ramp generator. The oscillator·circu;i.t is taken J:rom 

Coughlin and Driscoll (5), p. 241. A thorough explanation of the . 

circuit is_ given therein. The lbw-frequency sweep generator is described 

in the IC QE. Amp Cookbook (19) , p. 389. 
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Display 

The display is produced on a Telonic-Altair Model 4060 X-Y display. 

This inexpensive CRT monitor has an intensity control and a bandwidth 

of 15 kilohertz for vertical signals and a 4 kilohertz for horizontal. 

Grey-scale modulation can be accomplished by varying a voltage from 

between 0 to. -100 volts, although from 0 to -20 volts is usually 

adequate (El3). The X and Y inputs to the monitor are obtained at the 

common output of the A/D converter, a8 shown in Figure 3. The output 

is amplified by a non-inverting configuration of an operational 

amplifier to allow for expansion of the selected segment. In.Real 

Time Mode . the vertical signal comes from one of the Frank leads, thro.ugh 

the "ve'rtica:l" multiplexer, and the horizontal lead is selected by 

the other multiplexer. If a real-time VCG is being displayed, the 

horizontal multiplexer must present another Frank lead, For ECGs ;· the 

horizontal sweep ramp described above is· selected thro.ugh the horizontal 

multiplexer. Fo:t Stored Mode, the Frank lead digitized data are 

reconverted (by the D/As) to analog signals. These anal.og signals 

are presented to the same multiplexer accepting the original Frank lead 

input (but on separate channels), and through the multiplexer they can 

be displayed on: the CRT. 

The ramp generating the teardrop intensity pattern could be 

switched onto the intensity modulation input by the ECG/VCG front panel 

switch. 

·-. 
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Firmware 

Figures 13 and 14 are block diagrams illustrating the program 

structure. The program is written in modules or blocks. After the 

organization at the block level is discussed, a detailed description 

of each module follows. 

Firmware Organization 

The firmware is divided into three parts. The first is initiated 

by power-up or by activation of the Reset switch.· Similarly, the 

second is invoked with the Record button, and the third by the EOC 

pulse output of the A/D converter.· These three parts are illustrated 

i~ Figures 13 and 14. The section of the program initiated by start-up 

or reset initializes the PIAs; that is·, it causes the peripheral ports 

t9 be used as inputs, with the exception of the pin ·used· to drive the 

LED error signa·l, which is configured as an output. ··Then the peripheral 

port which is atta.ched to the front panel toggle switches is· read. The 

settings of the switches determine the procedure the microprocessor 

should follow. The code describing the specific sequence the micro-

processor should follow in response to the· switch settings is then 

executed. If the switch setti.ngs are not meaningful, the error l.ight , __ 

is lit; There are some instructions, e.g., those for loading an 

address. into the multiplexer, which are executed for any yalid switch 

setting. These are performed after the setting is decoded, After the 

low-order bits corresponding to the specific channel of the multiplexer 

are determined, the address must be latched in and conversion initiated, 
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If Real Time Mode has been selected, latching of the ECG or 

ramp leads into the m~ltiplexers is all that is required to get a 

display on the screen, so the flow of control returns to checking 

the front panel. Stored~ Mode has additional requirements, namely 

-the determination of the segment of the VCG/ECG pattern which is to be 

displayed. The PIA ports connected to the BCD switches are read, the 

binary values of the switches determined, and then compared. If the 

value indicating the beginning of the range exceeds the value for the 

end, the error light is lit. A spare PIA pin exists, to support 

separate error lights if desired. (See the discussion of suggested 

improvements.) If the range specified is valid, memory pointers 

cc:jrrespond:l.ng to the end points of the desired display are set up, 

and data from this area of memory are written to the D/A converters, 

Then the flow of control returns to reading the front panel, 

Upon depression of the Record button, the sequence which the 

' microcomp~ter wa~ currently executing is interrupted, and the second 

major division is entered. Recording data involves initialHdng .a 

pointer to memory for data storage, latching the aP'Propriate address 

into the multiplexer for the A/D converter, initializing conversion, 

reading the data when they are available, storing it ·in memory, updati_ng 

the memory pointer, checking for completion, ·and either returni_ng to 

gather more data or reestablishing the previously interrupted task, 

Responsibility for the listed tasks is diVided between the second and 
' 

third sections of the program. The third section reads the A/D converter '-, 

output and stores data in the current memory slot. This particular 
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division of labor takes advantage of the EOC pulse from the A/D 

converter to read the digital data as soon as they are available. The 

second part ..Xecutes the remainder of the items listed. 

Initialization'of'PIAs ---
The actual (hexadecimal) addresses of the PIA registers are in 

Figure lSa. The instructions for·PIA configuration are given in 

Figure lSb. The .addresses of the particular registers are determined 

by the wiring of the address lines to the PIA inputs. See Figure 7 
for the PIA wiring. The 4 in the foµrth hexadecimal digit caµses the 

PIA enable to go low. Address bit A2 differentiates between the PIAS; 

it ·is low for PIA 1 and high for PIA 2. A2 is connected.to an active 

high· chip enable on PIA 1, and though an ·inverter to the same chip 

enable on PIA 2. Once the addresses are determined, tll.ey can be named 

as shown in the assembler directive EQU' (equate) statements. If the 

names are used throughout the program, any hardware changes to 'the 

addresses can be conveniently propagated through the software by a 

change in the EQU directive, with subsequent assembly. The comments 

\ 
\ 

after the assembly language instructions explain their function, Th~ ''. 

particular numbers to be loaded into the control registers are 

determined, from .the 6820 (PIA) specification sheet (E6), Initialization 

of the PIAs· co.nsists of setting the data direction of the pe'l'."ipheral 

ports to inputs, with the exception ·of one bit, which controls the 

error light. 
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Detetmination of front·partel settings: 

Specific response 

The switches on the front panel are connected to the PIA port. Their 

status is determined by reading the peripheral. port, i.e., executi.ng a 

load accumulator instruction using the port's address. The value 

appearing in the accumulator is used to call a subroutine specific to 

the front panel setting. These instructions are shown in Figure 16a. 

The first two instructions initialize the stack to $08FF, which 

is located in RAM. The RAM begins at $0000 and extends to $3FFF. The 

lowest addresses in the RAM are used for variable storage, The ECG 

lead data are stored beginning at $0100. One thousand samples of each 

of three leads require 3000 spaces, or up to $OBB7, Placing the stack 

at $1000 allows it to grow (toward lower addresses) to more than 

adequate depth. The stack holds data after a PSH (push onto stack) 

instruction has been executed. If a subroutine is called or an 

interrupt handled, the stack holds the return address of the interrupted 

process. The stack pointer must be set to a location in RAM, so that 

data may be written into memory. 

There is a table beginning at location $7000, which contains a 

pair of instructions for each of the 32 colnbinations ·of ·the five t.oggle 

switches. The number represented by the settings ·of the switches is 

used to select one pair. Each pair of instructions consists of a jump 

instruction to a specific routine and a return from subroutine (see 

Appendix B). The pair of instructions requires four bytes to express, 
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If the switch settings are considered as a binary numbl!:i;, then by 

adding four times that binary number to the address of the table, a 

specific pair is selected. This is done in the program by use of-the 

ASL instruction (arithmetic shift-left), which multiplies a binary 

number by -t;wo. The position of the s~tches in the peripheral port 

supplies the other factor of two. 

The SCAN routine preloads ·an address, SWITCH, with the b_eginni_ng 

address of the above table, then calls LITEOF (Figure 16 (a)). LITEOF 

turns off the LED, by forcing bit 0 to a 1 (see Figure 17 (a)). Then 

it masks out those bits which are not from the front panel switches, 

and multiplies the resulting binary number by two, as exp:Lained above,· 

Th'is computes the low-o_rder byte of the address into the "table of 

subroutine calls" described above.· -

An -example of a subroutine to handle the selection of stored 

(rather than real-time), vectorcardiogram for X-Y plane is shown in 

Figure _16 (b). The low~order bytes of two addresses are set. HMUX is 

an address specifying a multiplexer charinel in the multiplexer whose 

common output drives the horizontal deflection of the CRT. VMUX is the 

same for the multiplexer providing the vertical- drive to the trace. ·For 

stored data, the channels connected to the D/As must be addressed, 
-~ -

OFST2 and OFST3 are variables containing an offset to be added to the 

base address of "the table of ECG lead data. The table contains the 

X; Y and Z lead data, interleaved; X lead data has an offset of 0 bytes, 

Y of 1 byte and Z data, 2 bytes. OFST3 is used when VCG patterns are 



38 

to be displayed. It holds the difference in location between the 

vertical axis data and that of the horizontal axis. OFST3 is added to 

OFST2 to determine the location. of the data plotted in horizontal 

direction. Meaningless switch settings cause the error routine to be 

executed. 

Determination of front panel settings: 

Connnon response 

Figure 17 contains some of the instructions which are executed for 

any front-panel setting. SETMUX is a subroutine which latches the 

channel addresses into the multiplexers by sending these addresses 

out on the address bus. The A/Dl and A/D2 pulses thus produced latch 

the four bits of channel address into the respective multiplexers. 

Then the front panel switches are reaq once 1IlOre, to determine the 

status of the Real-'Time/Sto:ted·Mode switch, Fo:t Real-'Time ·Mode, 

everything required for the display is accomplished, and the flow 

of control returns to scanning the front panel. 

Dis]llay·of sto:ted·data -·dete:tmination·of range 

See Figure 18 for the instructions followed in the determination of 

the range for display of lead data which has been ·stored ·in memory, 

·First· th.e rotacy binary-coded-decimal switches used for specify:i,ng 

the range of· stored data to be displayed must be read from the peripheral 

ports. The negative logic BCD representations are inverted by the 

complement instruction. Each 8-bit pattern is separated into two sets 

of four bits for each switch. Each·set of four bits is stored right 

justified in an 8-bit byte, The three bytes representing the startip.g 
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value 'are then loaded onto the stack, A subroutine which converts the 

three decimal digits to a 16-bit binary representation is called. The 

subroutine leaves the result on the stack, The binary representation 

is then pulled off the stack and stored. The same conversion procedure 

is followed for the three decimal digits specifying the end of the 

range of display. 

