ANALOG-DIGITAL CONVERTER : STRIP CHART TO PUNCHED CARD

Joseph E. Michalski, B.Eng.



ANALOG-DIGITAL CONVERTER : STRIP CHART TO PUNCHED CARD
Electrical Joseph E. Michalski, B.Eng. M.Eng.

ABSTRACT

An interface between a graphical~to-digital converter and a stan-
dard | B M keypunch machine is developed. Inputs to the converter consist of
strip—chart recordings. An optical scanning technique is employed to convert the
analogue information into a series of pulse trains. Graphical data, transformed in
this manner is then processed by a logic unit contained within the interface and sub-

sequently transcribed onto data cards. The overall procedure is completely automatic.

Inherent in any optical digitization scheme are errors, caused in part
by the inability of the system to discriminate between lines which form the actual
analog information and noise. In this case noise is attributed to the optical scanning
mechanism, to the presence of grid lines, dirt or other spurious markings on a chart

recording, and to the texture of the recording poper.

To reduce the errors introduced by the scanning mechanism the
system optics were improved. This significantly enhanced the accuracy of digitiza-
tion.

Normally, little or no control may be had over errors caused by the
quality of recording paper. Therefore, additional logic circuitry, incorporated
within the interface transcribes, upon detecting such errors, appropriate error codes

onto the data cards.
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ABSTRACT

An interface between a graphical-to-digital converter and a
standard | B M keypunch machine is developed. Inputs to the converter consist
of strip-chart I;ecordings. An optical scanning technique is employed to convert
the analogue information into a series of pulse trains. Graphical data, trans-
formed in this manner is then processed by a logic unit contained within the
interface and subsequently transcribed onto data cards. The overall procedure is

completely automatic.

Inherent in ony optical digitization scheme are errors, caused in
part by the inability of the system to discriminate between lines which form the
“actual analog information and noise. In this case noise is attributed to the optical
scanning mechanism, to the presence of grid lines, dirt or other spurious markings

on a chart recording, and to the texture of the recording paper.

To reduce the errors introduced by the scanning mechanism the
system optics were improved. This significantly enhanced the accuracy of digiti~

zation.

Normally, little or no control may be had over errors caused by the
quality of recording paper. Therefore, additional logic circuitry, incorporated
within the interface transcribes, upon detecting such errors, appropriate error codes

onto the data cards.
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CHAPTER |

INTRODUCTION

1.1 General Background

The relative availability of digital computers is imposing new and
increasingly varied demands on the concept of the man-machine interface. An
important aim - that of direct audio/visual communication with a computer shows

great promise, owing to recent developments in the field of Pattern Recognition.

A device, encbling analog information pre-recorded on strip charts
to be automatically digitized ond stored in a form suitable for direct entry into a
computer has mony applications. Research in the areas of Medicine, Process Contiol,
Pattern Recognition, etc., yields experimental results which in many cases are most
conveniently displayed by conventional recorder techniques. More often than not
the data requires additional analysis best carried out by a digital computer. To
digitize graphical information manually is tedious and time-consuming. Semi-
automatic digitizers are available commercially [1], [2], [3]. Their initial cost
is typically $25,000. To digitize a groph requires an operator who manually aligns
a cursor over the graph. The displacement of the cursor represents the value of the
ordinate . The ordinote and abscissa are then recorded and the abscisso is odvonced

one unit. The digitized dato is recorded on data cords, magnetic tape, disks, or

paper tape .



In a;!er to realize a fully automatic graph reading process two graphi-
cal - to - digital converters were developed, for comparison purposes at McGill
University - one by C. Rosza and G.L. d'Ombrain [4], the other by L.A. Cox
and G.L. d'Ombrain [5]. '

The first graph reader is based on an electro-mechanicol scanning
principle. Briefly, this consists of a small spot of light traversing a sample of graph
paper. The amount of light reflected from the paper is detected by a photomultiplier
tube. A "video" pulse is electronically derived from the output of the photomulti-
plier whenever the scanning spot crosses a line on the paper. The video output is
gated with "marker” pulses and stored on magnetic tape. The frequency of the
marker pulses is such that the occurrence of each successive marker pulse represents a
0.01 inch movement of the scanning spot along the paper. At the end of a scan the
M is automatically advanced by one millimeter and another scan then takes place.
Once an entire graph has been read and stored in this manner, an infermediote stage of dato
processing is then necessary. The format of the graphical information stored on mag- -
netic tape is such that it is not as yet suitable for direct entry to a digital computer.
The original tape i; therefore processed at a computing center to produce a new tape.
A computer program is then used, together with the new tape to obtain the abscisse and
ordinate values of the graph stored therein. To do this, the computer counts the
number of marker pulses which occur on tope from the point where the light spot first
*hits® the graph poper up to the occurrence of o video pulse. To account for the
finite width of the groph line the number of morker pulses occurring in coincidence
with o video pulse is holved. The abscissa is obtained by simply maintsining a count of

_the number of scans recorded on the tape, as each scon is processed by the computer.



The second g"aph reader employs a closed~-circuit television camera. A
graph is scanned by the camera and the image stored on the camera tube. A magnetic
tape transport is then started and the stored image is scanned by the camera deflection
circuits. A;sociated pulse circuitry produces three output signal levels, correspond-
ing to white, grey and black and writes in appropriate code onto tracks of the tape .

The white and grey levels represent blank paper and graph lines respectively, whereas
the black level represents three small black dots drawn at the originand X and Y
axes of a graph-. The dots are used to correct for any misalignment of a graph with
respect to the axis of the comera. The graph remains fixed throughout the entire
scanning process. When the whole graph has been read the procedure is then somewhat
similar to that outlined above for the electromechanical reader, where a new tape is
grocessed and the abscissa and ordinate values then determined through a computer
program. The Y amplitude is obtained by counting the pulses from the tape unit
write pulse generator which are gated by camera tube generated pulses. The X ampli-
tude is determined as before. In addition, the computer program corrects for misalign-
ment of the graph with respect to the camera’s coordinate system and non-linearities |

introduced by the comera tube and associated deflection coils, circuits, etc.

Common to both readers described above is the fact thot graphical in-
formation, by undergoing o digitizing process, assumes the form of pulses and is stored
as such on mognetic tape. The tope then requires two stages of manipulation ot o
computer center whereby ore ultimately determined the X and Y values of a graph.

From severol viewpoints this procedure is inconvenient. Any dato reduction process



which entails several stages of manipulation at a computer center inevitably falls,
in o sense, into the throes of a self-imposed bureaucracy. Furthermore the initial

step - that of writing on magnetic tape does not provide a researcher with an ac-

curate "instant replay™ of stored information. Only o fractional check may be

had by monitoring with an oscilloscope the tape tracks containing graphical data.

There are several ways whereby the short-comings inherent in the

present arrangement can be eliminated. The ideal procedure would be to :

G) do away with the necessity for intermediate processing

of graphical data after it is digitized and stored, and

@) to store the digitized data in a manner which would

permit an immediate and direct access to it.

.The solution to (i) is to replace software” - consisting of computer
programs by a hardware logic unit. The inputs to the logic unit would consist of the
pulses which emanate from the graphical - to - digital conversion process while a
groph is being read. The logic unit would then manipuloate this digitized information

to the extent that at the output terminals of this unit would be accessible the X and

Y wvalues of a graph presently obtainable only through the use of a computer.

To satisfy (ii) requires a storage medium other than magnetic tope. No
doubt magnetic tape is preferable where speed and density requirements are mandatory

however, it is felt that these are of secondary importonce here. A reasonable sub-



stitute for magnetic tape is the punched data card. A way of incorporating data
cards into the present scheme is to link a standard keypunch mechine to the output

of the logic unit proposed above. As a result the coordinate values may be punched
onto cards as a groph is being digitized, thereby offering a comparatively instan-
taneous display of digitized information. There are several advantages to using data
cards. Once data is transcribed onto cards any subsequent need to refer to a graph

is mode rapidly and without the use of additional equipment. Furthermore, the use of
data cords as computer input is virtually universal and unless utterly destroyed their

duplication is but a simple matter.

An important aim of this thesis is to interface one of the graphical - to -
digital converters described earlier with a keypunch machine. In the next section

reasons are given why one of the converters is more suitable for this purpose .

1.2 The Adaptability of the Graphical-to-Digital Converters

to a Keypunch Machine

In the previous section a brief description of two graphical -to-digital
converters was given. The concluding remarks inferred that it would be more con-
venient to transcribe graphical information directly onto data cords. The ensuing
discussion begins by defining the basic properties notive to any groph reoder. The
two groph readers ore compoared in terms of these properties. The complexity of the

logic unit required to interface either of the readers with a keypunch machine is olso



studied. The discussion culminates with the selection of the groph reader which can

more readily be interfaced with a standard keypunch machine.

Several characteristics intimate the usefulness of a graph-reading de-
vice - resolution, sensitivity and accuracy being perhaps the more significant ones.
Resolution is defined here as the thinnest graph line which may be read. The re-
solution of the electromechanical reader is in the order of 0.01 inch, as compared
with 0.02 inch for the vidicon reader. Sensitivity refers to the detection process
whereby is sensed a line on a graph. A graph line having a thickness satisfying the
resolution may not be detected if the line itself is too faint. The governing factor
with regard to scnsitivity is the signal -to-noise ratio of the detection process. Of

the two machines the electromechanical reader has the better signal~to-noise ratio.

To evaluate the accuracy of the electromechanical reader a statistical
analysis of data digitized thereby was carried out. It was found that 94 % of the
digitized data fell to within 0.25 % of the actual plotted groph [4]. No statisti-
cal analysis was carried out for the vidicon reader. The accuracy of the two readers
was therefore compared on o visual basis. In order to do this a graph was digitized
by each of the graph readers. The digitized data thus obtained was then replotted
on the original graph. For the electromechanical reader, by superimposing the two
graphs it was not passible to observe any difference between. the original and the re~-
production [4]. On the other hand noticeable discrepor.cies were evident in the

results obtained in this manner by means of the vidicon reader [5] .



In oddition to those muntioned above two more characteristics are
worthwhile comparing here - input format and digitization speed. The electro~
mechanical reader accepts strip chart recordings of the hot-stylus Sanborn type, up

to 6.1 inches in width and up to 60 feet in length. The vidicon device is limited to
graphs up to 8 1/2" x 11".  On a per—foot basis, the digitization speed is in the

order of 20 seconds for both machines.

Thus faor the comparison of thé two readers indicates thct the electromechoni-
cal one is, in terms of the charocteristics listed above, the better of the two. How-~
ever, before arriving ot a decision as to which reader is in every respect more con-
veniently adaptable to a keypunch machine one more point need be considered : the
complexity of the logic unit necessary in order to interface the reader with the key-
punch. As mentioned earlier it is intended to accomplish this interface in such a way
as to eliminate the intermediate processing of digitized graphical dota. Understand-
ably thc.e complexity of the logic unit will be proportional to the complexity of the
computer progroams which at present form port of this processing stage. Although the
computer progroms associated with both readers are essentiolly similar, in that each
involves a counting of "marker” pulses in the determinction of tihe ordinate value,
the vidicon program is, for two reasons more complex. This_ increased complexity is
due to the fact that the vidicon progrom has to correct for the possible misalignment
of a graph with respect to the comera’s coordinate system and for non-linearities intro-

duced by the comera tube and associated deflection coils, circuits, etc.



On the basis of the arguments presented above it was decided to inter-
face the electromechanical graph reader with a keypunch machine, for not only is
this system superior to the vidicon reader in terms of resolution, sensitivity and ac-

curacy, but also in the amount of logical hardware necessary to realize the interface.

1.3 Statement of the Problem

The primary aim of this project then is to interface the electromechanical
graph recder with an  IBM kemﬁch machine. This involves the design and construc-
tion of a digital control system by means of which graphical information, upon being
digitized is punched directly onto data cards. The punched data should be such that

it requires no subsequent manipulation - in the form of correction factors, etc.

In the present work the number of fines on a graph is constrained to two,
where one line is assumed to be a base or reference line. Similor logic could be

developed to read grophs containing more than two lines.

The logic unit should contain an error detection scheme. Briefly, this
means that if during a scan a graph line is not detected by the groph reader an appro-
priate error code should be punched out on the dota card. Alternately, if more than
the allowable number (2) of lines is detected another error code is to be punched

w.



A test circuit, together with a visual display unit is to be built and
used as an aid in diagnosing possible faults within the logic unit. The advantage
of the test circuit is that it would enable the logic to be checked independently -

without the groph - reading unit.

The external controls to the overall system (graph reader and logic unit
combined) should be minimal. In this way very little prior experience would be

necessary to operate the system.

The optics of the graph reader are to be investigated, with the aim of
improving the signal—to-noise ratio (SNR) of the graphical detection process. With

an improved SNR it would be possible for the graph reader to :

@) consistently detect thinner and fainter graph lines on

high-reflectivity recording paper,

(i) consistently detect graph lines on a paper having low

reflectivity and poor contrast .

The resolution of 0.01 inch native to the electromechanical reader is
to be retained in the proposed system. It is hoped thot the full—scale accuracy of

+0.25 % will also be retained.



2.1

going a process of conversion assumes the form of pulses.

CHAPTER I

ELECTROMECHANICAL GRAPHICAL-TO-DIGITAL CONVERTER

introduction

10

In Chapter | it is mentioned that graphical information, by under-

describes this process as it occurs in the electromechanical converter.

aodditions (dotted lines) is shown in Figure 2.1.1.

The ensuing discussion

The converter, depicting its present form (solid lines) and proposed

distinct pulse trains are derived as follows :

¢)

Video Pulses

A drum @ on which is cut a spiral slit @ is
rotated ot approximately 790 RPM by a motor @ . A
light source (o high-pressure mercury arc lamp) @ is
located inside the drum. Light emerging from the spiral
slit impinges on a stationary slit @ parallel to the drum
oxis. The resulting light spot scans a graph @ « Re-
flected light - decreased in intensity whenever the spot
traverses o greph line is detected by @ o photomultiplier
tube. The output of the photomultiplier is first pre—omplified
and then omplified non-lineorly yielding as a result the vide.o

pulses.

The converter outputs - thrce
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Marker Pulses

A plastic disc coupled to the drum shaft contains
740 equally spaced marks. A light source @ is interrupted
by these marks and the resulting "modulated" light is then
sensed by a phototransistor @ . The phototransistor output
undergoes amplification and waveshaping which produces pulses
occurring at a frequency of 9743 HZ. These are subsequently
used to calibrate the y axis of a graph in increments of 0.01

inch.

End of Scan Pulses

Another phototronsistor @ detects light from an orifice
in the circumference of the drum. Its output is subject to ampli-
fication and waveshaping - producing o pulse for each revolution
of the drum. This "end of scan®pulse is used to trigger the control
circuit @ of a stepping motor @ so that each revolution of
the drum enables a graph to advance by one millimeter in the X
direction. This arrangement provides o perfect zero-order hold

sompling technique [4] .
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2.2 The | B M Keypunch Machine - General Information

An IBM Keyéunch Machine is normally used to transcribe numeri-
cal and/or alphabetical information onto | B M data cards. The machine, consisting
in part of a standard alpha-numeric keyboard may also be set to operate under “pro-
gram control” by aoffixing a coded | BM card onto o "program® drum. In simple
applications, for example the punching of numerical date cards, a program control is
not necessary. In this latter mode depressing an alpha/numeric key on the keyboard
effectively closes a contact or combination of contacts. Clesure of a contact (s)
initiates a "punch cycle”. The duration of this cycle is 100 milliseconds for an

IBM type 26 keypunch [6] and 56 milliseconds for a newer model - the | BM

29 [71. It isduring the punch cycle that a hole is punched in one column of a card.