After the start and stop values for the display have been determined, 

they are compared to ensure the stop value 'equals or exceeds the start 

value. If, this condition is not met, the error routine is entered. 

Otherwise conversion and display are initiated. 

Figure 19 shows the instructions used in the determination of 

the absolute address of the stored data. Firs~ the starting address of 

the table is pushed on the stack, then the index ,of 'the entry required 

in the table, then the number identifying in which of the interleaved 

layers the entry sought is to be found. A 16~bit address is returned and 

stored. After the address of the vertical data starting point is 

determined, the address of the horizontal data is obtained, 

The sequence of instructions which determines the address is shown 

in Figure 19b. It is a general purpose table-handling routine. 

Once the absolute address of the ECG table as specified by the 

~ange switches is known, the data can be converted back to analog form 

for the display. The output routine is shown in Figure 20. 

The byte to be converted for vertical output is loaded into the 

accumulator and written to the D/A connected to the vertical drive 
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on the display. Then the process is repeated for the horizontal output. 

The addresses of the next horizontal and vertical data bytes are 

calculated. Then this current address for the vertical output is 

compared with the address for the last data byte to drive the vertical 

output.' Until the current address exceeds the endpoint, data are 

converted and displayed. The D/A signal latches the data on the data 

bus into the converter, which holds the analog output until a new byte 

is latched in. 

Recording of ECG lead data 

The Record button brings the NMI input of the processor low, causing 

it to fetch the address of a routine from the PROM. See Figure 21. 

This routine is then executed in response to the NMI interrupt. The 

routine begins by clearing the interrupt mask, thereby enabling the IRQ 

interrupt line. This line will go low when the A/D produces an EOC 

pulse. The next instructions initialize the pointer to the next 

location in memory into which data should be written. The next instruc-

tion causes the sample/hold amplifier to hold by causing the R/W line 

to be high and the A/D enable to go low which triggers the circuit 

driving the sample/hold input of the amplifier. The STA A XLEADV 

initiates the A/D conversion by causing the R/W line to go low while 

the A/D enable is low. ·This triggers the circuit driving the START 

CONVERSION pin on the A/D. 

The next pair of instructions set a flag, which is reset only 

when data have been loaded into the ECG lead table, After the data 
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have been secured, the table pointer is incremented, and the procedure 

repeated for the next lead. After the Z-lead has been sampled, and the 

table pointer updated, the value of the pointer is compared with the 

location of .the end of the table. When the table has been filled, the 

interrupt mask is set, and control returns to the routine which was 

interrupted. 

The routine which responds to the IRQ interrupt reads th.e A/D 

converter output, stores that data in the location pointed to by the 

table pointer, and then resets the waiting for data flag, See '.Figure 22, 

• 
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RESULTS AND DISCUSSION 

The results will be discussed with respect to the same breakdown 

of functions as the ,circuit was described, first with respect to 

hardware, ·then firmware. 

Hardware 

Acquisition of the analog ECG was demonstrated to work via 

observation of the display when the instrument was functioning in 

aeal Time Mode. Input was obtained from a Waveforma signal generator 

(ElS). In or.der for the proper signal to be displayed, many parts of 

thE)! instrument were required to be functioni.ng properly: The scaling 

and translation of the analog sign'al; presampling filteri.ng, front 

panel decoding software, address decoding· and latchi.ng for the 

multipl,exer and output drive for the display. 

The display presented both ECG and VCG waveforms when its inputs 

were driven by the Waveforma. 

The interdependence of the various subsystems of this circuit 

should have been reduced, both to facilita.te testing:, and to increase 

the probability that the device would recover from transient disturbances, 

such as the relocation of an electrode. 

Filtering was tested separately·from operation in the circuit, by the 

conventional means of siµgle sine wave input, varied over frequency, with 

observation of ratios of amplitude of the input and output waveforms. The 

filters' responses were as designed (17), 

' ' 
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Sampling was tested in two parts. The output of the sample/hold 

amplifier was tested by observation with the oscilloscope, and 

compared with its input. The hold step, (step change in output voltage 

on transition of sample/hold control input) was zeroed, by observing 

the output on the oscilloscope, with manual switching of the control 

input. The adjustment is referred to as dynamic zeroing. The decay of 

the output voltage with time (called droop rate) was observed to be 

within specification. 

Two functions of the A/D. converter were tested. Conversion of 

static analog inputs worked, and the device responded to a request for 

conversion with an end-of-conversion· signal, after approximately 

so!microseconds. 

The memory functions were·demonstrated as follows. Retrieval 

of data in the PROM was ·shown by proper execution of the firmware. 

Storage and retrieval of data in· the RAM was demonstrated by proper 

return from subroutines and interrupt handlers (the associated jump 

instructions store return vectors on the stack, implemented in RAM), 

Storage of the digitized ECG was not tested specifically, A self-test 

mode, or use of in-ci.rcuit-emulation would.have been helpful to 

evaluate thi.s aspect of performance, because it would have been 

possible to halt execution of the program and examine the values stored 

in the RAM. 

The control panel functioned properly, as shown by the proper 

selection of the multiplexer inputs, ·correct software response to 
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switch settings, including decodi.ng of the BCD switches, and illumination 

of the error light. Different length segments of data were returned 

for different switch settings. The character of· the displayed data 

changed somewhat with different settings·due to differing software 

execution times; however, it was possible to show that segment selection 

worked as desired. 

The display was driven adequately> as shown by the Real·~ Mode 

display of ECG waveforms from the Waveforma. 

Despite attention to the subsystems as described above, the waveform 

displayed .in Stored· Data Mode was ·not satisfactory, although the 

implementation described seemed to display VCG stored patterns in one 

dimension if the other D/A was disabled. The waveform displayed had 

the·character of a projection of a VCG. 

Several factors may have contributed to this. One is timing. Only 

1000 samp~es of the waveform were made,. and each of these. samp~es took 

approximately 80 microseconds to complete. The total sampli.ng time 

amounted to 240 milliseconds; ·which would not cover .an enti'l'.'e ca'l'.'diac 

cycle of a subject with a heart rate of less than· 4 Hertz. As· no. 

pattern 'l'.'ecognit.ion was attempted, there was no synchronization to the 

QRS. complex, and in some cases it may· have been missed· entirely, This 

topic is discussed further under Firmware. Another factor is the 

difference between the frequency content of the input waveform and 

that of the output waveform. Deglitching (desampling) filters were 

used on the outputs of the D/A converters. The cutoff frequency was 

' ' '" 
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designed for the input waveform, i.e., no consideration was given to 

the increased rate of output of the waveform from the circuit as 

compared with the rate of production at the source. A higher cutoff 

frequency should have been used. 

U~e of a flash A/D .converter would.have eliminated any problems 

occurring due to the sample/hold amplifier, but flash converters cost 

approximateJ,.y $100 per chip, compared with less than $15 for the CMOS 

converter that was used. 

It is well-known (47) ·that each lead must be measured at the same 

time to produce output suitable for use in diagnosis. ·This would 

require three sample/hold circuits if a converter is ,multiplexed. 

Use of a single sample/hold in the instrument provided experience 

with _this component without the cost· of three units. 

A proper test of input bandwidth would have involved halting of 

the microprocessor and examination· of the memory 0 perhaps by in-circuit 

emulation, or use of. the Motorola MIKBUG deb_ugging pr_ogram available, in 

ROM. The selection of inputs worked when the inputs were in the 

specified range for the device and the power supply to "the multiplexer 

was stable. Display of real-time data was. obtained, but the circuit was 

extremely ·sensitive to offset voltages such as those obtained from 

corroded electrodes. The 741 buffer amplifiers had to be selected for 

sufficiently small output offset bias (after zeroi_ng); because the high 

gain of the instrumentation amplifiers would produce· ··a s.ignal out of 

range for the multiplexer inputs. Some means of pro·tecting the 
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multiplexer inputs from out-of-range signals must be developed in order 

to make debugging of the circuit feasible •. A 5-volt Zener diode in 

parallel with a germanium diode across the input might accomplish this .• 

The data were gathered at the rate of 1000 samples per lead in 

approximately 240 milliseconds. The A/D and D/ A chips were tested with 

steady-state inputs, and shown to convert properly. The sample/hold 

circuit output was examined with the oscilloscope and appeared to hold 

for 'hold' and follow for 'sample1 mode. One test for proper overall 

conversion would have .been the use of a reference input such as a sine 

wave, and examination ·of the output signal, probably with a dual-trace 

oscilloscope. 

Segment selection by means of the BCD input switches appeared to 

work. 

The effective bandwidth of the device should have been tested as 

described for conversion. This test would not have given much information 

about which part of the circuit was functioning incorrectly, but would 

have demonstrated proper operation. It would be interesting to determine 

the amount of time available for real time analysis of the incoming 

lead data. One technique for measuring this would be the use of a 

logic analyzer with interval timing features, such as the Hewlett-Packard 

161SA. 

Debugging would have been simpler with a standard bus between 

boards, even though this would have involved delivery of signals to 

. boards not requiring them. Use of better wiring techriique would have 
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reduced the debugging task significantly, especially attention to color 

coding for address bus, data bus, power and ground. Use of clips for 

routing of wires away from corners of IC sockets would have prevented 

many intermittents. 

Firmware 

The discussion of the results of firmware developinent will follow 

the same outline given in the system description. 

The firmware controlling acquisition of the ECG addresses the 

multiplexer. The presence of the specific pattern on the address bus 

caused the address latch enable circuit to latch the four lower-order 

bH:s of address into the multiplexer, thereby selecting a channel. 

Selection of input Channels covers the firmware required iil.'Real.Time 

Mode. 

Sampling was required ·in· Stored Data Mode. Firmware control of 

sampling was divided into two parts: the initiation· of a conversion and 

the reading of the· converted data. Due to the le.ngth of time required 

for a· conversion (100 microseconds, maximwn, at the 1 megahertz clock 

rate), the data were read in an interrupt handler subroutine. The 

conversions were initiated upon return from the interrupt handler, The 

firmware for requesting a sample is currently followed by a wait loop, 

It is in this position of the code that any analysis routines would 

execute. Execution of another sample request currently follows the 

wait· loop, so that the rate of sampling depends upon the rate of 

conversion, This is an undesirable feature. Furthermore, simple 
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installation of a delay prior to the next conversion request would 

require a different delay to accommodate each converter. One method 

of tying the conversion requests to a regular schedule would require a 

real-time clock. In this scheme, the interrupt handler for the real-

time clock interrupt would disable its own interrupt enable, and then 

enable the interrupt from the end-of-conversion output of the A/D 

converter, after req.uesting a conversion. The interrupt handler for 

the end-of-conversion interrupt would disable its own interrupt, store 

the retrieved data .(converted value), and reenable the real-time clock 

interrupt. 

The code for digitizing and·storing in memory the ECG input executed 

correctly and took very few instructions. 

The· computer instructions related to reading and responding to the 

control panel ·were not optimized· for minimum storage requirements, but 

for maximum modularity. A jump table, as described by Peatman (29) was 

addressed by the settings of the panel grouped as fields. This technique 

is very simple to write; it worked immediately. 

Use of memory mapping of the peripherals simplified input and 

output software. All I/O (input/output) instructions are either reads or 

writes, exactly as used with memory. 

The entire program for this device worked, and is presented in the 

Appendix. It fit, with some space left over, in lK (lK = 1024) bytes 

of memory. The output routine, for updating the display in Stored Data 

Mode, read the BCD switches to determine the beginning and ending points 
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of data to display. The loop for displaying a point was .executed a 

variable number of times, the number of repetitions depending upon 

the segment length. 

Thus, the number of times a selected s.egment was traced on the 

screen per unit time (screen refresh rate) depended upon the length 

of the segment. Shorter segments ·(fewer than 500 points) were notice-

ably more pleaeant to view. Therefore, more rapidly executing output 

code should be written. 
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CONCLUSIONS AND SUGGESTIONS 

n:spite remaining problems with the current implementation of the 

microprocessor-controlled vectorcardiograph, it seems feasible to 

deve.lop a machine capable of producing diagnostic quality VCGs, which 

would support special:purpose routines for specific diseases, or 

other investigations. References to literature containing diagnostic 

programs were given earlier in this thesis. One further function of 

this instrument would be the capability of uploading the data to a 

larger machine for more sophisticated analysis, or for storage. Motorola 

provides compatible chips for Direct Memory Access, which wouid probably 

be the preferred method of transfer. 

Some other improvements include addition of three operational 

amplifiers to produce leads I, II, and III and .the addition of another 

sawtooth generator to modulate the intensity of the display. The 

front panel could be improved by the use of soft keys as explained 

previously. Improvements related to the display might include a linear 

sweep, a software sweep, adjustment ·of the recovery time (time between 

end of one sweep and beginning of the next) especially for· Stored-~ 

Mode, interpolation of the data for Stored Data'Mcide and magnification 

for smaller segments. A D/A converter with higher precision, would 

allow more ECG traces across the screen, without reducing horizo~tal 

resolution. The use of sample/hold amplifiers on each of the input 

channels, rather than one shared by the channels could eliminate the 

• 
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difference in timing of measurement of the three leads, if the sample/ 

hold control was a signai to each of the leads' amplifiers. Separate 

error lights for the different error conditions might clarify improper 

operation of the device. Some calibration of the display, and a trace 

of longer persistence may improve the usefulness of the output. 
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1. A/D IC 
2. Start conversion, signal hold mode 
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Figure 6. Analog-to-Digital conversion 
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1. 2. 

1. Flow chart for instructions in Figure 22. 

2. Flow chart for instructions in Figure 21. 

Figure 13. Software. block diagram I. 
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1. Instructions of Figure 15b. 

2. Instructions of Figure 17. 

Figure 14. Software block diagram II 
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PIA· A data direction 
regi ste,. fol". A port 
PIA A periphjral ~ort A 
PIA A control register for 
A side 
PIA A pe,.ipheral port B 
PIA A peripheral port B 
PI"A A control register for 
B side 
PIA B control register for 
A side 
PIA B peripheral port· A -
front panel · 
switches ~nd error light 
PIA B control register· for 
B side 
PIA B data di rec ti.on register_ 
fo,. B side 
PIA B peripheral port.B 
Pi:A B control register for 
B side 
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- --- --

LO A A #SOD To addr'ess data direction 
register A 

STA A ACRA .store 0 -in control reg i s·t er A 
LOA A #SOD set data direction register to 

inputs 
STA A AODRA For peripheral port A 
LOA A #$04 To address ped ph.eral po.rt A 
STA A ACRA Store 4 in control register A 
LOA A #$00 To a.ddress data direction· 

register B 
STA A ACRB Store 0 in control register B 
LOA A #$00 Set data di rec ti on to fnput 
STA A A·OORB For pe ri phe ral port B 
LOA A #$04 To .address peripheral port B 
STA A ACRB Store 4 in control l'egister B .. LOA A #SO To address data direction reg l .. ·\~'·''; 

A 
STA A .BCRA Store 0 in control register A. 
Li>A A #$01 Set data di rec ti on to input 

except bit 0 
STA A BO•ORA - For peripheral port A 
LOA .A #S07 To address peripheral port, 

and en a.b le CAI on rising edge 
STA A- l'IC RA Store 7 in control register A 
LOA A #$00 To address data direction 

register B 
STA A BCRB Store 0 in control register.B 
LOA A #$00 To set peripheral port to fnput 
-STA A BOO RB Store 0 in data direction 

register B 
LOA A #$04 To address peripheral port e. 
STA A B.CRB St ore 4 in control i'egi.ster B 

Figure lSb. Initialization instructions for PIA registers 



STACK 

ERROR 

SCAN 

LITEOF 

EQU 
LOX 
TXS 

i 100_0 
#STACK 

LOA A FPSWI 
AND A ~%1111 1110 
STA A FPSWI 
LOA A #S70 

STA A s·wI.TCH 

JSR LlT'EOF 

• 
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Set Stack Pointer 

Ini~ialize high byte o' 
subroutine pointer to 
High byte of location of 
subroutines 
Jump to LITEOF 

LOA A FPSWI Load accum4lator ~ith 
front panel ·swi tc.hes 

ORA A #%0000 0001 Set bit 0 high, other bits 
unchanged 

STA A FPSWI .Write into -peripheral register, 
turning LED off 

A.ND .A #1'00,11 1110· Force bits 7, 6 and 0 too# 
keeping toggle status· 

ASL A- • Mu l t i pl y by 2 
STA A SWITCH + 1 Use t~ggle sett in~ as low byte 

of subroutine 
LOX S~IITCH Place subroutine address in 

x register 
RTS 

JSRSTRXY 
RTS 

Handle stored x lead vs y lead 

f:l,gure 16a. Spec:l.fic responi;;e to front panel settings 
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\, 

STRXY LOA A #OAHLO Place low byte of address. of. ··,, 
horizontal 
D/ A in accumul.ator 

ST A A HMUX + 1 Store i t in tow byte of 
horizontal 
multiplexer address 

LOA A #OAVLO Place low byte· of address of 
ver'ti cal 
D/ A in accumulator 

STA A VMUX ·+ 1 Store in low byte of vertical 
multiplexer address 

LOA A #SOO x lead data a re the first 
stored in lead data 

.STA A OFS T2 A.r ray so its offset = 0 
L DA ·A #.S0.1 y lead data are st.ored 1 byte 

below x·data 
STA A OF ST3 So Hs 6 f fs et is 1 
RTS 

Figure 16b. Specific response to front panel settings, continued 



SETMUX 

JSR SETMUX 

LOA A FP.SWI 

ASR A 
. ASR A 
BCS SCAN 

L.OA A #VH I 

STA A VMUX 

LOA A #HHI 
STA A HMUX 
LOA A VMUX 
LOA A HMUX 
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Latch addresses ;nto 
mult;plexers 
Bring front-panel switc~ 

settings 
into multiplexer 
Shift real~tim~/stored btt 
into carry bit· 
If real-time is selected• 
return to scan routine 
Place high order byte :of 
address of vertical multi-
plexer in accumulator 
Stor~ in high ordet'byte 
of channel address 
Same for horizont~l.drive 

multiplexer 
Place channel addresses ~n 
address bus, thereby 
selecting channels 

Figure 17. General response to front panel settings 

' ' 
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J S.R GBC.DS Get values of BCD swi.tches 
LDA A START + 2 Place value from switch 3 

into accumulator 
PSH A Then onto stack 
LDA A START + 1 Sam.e for switch 2 
PSH A 
LDA A START Same for switch 1 
PSH A 
JSR BCi>THX Convert the t hr'ee digits 

to 16 bits 
PUL A Of binary 
STA A BSTRT + 1 Pull the binary value 
PU~ A off the stack 
STA A f!ST RT And store 

GB CDS LDA A BCD12 Read the peripheral port 
connected to 

COM A the first two BCD switches, 
C.LR B complementing the data 
ASL A Clear the ·e accumulator 