The fact that a punch cycle is initiated by closing (@) contact (s) is
significant here. If, for example the number 26 is to be aufomatiéally punched on
o card, this could be done by simply placing in sequence a short circuit (by means of -
o relay contact) ocross the contact (s) which ordinarily would be closed upon depressing

the numeric 2 and 6 keys respectively.

When the lost column B0) of a card has been punched a new card
is fed and registered into place. If the AUTO-FEED (Automatic-Feed) switch of the
keypunch is ON, o new card is automatically fed and registered. The total time

elopsed during this feed and register cycle is about 250 milliseconds.

A card-feed cycle may be detected by monitoring the status of o con-
tact within the keypunch. A closed contact indicates that the machine is in o feed

cycle. The reason for detecting this cycle is explained in Chaopter lil.
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2.3 Graphical Converter-to~-Keypunch Interface -

General Considerations

In the following discussion it is shown how the pulses described in
Section 2.1 may effectively be used to interface the electromechanical graphical-

to-digital converter with an | BM keypunch machine.

The manner in which the ordinate value of a graph- -moy be determined
is illustrated with the aid of Figures 2.3.1 (@) through (e). In Figure 2.3.1 (@) is
drawn a sample of graph paper containing two lines. The waveforms of Figures 2.3.1 (b),
(c) ond (e) depict the video, marker and end of scan pulses corresponding to a single
scan of the graph. Recall that the frequency of the marker pulses is such that the dis-
tance between eoch successive marker pulse is equivalent to an interval of 0.01 inch
along a graph. To obtain the value of the ordinate (Y in Figure 2.3.1 (o)) wave-
forms (b) and (c) ore combined in such a way as to yield waveform (d). The pulses
of waveform (d) are fed to a binary-coded-decimal (BCD) counter. The counter is
initially reset to zero, prior to the occurrence of waveform (d). Each of the pulses
occurring in waveform (d) is then counted. At the negative-going edge of the second
video pulse the counter therefore contains, in hundredths of an inch the distcnce between

the mid-points of two successive graph lines.

The example shown above is a relatively simple one, where the num-
ber of marker pulses coincident with each video pulse is even (2) and equal. In this
cose, wherever coincidence occurs the frequency of the marker pulses is halved prior to

being counted. Eoch morker pulse occurring between video pulses increases the counter
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FIGURE 2.3.1. DETERMINATION OF THE ORDINATE (Y ) VALUE OF A GRAPH.
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content by one. For the sample of Figure 2.3.1 (a) the counter would contain the
number 0.140 at the end of a scan. Situctions will of course arise where the
number of marker pulses coincident with the video pulses may be an odd-even, even-
odd, or odd-odd combination. The solution of this problem is relegated to Chapter

Recall that the end of scan pulse, occurring once for every revolu-
tion of the converter drum is used to actuate a stepping motor - advancing in turn
a sample of groph paper by one millimeter at the end of each scan. For the present

purposes, it is intended that this pulse perform two functions :

@) Advonce a sample of graph paper by scme preset incre-
ment (1 to 9 millimeters) - the size of the increment

being left to the discretion of the operator.

(ii) Serve as a source of alternately occurring punch and

shift pulses.

These functions may best be described by briefly summarizing one

cycle of the digitizotion process. This consists of :

1. The stepping motor odvancing the graph paper by o preset
amount. The stepping motor drive pulses are fed also to
a binory—coded-decimal counter. In this way a record of
the number of abscissa increments, and hence the X value

of o groph, is retained.
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2. A groph is then sconned once and the ordinate value

obtained as outlined previously.

3. At the termination of a scan the contents of the two
counters (abscissa, or present X value and ordinate,
or present Y value respectively) are shifted into a
temporary memory - a parallel-in, serial-out register.
Within the register the graphical data is stored in binary-

coded-decimal form.

4. The digitization process then enters its final phase, during
which the grophical dota stored in the register is punched
out on a dato card. To illustrate this let us assume that after
a particular scaon the register contains the numbers 13425870.

This means that X = 1342 millimeters oand Y = 5.870 inches.

The outputs of the four flip~flops which contain the most significant
value of X in binary—coded-decimal form are inputs to a binary ~coded-decimal ~to-
decimal decoder. Each of the decoder outputs serves as an input to one of ten logical
AND gates. The other input to each AND gote isa PUNCH pulse. The output
of each AND gate is connected to a relay coil. Each normally-open contact of the
ten relay coils parallels a keypunch machine contact which ordinarily would close when

a numeric key is depressed. In the exomple cited above the most significant value of
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X is 1. This meaons that line 1 of the ten (0 to 9) decoder outputs is enabled.
When a PUNCH pulse occurs AND gate 1 energizes relay 1 and the contact of
this relay closes, initioting in turn a punch cycle within .the keypunch. During this
cycle the digit 1 is punched in a column of a data card. When the punch cycle
terminates a SERIAL SHIFT pulse occurs. This pulse shifts the data within the regis-
ter to the left so that the digit 3 in the example now occupies the position which the
digit 1 occupied prior to the occurrence of the shift pulse. Another PUNCH pulse
then occurs and the digit 3 is punched in the next column of the data card. In this
way eight PUNCH pulses and seven SERIAL SHIFT pulses are required to punch out
the eig™t digits stored in the register. Both the PUNCH and the SERIAL SHIFT

pulses are derived from the END OF SCAN pulses.

The format of the digitized dota punched out on cards is fixed. Each
set of coordinate values occupies 8 columns (4 for X ond 4 for Y ) of a stordard

| BM data card. In this way each card contains ten sets of X and Y wvalues.
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CHAPTER (11

LOGIC CIRCUITS

3.1 General Considerations

The previous chapters, introductory in nature presented a broad
picture of two independent, non-interacting machines. The latter part of Chapter
Il outlined a scheme whereby the two machines, acting jointly, transfer graphical in-
formation onto dsta cards. It is intended presently to describe the interface circuitry

required to link the Graphical to Digital Converter with the IBM keypunch machine.

The output of the graph reader, consisting of three distinct pulse trains
implies thot the interface circuitry is digital. Furthermore, it is subsequently shown
that it consists of basic units intrinsic in any digital computer : memory, counters and

control unit.

Selection of "hardware” for this work was dictated by perhaps four
main considerations : reliability, economy, limitations of space, ond availability.
The first three, being engineering generalizations are in this case synonymous with such
terms as switching speed,noise immunity, logic (voltage, current) levels, fan in /fan out

copabilities, power dissipation, pockaging, temperature dependence, etc.

The decision to employ digital integrated circuits as fundamental logic
blocks in the interface was based in part on a study of specification notes issued by Texas
Instruments Incorporated - then prime manufacturer of these devices. The oppaorent

facility in odopting them to the work for outweighed o lack of application data avail-
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able at the time. Understandably, with the increasing trend of late towards inte-

grated electronics, much has been published to remedy this latter situation.

3.2 Theory

3.2.1 A Pertinent Survey of Recent Switching Theory

The development of digital integrated circuitry has had a significant
impact on the field of switching theory. The typical NAND /NOR structure of
combinational (gates) hardware, be it discrete (transistorized) or integrated, along
with the variety and compactness of integrated memory devices (Delay, Set - Reset,
Trigger and J - K Flip-Flops) available for sequential circuits have allowed novel -

approaches to logical design. The basic aim neverthelcss is still minimization.

In sequential circuits the problem is two~fold and interacting : mini-
mizotion of memory elements and of combinational elements. The classical approach
however, that of essentially resolving a sequential machine to the extent where com-
binational techniques may be utilized is still prevolent. First introduced by Huffman
{81 os a systematic means of realizing asynchronous sequential machines using relays,

the theory was then extendcd by Mealy [9] to include synchronous circuits. *

To minimize o synchronous machine, the major problem is that of
assigning an optimal binary variable code to the interncl states (memory elements) of
the machine. In the lost decad:. o few significont contributions have been made -

notably by Hortmanis and Stearns [10], {111 . Proposing o state assignment whereby
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-

“next states”, X, ' Yy , ... etc. for example, are least dependent on pre-
n+l n+1

sent internal states th ' Y,n , --. of a machine, it was showr that a good assign-
ment could be achieved. To select such an assignment, the algebra of Partitions was
opplied. Proceeding on the same ¢riterion Dolotta and McCluskey [12] introduced

a systematic method. While differing from Hartmanis ond Stearns in the manner where-
by a good code may be realized, their technique yielded "encodings which are as
good os, and often better than, those obtained by experienced logical designer-". An
algorithm of Weiner and Smith [13] assigns, by a partition approach "the input, state
and output symbols of a given machine so as to minimize the total logic, i.e. reduced

dependencies of both state and input variables are optimized"”. Significantly, their

method yields an optimal assignment in one iteration.

A definite drawback in the aforementioned work ([9] to [137) is the
constraint that all memory elements be delay (D) flip—flops. This means that once
a state assignment is made, the combinational flip-flop input equations derived there-
from correspond to deloy elements. Humphrey, in his text [14] presents an extension
to Mealy's theory. By rigorously following Mealy in the formulation of a state diagram
and transition table [9], he illustrates a technique whereby flip~flop input equations
may be derived. Although he restricts himself to S - R flip-flops the procedure is
nevertheless valid for other memories [14] (D, T, J - K). Briefly, it involves the
fobrication, from a stote assignment of o set of Karnaugh maps. In this cose, two maps
are required per flip-flop - one for the Set, the other for the Reset input. The mops

are then factored, yielding the required equations. The output expression(s) is (ore)



similarly derived. Again, the selection of the state assignment determines the "degree"
of optimality of the combinational circuitry, for in no way does this method ensure
unique minimal logic functions [14]. As an aid .in "converging® sensibly to a good
state assignment, Humphrey indirectly applies the next state independency principle
[10], [11]). Work by Curtis [15], part of which has recently been published ap-
parently promises to resolve this latter difficulty. Curtis generalizes the methods of
Dolotta and McCluskey, and Weiner and Smith. He then obtains directly good reali-
zation of sequential machines using, for example Trigger (T ) Flip -Flop memory or

even a combinationof T and S-R, or T and J - K elements.

In 1963 Todd [16] prepared a bibliography consisting of 63
references to papers dealing with NAND - NOR combinational theory. Since then

very much more has been published on the topic.

Earle [17] presented o technique of factoring a combinational
switching function on a Karnaugh map which yields the same expression in minimal
Stroke (NAND) or Dagger (NOR) "form®” . This does not necessorily lead to a mini-
mal NAND or NOR gate realization of a gives:\ function. This together with additional

work [18] culminated in a text by Maley ond Earle [19].

In marked contrast to Earle’s work, recent contributions on the subject
ore very algorithmic in nature and geared primorily for a computer. Most of the algo-
rithms are similar in principle. Based on a minimal cost criterion, whei. cost most
frequently infers some combination (linear [20], for example) of gates and gate inputs,

aony combinational switching function may optimally be synthesized by means of NAND
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or NOR elements. Constraints are incorporated and usually consist of restrictions
on fan-in, fan-out and the number of gating levels. Some of the algorithms in-

clude the case of multiple outputs [20]3, [21].

A conceivable parallel exists in the development of NAND - NOR
combinational theory when compared with sequential machine theory. Both areas in-
dicate a trend towards an algorithmic, computer - oriented design approach. As a
result, the logic designer is less and less frequently asked to rely upon his intuition.
Davidson [20] states with some uncertainty that “the apparently nonintuitive nature
of NAND logic design to the human designer makes an algorithmic approoch to de-
sign imperative" - he may be right. The selection by knov/n techniques of a good

state assignment in sequential machine design is seemingly even less intuitive .

3.2.2  Design Philosophy of the Interface Logic Circuitry

On a chronological basis, the widespread use of digital integrated
circuits occurred before the terms optimal or minimal as applied to pertinent design
theory held any direct practical significance. When confronted with a sequential
machine of reasonable complexity the designer usually resolved the machine into a set
of smaller, more expedient machines. The procedure then was to minimize each of
these with the hope that the entire machine would approach optimality. It is upon
this premise thot the interfoce circuitry in the present work was built. Even by pre~

sent day design standards this is the most realistic technique .
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More often than not o digital machine is in its final test stages when
changes, - perhaps in the form of additional logic, need to be implemented. If the
original machine is truly optimal it is highly unlikely that optimality is then retained,

unless the machine is redesigned in its entirety.

With reference to the present work, it was convenient to subdivide
the machine into three sections, consisting of a control unit, counters ond a register.
A further subdivision was then made, resulting in a decomposition of the control unit
into three subsectiohs, namely Controls A, B and C . “Partitioning”" the machine

in this manncr simplified its overall structure considerably.

To adopt the algorithm of Dolotta and McCluskey [12] as a design
vehicle at this stage was considered impractical . Aside from the restrictive and non-
optimal nature of their technique the overall effort of programming it for a computer
was deemed unrealistic.” Furthermore, the logic unit, if viewed from its proper per-
spective formed but part of the grophical-to~digital conversion process described earlier.
Of paramount importance then, was that a wor'{:ing model of the overall system be im-
plemented. To accomplish this within o reasonable span of time a primarily intuitive
approach to logical design was adopted. In specific instonces, for example "Control
B* and in the design of the binary—coded-decimal (BCD) counters the direct extension
to Mealy's theory [14] was applied. One advontage of this method wos that it offered
the possibility of reasonably good sequential machine realization by longhond “computa-
tion". Comporatively, the algorithm of Dolotta and McCluskey proved far too cumber-

some when opplied manually to a 5 - state machine.
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To implement minimally combinational switching functions by means
of NAND gates, the catalog of three-variable NAND logic circuits compiled by
Hellerman [22] proved quite useful, as did the techniques of Maley and Earle [17],
hiel, Dol.

In practice a minimal logic structure is not always desirable from a
reliability viewpoint. Examples.of this, together with methods used to circumvent

such implied "hazards" are relegated to Sections 3.4.2 et seq.

3.3 Hardware

3.3.1  Layout of the Logic Circuitry

The interface circuitry is almost exclusively comprised of the Texas
Instruments 74 N series type of digital integrated modules. This series consists of
general purpose Transistor - Transistor logic (TTL) circuits mounted within 14 or 16
pin plastic packages. In several instances, such os translation of voltage (logic) levels,
driver stages and other "special™ circuitry, these devices are supplemented by discrete

resistor - transistor components.

The logic is contained on eighteen rack - mounted veroboards. Four-
teen ond sixteen pin sockets, when offixed to the boards permit ropid insertion and
removal of integrated devices and elimincte any possibility of heot damage to them when
solder connections are made. Discrete circuitry is also mounted in veroboords. Where-

ever possible, interconnections are made by means of the 106 mil copper strips on the
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boards or otherwise teflon - insulated wire. To ensure reliable operation of the

logic circuits special wiring techniques are suggested in Applications Manuals [23],

(243, [25] .

Pictures P3 -1 and P 3 -2 illustrate both sides of a typical

veroboard respectivcly.

3.3.2 The 74N Digital Integrated Circuits

The 74N series includes a vaoriety of logic devices. The types

vtilized in the present work are categcrized as follo s :

(@) NAND Gates.

®) Flip-Flops.