· R'O.L B • shift the highest order' .bit 
into the 

ASL A Carry and then to low e_nd 
ROL B Of B accumulator, 4 ti mes 
ASL A W.h i ch puts switch 1 into·the B 
ROL B Accumulator 
ASL A 
ROL B 
STA B START Store the va Lue of switch 1 
L SR A Bring the value of ··switch 2 
LSR A . ~ Baek to low-order half of 
LSR A ... Accumulator A 
LSR A 
STA A START 41 St ore value of switch 2 

• 
• Do the same for re ma i.q i ng 4 
• switches 
RTS 

Figure. 18, Stored data r~nge determination 



LDA A #TABLO 
PSH A 
LDA A #TABHI 
PSH A 
LDA A BS TRT+1 
PSH A 
LOA A BSTRT 
P SH. A 
LOA A #3 
PSH A 
LDA A OFST2 
PSH A 
JSR INTAB 
PU1l A 
Sl'A A OUTV 
PUL A 
STA A OUTV+1 
ADD A OFST3 
STA A OUJH+1 
LO.A A OUTV 
AD·c A #0 
STA A OUTV 
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Place low-order byte of address o~ lead 
data storage table onto stack 
Same for high-order byte 

Place low-otder byte of address of 
Begin point within table onto stack 
Same for high-order byte 

Place number of different interleaved 
Values in table onto stack 
Place 0-based index of interleaved value 
Within table onto stack 
Retrieve location of addressed datum 
Pull high-order byte of address off stack 
Store in high-order byte of address 
Same for low~order byte 
Having located data for vertic~l display 
Add offset to !let lo cat ton of data for 
Horizontal display 
Propagatin!l carrY. 
if any 

• 

Followed by same for endpoint of range 

Figure 19a. Determination of absolute address of stored data 



IN TAB 

A ON COL 

AD OF ST 

PUL A 
STA A RETHI 
PU.L A 
STA A RETLO 
PUL A 
STA A COL 
PUL A 
STA A NCOi..S 
PUL A 
STA A ROW 
PUL A 
S.TA A ROW+1 
PUL A· 
STA A TEMPI 
PU'L A 
STA A TEMPI+1 
LOX ROW 
BEQ ADOFST 

LOA A TEMPI+ 1 
ADD A NCOLS "-

STA A TEMPI+1 
LOA A TEMPI 
A DC A #0 
STA A TEMPI 
DEX 
BNE ADNCOL 
LOA A COL 
~DD A TEMPI +1 
PSH A 
LOA A TEMPI 
ADC A #0 
PSH A 
LOA A RETLO 
PS H A 
LOA A RETHI 
P SH A 
RTS 
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P-ull high-order ~yte of return 
address from stack and store 
Same for low-order byte 

Pull ind..-x into interleaved 
l~~ers from stack and store 
Pull number of layers inter-
leaved off stack and store 
Pu l l ind ex w it hi n layer off 
stack and store high-order byte 
Same for low-order byte 
Pull 
starting address of tab.le of~ 
stack and store high-6rder-byte 
s~me f6r low-order b~te 
Load index 
register with index within layer 
If it is ze~o, just add 6ifset 
to table address 

Take starting addreis, 
add number of layers to it 
as many times as the 
index into the individual layer 

Then add the offset 

Push resulting address on stack 

Propagate carry into high-order 
byte and push it on stack 
Bring back the return 
address onto stack 
and then return 

Figure 19b. Detet'Jllination.ot absolute address stored data 



OUTPUT LOX OUTV 

LO A A ZER01X 

STA A VERT 

LOX OUTH 
LOA A Z ER01X 
S'TA A HORIZ 
LOA A OUTHI+1 

A DD. A #$3 

STA A OUTH+1 
LOA A OUTH 
ADC ;. #o 
STA A OUTH 
L DA A 0 UT V+1 
ADD A ~#S3 
STA A OU TV+ 1 
LOA A OUTV 
ADC A #0 . 
STA A OUTV 
LOA A LOUTV • 
L DA B LOUT.V+1 
L DX OUTV 
JSR 01P16 
BGE OUTPUT 
RTS 

Figure 20, Output routine 
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Load X with the locat;on 
of data to be con~erted , 
Load accumulator with data 
to be converted 
Write these data to vertical 
O/A converter 
Same for horizonta[ output data 

Load accumulator with low-order 
byte of 
Address of hor;zontal datum, 
add 3 to addi' ess 
to get address of he~t horizon-
tal datum to be converted 
Propagate carry 
and store 
S am e for v er t i ca l 

. , ; .~ .. 

Load A, B and X with addresse• 
of end of range and current 
value within range 
Call 16 b;t compa~e. 

If end.point· is equat .,.. .. lii~h'?r· 

than current pointer, keep 
converting 
else return 



.NIH 

GETX 

WAI.T1 

C LI 

LOX #TA!JLE2 
STX TABPTR 

LOA A XLEADV 
STA A. XLEAOV 

L DA A #1 
STA A DAT AW T 
L'D A A OATAIOIT 
BNE WAIT1 
L.DX TABPTR 
IN X 
STX TABPTR 

Same for Y ,z 

A ft er 
LDX #TABPTR 

L DA A #TA B.F HI 
LOA B #TABFLb 
JSR CMP1.6 
BGE GETX 
S El 
RTI 
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Clear interrupt misk 
for EOC to interrupt 
Load x with p.ointer.· to ECG data 
Store beginning of table 
in table pointer · 
Read to A/D makes S/H hold 
Write to A/D initiates 
conversion 
Turn waiting· for conversion 
fla~ on and ~tdre 
When waiting flag reset to zero 
Data have been °Loaded: · 
Increment pointer to location 
For next datum 

datum from Z lead s·tored 
Load X with current point~r 
into data table 
Load A, s, with address of e.nd 
of table 
Co mp are 
Until current pointer exceeds 

Endpoint. Continue to convert 
Else return 

Figure 21. Gather:l,ng of ECG lead data 



*GATHERING .VIA Nt\l NM 1. · ·c L'f-"L-.,. ..,,,.;,.,, 
. LDX ~T~B\E2 

S'f:< H•BPTR 
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LCL tA.R. INTERRUPT. MSK 50 r=acs 
TABLI: POHHER lN X. INl T TO 

GETX LOA A ·XLE~DV REAn TD' A/D.~AKES S/H HULO 
. . STA A ·XLEADV WR.IT.E TO' AlrJ INITl~TES CONl/ER 

*INTERRUPT HANDLE~ ~OADS DATA. RE~ETS WAIT FLAG 
' LD/1 A '#·1 SET 

~T~ A. DAT~WT · W~IT!~G rDR OAT AFLAG 
WA1T1 LOA A DATAWT 

8NE W/\IT1 
LllADED ~O RE~CH HERE *DATA MUST HaV~ BEE~ 

·LOX TAH·PTR 50 INCPEM~NT PQINTER INTO 
TABLE l N X 

STX 
LDA 
ST-A ':' !NTERi;.UPT 
LDA 
STA 

TAn''l~ 
A YLEADV ~ET A/C ADDRESS TO Y LEAD TEL 
~ YLEAll\/ WR.ITE TO .\.D. TO INITIATE CONV 
HANDLER LOADS DATA RESETS WAIT FLAG 
A 111 A OATAWT 

~igure 22. Storage of converted data 



85 

APPENDIX: COMPUTER PROGRAM 

(MOTOROLA M68SAM CROSS-ASSEMBLER) 

(M68SAM IS THE PROPERTY OF MOTOROLA SPD. INC.) 

(COPYRIGHT 1974 BY MOTOROLA INC.) 

(RELEASE L 1) 

I 



0000 l N/\M VECT 
00002 7000 ORG !07000 
00003 7000 BO 7200 JSR ERROR 
00004 7003 39 RTS 
00005 7004 BO 7200 JSR ER.ROR 
OD006 7007 39 RTS 
00007 7006 BO 7200 JSR ERil.DR 
0000 !I 70 OB 39 RT S 
00009 700( BO 7200 JSR ERROR 
00010 700F 39 RTS 
00011 70 10 90 71EC J.s '< STil.XV 
00012 7013 39 R TS 
00013 70 14 BD 717F JSR REL XV 
00014 7017 "9 RTS 
'10015 70 I,8 BO 71BB JSR STROX 
000'16 70 lB 39 .~ns 

00017 701( BD 716<. JSR REALll 
00018 701 F 3q RTS 
00019 70 20 BO 71 DB JSR STRVl 
00020 7J 2?> 39 RTS 
0002 l 70 24 BO 717b JSR RELV1 
00022 .70 27 39 RT.S co 
0002 3 7028 BO 71AA JSR S.TROY a> 
00024 7026 39 R TS 
0002:5 702( BD 715B JSR R~ALY 

00026 70 2i' 39 RTS 
00027 70 30 BO 72.DO JSR ERROR 
0002 8 7033 39 RTS 
00029 7034 BO 7200 JSR ERROR 
00030 7037 39 RTS 
00031 70 38 BD 7200 JSR ERROR 
00032 •o 3a 39 RTS 
00033 70 3( BO 7200 JSR EPROR 
00034 70 3F 39 RTS 
00035 7040 BD 71CA JSR STRXZ 
00036 70 43 39 RTS 
00037 7044 BD 7 l bl) JSR R!:LXZ 
00038 7J47 39 R TS 
00039 70 48 BO 7199 JSR STROZ 
00040 70 48 39 RTS 
00041 704( BO 7152 JSR REA.l Z 
00042 70 4F 39 RTS 
00043 70 50 eo 7200 JSR ERRC'R 
C0044 7053 39 RTS 
00045 7054 B 0 7200 JSR ERROR 
()0046 70 57 39 RTS 
00047 70 5fl BO 7200 JSR ERROR 



00048 70 56 39 RTS 
00049 705( BO 7200 JSR ERROR 
no os O· 705F 39 R TS 
')) J 5 1 706'.l BO 720il JS.~ ERROR 
()Q(\52 70 63 39 QTS 
00053 7064 .BD 7200 JSR ERROR 
'.JO '.l 5 4 7067 39 RTS 
noosi; 7068 BD 7200 JSR ~P.ROR 
O~H'56 7068 3q RTS 
Q)(l57 70 6( B (' 7200 JSR ERROR 
OGOSR 70 6F 39 =ns 
00059 7070 BO 7200 JSP ERROR 
ggg~~· 70 73 39 RTS 

7074 B D 7200 JSR ERROR 
00 '.16 2 7077 3.C/ R r·s 
00063 7078 BO 7200 JSQ ERROR 
no Cl6 4 70 7-B 39 PTS ' 00.065 707( BD 7200 JSR ERROR 
Orl0b6 70 7F 39 RTS 
00067 <+DO] ACRA EQU $4:'.l'Jl 
00068 1+000 AO ORA EQl.J 14000 
'.10069 4002 AODRB E \,/'I i.40fl;> 
00070 1+00 3 ACRB E;.iU 14003 no::n 1 1+005' BC'l.A E <JU $400'> "' 00072 4007 BCRB Ewu $4007 -.J 

OO'.l73 4004 BOORA JO,;; L' 5>4004 
00074 4006 BDORB F:»l1· $4006 
~007'5 5003 XLEADV f' .Ju :i>5003 
C0fl76 5006 YLEADV E\a/U '>5001> 
000]7 5009 ZLEADV E(.J U $5009 
Ofl'.J7q 6009 RAMP E.,;U $6009 
'1007'l 6003 XLEADH t \J ~} $1\003 
00080 6006 ZLEADH F bl tJ 'i>6006 
OD '.JS 1 600A YLEADH E ;i U $600A 
00082 OEf F STACK s= '.)ti >.OEFF 
00083 4004 FPSW! EW_L' $4004 
!10084 4006 BCD12 E \.J ll $4006 
OOOB'i 4000 8(034 E Q ll S.4000 
000d6 4002 BCD56 F 1.1 IJ $4002 
00087 7000 TA!'LEI a: . I I 

'-· \V ... i7000 
000d3 0000 ZERO FQU iOOOO 
OOOBC/ 0004 H'lUX EwU $0004 *HOLDS LO BYTE OF ADDRESS TD 
00090 OD Ob VMUX Eu I.I $0006 *HOLDS LO BYTE OF ADDRESS TG 
00091 3002 DTAH E .i LI S.3002. ¢Q/A ([Jt.I VER TE R FOR HIORIZ. 
00092 3003 OTAV E:..U ~3003 ¢Q/A CONVER TF.R FOR VERT 
00093 0008 OFS!2 F. w [J $,~o.a·s *HOLDS OFFSET INTO LEAD DATA 
00094 oooc DAHLO F. Q u 1'~0 *DIA 
0009 5 CO:J9 RM PLO FG!I i.09 *LO BYTE OF A.OORESS OF RAM? 
00(196 0003 II XL 0 F(,,11 ;,()3 *LO BYTE CF ADnRESS OF x !VER 
0009 7 0006 llYLO F.U U ~Ob SAME '{ 
OO'.J9 6 0009 VZLO E ~ rJ ~09 *S'Af'1E 7. 
00099 ::1003 liXLO. EQU $03 *SAME x HORIZ 



00100 0006 HYLO EOU $06 
00101 0'.l08 H7LO EQU $08 
00102 000( DAVLO E Gill s.oc °'O /A 
00 l() 3 0050 VH l Ell lJ $50 
00104 0060 HHl EQU 560 
011105 0009 OF.5 T 3 E w U :>0009 *HOLDS OFFSET It'HO LEAD DATA 
00106 OOOA SW.ITCH EQU $000A 
00107 oooc 8 S TR T EQU $000C 
(10108 OOOE BS TOP E Qt; $QOOF 
00109 0')10 START EbiU $0010 
00110 0013 STOP EOU $0013 
00111 0100 TABLE2 El.ill $Ql00 
00112 0000 TABLO E Q LI $00 LO BYTF OF ADDRE5S OF LEAD DA 
00113 0001 TABHI E QLI $01 HI SAME 
00114 0016 RETLO EQU £>001b TABLE lNTERFACE ROUTIN~ 
00115 0017 COL Ei.:U £>0017 
00116 :J 018 NCO LS E (.; IJ :!>0018 HOLDS II (LOLS 
0011 7 0019 p.ow E~U so.o 19 HOLDS ROW ~ 2 BYTES 
00118 OIJ l B TAB ST f:QU $001B 
00119 on10 TFMP l E. G: u J.0010 
00120 QI) l F LQUTV E;,, ll :>QOIF 
o:>.12 1 J'J21 TABPTR Et;l' S002 l 
00122 0023 OUTV E '"U l>0023 
00123 0025 OUTH E IJU $0025 00 

00124 0')27 RE TH E ~-r_r J.('027 00 

00125 0028 RETL EQIJ $(1028 
0012 b 0029 BCD3 EQU $fl029 
O:l l 2 7 :>OZA :!(02 EQU 1002.A 
00128 0028 B(Dl EQU '>0028 
00129 002( 6!Nl E i.i U $002( 
00130 0020 BIN2 Er,; U l>C'020 
00131 oooc TABFHI EWU i>OC 
00132 0087 TABFLO EQLI l>B 7 
00133 002E DA TAWT EQU !l>002F 
00134 0030 RFTHl EQU $0030 
03135 *TNIT 
00136 •RESET VECTOR POINTS HERE 
00137 7080 86 00 RESEt LDA A h=oooooooo PATTERN FDR SET DATA O]RE 
00138 7082 87 4001 ST~ II ACP..A INTO CONTROL REGISTER 
00139 70S5 86 08 .L:JA a n~oooooooo PATTERN FOR ALL INPUTS 
00140 7087 87 4000 STA l. AOORA INTO DTAA DIRECTION REGISTER 
00141 70811 86 04 LOA A »tOODOO!OO PATT~RN FOR LOOK AT OATA 
001£+2 708( 57 4001 ST~ i ACRA INTO CONTROL RESGISTER 
001;3 708F 86 00 LOA A i.11ooooonoo 
Q.JJ44 7091 67 4003 STA A ACi<.B 
00145 7094 86 OG LOA A 1'%;J'l000000 
no1;6 7096 &7 •002 STA A AODRB 
~0147 7099 86 0'+ LOA A ;.~00000100 

·00143 7099 87 4003 S r A A ACR.8 
00149 709E 86 00 LO.~ A Ii% 0 000,0 0 00 
00150 7QA:J 137 4005. SH 0 BCR~ 

00151 70~3 86 01 LOA A ;.';..)0000001 



00152 7DA5 B7 4004 
00153 70A8 86 07 
00154 701A 87 4095 
00155 70AD B6 CO 
00156 70AF 87 4007 
00157 7082 B6 OD 
00158 7084 87 4006 
00159 70£7 86 04 
00160 7089 B7 4007 
00161 70BC CE' OEFF 
00162 70Bf 35 
00163 70(0 7F 0000 
00164 
00165 
00166 70(3 66 70 
00167 70C5 97 OA 
00168 70C7 BD 71 FD 
00169 ?()CA DA 
00170 70Cf:l AD 00 
00171 70CD 29 f4 
001'72 
00173 70CF BO 7188 
00114 
0017'> 7002 86 4004 
00176 7005 4 7 
00177 7006 47 
00178 7007 25 EA 
00179 70D9 3D 7217 
00180 700( 96 12 
001!11 /ODE 36 
0011'2 700F 96 !l 
OD 18 3 70E1 3 b 
00184 70E2 9b 10 
00185 70 E4 36 
00 186 70 F 5 B D 72 5 7 
00187 7DE'8 32 
00188 70f9 97 OD 
00189 70EB 3 2 
00190 70EC 97 OC 
00191 70EE 96 IS 
00192 70FD 36 
DO 19 3 70 Fl 9 6 ! 4 
00194 70F3 36 
00195 7JF4 96 13 
DD196 70F6 36 
00197 70F7 BO 7257 
OD 1 9 R 7 0 FA 3 2· 
00199 70FB 97 OF 
00200 70f0 32 
00201 10 FE 97 O.E 
00202 
00203 1100 CE oaoc 

STA A 
LOA A 
STA A 
LOA A 
5TA A 
LDA A 
STA A 
LOA A 
STA A 
LOX 
TXS 

BDORA 
11':00000111 
BCRA 
11':00000000 
BCRB 
11%00000000 
BOORS 
11.~00000100 
llCRB . 
llS T'ACK 

SET STACK POINTER 
CLR ZERO 

•F?SWI.TCHES ·READS FRONT PANEL ANO lODKS IN TABLE FD * OlSPLAYiNG 
SCA:N LOA A liS70 

STA A SW.ITO-I 
JSR LI TEGF 
CLV 
JSR ZERO.X 

•TABLE HOLDING JHP ADDRESSES 
READ TOGGLES. LEAVING SUS ADD 

BVS .SCAIJ 
"'(JH .. L APi'ROPKIATE HANDLER WHICH SETS LO ADDRESS BYTE 

JSR SETMUX SETS H? BYTE OF HUX ADDRESS P 
*I NT 0 MUX ES LOA A FPSWl GET TOGGLES 

ASR A ROTATE REAL/STORED INTO CARRY 
ASR A 
BCS 
JSR 
LDJI A 
PSH A 

SCA~I 
GBC OS 
START+Z 

LOA t.. START+l 
PSH A 
Lllll A STA'1.T 
PSH fl 
JSR 
PUL A 
ST!\ A 
PUL A 
S T .a A 
LOii A 
PSl'I A 
LOA A 
PSH A 

BCD THY. 
BSTRT+1 
B.S TRT 
5TOP-t2 
$TOP~1 

LOA fl STOP 
PSH A 
JS'! BLl>THX 
PUL A STA A BSTOP+l 
PUL A . 