() Special Devices : @ "packaged" combination of
(@) ond /or (b), these consist of decade counters
ond binary-coded-decimal (BCD) - to - decimal

decoder / drivers.

An attempt to completely characterize these here would result in a
o duplication of manufacturer specifications. It is therefore felt that a brief descrip-

tion of the devices from o'systems'viewpoint will be sufficient.

Several choracteristics are common to (@), () and (c) acbove. The
series 74N logic is defined in terms of standard POSITIVE LOGIC using the follow-

ing definitions [26]:



P3.1. TOP VIEW OF CIRCUITRY
MOUNTED ON VEROBOARD.

P 3.2. VIEW I[LLUSTRATING BOTTOM
SIDE OF VEROBOARD.
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LOW VOLTAGE = LOGICAL O

HIGH VOLTAGE LOGICAL 1

When the devices aore operated with a recommended DC supply of 5.2 volts, out-
put logic levels of 0.4 volts (logical 0) and 4 volts (logical 1) are typical. To
drive the logic circuitry a regulated DC supply [27], [28] was designed and

built. The circuit diogram of the supply is shown as Figure A.1.1 in the Appendix.

(a) Nand Gates

Four types of NAND gates are found in the logic circuitry. These
are illustrated in Figure 3.3.1. The first three - the SN 7400N, SN 7410N and
SN 7420N differ insofar os the number of gate inputs are concerned. The fourth, an
SN 7440N, contains two - 4 input NAND gates and is distinguished from the
SN 7420N in thot the output of each of its gates has a fan-out of 30. The gate out-
puts of the first three units have a fan-out of 10. Fan-out reflects the ability of an
cutput to sink current from a number of loads at o logical O voltage level and to supply

current ot a logical 1 voltage level 126] .

For each of the gates the propagation time to a logical 0 is typically
8 nanoseconds, while the propogeotion time to o logical 1 is 18 nonoseconds. These

delays are illustrated in Figure 3.3.2.

The NAND gotes are utilized primarily to implement combinational
switching functions . In some instonces it was convenient to extend their use into

other applications. An example of this is shown in Figure 3.3.3 (a), where two
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NAND gates are combined to form o.direcf SET - RESET flip-flop. This arrange-
ment also serves os an effective interface between relay or switch contacts and
integrated circuitry in that it eliminates the undesirable effects of contact bounce
[29] . The truth table of the SET - RESET flip-flop is shown in Figure 3.3.3 (b).
The waveform of Figure 3.3.3 (c) depicts the output Q of the flip-flop when it is

used in conjunction with a relay contoct.

Monostable (ONE-SHOT) ond astable multivibrators are also made up
of NAND gates. The ONE-SHOT, shown in Figure 3.3.4, is triggered on the
negative-going edge of the input pulse. The width of the output pulse is approximately
1.4 RC [30] . In the astable multivibrator of Figure 3.3.5,Ry and C control the

frequency of oscillation whereas pulse width is adjusted by means of Ry (31].

(b) Flip - Flops

Three types of flip-flops are employed in the logic circuitry : the
SN 7470N, the SN 7472N ond the SN 7474 N . The first twoare J ~K types
whereo: the third isa D - flip-flop. The flip-flops, along with their truth tables are
shown in Figures 3.3.6 (a), (b) ond (c). In Figures 3.3.6 (a) oand (b) each J ond
K input is derived from three separate inputs gated by on AND gote. In the SN 7470N
a J input end a K input are inverted, so that J = Jl J2 J' ond K = K] KZK'
Each of the flip-flops is reset by o logical 0 voltoge applied to the clear input. Con-

versely, the flip-flops are set to o logical 1 by opplying o logical 0 voltoge to the

preset input,
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Both the SN 7470N and the SN 7474N flip—flops are triggered on
the positive -going edge of the input clock pulse. The J, K or D inputs are
"read” while the clock is low and transferred to the output on the positive edge of
the clock pulse. In the SN 7472 N flip~flop the J and K data is read into a
temporary memory while the clock input is high and is transferred to the output on
the negative edge of the clock pulse. A restriction on the SN 7470N requires that

the clock input be ot a logical O prior to the application of a clear or preset pulse.

The switching times [26] for the SN 7470N flip—flop are shown in
Figure 3.3.7. Waveform (a) represents the clock pulse. The clock pulse must
have a width, fp , of at least 20 nanoseconds and a risetime not exceeding 150
nanoseconds. The maximum allowable clock frequency is 35 MHZ. In waveform
®), 'sef-up is the time that an inverting J' or K' input is to be set to a logical
zero prior to the occurrence of a clock pulse in order to cause a change in the output
(Q or Q') state of the flip-flop. In waveform (c), thold implies that a non-invert-
ing J or K input must be held at a logical 1 for at least 15 nanoseconds into the
clock pulse in order to cause a change in the output state of the flip-flop. Both t40
and ¢t d

waveforms (d) and (e) respectively.

1 the propagation delay times, are typically 30 nanoseconds, os shown in

The switching times for the SN 7472N ond the SN 7474N flip-flops
are shown in Figures 3.3.8 and 3.3.9 respectively. The maximum allowable clock

repetition rate is 14 MHZ for the SN 7472N ond 25 MHZ for the SN 7474N.
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(c) Special Devices

The special devices consist of the SN 7490N counter and the
SN 7441N BCD-TO-DECIMAL DECODER / DRIVER. The SN 7490N is shown
in Figure 3.3.10 (a). When used as a binary-coded-decimal (BCD) decade counter
the BD input is externally connacted to the A output. Input A receives the in-
coming count and a sequence is obtained in accordance with the BCD count sequence
truth table of Figure 3.3.10 (b). The counter may be reset according to the RESET /

COUNT table in Figure 3.3.10 (c).

The SN 7441N decoder is depicted in Figure 3.3.11. The
accompanying truth table relates the decimol output lines, O through 9, to the
binary inputs A, B, C and D. The decoder is designed to function primarily as a
lomp or relay driver. As such, an output line which is ON is at o logical 0, in
accordonce with the truth table. The remaining lines are at o high, or logical |

voltage level.

3.4.1 The Operation of the Logic Circuits

The remaining sections of this chapter illustrate the operation of the
logic circuitry. The control logic, os previously mentioned is subdivided into three
distinct units, namely CONTROL A, CONTROL B and CONTROL C. The logic
within CONTROL A advonces a somple of a groph paper by o preset amount. A scan

of the groph is then made ond the ordinate of the groph determined by CONTROL B .
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DECIMAL OUTPUT

COUNT D C B A
0 0 0 0 0
1 0 0 0 1
2 o 0 1 o
3 o 0 1 1
4 0 1 ) 0
5 0 1 0 1
6 o 1 1 0
7 o 1 1 1
8 1 o 0 0
9 1 0 0 1

FIGURE 3.3.10 ®b).

COUNT SEQUENCE OF SN 7490N DECADE COUNTER.
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RESET  INPUTS OUTPUT
o e Ho Hef boc BoA
1 1 0 14 0 0 0 0
1 1 g 0 0 0 0 )
g 0 1 1 1 0 0 1
0 g 1 1 1 0 0 1
1 1 1 1 1 0 ) 1
o 0 o 0 COUNT
0 g 0 o COUNT
0 g g 0 COUNT
'] 0 0 g COUNT

NOTE : @ denotes o "DON'T CARE" condition.

FIGURE 3.3.10 (c). SET - RESET TRUTH TABLE OF SN 7490 N DECADE COUNTER.
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FIGURE 3.3.11. SN 744IN BCD - TO - DECIMAL DECODER/ DRIVER.
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At the end of a scan digitized information is punched out on a data card. CONTROL

C regulates this punching operation.

Simplified circuit diagrams, together with timing diagrams are used to

explain the logic operations within each control unit.

3.4.2 Control A

The actual logic circuit comprising control A is shown in Figure 3.4.1 (a).
In Figure 3.4.1 (b) is asimplified "functional” version of the same circuit. This,
together with the timing diogrem of Figure 3.4.2 is presently used to illustrate the

operation of Control A .

Of the three groph reader outputs previously defined, only two will be
considered here : the END of SCAN (Figure 3.4.2 (o) )ond the VIDEO (Figure
3.4.2 (b)) pulses. Since their voltage levels ore 0 or -15 volts, and hence in-
compatible with the integrated circuit level requirements, level shifting is done by meons
of the Voltage Translators in Figure 3.4.1 (b), SECTION 1 D. The translated outputs
(0 — 4 volts) ond (-15 — O volts) are depicted in Figure 3.4.2 (f) ond Figure

3.4.2 (i), respectively.

In the timing dicgram, it is orbitrarily assumed thot the groph recder
power is turned on first, ot To , ond the logic circuits power later, ot Tlo . ttis
convenient for the present purposes to further assume thot ot To' the somple of groph

poper in the reader is as shown in Figure 3.4.3. In this figure, the poper is so pusi-
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FIGURE 3.4.3. GRAPH SAMPLE USED TO ILLUSTRATE THE AUTO-

MATIC GRAPH - ADVANCE FEATURE IN CONTROL A.



tioned that the scanning spot is traversing a blank section. Hence for

Tost < T2b no VIDEQO pulses are shown in Figure 3.4.2 (), ().

To ensure that the logic is in a RESET, or CLEARED state aofter its
power is turned on at T the START RELAY (Figure 3.4.1 (b), SECTION 28),
is energized through a simple R - C delay circuit. Because of this momentary delay,
power is supplied to the integrated circuits before the contacts of the START RELAY
open /close. In this way, a momentary "low" (logical 0) is present at outputs
-5 and -?—* (Figure 3.4.2 (¢ and d))'. As is shown in Figure 3.4.1 (b),
SECTIONS 48, 5C, 6C, 5D ond 2C, 1;- and i‘l are used as RESETS

(CLEAR inputs to counters and flip-flops).

It was mentioned above that the sample of graph paper in the reader is

as shown in Figure 3.4.3. The fact that at To , the scanning spot is not traversing

(@) groph line(s) is due to the difficulty in aligning the line (s) with the spot when load-
ing the paper, ond is a typicol situction. In order that digitization may begin at the
point where two graph lines first occur (T3 in Figure 3.4.3), provision is made to
automatically advance thz poper to ;- This is done by means of flip—flop (FF) A1,
the UP - TO - 2 counter and the DRIVER of Figure 3.4.1(), SECTIONS 2, 3, 4 -
C and D. The clock pulse (CP) input to the counter consists of the VIDEQO PULSES
(Figure 3.4.2 (i)). The counter simply records the number of VIDEO PULSES occurring
during one revolution of the drum (befween two successive END of SCAN pulses,
Figure 3.4.2 (f)). The clear input to the counter is the pulse train of Figure 3.4.2 (h),

which is simply the pulse of Figure 3.4.2 (g) inverted. Both g ond h are derived

ol -‘22 . -?— et al denote terminals within the logic unit. As an example 127- denotes

terminal 17 on veroboard 2 .
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from f by means of ONE-SHOT Al . _ Hence, the counAter is reset once for every
drum revolution. If the number of VIDEO PULSES in one scan is less than two, the
false output of the 2‘ bit of the counter (Q'2]) will be high (logical 1). This out-
put is fed into the Jl input of FFAI, input J2 being derived from -]—22 (Figure
3.4.2 (c)). The true output Q of FFAI is normally low (logical 0), since its
RESET input is also derived from -]2—7- through the inverting gate Al. |If, however,
the STOP key is depressed (T2°), the output of gate Al, and hence the clear, J2 ’
and K1 inputs are high. The clock pulse input of FFAI is waveform g of Figure
3.4.2. The J (J1 J2 J*) input will be high whenever J] input is high, provid-
ing the STOP key remains depressed. The inverting J input ( J') is simply
connected to ground (logical 0). The K input is low, since a high is being applied
to its inverting input K'. Hence, if J is high at the occurrence of the clock pulse,
the true output Q of FFAl is set toa logical 1, as shown in Figure 3.4.2 ().
This output, gated with the ONE-SHOT Al output of Figure 3.4.2 (g) by means of
gotes A2 and A3 (Figure 3.4.1 (b), SECTION 3D) is shown in Figure 3.4.2 (1)
and, via a driver is used to trigger the stepping motor. In this way the stepping motor
keeps advancing the poper until T3 , in steps of one millimeter. For ¢t > T3, i.e.,
when two video pulses occur in one scan, this process ceases, since the J] input to
FFAI is no longer high during the positive - going edge of its clock input. The STOP

key is then released at T4°, as shown in Figure 3.4.2 (c).

After the STOP key is released, the system is at rest, in that no digitiza-
tion is yet taking place. It is arbitrarily assumed thot the | B M keypunch machine is

“ready"” ot time T4b . in that it is looded with data cards. The waveform of Figure



3.4.2 () is derived from the keypunch machine. The level of p is a logical 1

if a cord is recdy tc be punched, and 0 otherwise.

To select the X increment ( AX, in millimeters) desired betwecn
successive digiti zations, the AX SELZCTOR SWITCH of Figure 3.4.1 (b), SECTION

6 A is set to some position 1 < AX < 9. In the figure it is arbitrarily at 3 .

The START key is depressed at T5 , causing a low at % , Figure
3.4.1 (b), SECTION 38. This low sets the Q output of FFA2 to a logical 1.
The output of FFA2 is coupled to the D input of FFA3. The clock pulse input to
FFA3 is that of Figure 3.4.2 (h). The true output Q of FFA3 is thensetto 1 at
the positive~going edge of this clock pulse at time Tea * Flip-flops A2 and A3
are combined in this manner so that the START key may, in a sense by synchronized
with the ONE-SHOT output of Figure 3.4.2 (h), as is shown in Figure 3.4.3 ((m)
and (n)). The false output Q' of FFA4 is initially high, rhe flip-flop having pre-
viously been cleared by the waveform of Figure 3.4.2 (0). Gate A4 has as its inputs
Q of FFA3, Q' of FFA4, the waveform of Figure 3.4.3 (p) (derived from the key-
punch machine) and the ONE-SHOT Al output (Figure 3.4.2 (g)). The output
of gate A 4 is shown in Figure 3.4.2 () aond is used, in part, to
advance the graph paper by the amount set at the AX selector switch. This is done
by triggering the stepping motor through gote A3 and the DRIVER of Figure 3.4.1 (b),
SECTION 4D. An UP -TO - 9 counter keeps track of the number of these trigger-
ing pulses. The true outputs QZO' Qzl . 023 and Q22 of the counter are inputted
to a binary—coded—decimal (BCD) - to - decimal decoder, SECTION 5A in Figure
3.4.1 b). The decimal (0 — 9) outputs of the decoder are coupled to the AX

selector switch.
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In the timing diagram, it is shown that the process of advancing the graph
paper by 3 millimeters is interrupted after the second pulse has been applied to tte
stepping motor. This is done hel;e to illustrate the effect of the HOLD key. The
function of the HOLD key is to provide a pause in the digitization process, if so
desired. It simply halts, in this case, the paper advance process. When the HOLD
key is depressed at T7° , ovutput —%— of the HOLD circuit resets output Q of
FFA2 to 0. The Q output of FFA3 however is set to 0 only at the next occur~
rence of the positive edge of its clock pulse, at T7b . Until the START key is
depressed again at T9° , the paper - advance mechanism is inhibited. At T9b . the
Q output of FFA3 is again set to 1, thus enabling one more pulse to advance the step
motor. At T4, the conients of the UP - TO - 9 counter is 3 and the output of
gateAS goes high (Figure 3.4.2 (v)) . This sets the Q' output of FFA4 to 0, thus
inhibiting any more pulses from occurring at the output of gate A4 . The output of gote A4
is also applied to the 'AX' counter,which simply keeps a record of the current X value.
At T the UP - TO - 2 counter is cleared. Note that this is dore at the negative
going edge of the second video pulse. The pulse is derived from ONE-SHOT B2 in
centrol B and is on input to gate A6 in Figure 3.4.1 (b), SECTION 4B. It is during
the time T]0 <t < T“ that the distance between two groph lines, Y in Figure
3.4.3,is obtained and stored in a register, together with the current X value as con-
tained in the A X counter. For t > Tl 1 this dota is punched onto card:. When
the punch cycle is completed, the groph paper is advonced agoin, starting at Teo in

Figure 3.4.2.
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The circuitry involved in the determination of the Y value and the
punch cycle is covered in the next sections - Control B ond Control C respec-

_ tively.

3.4.3 Control B

In the previous section the logic involved in advancing a sample of graph
poper by preset increments was presented. These increments were recorded in a counter -

the contents of this counter thus retained the current abcissa or X value of a graph sample.

The ordinate, or Y volue of a graph is determined by meons of the circuitry
contained in Control B. Before discussing this it is worthwhile here to briefly review the
detection process whereby is sensed a line(s) on graph poper. In Chapter Il it is men-
tioned that lines on a graph are detected by a photomultiplier tube. Whenever the scann-
ing spot traverses a line, less light is reflected from rhe‘bbper. This reflected light is
sensed by the photomultiplier. Video pulses are derived from the photomultiplier output
by means of additional circuitry. In Figure 3.4.4 (o) is shown o sample of paper contain-
ing two lines, line A being a reference X - axis. The photomultiplier output, depicted
in Figure 3.4.4 (b) shows a sharp transition from a dark level at "a"”, where the spot first
hits the paper. The darker levels at "b" and "d"™ occur when the spot traverses the
lines. Point “"c" represents the brightest level mainly because reflected light is here
normal to the photomultiplier lens. It is in the region obout “c" that the detection pro-

cess is most sensitive and hence most susceptible to noise - in the form of dirt or alien
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markings on a graph scmple. At "e" a sharp transition into the dark level occurs.
The total distance traversed by the scanning spot is 6.1 inches. If the sample of
poper is 6.1 or more inches wide then transition "e" re.presenrs the termination of
a scan - in that the scanning spot no longer exists. When the paper is less than
6.1 inches wide then the transition occurs at " e '" - because the spot is then

scanning the black background in the darkroom where the paper is contained.

In Figure 3.4.4 (c) are shown the video pulses corresponding to the
photomultiplier output. In addition to pulses representing the occurrence of graph
lines it is probable that yet o third pulse may occur due to the transition into the dark
level at "e” or "e'" . Ineither case (¢ or e') the probability of occurrence de-
pends on the sensitivity to which-the detection process is preset. As an example, the
sensitivity may be increased by increasing the intensity of the scanning spot. Sensi-

tivity is discussed more fully in the next chapter.

The circuitry of Control B is shown in Figure 3.4.5 (a). In—the present
discussion reference will be made to its simplified version, Figure 3.4.5 b). The timing
diagram of Control 8 - Figure 3.4.6,0ssumes a graph sample similar to that of Figure
3.4.4 (0) and the photomultiplier output is repeated in Figure 3.4.6 (a). The video

pulses are shown in Figure 3.4.6 (i).

In the concluding remarks on Control A it is mentioned that the value of

Y is obtained during time : T <t <T,, . Recall thot by time Tio- the paper

10 11
hod been advanced by o preset omount of 3 millimeters. This caused the output of

gote A5 inFigure 3.4.1 (b) togohigh. This output, again shown in Figure 3.4.6 (g)
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goes low at the negative going edge of the second video pulse (T”). This is done

by meansof GATE B 1 (SECT'ON 2 B), the UP-TO-3 COUNTER (SECTION 5A)

ond the POSITIVE-EDGE-TRIGGERED ONE-SHOT B2 (SECTION 5C) in Figure
3.4.5 b). The inputs to GATE Bl are the video pulses and the ‘outpuf of gate A5.
The NAND operation on these inputs yields inverted video pulses shown in Figure
3.4.6 (0) . This serves as the clock input to the UP-TO-3 counter. The true out-
put of the 2l bit of this counter, waveform r , goes high on the second positive-going
edge of the output of gate Bl and triggers ONE-SHOT B2 . The output of the ONE-
SHOT is inverted und, via gate B6 (SECTION 5C) is obtained the pulse of Figure
3.4.6 (). This pulse clears the UP-TO-9 counter of Control A. Recall that the
input to gate A5 was derived from the counter, via the BCD-TO-DECIMAL decoder

and subsequently the A X selector switch.

In ensuing discussions the output of gate AS is referred to as the ALLOW-
ABLE SCAN, in that whenever this signal is at a logical 1 it is then that the Y value
of a.graph is determined. To obtain Y a count of marker pulses occurring during and

between two video pulses is recorded.

The marker pulses, shown in Figure 3.4.6 (h), ore generated by means of
a marker disc, in the manner described earlier in Section 2.1 (ii). Relative to the speed
of the scanning spot the marker frequency (9743 Hz) is such that the distance between

successive marker pulses is 0.01 inches.

As was the case with the END OF SCAN ond VIDEO pulses, it was

necessary to translate the voltoge level of the MARKER PULSES
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to + 4 volts and 0 volts respectively. This is done by means of the NEGATIVE-
EDGE-TRIGGERED ONE-SHOT B4 (SECTION 1D) of Figure 3.4.5 ). The marker
pulses emanating from the marker disc (Figure 2.1.1) are fed to ONE-SHOT B4.
The true output (Q ) of the ONE-SHOT is shown in Figure 3.4.6 (h)' ;md is used as

the marker pulse source for the logic within Control B .

The marker pulse counter, which stores the Y wvalue of a graph has as its
input the output of gate B4 (SECTION 3B) in Figure 3.4.5 (b). The pulses to be
counted are obtained by means of FLIP-FLOP Bl (FFB1), FFB2, ONE-SHOT Bl ond
the AND-OR gate structure of Sections 28, 2C and 3B in Figure 3.4.5 ). To
account for the width of a graph line and hence of a video pulse, the number of marker
pulses occurring during video pulses is halved. [n between video pulses, each marker
pulse increments the Y - counter content by one. This means that at time T” the

contents of the marker pulse counter (Y - counter) contains, in hundredths of an inch

the distance between the mid-points of two video pulses.

During the occurrence of a video pulse the marker frequency is halved by
means of FFBl. The clock pulse (CP) input to this flip—flop consists of the markers.
The video pulses serve as the Kl and J] inputs. The 3, input is the ALLOWABLE
SCAN - i.e., woveform g in Figure 3.4.6. The inverting inputs - K' and J'
are kept ot ground (logical 0) and K2 is maintained high. Therefore whenever both
J and K are high, that is when video pulses occur and waveform g is a logical 1,
the frequency of the Q aond Q' outputs of FFB1 is one-half the marker frequency.

These outputs are shown as waveforms k and | in Figure 3.4.6. The false output Q'
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is used to trigger the POSITIVE-EDGE-TRIGGERED ONE-SHOT Bl. The ONE-
SHOT output (waveform m), together with the ALLOWABLE SCAN signal are
inputs to )\ND gate B2. Whenever a video pulse occurs the output of AND gate
B3 is low because one of its inputs is the inverted video pulse waveform, i.e., wave-
form o . Thus by time Ti0b only one pulse has been inputted to the Y - counter
via OR GATE B4. During the occurrence of the second video pulse the ONE-
SHOT generates, in the same manner, two more pulses as shown in waveform m of
Figure 3.4.6. In the timing diagram then, the total contribution to the Y value due
to line thickness is three hundredths of an inch. Note however that the total number
of mc:ker pulses coincident with video pulses is seven: — hence the contribution to Y
should be three and a half hundredths of an inch. This means that whenever the sum
of the marker pulses occurring coincidentally with the first two video pulses is odd, it
is necessary to increase the value of Y contained within the counter by 0.005. This
is done by means of FLIP-FLOP Bl (SECTION 1A), POSITIVE-EDGE-TRIGGERED
ONE-SHOT B2 (SECTION 5C) ond NAND GATE B5 (SECTION 5C) in Figure
3.4.5 b). Waoveform k in Figure 3.4.6 depicts the true output (Q ) of FLIP-
FLOP Bl. If an odd number of marker pulses occurs during the two video pulscs the
true output of FFBl at time T” is high. The true output of FFB1, along with the
output of ONE-SHOT B2 ocre fed into NAND GATE B5. Recall that from ONE-
SHOT B2 is derived a pulse ot time Tiqrom the negative -going edge of the second
video pulse. Hence if Q of FFBl is high ot time Ty the output of NAND
GATE B5 consists of o negative - going pulse, os shown in Figure 3.4.6(y) . When

the number of marker pulses coincident with the video pulses is even, the true output
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of FFBl is low at time T,., and no pulse occurs at the output of NAND GATE B5.

11
The output of NAND GATE B5 serves as a preset input to two flip~flops within the
PARALLEL - IN SERIAL - OUT register. As mentioned in Chapter |l, it is into this
register that are shifted the contents of the X and Y counters. The two flip-flops
preset by the output of NAND GATE B5 represent the least significant decimol
value of Y. Thus if an odd number of marker pulses occurs in coincidence with the
two video pulses ihe least significant digit of Y (the thousandths digit) is set to 5.
Alternately, if the number of marker pulses so occurring is even, then the least signi-

ficant digit is set to 0. A detailed description of the register is given in Section

3.4.5.

In between two video pulses, TlOb <t < Tloc,ecch marker pulse in-
crements the Y counter by 1. This is done with FFB2 and GATE B3. The clock
pulse input to FFB2 consists of the marker pulses. The K' (inverting) input is the
ALLOWABLE SCAN signal. Therefore, K will be high whenever the ALLOWABLE
SCAN is low - the other K inputs being kept at a logical 1. The 2 and 4, in-
puts are the video and ALLOWABLE SCAN pulses respectively. The J' (inverting)
input is grounded. Prior to time TIO the ALLOWABLE SCAN signal (wavcform g)
was at a logical 0. Therefore the K inputto FFB2 wos 1 and J a 0. Since
the clock input consists of the marker pulse the true output (Q ) then is low at TIO'
Output QQ of FFB2 isset to | whenever its J input is high. This occurs during
the first video pulse since the ALLOWABLE SCAN signal is also high at that time. The

flip—flop may be reset to O by the first morker pulse occurring after the ALLOWABLE
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SCAN signal has gone low since K then is highand J low. Strictly speaking,
this makes the clear input to FFB2 redundont. The true output of FFB2 is shown as
waveform n in Figure 3.4.6. AND GATE B3 has as if's inputs Q of FFB2, the
marker pulses, the ALLOWABLE SCAN signal and the inverted video waveform of
Figure 3.4.6 (0) - The outputs of gates B3 and B2 gointo OR gate B4. The OR
gate output is shown in Figure 3.4.6 (p). In this waveform it is seen that 53 marker
pulses occurred betwcen video pulses, i.e., at the output of GATE B3, and the contri-
bution ot gate B2 was 3 pulses during the occurrence of the videc pulses. The con-

tents of the Y counter is therefore 0.56 at time T” .

Recall that at time T” , ONE-SHOT B2 is triggered on the negative -
going edge of the second video pulse. The output of the ONE-SHOT is used, in part
as a parallel shift pulse, that is, it transfers the contents of the X and Y counters into
the PARALLEL-IN - SERIAL-QUT register. In this case an ordinate (Y ) veolue of
0.56 inches is transferred into the register from the Y counter. However, as mentioned
earlier, the least significant (thousandths) digit of Y within the register is set to 5
whenever an odd number of marker pulses occurs in coincidence with the two video
pulses. In the present example the number of marker pulses so occurring is 7 (odd).
The register therefore contains a Y value of 0.565 inches. After the graphical data
has been shifted into the register the graphical - to - digital conversion process is then
ready to enter its third ond final phase — thaot of punching the contents of the register

onto data cards. This is covered in Section 3.4.4.



In Figure 3.4.6 (i) a dotted video pulse is shown occurring at time
Ty2° A previous discussion revealed that this pulse may or may not occur, depending
on the sensitivity to which the graph line detect_ior} process is preset. The logic
described above gives the distance between the first two video pulses occ;srring in one
complete scan. Therefore in Figure 3.4.6 (i) the probable occurrence of a third pulse at

le is redundant in that it has no effect on the Y value.

It is quite possible that at times the sensitivity of the detection process
may be set too low or the darkness of graph lines may not be uniform throughout o sample
of graph poper. Alternately the sensitivity may be too high and / or the graph may be
dirty - yielding false video pulses. To take into account these eventualities an “error -

detection” scheme is incorporated into the logic of control B.

The scheme is based on the same principle as the automatic paper
advance feature discussed in control A . A count of the number of video pulses in one
complete scan is made. If this count is less than two = then corresponding to the parti-
cular value of X ot which this occurs the value of Y isset to O . This means that on
a data cord will be punched the current X value along witha Y wvalue of O . After
this information is punched out the logic is outomatically set to the HOLD condition -
the reason for this being that the absence of video pulses may also indicate that the entire
groph has been read. At this point, if the START key is depressed the paper is advanced,
onocther scan takes place and the punch cycle repeated. A way of overcoming this un-
certainty is to measure the length of a graph before entering it into the reader. The
lost value of X punched out on the data cord should then opproximately equal this pre-
determined length.



Whenever more than three video pulses occur in a complete scan the
value of Y issetto 9.999 inches and is punched out along with the current X.
The logic is not reset to a HOLD condition in this case. It may of course be argued
that since the logic of control B gives the distance between the first two video pulses
it is possible that the false video outputs due to noise may occur only after the second
video pulse and, in this case a meaningful value of Y is discarded. Recall however
that with reference to Figure 3.4.4 it was noted that the most sensitive region of the
detection process is about point "c", i.e., the middle portion of graph poper. In most
instances graph lines will be on either side of this region. Therefore it is more probable
that false video outputs occur between the first and second video pulses - representative

of the actual graph lines.

The value Y =0 is selected when less than two video pulses occur
since it is assumed that two lines will never meet. Alternately a value 9.999 is attri-
buted to Y when more than three video pulses occur because the maximum possible

value of Y is normally 6.100 inches.