IF REAL TIME. GO GET FRONT PA 
ELSE GO GET START. STOP FRDH 

PUSH BCD SWITCH BYTES ONTO 
STAC'< 

CONVERT START 

BRANCH TD CONVERT ROOT1NE 
PULL 3TNARY VAUH'S OFf STACK 

PUSH STOP BCD VALUES ONTO STA 

CONVERT STOP VALUE 

ST!t A BSTOP 
cJ6 BIT CONPAR.E OF 65TOP WITH SBSTR TO CHECK THAT BS 

LOX 1dlSTRT 

CX> 

"' 



------

OE 
OF 
72AB 

LOA A 
LOA B 
JSR 

ERROR 
01 

00204 7103 96 
00205 7105 06 
00206 7107 BD 
*~'°*ERROR 208 
00207 71 OA 20 
00208 710C 86 
00209 710E 36 
00210 71CF 86 01 
00211 7111 36 
00212 7112 96 OD 
00213 7114 36 
00214 7115 96 oc 
00215 7117 36 
00216 7118 66 03 
0021 7 71 lA 36 
00218 71 lB 96 08 
00219 711D 36 
00220 ?llE BO 
00221 7121 32 
00222 7122 97 23 
00223 7124 32 
00224 7125 97 24 
00225 7127 98 09 
00226 7129 97 26 
00227 7128 96 23 
00228 7120 89 00 
0022 9 71 2F 97 25 
00230 7131 86 00 
00231713336 
00232 7134 66 01 
00233 7136 36 
00234 1137 96 OF 
00235 71 39 36 
00236 713A 96 OE 
00237 713C 36 
00238 7130 86 03 
00239 713F 36 
00240 7140 96 OB 
00241 7142 36 
00242 7143 BO 
00243 7146 32 
00244 7147 97 IF 
00145 7149 32. 
00246 71 4A 97 
OD0?.47 114c ao 
00246 714F 7F 
00249 

BLT 
LOA AA PSH 
LOA A 
PSH A 
LOA A 
PSH A 
LOA A 
PSH A 
LOA A 
PSH A 
LOA A 
PSH A 
J.SR 
PUL A 
STA A 
PUL A 
STA A 
ADD A 
STA A 
LO.A A 
AOC It 
ST~ A 
LOA A 
P.SH A 
LDA A 
PSH A 
Lon A 
PSH A 
LOA A PSH A 
LOA A 
P.SH A 
LOA A 
PSH A 
JSR. 
PUL A 
STA A 
PUL A 
STA A 
JSR 
JMP 

00 

72BC 

72BC 

20 
72E8 
70C3 

00250 7152 86 09 
00251 71 54 97 05 
no2s2 7156 B6 09 
00253 7158 97 07 

'00254 715A 39 

*SET UP MUXES 
REALZ LOA A 

STA A 
LOA A 
STA A 
RT 5 

BS TOP 
BSTOP+l 
CMPI6 
ERROR 
llTA.BLO 
#TAllHl 
BSTRT+l 
BSTRT 

#3 

OFST2 
INT AB 
ourv· 
OUTV +I 
OFS T3 
OUTH+l 
OUTV 
/10 
OUTH 
liTA.BLO 
llTABflI 
BSTOP+l 
BS TOP 
113 

OFST2 
lNTAB 
LOUTV' 
LOUTV+l 
OUTPUl 
SCAN 
FOR REAL 
lii<~l'LO 
HliUX+l 
llVZ LO 
VMUX+l 

IF STOP • START THEN 
TURN ERROR LIG~T ON AND SCAN 
ELSE CONMPUTE ABSOLUTE ADORES 
FIRST STORED DATUM. CDRRESPQN 
TO START VALUE FROM FRO~l PAN 

FOR VERTICAL OUTPUT 

COMPUTE ABSOLUTE AODV.ESS 
FOR HORIZONT~L OUTPUl 

COMPUTE ABSOLUTE ADDRESS OF 
LAST SDTEG oaTUM 
COR~ESPC~OING TO BCD STOP VAL 
FOqM FORNT PANEL 

TIME DATA NLOW R~TEE 

INTO LO BYTE FOR MUX NHOR11E 
FOR ·vE~TICAL MUX 



0025 5 71 SB 66 09 REAL Y LOA A "RM PLO LO. SYTE FCR R.AMP ADDRESS 
00 25 b 71 5D '! 7 05 STA A HMUX .. ! INTO LO BYTE. FOR HORIZ xux 
00257 7l 5F 86 06 lDA A #VY LO LO BYTE OF Y LEAD 
Cl025 B 71 61 97 07 STA A VMUX+l FDR VE:RTICil.L MUX 
00 259 7163 39 RTS 
0026:0 7164 86 09 RFALX LOI!. A llRMPLO LO BYTF OF RM-IP ADDRESS 
00 2b l 71 66 97 05 STA A HMU.X+l FOR HOR 1 Z MU.X 
00202 7168 86 03 LOA ft !tVXLD LO BYTE OF x LEAD 
00263 716A 97 07 STA A VHUX+l FDR VERT HUX 
r1026!. 71 6( 39 R. TS 
Oll265 7160 86 08 RELXZ LOil A l!H l LO LD BYTE .OF z LEAD 
00266 71 6F 97 05 STA A HMUX+? FOR HORlZ f>\UX 
1)0267 ., 1 71 8 f, 03 LOA A ~HJ( l 0 LO BYTE. O.F X LEAD 
0)268 71 73 97 07 STA A VMLIX+l FOR VE.RT MUJ( 
00 26 9 71 75 39 . RT S 
00270 71 76 66 08 RELYZ LOA A llHLLO LO BYTE OF Z. LEAO 
00271 71 78 97 05 STA A HMUX+l FOR HORIZ. MUX 
00272 71 7A 66 06 LOA A llVYLO LO BYTE CF y LEAO 
00273 71 7C 97 07 STA A VMUX+! FOR VERT r-. LJ x 
0027 4 71 7E 39 RTS 
00275 71 7F 86 Oc RELXY L (J A A 111-f Y LO LO BYTE OF y LEA::> 
00276 7181 97 05 STA d HMUX+l FOR HDRIZ MUX 
00277 7183 86 03 LD.d A llVXLO LO BYTE Of x LEAD 
D027B 71 85 97 07 STA A VMU X .. 1 FCR VERT MUX ,,, 
00279 7187 39 RTS ... 
'.))280 "'SET UP HI ~VTE OF MUX AD.OR ESSES 
00281 .. 
00282 7188 86 50 SETMUX LOA A llVHI *tiTGHT flYTE OF ADDRESS OF VE~ 

OD 28 3 71 BA 97 06 s Ta A VMUX 5.TORED IN ADDRESS 
00284 71 8( 86 60 ~DA A i:HH l HI rl.YTE OF ADORE.SS OF HORll H 
OJ285 718E 97 04 TA A HHUX STORED IN ADDRESS 
00286 *PROCEDURE TO LATCH ADDRESS INTO MUX 
00287 7190 DE D6 LOX VMUX 
00288 7192 A7 00 STA A ZER 0. X 
00289 7194 OE 04 LOX HMUX 
00290 7196 A7 00 STA A ZERo.x 
0029 l 7198 39 RTS 
00292 *SET UP MUXE.S FOR DISPLAY OF STORED DATA NLO BVTEE 
00293 7199 86 09 STROZ LOA A llRHPLO GET LO BYTE OF HUX INPUT TtES 
00294 7198 97 05 STA A HMUX•l 
00295 71 90 86 oc LOA A llOAVLO GET LO BYTE Of HUX INPUT T IEO 
0029& 719F 97 07 STA A VMUX+l 
00297 71Al 86 02 LOA A 11$2 
00298 71A3 97 08 STA A OFST2 SET OFFSET 2 INTO STORED LEAD 
00299 71 A5 86 98 LOA A #$98 Ml NUS 2 

INTO SOTRE.O 00300 7167 97 09 STA A OFST3 SET OFFS.ET3 LE:AD 
'0030 l 7149 39 R TS 
00302 71AA 86 09 STROY LOA A #RHi>LO GET LO BYTE OF MUX INPUT TIED 
00303 71AC 97 05 STA A HMUXtl 
00304 71AE 86 oc LOA A RDAVLD GET LOW BYTE OF MUX INPUT TIE 
00305 71BO 97 07 STA A VMUX~l 

00306 71 B2 86 01 LOA A 11$ l SET OFFSET2 INTO SOTRED LEAD 



00307 7184 97 08 STA A OFSTZ 
00308 7166 86 99 LOA A llS99 MU MINUS l 
00309 71£8 97 09 STA A OF5T3 SET OFFSET 3 INTO .STORED LEAD 
00310 718A 39 RTS 
00311 7186 86 09 STROX LOA A ;;RM PLO 
00312 71BD 97 05 STA A HMU X • l 
00313 71BF 86 DC LOA A #DAV LO 
00314 71Cl 97 07 STA A VMUX+l 
00315 71 C3 8.6 00 LOA A #$0 
00316 71(5 97 08 STA A OFST2 SET OFFSET2 INTO STORED DATA 
00317 71C7 91 09 STA A DFST3 SET OFFSET 3 INTO STORED DATA 
00318 71 C9 39 RTS 
00319 71 CA 86 oc STRXZ LOA A llDAHLO 
0032 0 71 cc 97 05 STA A HMUX•l 
00321 71CE 86 DC LOA A llDA V·LD 
00322 7100 97 07 STA A VMUX•I 
00323 7I 02 86 00 LO'A A 11i 0 
Ou324 71 D4 97 06 STA A OFS T2 SET OFFSET 2 INUT STORED DATA 
0032 5 71 Db 86 02 LOA A 1152 
{)0326 7108 97 09 STA A OFST3 SET OFFSET 3 INTO STQERED OAT 
00327 71 DA 39 RTS 
00328 7108 66 oc STRY7 LOA A #DAHLll 
0032 9 71 DD 97 05 STA A HMUX+l 
00330 71DF 86 oc LOA A #DA VLO _., 
00331 71 El 97 07 STA A VMUX-+l N 