To detect the presence of less than two video pulses in a scan the
PUNCH " O's" flip-flop (SECTION 3A ond B), the UP-TO-3 counter (SECTION 5A)
ond the NEGATIVE-EDGE-TRIGGERED ONE-SHOT B3 (SECTION 4D) of Figure 3.4.5 (b)
ore used. The K input to the flip-flop is kept ot a logical O . Input 5 is the
ALLOWABLE SCAN pulse and J2 is the false output Q'2|,of the UP-TO-3 counter.
The clear input is derived initially from the STOP key and thereafter from o pulse which

occurs every time o card—punch cycle is completed. The UP-TO-3 counter is cleared
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once for every drum revolution by the inverted output of ONE-SHOT Al, i.e.,
waveform f in Figure 3.4.6. The timing diagram of Figure 3.4.7 illustrates how
the true output of the PUNCH "O's" FF issetto 1 \;vhenever none, or one video
pulse occurs in ascan. The fact that one video pulse may occur at Ti2 in Figure
3.4.7 is of no consequence in this case. Qutput Q'2l of the UP-TO-3 counter is
at a logical one. The ALLOWABLE SCAN pulse is still a logical one at time Ti2
because, as previously mentioned two video pulses need occur in one scan to set it to
zero. Hence at time T12 the J input to the flip—flop is high as shown in Figure
3.4.7 (). The clock input to the flip-flop is obtained from ONE-SHOT B3. The
ONE-SHOT is triggered by the output of NAND GATE A7 in control A. The gate
has as its inputs the END of SCAN pulse of Figure 3.4.7 (b) and the ALLOWABLE
SCAN signal - waveform 3.4.7 (e). The output of this gate is shown as waveform

m in Figure 3.4.7 and on its NEG ATIVE - GOING edge triggers ONE-SHOT B3.
The output of the ONE-SHOT now sets the true output of the PUNCH “C's" FF to
1. Whenever this flip-flop is high the value of Y issetto O in the X Y register.
A detailed account of this is given in Section 3.4.5 of this chapter. In addition to
serving as a clock input to the PUNCH "0's* FF, ONE-SHOT B3 oalso performs any
resetting functions normally done by ONE-SHOT B2, vio gote B6 (SECTION 6C) in

Figure 3.4.5 (b).

In the timing diagram of Figure 3.4.8 waveform a shows the photo-
multiplier output of a noisy scan. The corresponding video output is waveform f. The

PUNCH * 9's"FF (SECTION 4A, B) of Figure 3.4.5 (b) has as its clock input the
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video pulses and the K input is kept low. Input Jl consists of the true output

Qz'l in the UP-TO=-3 counter and is shown in Figure 3.4.8 (). J, is obtained at

2
the 020 output of the UP-TO-TWOQO counter of control A, i.e., wavefom | in
Figure 3.4.8. Waveform n is then the resulting J ir‘\put. At T, the fourth
video pulse sets the true output of the PUNCH u 9's* flip-flop to 1 . Whenever
Q is high the vclue of Y issetto 9.999 in the X Y register, regardless of what
its contents may be prior to time le . In Figure 3.4.8, it is shown that aftcr the
punch ond advcnce cycles are completed the conversion process continues - unlike

the case when less than two video pulses occur in one scan, where the logic automa-

tically assumes the HOLD condition upon completing a punch cycle.

3.4.4 Control C

The third and final phase of the graphical-to-digital conversion process
involves the transfer of digitized graphical informotion onto dota cards. Since it is
primarily through CONTROL C that the actual punching of cards is realized it is ex-

pedient here to discuss in pertinent detail the operation of the keypunch machine.

Originally the groph reader was linked to an IBM type 26 keypunch.
However, a changeover in keypunches required that the reader be adapted also to a newer

model - the IBM 29.

Since both machines are quite similar in terms of circuitry and hence
in basic operation the following discussion, although centered on the I1BM 29 may

readily be opplied to the older model.



69

3.4.4(@@) The | BM Keypunch Machine

The primary function of a standard IBM keypunch machine is to

monually transcribe data, in the form of punched holes, onto IBM cards.

Before any punching can take place a data card must be fed into
position at a PUNCH STATION in the machine. Normally a stack of cards is placed
into a hopper, as shown in Figure 3.4.9. A FEED key is then depressed, thus
initiatinga CARD-FEED cycle. The FEED key completes a circuit to a CARD
FEED CLUTCH magnet in Figure 3.4.10. When the magnet is energized a "dog"
unlatches trom the magnet-armature tip. The dog then drops into a tooth of a con-
tinuously running rotchet. This turns with the ratchet and rotates a card-feed drive
mechanism. The CARD-FEED CLUTCH makes one revolution and then latches up if
the magnet is not re-energized. During this cycle the feed mechanism transfers one
data card from the hopper into POSITION 2 of Figure 3.4.9. To advance the card
to the normal punch position , that being POSITION 4 the FEED key is again de-
pressed. During this second feed cycle the card is tronsferred to the punch position ;

a second card is drawn from the hopper and set into POSITION 2. The lower edge of
the card in POSITION 4 presses against a CARD LEVER switch and thus causes it to
close. A camshaft, port of the FEED mechanism, in making one revolution during each
feed cycle operotes a set of contacts. One of the coms, CF 3 in the schematic of
Figure 3.4.11, closes its contact after the camshaft has revolved 75° and re-opens it

at 285°. Therefore, during the second feed cycle, when the card in position 4 closes

the DETAIL CARD LEVER switch, the contoct actuated by CF 3 completes o circuit
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to cnergize the CARD LEVER relay in Figure 3.4.11. An interlock, via a normally
open CARD LEVER relay contact keeps the relay energized through the normally
closed contact PCC2. When the CARD LEVER relay is energized the PUNCH

mechanism is enabled.

As each column of a card is punched, o PROGRAM DRUM (Figure
3.4.9) rotates by the equivalent of one card column. The circumference of this drum
is such that it comprises the equivalent of 88 columns of a standard data card. This
means that to compleiely envelope the periphery of the drum an “imaginary® 88

column card need be affixed along its circumference.
The drum basically performs three functions :

a) Together with a column indicator (Figure 3.4.9), it
designates the number of the column which will next

be punched when the punch mechanism is activated.

@) The keypunch machine may be set under "program
control®. This is donc by punching onto a data card
a specified code and then affixing it to the drum. A
set of STAR WHEEL contacts is then lowered onto the
drum. As the drum rotates while a cord is being punched
the STAR WHEELS sense the code on the program card.
One exomple of program control is the automatic skipping
of certain columns of 6 card. When the STAR WHEELS
sense a skip code, the keypunch automatically skips through

the corresponding columns of the card at the PUNCH STATION.
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When the last columnv B0) of the card at the PUNCH
STATION is punched a cam on the PROGRAM DRUM,
shown in Figure 3.4.12 operates a set of PROGRAM-
CAM contacts : PCC1 and PCC2 . PCCl, shown in

the schematic of Figure 3.4.13 makes at about column

80 5 along the rotating PROGRAM DRUM and energizes

a SKIP relay. A SKIP contuct then completes a circuit
through PCC1 ond the normally closed ESCAPE INTER-
LOCK and PUNCH CAM NO. 1 contacts to energize

an ESCAPE MAGNET. The armature of the ESCAPE
MAGNET, shown in Figure 3.4.14 normally rests within a
tooth of on ESCAPE WHEEL, also shown in the figure and
thus prevents it from rotating. When the magnet is energized
its armoture is released from the tooth and the ESCAPE WHEEL
rotates. The wheel is geared to the PROGRAM DRUM and
to the CARD FEED wheels. As each tooth on the ESCAPE
WHEEL moves past the ESCAPE MAGNET armature tip the
PROGRAM DRUM rotates by the equivalent of onc column of
a card. When the DRUM rotates to the equivalent of column
82%» along its circumference the PROGRAM CAM operates
PCC 2. This completes o circuit, through on  AUTOMATIC
FEED switch to the CARD FEED CLUTCH magnet in Figure

3.4.11 and therefcre automatically initiates a CARD FEED
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cycle.  When PCC 2 is operated the CARD LEVER relay is de-energized and
therefore inhibits any card punching from taking place during this part of the FEED
cycle. At about column 88 along the rotating PROGRAM DRUM the PROGRAM
CAM contacts are restored to their normal state - i.e., PCC 1 opensand PCC 2
closes. The armature of the ESCAPE magnet then relatches into a tooth on the
ESCAPE wheel and stops the PROGRAM DRUM in column 1 - that is, the column
indicator points to column 1 in Figure 3.4.9. During this automatic feed cycle, the
punched card leaves the PUNCH STATION oand enters tb;a READ STATION (Figure
3.4.9). The card previously in POSITION 2 is transferred to POSITION 4 and o
new card is moved from the hopper to POSITION 2. The movement of cards at the
PUNCH STATION keeps the DETAIL CARD LEVER switch closed. Therefore the
CARD LEVER relay is re-energized by CF 3 while the card is moved from the hopper

and into POSITION 2. This enables the punch mechanism.

The automatic feed cycle inhibits the punching mechanism for 0.25
seconds. This is the time required to exit the punched card from the PUNCH STATION

ond transfer a new card from POSITION 2 to POSITION 4.

To initiate a PUNCH cycle and hence punch a column of a dato cord
a key on the ALPHA / NUMERIC keyboard of the keypunch is depressed. The key
mechanism is shown in Figure 3.4.15. When the key is depressed the pull bar dis-
engages the latch assembly from o fixed lotch bar. This oction drops o permutation
bar onto a LATCH CONTACT, causing it to close. The permutation bar, in dropping,

also operates o lever which in turn closes a keyboard BAIL CONTACT.
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When the data to be punched consists of numbers only, the closure of a
latch contact completes a circuit and energizes one INTERPOSER magnet, shown in
Figure 3.4.16 and in the schematic of Figure 3.4.17. This causes a PUNCH [INTER-
POSER to unlatch from a notch on the armature of the INTERPOSER magnet. A
spring enables the PUNCH INTERPOSER to lift the INTERPOSER BAIL and, at the
same time to latch onto the PUNCH BAIL, thus positioning it onto the PUNCH
OPERATING CAMS. The upward movement of the INTERPOSER BAIL closes the
INTERPOSER BAIL CONTACTS. This closure completes two circuits, as shown in the
schematic of Figure 3.4.13. One circuit energizes the KEYBOARD RESTORE MAGNET.
A RESTORING BAIL coupled to the armature drives the keyboard LATCH ASSEMBLY
and PERMUTATION BAR back onto the LATCH BAR. If the key is held depressed
while this happens a RELATCH CHECK LEVER prevents the PULL BAR from relatch-
ing onto the LATCH ASSEMBLY. This implies that if a key is depressed and held in that
position only one column of a card is punched. When the key is released the PULL BAR
relatches onto the LATCH ASSEMBLY. The other circuit provides an impulse to the
ESCAPE magnet. This is done through three normally-closed contacts : a SKIP con-
tact, an ESCAPE INTERLOCK contact and the PUNCH CAM No. 1 contact. Recall
that when the ESCAPE mognet is energized its armature unlatches from a tooth of the
ESCAPE wheel, causing it to rotate . Her'e the ESCAPE magnet is so impulsed that its
armature relatches into the next tooth of the ESCAPE wheel. This means that the
PROGRAM DRUM ond the data card in the PUNCH STATION aodvance by only one
column. In addition the ESCAPE magnet cl:rmoture closes the ESCAPE ARMATURE

CONTACT thus energizing an ESCAPE INTERLOCK relay. The relay stays energized
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via its ESCAFZ INTERLOCK contact and the normally-closed PUNCH CAM No. 2
contact. The ESCAPE MAGNET is then de-energized because the normally-closed
ESCAPE INTERLOCK contact in series with it is now open. Another normally- open
ESCAPE INTERLOCK contact completes a circuit to the PUNCH CLUTCH mechanism

shown in Figure 3.4.18.

The armature of the PUNCH CLUTCH magnet unlatches from a step on
the CLUTCH SLEEVE. This action couples the CLUTCH SPRING to the continuously
rotating DRIVE PULLEY and DRIVE SLEEVE thus causing the PUNCH SHAFT to
rotate. A PUNCH OPERATING CAM on the PUNCH SHAFT then drives the
PUNCH BAIL in Figure 3.4.16, moving the PUNCH OPERATING ARM and PUNCH
KNIFE up, punching a hole in a card column. As the PUNCH SHAFT rotates, two other cams
on the shaft = PUNCH CAMS No. 1 and No. 2 (Figurc 3.4.13) operate their normally
closed contacts. CAM No. 1 opens its contactat 0%, i.e., assoon as the PUNCH
SHAFT starts rotating and hence de-energizes the PUNCH CLUTCH magnet. At 65°
PUNCH CAM No. 2opens its contact ond de-energizes the ESCAPE INTERLOCK
RELAY. While the PUNCH SHAFT completes one revolution the remoinder of the

PUNCH MECHANISM is restored back to its normal state.
The punch cycle time is 100 milliseconds for the | BM 26 and 56 milli-

seconds for the 1B M 29 .

The | B M punch code is such that in order to represent on alphcbetic charoc-

ter on a card,two holes or more ,must be punched in one column. A special symbol, for

example the plus (+) sign requires three holes in a column. To punch two holes in one
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coiumn, two INTERPOSER magnets need be energized, and so on. When non-
numerical characters are punched a combination of keyboard LATCH CONTACTS
and keyboard BAIL CONTACTS act to energize more than one INTERPOSER
MAGNET. However, as previously mentioned, the punching of numerical data
requires only the closure of LATCH CONTACTS. When numerical data is punched
manually a NUMERIC key is held depressc d while the ALPHA /NUMERIC keys
are being depressed. The numeric key simply breaks a circuit common to all key-
board BAIL CONTACTS. The LATCH CONTACTS together with the INTERPOSER
magnets used in NUMERIC punching are shown in the schematic of Figure 3.4.17.
Note .the CARD LEVER ond KEYBOARD RESTORE contacts. The former inhibits
punching during CARD FEED cycles and the latter - part of the KEYBOARD

RESTORE magnet assembly inhibits punching when the RESTORE magnet is energized.

3.4.4 b) The Automatic Punching of Data Cords

To apply the keypunch in o process where data is to be punched auto-
matically the timing inherent in the two basic keypunch operations - those of punch-
ing and feeding is significant. The duration of o punch cycle limits the rate ot which
successive columns of o card may be punched. During a feed cycle, the punch
mechanism is restricted. Furthermore, the feed time is greater than the punch cycle
time. This means that if data is to be outomatically punched at opproximately the
moximum punch rote - the data flow must be interrupted during a feed cycle in order

to prevent ony loss of information.



It has been shown that numeric punching is normally initiated by depress-
ing a key and hence closinga LATCH contact. Once the contact closes the punch
cycle "automatically” ensves. Therefore by paralleling each LATCH contact with
the normally open contacts of ten relays and then activating a set of fhe;e in sequence
a group of numbers may be transferred onto cards. In the process the keyboard keys
are not disturbed and therefore the keyboard bail contacts do not close. This means
that only one interposer magnet is energized at a time and no multiple punching
(alphabetic) tokes place. However, to prevent more than one column from being
punched when a LATCH contact is shorted in this manner the contact closure time

must be equal to, or less than the puneh cycle time.

In two instances the transfer of data onto cards need be inhibited : (1)
When the card supply at the keypunch is exhausted and (2) while the keypunch is in
an automatic card-feed cycle. Since in this case numerical data is being fed from
the logic unit of the graph reader an inhibiting signal - compatible with this unit
must be derived from the keypunch. The signal is obtained by monitoring the voltage

is O volts when the CARD LEVER relay is energized and

v in Figure 3.4.11. V

AB AB
- 48 volts otherwise. A zero voltage indicates that the keypunch is ready in that o
data card is in the PUNCH POSITION. A voltage of - 48 volts signifies either
the absence of o card ot the PUNCH STATION or a card - feed cycle. To make
the keypunch logic levels compatible with those of the groph reader a special circuit
is used. This circuit, fully discussed in Section 3.4.6 (), also filters out any noise
introduced by contact bounce and the inductonce of the CARD LEVER coil. The
input and output waveforms of the circuit are shown in Figure 3.4.19. The deloys d

1
ond d2 are due to the filtering action incorporated into the circuit.
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In Figure 3.4.19 (a) time T, represents the initiation of a PUNCH

la
cycle in column 80, ending 56 milliseconds later at Ty - Approximately half way
through the cycle, at T;p PUNCH CAM No. 1 re-closes its normally closed con-
tact in the schematic of Figure 3. 4.13. Program Coam Contact 1 (PCC1) closes
its contact in Column 80 (80;— - 80 :—23-), energizing the SKIP relay. The
ESCAPE magnet is therefore then energized. The ESCAPE wheel rotates past the
ESCAPE magnet armature at the rate of 12 milliseconds per tooth. Therefore Pro-
gram Cam Contact 2 (PCC 2), which breaks between columns 82 ;- and 84, or 30
and 48 milliseconds ofter the ESCAPE magnet is energized, causes voltage VAB
to go to -48 volts at T3a or st in Figure 3.4.19 (@). The voltage level transform-
ing circuit has here a delay (dl) of 80 milliseconds. Therefore it drops from a
logical 1 to ¢ 0 at T4a or T4b' in Figure 3.4.19 (b). At T5° or st , 0.25
seconds later, Card Feed Cam (CF 3) closes, and through the DETAIL CARD lever
switch (Figure 3.4.11) energizes the CARD LEVER relay. This brings VAB back

to O volts. Note that in going from a logical 0 to a logical 1 the level trans-

forming circuit has o delay (d2) of 0.2 seconds.

3.4.4 (c) The Logic of Control C

In the discussion on Control B is shown how aset of X ond Y values
is obtained ond stored in @ PARALLEL - IN - SERIAL - OUT register. A detailed dis~

cussion of this register is given in Section 3.4.5. For the present purposes only the
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the simplified version as depicted in Figure 3.4.20 is necessary. In the figure it

is assumed that a particular scan yields an X value of 9138 millimetresanda Y
value of 5.865 inches. Recall that data is looded into the register by means of a
pulse derived from the negative going edge of the second video pulse. This so-
called PARALLEL - SHIFT pulse simply transfers the contents of the X and Y
counters into the register. The true outputs of each flip-flop after the occurrence

of a PARALLEL - SHIFT pulse are included in the figure, along with their decimal
equivalents. Eoch decimal digit is stored in binary - coded - decimal (BCD) form.
The first sixteen flip - flops from left to right contain the value of X, ond the re-
moining fourteen flip - flops, Y . The latter portion of the register requires only
fourteen flip -flops (instcad of sixteen) because the least significant (thousandths)
digit of Y resulting from any scan of a graph is either 0 or 5. Therefore only two
flip - flops are required to store this digit in BCD form. Recall that the thousondths
digit of Y isset to O if an even number of marker pulses occurs coincidentally with

two video pulses and to 5 if the number of markers so occurring is odd.

The true outputs of the flip-flops representing the most significant value
of X are connected to a BINARY - CODED - DECIMAL (BCD) - TO - DECIMAL
decoder. After the parallel shift pulse occurs output 9 of the decoder is at o
logical 0, with the remaining decimal outputs (0 through 8) high. Eight alter-
nate punch and shift cycles now toke place - thot is, the number 9 is first punched
ina data card column and then the register contents is shifted left by a serial shift

pulse. Line 1 of the deccder output is low after the occurrence of the Ffirst serial -
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shift pulse. The number 1 is then punched in the next column, and so on - until
all eight decimal digits representingan X - Y set are transferred onto 8 columns of
a card. This permits ten sets of X —=Y values to be punched on a standard 80 -

column data cord.

Strictly spzaking only 7 serial shifts are necessary to punch out 8
decimol digits. An eighth pulse is included so that the register may be left completely
cleared after each set of X and Y values is punched on a card. The clearing is done
by means of flip-flops A, B, C and D in Figure 3.4.20, where the J inputs and
the inverting K inputs are connected to ground. Therefore J is alogical 0 and K
a logical 1. The first serial shift pulse sets these four flip—flops to 0. Each successive
pulse thereafter simply shifts this set of zeros to the left and therefore ofter the eighth

pulse the whole register contains zeros.

Punch and shift operations are regulated by the circuitry of Control C,
shown in Figure 3.4.21 (). The operation of Control C is exploined by means of the
simplified circuit diagram of Figure 3.4.21 (b) along with the timing diogram of Figure

3.4.22.

In the timing diagrom waveform (o) depicts the output of ONE-SHOT Al.
Recall that from this are derived the stepping motor pulses which advance a sample of
groph poper by o preset amount. On the negative-going edge of the last stepping -
motor - pulse, i.e., ot TIO in Figure 3.4.22, the ALLOWABLE SCAN signal (wove-
form (e) ) and the true output of flip-flop A 4 in Control A (waveform (f)) go high.

The Y volue of a groph is obtained when the ALLOWABLE -SCAN signol is high. On
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the negative-going edge of the second video pulse (waveform (c)) the parallel

shift pulse is generated (waveform (d)). This pulse transfers the contents of the

X and Y counters into the register of Figure 3.4.20. ' In addition, from the
parallel =shift pulse is derived the reset input to an UP - TO -8 counter (SECTION
2 A) and the PUNCH-SHIFT flip ~flop (SECTION 1 C) of Figure 3.4.21 (b). The
output of GATE C 1 (SECTION 2 C) is applied to the reset input of the counter.
The input to the gate is obtained from Control A, GATE A 6, and is high during
the occurrence of a parallel -shift pulse or when the STOP key is depressed. The
PUNCH ~-SHIFT flip-flop is reset by the output of AND GATE C 2 (SECTION 2 Q).
One input of GATE C 2 is the output of GATE C 1 and the other input consists of
the true output ( Q) of flip-flop C1 (SECTION 2 D). The Clock Fulse (CP) ;n-
put to FF C 1 is the inverted output of ONE-SHOT Al in Figure 3.4.22 (b) and the
D input is waveform (g). Waveform (g) is the inhibiting signal derived from the
keypunch machine and is high whenever a data card is in the PUNCH STATION.

In the timing diagram it is assumed that this is the case. Therefore Q of flip-flop

C 1 is high ot Tiyr o shown in Figure 3.4.22 (h). The outpuis of GATES C 1

ond C 2 are waveforms (o) and (p) respectively.

The clock input to the PUNCH -SHIFT flip~flop is the Q output of
ONE-SHOT Al. The K ond ..ll inputs consist of the true output of flip-flop A 4
(waveform (f)). Input J2 is waveform (g) and the remaining K and J inputs are
left high. Therefore K and J are highif Q of FF A4 is high and the keypunch

is ready. Becouse the output of ONE-SHOT Al is inverted at the clock input the



94

PUNCH-SHIFT flip-flop is triggerec‘i ot T]Sc on the negative-going edge of this

pulse. For Tizgg =t = Ti4 both J and K inputs to the flip-flop are high.
Therefore during this time output Q yields waveform (k) in the timing diagram.

The false output Q' is opplied to two ONE-SHOTS : POSITIVE-EDGE-TRIGGERED-
ONE-SHOT C 1 (SECTION 2B) and a NEGATIVE-EDGE-TRIGGERED ONE-SHOT C2
(SECTION 2 C) . The output of ONE-SHOT C 1 is the SERIAL-SHIFT pulse and

is shown in Figure 3.4.22 (1). Waveform (j} represents the output of the NEGATIVE-

EDGE-TRIGGERED ONE-SHOT C2 .

With the exception of pulse width waveforms (j) and (k) are
similar. The period of each is 152 milliseconds, which is twice the period of the
END-OF-SCAN pulse and hence of one revolution of the graph reader drum. The
pulse widths of waveforms (j) and (k) are 50 and 76 milliseconds respectively.
Waveform () is used as the PUNCH PULSE. This means that whenever (j) is high
a number is punched in a column of a data card. Switch S in SECTION 3 C of
Figure 3.4.21 (b) implies that o PUNCH PULSE may be obtained from either the
NEGATIVE-EDGE-TRIGGERED ONE-SHOT C2 or the PUNCH-SHIFT flip-flop. Strictly
speaking the switch does not physically exist. 1t is included in the figure to point out
the fact that originally, when an 1BM 26 keypunch was used to transfer dato onto cards
the Q output of the PUNCH-SHIFT flip-flop served as the source of PUNCH PULSES.
A changeover of keypunch machines to on IBM 29, with a punch cycle time of only
56 milliseconds required thot the PUNCH PULSE be of shorter duration. The ONE-

SHOT is used therefore to obtain a PUNCH PULSE of 56 milliseconds duration.
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The BCD-TO-DECIMAL decoder of Figure 3.4.20 is redrawn in
SECTION 4A, Figure 3.4.21 (b). Each decoder output enters the ten AND/DRIVER
stages in the figure and is gated there with the PUNCH-PULSE. When a PUNCH
PULSE occurs and one of the decoder outputs is low the driver stage energizes one
of ten relay coils RO — R 9) . Each of the normally-open contacts of the relays

is connected in parallel with the NUMERIC LATCH contacts in the keypunch.

The decoder outputs for the example cited earlier, i.e., for

X = 9138 millimeters and Y = 5.865 inches are shown in the timing diagram.

Prior to the occurrence of a parallel shift pulse at T” the "0" output of the de-
coder is low. This simply means that the register is initially in a cleared state .
When the parallel —shift pulse occurs the "9" output goes low, representing the most
significant digit of the X wvalve. A PUNCH PULSE occurss at Tiag =t < T‘ 3
ond the digit 9 is punched in a card column. The serial shift pulse then occurs at
Ti3p (waveform (1) ) ond the " 1 * output of the decoder now goes low. Another

punch pulse occurs thereafter, and so on.

The UP-TO-8 counter (SECTION 2 A) of Figure 3.4.21 (b) keeps
track of the number of serial-shift pulses occurring from T3 through and including
T4 At Ti4 that is ot the eighth occurrence of the pulse the Qg output of the
counter goes high, as shown in Figure 3.4.22 (m). This output, together with the
serial-shift pulse is gated vic NAND GATE C 3 (SECTION 2 A, Figure 3.4.21 (b)).
The output of the gate, waveform (n) resets flip-flops C1 and A 4. Recoll thot

the true output of F F A4 is used as the 4 and K input to the PUNCH-SHIFT
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flip-flop. Since Q of FF A4 issetto O by the output of GATE C 3, punch
pulses are therefore inhibited for T]4 st = T16 . On the timing diagram then,

Ty4 represents the end of a card-punch cycle.

Upon completion of a punch cycle the paper advance mechanism
is delayed by 76 milliseconds, that is, by one drum revolution. This means the
advance phase is initiated at Tisp .instead of Tisq The delay is obtained by
means of flip-flop C1 and AND GATE C4 (SECTION 3 D). The flip-flop is
reset to O at T]4, as previously mentioned. The true output of the gate serves
as an input to the 4 - input GATE A4 in Control A. Whenever the output of

GATE C 4 is low, stepping motor pulses are inhibited by GATE A4. The D - input

to flip-flop C 1 is waveform (g) and the clock input waveform (b) in Figure 3.4.22.

Since D is high at Ti50 the flip—flop is then set to logical 1 on the positive-
going edge of waveform (b). The true output (Q) of the flip—flop is shown in Figure
3.4.22 h). When Q goes high, step-motor pulses are no longer inhibited as shown

in waveform {r) of the timing diagram. The reason for the delay is discussed below .

In the timing diagrom of Figure 3.4.22 is shown that a new scon
starts at T, . ond the accompanying PUNCH-SHIFT cycle terminates at Tz - It
is convenient for the present purposes to assume that the 8 digits corresponding to the
X =Y set for this scan are punched in the last eight columns of a data card, i.e.,

columns 71 through 80 .

Recall that upon punching column 80 the keypunch enters into on

automatic feed cycle which in turn restricts the punch mechanism for 0.25 seconds.

——————oa——— .



If the graph reading process is not inhibited during this time it is possible that a

loss of information may occur. An example of this would be the case where a

AX increment of 1 mm is pre—selected. |n this instance, once column 80 is
punched the first punch pulse corresponding to the next scan would occur during the
feed cycle and hence the most significant value of X would be lost. Furthermore

a feed cycle introduces noise into the photomultiplier output via the mains. This is
due to the unregulated plate voltage supply of the photomultiplier. For these reasons

graph advancement, scanning and punching are inhibited during a feed cycle.

A card-feed cycle is detected by monitoring a voltage within the
keypunch. It was shown, in Section 3.4.4 (b) and Figures 3.4.19 @) and 3.4.19 (b)
that because of the manner in which this detection is made, a maximum delay of
about 128 milliseconds may occur between the time at which a feed-cycle actually
begins in the keypunch and the time at which waveform (g) in fhe\fiming diagrem of
Figure 3.4.22 goes to 0. It is conceivable then that the graph-advance circuit may
not be inhibited on the ONE-SHOT A 1 output pulse immediately followinga PUNCH-
SHIFT cycle. This would allow a stepping motor pulse to occur at T18 in the timing
diagram, because the inhibiting waveform (g) may go low only after the occurrence of

the ONE-SHOT A 1 output pulse. This is the reason for the fixed delay of 76 milli-

seconds at the end of every PUNCH=-SHIFT cycle.
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3.4.5 Register and Counters

The PARALLEL-IN-SERIAL-OUT register, in which are temporarily
stored the X and Y wvalucs of a scan is shown in Figure 3.4.23. The register is
comprised of 30 bits onc! is arranged to contain X and Y in Binarv-Coded-Decimal
(BCD) form. In the figure, the bits are labelled (in)P and (Y2n)p . Flip-

flop (X20)]000 , for example, represents the least significant bit of the 4 bits

"containing the most significant decimal value of X .

The parallel transfer of data from the X and Y counters is achieved
through the gating arrangement shown in Figure 3.4.24 (a). The gating is necessary
because of the single-rail output nature of the X counter. The counter is comprised
of four SN 7492 N binary-coded-decimal units. Only the true flip-flcp outputs are
availablc at the terminals of each unit. On the other hand, each decimal unit of the
Y counter consists of four SN 7470 N flip-flops and as such both true (Q ) and
false ( Q') outputs (double-rail) are available. However, to maintain a uniform cir-
cuit configuration with regard to the parallel shifting of data the entire register is geared

to accept data emanating from a single-rail source.

In Figure 3.4.24 (o) one input to NAND GATE 1 is the true output
of the ( X2 0)1000 bit in the X counter. The other input is the PARALLEL SHIFT
pulse. The outputs of GATES 1 and 2 serve as the PRESET (P) and CLEAR (C) in-
puts respectively of the ( X, 0)‘000 bit in the register. The waveforms in Figures
3.4.24 b) ond 3.4.24 (c) illustrote how a logical O or 1 is transferred from a bit

in the counter to its corresponding bit in the register. Figure 3.4.24 (d) depicts the
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waveforms of Figure 3.4.24 (c) withA the time scale expanded. The reason for this
is to show that propcgetion delays in the gates yield a false pulse at the output of
GATE 2 and thus results in the undesirable situation where inputs are applied simul-
taneously to both the PRESET (P) and CLEAR (C) terminals of the flip-flop. The
output state ( Q) during this time is indeterminate. The problem is resolved by en-
suring that the PARALLEL-SHIFT pulse be of sufficient duration in that it extends
beyond the false ovtput * C " . Once the false output has occurred only the PRE-
SET (P ) input to the flip-flop is pulsed during the remaining part of the PARALLEL-

SHIFT-PULSE.