00332 71 E3 86 01 tDA A 11$1 
00333 71E5 97 08 STA A OFST2. SET OFFSET 2 INTO STORED DATA 
00334 71 E7 86 01 LOA A II $1 
00 335 71E9 97 09 STA A OFST3 SET OFFS.ET 3 INTO STORE 0 OAT!>. 
00336 71EB 39 RTS 
00337 71 EC Sb oc STRXY LOA A llDAHLO 
00338 71 EE 97 05 STA A HMU X+I 
00339 71FO 86 oc LOA A UOA VLD 
00340 71 F2 97 07 STA A VMUX+l 
00341 71 F4 86 00 LOA A #$0 SE 'r SFFSE"T 2 I NH1 ST~ED l)ATA 
00342 71 Fb 97 08 SlA A OF S T2. 
00343 71 FS 86 01 LOA A #$1 
00344 71 FA r; 7 09 STA A OFST3 SET OFFSET 3 INTO STORED DATA 
00345 71 FC 39 RTS 
00346 71 FD 66 4004 LITE OF LOA A FPSWI 
00 34 7 7200 SA 01 ORA A #%00000001 
0.0348 7202 B7 4004 STA A FPSWl 
00349 7205 84 3E AND A 11%0011"1110 ONLY TREAT 32 CASES 
00350 7207 48 ASL A 
00351 7208 97 OB STA A SWl.TC.H-+ 1 
00352 "'LOCATION OF JMP ADDRESS TABLE JN IT 
00353 720A OE DA LOX SlollTCH .. X ·CONTAINS ADDRESS OF SU BRO 
00354 72.0C 39 RTS 
00355 7 200 66 4004 ERR DR LOA A FPSWI 
00.356 7210 84 FE AND A #~11111110 

00357 7212 87 4004 STA A FPS\11 
00358 7215 OB sf: v 



00359 7210 39 RTS 
003b0 ~GET BCD SWITCHES 
003bl 7217 Bo 4000 GBCO.S LOA A BCD I 2 GET 2 OIGlTS OF START ADDRESS 
003b2 72IA 43 COM A 
003&3 7218 5F CLR B CLEAR B ACCUMULATOR 
00304 721( 48 ASL A ROTATE OlG!T 2 TO HIGH NI BBL 
OD3b5 7211> 5<;l ROL B WH!Lc DIGIT 1 MOVES INTO LO 
00300 721E 48 ASL A NIBBLE OF 8 
003b7 721F 59 ROL B 
003b8 72 20 48 ASL A 
00369 7221 59 RDL 8 
00370 72.22 48 ASL A 
00371 7223 59 ROL B 
00372 7224 07 IO STA B START STORE HIGHEST OlGIT OF START 
00:073 7221> 44 LSR A 
00374 7227 44 LSR A 1101/E DIGIT 2 TO LO N TSBLE OF 
00375 7226 44 .LSR 4 
00376 7229 44 LSR A 
00377 722A 97 11 STA A START+l STORE 2.ND DIGIT OF START 
00378 722( 86 4000 LOA ll. BCD34 GET 2 DIGlTS LAST OF START AN 
00379 722F 43 C0"1 A 
00380 72 30 5 F CLR B !HGHEST OF STOP 
00381 7231 48 ASL A ROTATE LAST START Ol~lT 
00382 72 32 5 9 .ROL B INTO LO NIBBLER OF S "' 00383 7233 40 ASL A "' 00384 7234 59 ROL 6 
00385 72 35 48 ASL A 
00386 72 3b 5 9 .ROL B 
00187 72 37 46 A5L A 
00~86 72 38 59 RDL 13 
00389 72 39 07 I2 STA B START+2 STORE LAST START DIGIT 
00390 7238 44 LSR A MOVE FtRST STOP DIGIT TO 
00391 723( 44 LSR A LO NIBBLE OF A 
00 39 z 72 30 44 LSR A 
003']3 72 3E 44 LSR A 
00394 723F 97 13 STA A STOP STORE FIRST STOP DIGIT 
00395 7241 ll6 400~ LOA A BC05t;. GET a LOWER OIGlTS OF STUP 
00 ;i91, 7244 43 COH A 
00397 72 45 5 F CLR B 
00398 72'+6 48 A SL A ROTATE MIDDLE OIGLT INTO 
00399 7247 59 ROL B 
00400 7248 48 ASL A LO NJB8LE Of B 
00401 72 49 59 RDL B 
00402 724A 48 ASL A 
00403 724B 59 f!OL B 
00404 724( 48 ASL A 
00405 724D 59 ROL B 
0040b 7241:' D7 14 STA e STOP+l STOR~ HIOOLE O!GIT 
00407 72 50 44 LSR A 11.0 TA E LO 0 I G L l OF S T Q p 
00408 7251 44 LSR A I~TO LO Nl5BLE OF A 
00409 7252 44 LSI\ A 
00410 7253 44 LSR A 



00411 7254 97 15 STA A STOP•Z STORE LAST DIGIT OF STOP 
0041 2 725b 39 RTS 
00413 ~sco TO HEX OEPEll:OS UPON DIGIT.S STORED IN INDI\IIDU 
00414 7257 32 B-COTHX PUL A 
00415 72 58 97 27 .STA A RETH 
00416 72SA 3.2 PUL A 
00417 7256 97 28 STA A RETL 
00418 7250 32 PUL A PULL RETURN ADDRESS OFF STACK 
00419 725E 97 29 STA A BCD3 PULL 3 BYT~S OF~ STACK 
00420 72 60 32 PUL A STORE tN BCD l DIGIT PER BYTE 
00421 72 61 97 2A STA A BCD2 
00422 7263 32 PUL A 
00423 7264 97 2B STA A BCOl 
00424 7266 1F ooze CLR BIN? STORE 0 IN 
00425 7269 7F 0020 CLR 8!N2 RESULT AREA 
00426 72&C 9,6 29 BETA LOA A 6CD3 
00427 72 6E 27 11 B'E·O ALPHA IF iERO GO TO lO~S 
0042 8 72 70 4A DEC A OECRFMFhT # OF 10JtS 
00429 72 71 97 29 STA A BC03 
00430 72 73 96 20 LOA. A BIN2 GET BINARY II SO FQ.R LO BYTE. 
0043 l 7275 SB 64 ADD A llIOO A DO LN · 100 
00432 72. 77 97 20 STA A BJN2 UPDATE BIN 2 
00433 72 79 96 2C LDA A ll INI GET BINARY HIGH BYTE 
00 43 4 727B 89 00 ADC A 110 PROP.ilGATE CZRRY ~ 

0.0435 72 70 97 2C STA A BIIH UPDATE Bitt HIGH BYTE ,,_ 
00436 72 7F 20 FB BRA BETA REPEAT ADD H~C. 100~5 

00437 72 81 96 2A ALPHA LOA A BCD2 GET # QF lOZS LEFT TO ADD IN 
00438 7283 27 11 BEtl (;AM~1A If ~OE LEF' PROCEED TO It5 
00439 7285 4A DEC A R~OUCE II OF 10%5 LEFT TO &O 
00440 72 66 97 zc. SlA A 8(02 U DATE II OF 10%S LEFT TO GD 
0044'1 72 88 96 20 LOA A 61N2 GET LO BYTE OF SINARY Q 
00442 72fJA 88 OA ADO A Ill 0 INCREASE IT 6Y 10 
00443 72 BC 97 2D STA A BIN 2 UPDATE LO 6YTE OF BINARY 
0044.4 728E 96 2( LOA A BINl GET HIGH BYTE OF BINARY 
00445 72 90 69 00 AOC A #0 PROPAGATE CARRY 
00446 72 92 97 2C STA A BINI UPDATE ttlGH SYTE 
00447 7294 20 EB BRA ALPHA REPEATE ADDING 100%S 
00448 7296 96 28 GAMMA LDA A B~D I 0044q 72 98 98 20 ADD A B NZ ADO TO LO BYTE UF 61NARY 
00450 72 9A 97 20 STA A 61N2 UPDATE LO BYT£ CF BlNA~Y 
00451 729( 96 zc LOA A Bl NI GET HIGH BYTE CF BINARY 
00452 72 9E 89 00 ADC A 110 PROPAGATE C.ARRY 
004'53 77. AO 36 PS\i A 

8 IN Z 
PUSH HIGH BYTE ONTO STACK 

00454 12 Al 96 20. LOA A GET LO BYTE OF BlNARY 
004~5 72A3 36 PSH A PUSH LO &yrE ONTO STACK 
004 6 72A4 96 28 LOA r. RETL RE.TURN L BYTE OF RETURN ADDR 
QOC.57 72 A6 )b PSH A TO SJACK 

BYTE OF R.ETUYAtll 00458 72 A7 '" 27 LOA. A RE TH RETURN HI ADO 
oo~sz 72(..9 

~* 
PSH A TO STACK 

0046 72 i\A ~TS RETURN 
00461 72 AB 36 CM Pl 6 SH A C f111PA.RES A I IB WI TH x 
004cZ 12 ~c E l 01 CMP 8 ill , x 



00463 72 AE A2 00 SSC A llOf X 
08464 7280 26 08 BNE OU 
0 465 7282 07 TP .It. 
00466 72 B3 El 01 CMP B Ill." 
00467 7285 27 02 BEQ · fQ 
00468 7287 84 FB AN.D A 11%11111011 
00469 7289 06 EQ TAP 
00470 72 llA 32 OUT P.UL A 
00 "71 72 BB 39 .. RTS. . 
00472 •COMPUTES ABSOLUTE ADORESS Of SYlE IN TABLE 
0047'3 •GlVEN OFFSET 
00474 •NUMBER OF COLUMNS 0 FOR VECTORCARDIOGRAPH .- 255 
00475 •ROW NUMBER lE INDEX uno TABLE 2 BYTES 
0047.b O:.AND As·s ADOP.ESS O.F TABLE SASE HI. L.O 
00477 