With the exception of flip—flops (Y20)I , (Y22)] , (Y2 1)]0 ,
(Y23)10 and (X2 n)] , n=0,1, 2, 3, the serial shifting of data is realized by
interconnecting the remaining flip-flops within the register as shown in Figure 3.4.25.
The true output of flip-flop (x20)100 is connected to both the J and inverting K'
inputs of flip—flop ( X20) 1000 The SERIAL-SHIFT pulse serves as the CLOCK
input. If Q of flip-flop (XZO)IOO is high, then J is highand K is low in
flip-flop (%, 0)]000 . Therefore, once a SERIAL-SHIFT pulse occurs the true out-
put of flip-flop ()(20)1000 is high, regordless of its previous state. When Q of
flip-flop (xzo)loo is low then K is high ond J low and hence Q of flip-flop

H 1
(X, 0)1000 is low once the clock pulse occurs.

The flip-flops wherein are stored the hundredths ond thousandths digits
of the Y wvelue are arranged os shown in Figure 3.4.26. As previously mentioned, the

thousandths digit is set to 5 whenever the number of marker pulses occurring coinciden-
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tally with two video pulses is odd. This is done by setting the true outputs of flip-
flops (Y2 0)] and (Yg)I in Figure 3.4.26 to a logical 1. The flip~flops are

set to 1 by applying a logical O to the preset inputs. The preset inputs consist of
the output of NAND GATE B 5 in Control B (SECTION 5 B), Figure 3.4.5 (b)).
Recall that by means of this gate is derived a neg-afive—going pulse (Waveform (y) ,
Figure 3.4.6) whenever an odd number of marker pulses occurs in coincidence with
two video pulses. To ensure that the two flip—flops are initially in a reset, or cleared
state, a momentary logical O is applied to their clear inputs when power is first turned

on. The resetting signal is obtained from terminal .12Z_ in Control A (SECTION 3A,
Figure 3.4.1 (b)) .

The J and K input connections of flip-flops (Y2 l)]0 , (Y2 3) 10°

(YZO)I and (Y22)I are also shown in Figure 3.4.26. The non=-inverting J in-

puts are connected to ground so that J is a logical 0. The non-inverting K inputs
are kept ot o logical 1 whereas the inverting ( K') inputs are grounded. Therefore

J = 0 and K =1 in each of these four flip—flops and when the first serial =shift pulse
occurs the flip-flops are set to a logical 0 . Each successive serial =shift pulse there-
after shifts the zeros contained within these flip—flops to the left. This, os mentioned
in Section 3.4.4 automatically clears the register while data is being transferred onto

cards .
For the bits in which the least significant decimal value of X is
initiclly stored, i.e. ()(2 n)l ,n =0,1,2, 3, the seriol=shift arrongement is

more complex, aos shown in Figure 3.4.27 (0). The additional gating is used in con-
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junction with the error—detection scheme discussed in Section 3.4.3 . Recall that

if the number of VIDEQO pulses occurring in one scan was less than two, it was de-
cided that a Y value of 0.000 along with the current X be punched out on a card.
Alternately, when more than three VIDEQO pulses occurred in a scan a vg:;lue of 9.999

was then assigned to Y.

The technique used to incorporate the error-detection scheme into the
register is similar to the one discussed earlier, where the register is cleared by simply
shifting a set of zeroes through it. The only difference is that a zero or a ni‘ne is now
entered into the bits which initially store the least significant value of X. Figure
3.4.27 (b) illustrates this technique for the case when more than three video pulses
occur in one scan. The contents of the X and Y counters and hence of the register
at the occurrence of a parallel shift pulse are arbitrarily assume;! tobe 9138 aond 2.185
respectively. The first three serial -shift pulses transfer the current X value onto the
data card. The remaining shift pulses enable Y to take on the value 9.999, regard-
less of what Y was initially. Therefore, during this PUNCH-SHIFT cycle, the

numbers 9138 9999 are punched.

When more thon three video pulses occur in one scan the true output
of the PUNCH 9's flip—flop within CONTROL B is high. Alternately the true output
of the PUNCH O0's flip-flop is high if less thon two video pulses occur. To set the least
significont X bitsto 9, J must be high and K low for flip-flops (X2 0)l and ()(2 3)I p
while J should be low and K high for flip~flops (X2 2)1 ond (X2 'I)I . To set these four

flip~flops to 0, each K input should be high and each J input low. Understandably,
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if an cllowable number of video pulses occurs then each bit ( X2 n)l depends on

the contents of the bit preceding it in the chain, i.e. bit (Y2 n)IOOO‘ n=20,1, 2, 3.

In the truth table of Figure 3.4.27 (c), the variables Q (Y2 n) 1000

B, C, f.l and f2 are defined as follows :

Q (Y2 n)'IOOO represents the true output of flip-flop (Y2 n) 1000¢ ™= 0,1,2,3.

B represents the true output of the PUNCH 0's flip—flop.
C represents the true output of the PUNCH 9's flip—flop.
f] ’ represents the J input to flip~flops (X2 1 )] and (X2 2)] .
£, represents the J input to flip-flops (X2 0)] and (X2 3)] .

From the Table, f] = Q (Y2n)1000 B'C', n=1,2,

and f2= C+Q(Y2n)10008'n=0'3°

Therefore the J and K inputs for flip-flops (X2 n) 1 °re summorized as follows :
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J ‘INPUT' K INPUT
Flip-flop (X, 0 C+Q (Y, 0)000 B [c+Q (Y5 01000 B Y
Flip-flop (X, 1), Q (Y1) 900 B C' (Q (Y1) ge0B C' 7T
Flip-flop (X,2); || @ (Y52) 1050 S' c [Q (Yy2) 5908 €' V'
Flip-flop (X, 3), C+Q(Y,3) ]006 B' [c+Q (Y23) 1000 g '

The goting necessary to implement these functions is shown in Figure 3.4.27 (0).

The circuit diagram of the X counter is shown in Figure 3.4.28. The coun-
ter consists of four SN 7490N binary~coded-decimal (BCD) counting units and hence the
maximum possible X is 9.999 meters. The Clock Input (CP) to the first stage is the output of
GATE A4 in CONTROL A. Recc!l that from the output of this gate are derived the stepping
motor pulses. Therefore, the X counter is incremented by 1 every time the graph
poper is advanced by one millimeter. Each of the four units is triggered on the negative -
going edge of the clock input. To trigger the next unit in the chain the true output of
the 23 bit in the unit preceding it is used. The RESET input is obtained from termi-
nal 2 in CONTROL A. This terminal is high whenever the graph reading process

2
is in the STOP mode and low otherwise.

The Y counter is comprised of three BCD counting units. Each
unit is made up of four SN7470N flip-flops interconnected as shown in Figure 3.4.29.

The connections are made according to the flip—flop input equations derived by opplying
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Q (an) 1000 B C fl f2
0 0 0 0 0
0 0 1 0 1
0 1 0 0] 0
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1 0 0 1 1
1 0 1 0 1
1 1 0 0 0
1 1 1 0 1

FIGURE 3.4.27 (c). TRUTH TABLE DEFINING THE LOGIC REQUIRED
TO INCORPORATE THE ERROR DETECTION SCHEME
INTO THE PARALLEL-IN-SERIAL-OUT REGISTER.
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the extension of Mealy's theory [147] in the design of synchronous counters. The

input equations are :

J (Y0 = K(Y304 =1.

J(¥a g = QY05 - @ (Y35 3 K(Yp D = Q(Y;0,,-
J(Y2)g = K(Y32)y = Q(Y, 1)1.0 - Q(Yy 0 -

J (Y31 = QY325 - Q@(¥a g - QY0

K (Y330 = QY30 -

The clock pulse to the first decimal counting unit, (Y2 n)IO is the
output of GATE B4 in CONTROL B. The clock pulse to each succeeding unit is
obtained from a negotive —edge -triggered one-shot. The input to the one=shot is the
true output of the 23 bit of the preceding BCD unit, os shown in Figure 3.4.29. The
one=shot is necessory because of a restriction regarding the application of the CLEAR
signal to the SN 7470N flip—flop. The clock input to the flip-flop must be fow when
a clear signal is applied. If the 23 bit of each decimal unit is opplied directly to the
clock input of the next stage it is conceivable that the restriction may be violoted and
hence all flip—flops within the counter may not be reset to a logical 0 upon the appli-
cation of the clear signal. The counter is cleared before any groph reading takes ploce
by a signal derived from the STOP key. When a graph is being read the counter is re-

seta* the end of every PUNCH-SHIFT cycle.
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3.4.6 Special Circuits

3.4.6 (@) Card-Feed Cycle Detection Circuit

It is mentioned in Section 3.4.4 (b) that in two instances the punch
mechanism within the IBM keypunch is restricted. This occurs when the supply

of data cards is exhausted or during a card-feed cycle.

To inhibit the graph reading process during this time a voltage
across a set of contacts in the keypunch is monitored and, through a voltage trans-
lating circuit is fed to the graph-reader logic unit. The circuit is shown in Figure

3.4.30 (o).

When a card is in the PUNCH STATION within the keypunch,

voltage V is O wvolts. Transistor Q] is then forward-biased into saturation.

AB
Transistor Q2 is cut off since the input to its base is derived from the collector of

Q - The reed relay in the collector of Q2 is therefore not energized and its con-
tact is in the normally-closed (N.C.) position. The operating arm of the contact

is connected to ground and hence the output of NAND GATE 1 in the circuit is
high.

During a card-feed cycle, or with no card in the PUNCH STATION
poth A B is open-circuited and Vap S then -48 volts. Voltoge Vg fed
through o resistance divider into the bose of Q‘ , causing the transistor to be cut off.
Q2 then conducts and energizes the REED reloy. The contact arm moves to the

normally-open (N. O.) position and the output of NAND GATE 1 is then low.

The output of GATE 1 is fed to the logic unit of the groph reader.
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Thfa 8 u f capacitor and the reed relay serve to prevent the noise
inherent in signal VAB from reaching the logic circuits. The noise is due primarily
to contact bounce and the inductance of the CARD LEVER relay. Delays d.I and
d2 shown in Figure 3.4.30 (b) are caused both by the unequal charge-di;charge times

of the 8 pf capacitor and the unequal open-close times of the reed relay contacts.

3.4.6 ) Test Circuit

When a graph is read three pulse trains are generated photo-electri~
cally in the scanning system and fed into the logic circuits. The function of the test
circuit is to generate electronically, for diagnostic purposes a similar set of pulses. In
this way the logic circuits may be tested independently, without resorting to the scanning

unit.

The three pulses - the MARKER, END OF SCAN and VIDEO test
pulses are derived from two oscillators in the test circuit. The oscillators are astable
multivibrators and are made up of SN 7400N NAND .gates, as was shown in Section

3.3.2 ().

The MARKER pulses are derived from ASTABLE 1, shown in Figure
3.4.31, which oscillates at 10 K hz. The output of the astable is fed into a tronsis~
tor stage (INVERTER / LEVEL SHIFTER) which shifts the oscillator voltage levels to 0
and -15 volts respectively. This is done in order that the voltage levels of the test

signals conform with those oppearing at the output of the scanning system. Waveforms
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(@) and (b) in Figure 3.4.32 depict the oscillator and INVERTER / LEVEL SHIFTER

outputs respectively. Waveform () is the MARKER test pulse.

The END OF SCAN test pulse is derived from ASTABLE 2 .
The oscillator output , waveform (c), is inverted by NAND GATE 1 and fed into the
NEGATIVE-EDGE-TRIGGERED ONE-SHOT T] . This one-shot, along with those
mentioned below, are made up of SN 7400 N NAND gates, as shown in Section
3.3.2 (a) . The false output Q' of the ONE-SHOT, Waveform (e), is inputted
to another INVERTER / LEVEL SHIFTER transistor stage. The output voltage at the

collector of the transistor - Waveform (f) is the END OF SCAN test pulse.

To generate VIDEO test pulses, the output of OSCILLATOR 2 is
used to trigger NEGATIVE - EDGE - TRIGGERED ONE-SHOT T, - Waveforms (g)
and (h) depict the true and false outputs of the one - shot respectively. The true
output is fed to NEGATIVE - EDGE - TRIGGERED ONE-SHOT Ty - The true output
of one-shot T3, Waveform (i), is fed to yet another one-shot - T4 .
puts of one-shots T2 aond T4 (Waveforms (h) and (j)) are combir.ed in NAND

The false out-

GATE 2 . The output of the gate, Waveform (k), is fed to an INVERTER / LEVEL
SHIFTER tronsistor stage. Waveform (1) depicts the output of the transistor stage and
is the VIDEO test pulse. Note that the signal is inverted, as is the case with the

VIDEQ signal appearing at the output of the scanning system.
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3.4.6 (c) Visual Display Unit

The visual display unit consists of an array of 48 data lamps. The
array is shown in Figure 3.4.33 (a). Each lamp is driven by the circuit of Figure
3.4.33 b). The input to the base of the lamp =~ driving transistor is derived from

the true (Q ) output of a flip—flop.

The drive signals for the lamps.in Section A of the array are derived
from the flip-flops which constitute the Y counter and, as such, Section A represents
in binary ~ coded - decimal form the contents of the Y counter. As an example, the

lamps which are lit (denoted by X) in Section A represent a Y value of 3.625 inches.

In a similar manner Sections B and C in Figure 3.4.33 (@) re-
present the contents of the parallel - in - serial - out register. Section B is shown
to contain an X value of 737 millimeters and Section C the Y value of 3.625 inches.
Sections B and C are shown prior to the occurrence of the serial =shift pulses. Once
these pulses occur the data within the register is shifted to the left, once for every
occurrence of the pulse. While this shifting is taking place, the contents of Section

A remains constant at 3.625 inches.

The visual display unit serves a dual purpose. While a groph is being
read, the unit gives an instantaneous ond continuous disploy not only of the X ond Y
values of a particular scan but olso of the operation of the logic circuits. Secondly,
the unit may be used with the test circuit as an aid in diagnosing faults within the logic

unit.
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CHAPTER IV

THE OPTICS OF THE SCANNING SYSTEM

4.1 lntroducfiqg

This chapter presents the work done to improve the optics of the graph

reader scanning system.

The scanning principle, as described earlier in Section 2.1, consists of
a moving spot of light produced electromechanically by means of two slits and a high-

pressure mercury arc lamp.

As the spot traverses a graph, light reflected from the graph is sensed by a
photomultiplier tube. The photomultiplier output voltage as obtained by Rosza [4]
is shown in the upper trace of picture P 4.1. The photomultiplier output is amplified
in a pre~amplifier and its output, in turn is shown as the lower trace of picture P 4.1.
The paper being scanned was of the Sanborn  type containing green grid lines* No
groph lines were on the groph in this cose. When the spot is not scanning the poper
the photomultiplier voltage is constant, at a "black” level. As soon as the light
spot “hits" the paper o sharp transition into the "light" voltage level takes place.
At the end of o scon a shorp transition back to the black voltage level occurs. The
photomultiplier ocutput is proportional to the intensity of the light spot as it moves
across a paper. " Because of its fixed position relative to the scanning spot the photo-
multiplier exhibits the “ brightest " voltoge level at approximately the center
of a scan, where reflected light is normal to the photomultiplier lens. This is the most

sensitive regicn of the detection process which senses o line on o groph.

* A green gelatin fil:zr was on the photomultiplier lens while pictures P4.1 - P4.9 were token.
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UPPER TRACE: PHOTOMULTIPLIER

OUTPUT VOLTAGE.
HOR. : 5 msec /div.
VERT. : 100 m Volts / div.
LOWER TRACE : PRE-AMPLIFIER
OUTPUT VOLTAGE.
HOR. : 5 msec / div.
VERT.: 1 Volt / div.