72Bt 
•PULLED·OFF STACK IN ORDER LlSTEO 

00478 32 INTAB PUL A 
00479 7260 97 30 STA A P.ETHI GET RETURN VALUE. FROM STACK 
00480 72BF 32 PUL A HlGH THEN LO BYTES 
00481 72 co 97 16 STA A RE.TLO 
001,e2 nc2 32 PUL A 
00483 72C3 97 17 S·TA A COL GET OFFSET JE COL # 
00484 72(5 32 PVL A 
004S5 72 C6 9 7 18 STA A · NCOL5 
og4so 72 CB 3 2 PUL A "' 0 48 7 72 C9 9 7 Y9 STA A ROW "' 
00488 7 2 CB 3 2 PUL A 
00489 72CC 97 I A STA A ROll+1 GET INDEX INTO TABLE NROWE 
00490 72 CE 3 2 PUL A 
00491 72 CF 9 7 JD ST.A A TEMP I GET TABLE STARTING LOCATION 
00492 7201 32 PUL A 
00493 7202 97 lE STA A TEMPl+l Hl HIEN LO BYTES 
00494 ~INITIALIZE ABS ADDRESS OF BYTE TO TABLE 400RESS 
80495 72 04 

~~ 
19 LO)( RO'./ lN!TIALl~E COUNTER FBR ROWS 

049b 7206 OF BEQ AODFST IR ROW E UALS ZERO J ST ~DO 0 
00497 7208 96 lE AONCOL LOA A TEHPl+1 GET LO BYTE OF ABS ADDRESS I 
00498 720A 98 18 ADD A f'ICOLS ADO U OF COLUMNS CONE FOR EAC 
00499 720( 97 lE STA A TEMPf+l UPDATE LD BYTE OF ABS ADORES 
00500 72DE 96 10 LOA A TEI'\ Pl 
00501 72 EO 89 00 ADC A 110 PROPAGATE CARRY 
00 so 2 7l E2 97 ID STA A TEMPI UPDATE HI. BYTE Of ABS ADDRESS 
00503 72 E4 09 DE lC R£0UCE ROWS TD GO COUNTl:R 
005.04 72 E.5 2.6 n BNE ADNCUL IF MORE ROWS TO GO, LllOP BACK 
0050~ 72 E7 96 17 AO OF ST Ll>A A C. Ill ADD OFFSET 
00506 72 E~ 98 lE ADD A THlPl+l . TO LO BYTE OF ASS ADOaESS 
OD so 7 72 E 36 PStt A PUSH ONTO STA.Cl: 
005011 72EC 96 

~8 
LOA A TEMP 1 Pl\llGATE ~APR.Y 

OOSCl'il 72 EE S9 ADC A 110 PuS.H ONT STACK 
00 51.0 72 fO 36 PSH A 

RETl.0 00s11 72f1 9b 16 LOA A GET BACK RETURN 005L2 72F3 e·6 PSH A ii.DOR ES.S ONT 0 
00513 72 F4 96 30 LDA A R·E THl 
00514 72Fb 3 E. PSH A 



0 0.51 5 7 2 F 7 3 9 RT 5 
00516 *SDTART OUTPUT.DATA 
0051 7 *lNC~EMENT PO!NT£R.S INTO TA6LE 
0051~ *COMPARE POINTER FO~ VERTICAL TO OUTV 
00519 6LAST PbINTER FOR VERTICAL EN~POlNTE LOUTV 

-00520 *RfT\lRN WHEN LAS r POINT HAS BEEM REACHED 
00521 *llNO DISPLAYED · 
00522 12F8 DE 23 OUTPUT LOX OUTV 
80523 72FA A6 00 LDA A 1EROjX ADDRESS T~OEXED THE DATA TO B osi' 72Ft a1 3003 STA A bTAV 
00525 72FF OF 25 LDX OtlTH 
00526 7301 A6 00 LDA A ZERO,x ADDRESS IND.EKED THf H DATA TO 
00527 7303 87 3002 STA A DTAH 
OOS2.8 "HORIZ. OUTPUT WILL NOT SHOW IF DI.SPLAYING tiKG BEC!US 
00529 7306 96 26 LDA A OUTH+l· JNCREl'IENT HORIZ. OUTPUT 
00 530 7308 8 B 03 ADD A ~&3 PO [HJ.ER a Y 3 
00531 730A 97 2{, .STI>. A OUltl*l 
00532 730C 96 25 LOA A OUTH 
00533 730E 69 00 AOC A #0 
00534 7310 97 25 STA A DlJTH 
00535 7312 96 24 LOA A OUTVtl 
005.36 73 L4 86 03 AOO A t53 

80537 7.3 lb 97 24 STA Al . OUTV+l 
DSJ8 1•1s 96 23 LOA A avrv 

00539 73 lA 89 00 l\DC A !JO 
00540 73JC 97 13 STA A oorv 
0054l 73lE 91> lF LOA A LOI.HY 
0054l. 7320 Of> lO LOA B LOUTVH 
00543 7322 C• 0023 LDX #OUTV 
og.544 7325 SD 72AB JSR CMPl6 0 545 7328 2C CE SGE OUTPUT 
00546 732A 39 R.TS 
00547 *GATHERING VIA "Ml 

-oos4g 7326 OE NMI-- ·tL~L"''''~' 
0()549 ·732C CE 0100 LOX llTABLf2 

INCREMENTR llcRT OUTPUT 
PlJll'Hf:R QY 3 

COKPARE VERT OUTPUT 
POINTER WITH ADDRESS OF 

TF LAST VALUE >= CURRENT VALU 
~fEP GOING .ELSE RETURN 

LCLEAR !NTi:RPUPT MSI<. so eocs 
TASLE POUJTER IN X. lNl T TO oasso 732F DF 21 SiX TABPTR 

00551 7331 86 5003 GETX LD~ A XLfAOV READ TO A/O MAKES S/H HOLD . 
00sS2 7334 87 5003 ST~ A KLEADV WR.tTE TO A/O !NlTIATES CONVER 
0055.:3 * LNTERRUPT HANDLER. LOADS OAT,o.. RESETS WAIT Fl.AC 
00554 7337 86 01 LOA A 111 S·ri 
00555 7339 ~7 z;: S'fl\ A OATAWT IJAITlNG FOR DAT AFLA<i 
00556 7338 9b 2E 'rlAlT1 I.DA A DATAWT 
005,57 7330 2.6 FC BNE WA!Tl 
oosse ••OATA ti\JST HAVE SEEN 
00559 73~F DE 2L l.D.X 11'SP'TR 
005o0 7341 OB lN~ 
005.b I 7!42 01' U Sl.X TABPTR oosi.z 7'.!.41t Qo 5006 \.llA A YL~Allll SET A/C. ADDRESS TQ y LEAD TfL 
005b3 7347 B7 .5006 51A A Yt..EACV WRITE TO A •. O TO I~lTIATE CONV 
00564 *THreRRUPT HANDLER LOADS OA'TA RESETS WAIT FLAG 
00565 734A Sb OL \.DA A I'll . . . 
0056'6 734C. 97 21: SI~ A DA'TA'llT 

LOADED TD REACH HERE 
SO lNCREMfNT POINT~i INTO 
TABL.t . 



005(,7 734E 96 ZE WAI T2 LOA A DA"TAWT 
00568 7350 26 FC 8NE W'AlT2. 
00569 ¢QATA r.\IJ ST HAVE BEEN LOADED T REACH HERE 
00570 7352 DE 21 LOX TABPTR. 
00571 13 54 09 INX 
00572. 73.5 5 Of 21 STX TASPTR 
0057:! 7357 B.6 5009 LOA A ZLEAOV og574 73~A 87 5009 STA A 2LEAOV 
0 575 73 0 Sb 01 I.DA A 111 
0057 6 73 SF 97 ZE WATT3 

STA A DAlAIJT 
00577 7361 96 ;>'" LOA ., CAlAl<H ,, 
00578 73 .. 3 26 fC BNE WA £13 
00579 ¢QATA·~UST HAVE BEEN LDAOE~ ogsso ¢LOX TASPTR OONT NE-fD Tl-IT BE.CAUSE Al.READY lN X 
0 58 t 73 &5 08 IN~ · 
onsa2 7366 OF 2.1 ST'l\ TABPTP. 
00583 731:.6 CE 002.1 t.t>X II TABP fk 
00584 7368 B6 oc l.t>A A llTABFH l 
00585 7360 C6 67 LDA B llTASfLO 
00586 736 f BP 7248' JSR. CMP 1b 
00587 7'372 2 c. BO ~GE . GET X '° 00588 73 7<t () F f: I .._, 
00589 7375 3!3 RiI 
00590 *lR.lGGER.ED CJN POS I TI Vf GlON& EDGE Of EUC 
00591 *REA1) AID VtA TRG. 
oos92 M OF lRQ SE! 
00593. 07 DE21 Lt:>l< TA'ilPTR 
00594w19. ij6 5003 -LOA ,, KLEADV A NY: ADDR.E SS NOT ANSWERED BY 0 
00 595 731C ~7 go STA A ZEl'(O\)J( 
0059& 737E F OZF CLP. DATA l 
oos91 13e.1 oe C.Ll 
0059 8. 7382 36 RT! 
00596 7~f9 OR.G $ 73FS. 
o~bO 73Fe 7B7E. F'OB TRQ 
0 bOl 73~A 7 8~ f-IHl R.E'SE'T 
00b02 73FC 7.3i FO~ NMI 
go&03 7~FE 7080 Foe RESl:T 

0 (>0'> END 