P4.1. PHOTOMULTIPLIER AND

PRE-AMPLIFIER OUTPUT
SIGNALS CORRESPONDING
TO A SCAN OF A GRAPH

WHICH CONTAINS NO LINES.

UPPER TRACE : PHOTOMULTIPLIER
OUTPUT VOLTAGE.

HOR. : 5 msec / div.

VERT. : 100 m Volts / div.

LOWER TRACE : PRE-AMPLIFIER
OUTPUT VOLTAGE.

HOR. : 5 msec / div.

VERT. : 1 Volt / div.

P4.2. PHOTOMULTIPLIER AND
PRE-AMPLIFIER OUTPUT
SIGNALS CORRESPONDING
TO A SCAN OF A GRAPH
WHICH CONTAINS 2 LINES.
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Two types of "background” signals are evident in picture P 4.1. The
low frequency components, of a relatively high amplitude, were assumed to be caused
by the unregulated DC supply used to power the mercury arc lamp [4] . This

supply consists of a bridge rectifier and a simple RC filter.

Also present in the picture are high frequency background components.
These Rosza [4] attributed both to changes in the reflection coefficient and presence

of grid lines on the graph sample scanned.

Picture P 4.2 again illustrates the photomultiplier and preamplifier outputs
respectively. The graph paper is again of the Sanborn type. In this case two pulses
appear, in addition to the background components noted above. The two pulses are due

to the fact that the light spot has traversed two lines on the graph paper.

Note the relative phasing of the low frequency background signals in pictures
P4.1 ond P 4.2 - indicating that the line frequency components are out of phase with
respect to the fundamental photomultiplier signal. To appreciate the significance of the
background signals, i.e., both the low and high frequency components, a brief descrip-
tion of the circuitry involved in deriving video pulses from the photomultiplier output is

now given.

4.2 Detection Circuitry

The block diagrom of the circuitry with which are detected groph lines is

shown in Figure 4.2.1. Of specific interest to the present discussion is the manner
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whereby the Tuseful” signals due to graph lines depicted in P 4.2 are extracted

from the background noise (low and high frequency components).

To distinguish the useful signals from noise the output of the pre-ampiifier
is fed into two emitter—follower stages -~ A and B respectively. Circuits A and B
are shown in Figure 4.2.2. The output of circuit A, COA’ follows the pre-amplifier
output with almost unity gain and serves as one input to a differential amplifier. The

second input to the differential stage is e, , the output of circuit B. The function

0B
of circuit B is to produce a signal which contains only the background noise in the
photomultiplier output. This is done by means of transistor Q, together with the

0.1 pf capacitor C in its emitter circuit. The capacitor is shunted by an 80 k a
resistor and the input impedance of a succeeding emitter~follower stage. On the
negative -going edge of the pre-amplifier output, shown in Figure 4.2.3 (a) transistor
Q'I charges capacitor C to an amount equal to the total negative excursion of wave~
form (@) less the base-to-emitter voltage vbe . The capacitor voltage then follows

the relatively slow background noise due to the lamp supply and only negative-going
high frequency noise components. However, ony sudden positive-going changes in
waveform (a) greater than vbe do not appear across the capacitor because the base-to-

emitter diode of Q.l then becomes reverse ~biassed and hence cuts off the transistor.

The voltage appearing across capacitor C is fed into an emitter -
follower stage. The output of this stage, 0B (Figwe 4.2.3 (b)), serves as the

second input to the differential amplifier. The background signal, , is subtracted

o8
from 0A by the differential omplifier, whose output is shown in Figure 4.2.3 (c).

The lower trace of picture P 4.3 also depicts the output of the differential
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UPPER TRACE : PRE-AMPLIFIER

HOR. :
VERT. :

OUTPUT VOLTAGE.

5 msec / div.
1 Volt / div.

LOWER TRACE : DIFFERENTIAL AMPLI-

HOR. :
VERT. :

P4.3.

FIER OUTPUT VOLTAGE.
5 msec / div.
0.5 Volts / div.

'PRE-AMPLIFIER AND DIFFEREN -
TIAL AMPLIFIER OUTPUT SIGNALS

CORRESPONDING TO A SCAN
OF A GRAPH CONTAINING
2 LINES.

UPPER TRACE : OUTPUT VOLTAGE OF

HOR. :
VERT. :

NON-LINEAR AMPLIFIER.

5 msec / div.
5 Volts / div.

LOWER TRACE : OUTPUT VOLTAGE OF

HOR. :
VERT. :

P4.4.

SCHMITT TRIGGER.

5 msec / div.
5 Volts / div.

NON-LINEAR AMPLIFIER AND

SCHMITT TRIGGER OUTPUT
SIGNALS CORRESPONDING TO

A SCAN OF A GRAPH CON-
TAINING 2 LINES.
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UPPER TRACE : PRE-AMPLIFIER
OUTPUT VOLTAGE.

HOR. : . Smsec /div.
VERT. : 1 Volt /div.

LOWER TRACE : DIFFERENTIAL AMPLI-
FIER OUTPUT VOLTAGE.

HOR. : 5 msec /div.
VERT. : 0.5 Volts /div.

P 4.3. PRE-AMPLIFIER AND DIFFEREN-
TIAL AMPLIFIER OUTPUT SIGNALS
CORRESPONDING TO A SCAN
OF A GRAPH CONTAINING
2 LINES.

UPPER TRACE : OQUTPUT VOLTAGE OF
NON-LINEAR AMPLIFIER.

HOR. : 5 msec  div.
VERT. : 5 Volts “div.

LOWER TRACE : OUTPUT VOLTAGE OF
SCHHAITT  TRIGGER.

HOP . : S5miec div.
JERT. : 5 Volts  div.

P 4.4, NCH-LINEAP AIPLIFIER AMD
SCHMAITT TRPIGGER OUTPUT
SIGMALS COPPESPONDING TO
A SCALG OF A GRAPH CON-
TAIIINIG 2 LIMES.
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amplifier. The two negative-going pulses of short duration represent the crossing of

graph lines. The third pulse,occurring at the end of a scan (Figure4.2.3 (c)and of relatively
greater width is due to the sharp positive-going edge of t.he pre —amplifier output at

the end of a scan. This cuts off transistor Q and C discharges through the 80 k a
resistor shunted by the input impedance of the succeeding emitter—follower stage. The
differential amplifier subtracts essentially this decaying voltage from the actual pre-
omplifier output and therefore outputs a pulse until C discharges back to the dark

voltage level. Recall that the occurrence of this third pulse was mentioned briefly in

Section 3.4.3.

The output of the differential amplifier (lower trace of P 4.3) still contains
line frequency and high frequency noise components. According to Rosza [4] the
line frequency components still remaining are due to the non-infinite common mode
rejection of the differential amplifier. The presence of the line frequency component
vories the amplitudes of the signals representing graph lines. This phenomenon is most

pronounced near the center of the scan, where the detection process is most sensitive.

The output of the differential amplifier is fed into two non-linear amplifier
stages. In these amplifiers signals of low amplitude are attenuated whereas high ampli-
tude signals are amplified. The output of the second non-linear stage, shown in the
upper trace of picture P 4.4 is fed into a Schmitt trigger, whose output is the video

pulses and is show:. as the lower trace of picture P 4.4.

Mentioned ecrlier was the fact that the presence of line—frequency com-

ponents in the output of the differential amplifier varied the amplitudes of the
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signals representing graph lines. Because of this the width of the video pulses appear-
ing at the output of the Schmitt trigger is modulated. This pulse-width modulation is
in a sense random because the line frequency components are not synchronized with

the rotcation of the drum and hence with the scanning spot.

Rosza [4] maintained that the pulse-width modulation affected the accuracy
of the graph reader. One of his test cases consisted of reading a graph containing two
parallel lines, as shown in Figure 4.2.4. To obtain the distance AY , between the
two lines his technique was to store on magnetic tape the values of Yi and Yy
AY = Y2 - Yl was then obtained through the software programs mentioned in Chapter
I. The first line, line 1, was drawn close to the edge of the groph paper, whereas line
2 was situated necr the middle of the paper, where the sensitivity of the graph reader
is greatest. Upon digitizing this graph Rosza noted that the digitized values of Y,
showed a greater disgersion from the mecr'\ than those of Y] . The reason for errors in
both cases was attributed to the random-pulse -width modulation of the video pulses by
the line frequency components. Accordingly, the dispersion was greater for the line
(line 2) situated where the graph reading process is most sensitive because the ampli-
tude of the line frequency component is greater in that region. Additional discussions

on this and the effects upon digitization caused by high frequency noise components are

relegated to Section 4.5.

4.3 The High-Pressure Mercury Arc Lamp

The mercury arc lamp is an OSRAM HBO 100 W/2, commonly employed

in Honeywell visicorders. For a new lomp the roted current is 5 omps at an operating
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FIGURE 4.2.4. GRAPH SAMPLE ILLUSTRATING ROSZA'S TECHNIQUE
IN DETERMINING THE ORDINATE VALUE (AY).

FIGURE 4.2.5. MERCURY ARC LAMP ENCLOSED WITHIN
HOLLOW  SPHERE.
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voltage of 20 = 4 volts. This operating point varies with age. The lifetime of
the lomp depends essentially on the number of times the lamp is started. Frequent
starting (establishing an orc across the electrodes of the lamp) tends to deteriorate
the electrcdes in the sense that the electrode spacing is increased. This alters the
operating point of the lamp by increasing the operating voltage and decreasing the
rated current. Honeywell recommends that o lamp be replaced once its operating

point is 30 volts at 3.33 amps.

4.4 Elimination of the Line Frequency and Other Noise Components

To eliminate the effects of the line frequency components on the digitization
process a regulated arc lamp power supply [27], [283‘ was designed and built. The
circuit diagram of the supply is included in Figure A.1.2 of the Appendix. As men-
tioned earlier the original supply consisted of a bridge rectifier and a simple RC
filter. The intensity of the arc lamp was therefore subject to variations because of the

120 H Z line ripple ond variation in line voltoge .

The regulated supply is designed with the intent of maintaining a constant cur-
rent through the lamp. Since the lomp intensity is a function of the square of the current
through it, the intensity is therefore constant when the current is constant. The regulated
supply is ccpable of driving the lomp between the two extremes of voltoge and current speci-
fied in Section 4.3. The lomp current moy be adjusted by means of potentiometer Pl
in Figure A.1.2. This is one way of controlling the sensitivity of the groph-reading

process.
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The top and bottom traces of picture P 4.5 illustrate the output of the
pre-amplifier with the regulated power supply driving the arc lamp. Both traces are
completely devoid of line frequency components. For the bottom trace the sensitivity
of the oscilloscope was set to one-half of its valu; for the top trace. The paper
within the graph reader in the case of picture P 4.5 was of the Esterline-Angus Company
No. 4000X type of recording paper. This paper has no grid lines and its texture is

moderately uniform.

The background signal in the top and bottom traces of picture P 4.5 con-
tains both high and low frequency components. Because the paper scanned does not
contain grid lines the high frequency background component is caused by other means.
It will be shown shortly that this high frequency background component is due primarily
to the texture of the paper being scanned. Another source of this background noise is
now explained with the aid of the top and middle traces of picture P 4.5. On the left
hand side in the upper trace of the picture appear three pulses, two of which occur on
the grid lines of the oscilloscope. These occur coincidentally with three of the pulses
evident in the middle trace of the picture. To correlate the top and middle traces it
is necessary to mention a few words about the drum in which is housed the high pressure
mercury arc lomp. At both ends of the drum are located vent holes for cooling the
lomp. The middle trace of the picture was obtained by reflecting with a mirror, the
light emerging from the vent holes. This reflected light was fed into the "darkroom",
onto the paper being sconned. Thus the amount of light on the paper during a scan

consisted of the scanning spot plus the light reflected onto the paper from the vent holes.
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TOP TRACE : PRE-AMPLIFIER
OUTPUT VOLTAGE.

HOR. : 10 msec /div.

VERT. : 0.5 Volt / div.

MIDDLE TRACE : PRE-AMPLIFIER
OUTPUT VOLTAGE.

HOR. : 10 msec / div.

VERT.: 1 Volt / div.

BOTTOM TRACE : PRE-AMPLIFIER
OUTPUT VOLTAGE.

HOR.: 10 msec / div.
VERT.: 1 Volt / div.

P4.5. PRE-AMPLIFIER OUTPUT

SIGNALS SHOWING ELIMI-
NATION OF LINE-FREQUENCY

NOISE COMPONENTS.

HOR.: 10 msec / div.
VERT.: 1 Volt / div.

P4.6. OUTPUT VOLTAGE OF
PRE-AMPLIFIER WHEN
MERCURY ARC LAMP IS
ENCLOSED WITHIN
HOLLOW SPHERE.
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A fundamental difference bétween the three pulses in the upper trace and the corres-
ponding ones in the' middle trace is that the former pulses are directed up, towards the
dark voltage level, whereas the latter are directed down, towards a brighter voltage
level. The reason for the downward direction of the pulses in the middle. trace is
obvious. The fact that the three pulses in the upper trace are directed upward means
that during their occurrence, less light is being reflected from the paper being scanned.

This suggests one of two possibilities :

(D) During their occurrence, less light is falling onto the
paper, or
(i) less light is reflected because of the texture of the

graph paper.

The coincidence of the three pulses in the upper trace with the correspond-
ing ones in the middle trace makes (i) a more plausible cause. Recall that the scanning
spot is produced by the interaction of two slits : a fixed horizontal slit and a spiral slit
on the rotating drum. The mercury arc lamp is located within the drum and is assumed
to be an ideal source of light. The inner surface of the drum is coated with a matte-
black paint which, unfortunately does not completely absorb the light emanating from
the source. As a result reflections occur within the drum and therefore the light leaving
the spiral slit and subsequently impinging on the horizontal slit consists of both direct and
reflected light. Furthermore, because the inner surface of the drum is irregular, the

light reflected therefrom is not uniform. This is particularly true for both ends of the
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drum where, as mentioned above, are located holes for ventilation purposes. The
three pulses in the upper traces of picture P 4.5 are caused by the non-uniform re-
flections occurring at one end of the drum. Wherever the vent holes occur, light from
the lamp -exffs. the drum. As such the vent holes represent a reflection coefficient of
zero. Otherwise the remaining inner surface of the drum has a non-zero reflection
coefficient. The left side alone of the upper trace in picture P 4.5 is affected by
this phenomenon because the mechanism which supports the mercury arc lamp within

the drum is such that it prevents light from reaching the other end of the drum.

It is possible for the vent holes mentioned above to be the cause of yet
another type of background component in the photomultiplier output signal. The graph
reader os originally built was not light-proof in the sense that ambient light in the room
where the reader was operated entered into the darkroom. This ambient light, due
normally to the 60 HZ lamps which illuminate the room caused a line frequency com-
ponent other than that previously described to be present in the photomultiplier output
signal. To a considerable extent, this light entered the darkroom through the vent holes
in the drum and subsequently through the two slits with which is produced the scanning
spot. Because the room lights were turned off while the pictures referred to in the pre-
sent discussion were taken the effect of extraneous light on the photomultiplier output

signal is not in evidence.

It was decided that the first of the two parasitic effects attributed to the
vent holes would be eliminated by enclosing the mercury arc lomp inside o hollow

copper sphere. A small opening on the sphere would then permit only direct light to
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impinge on the spiral slit of the drum. In this way no light is directed onto the ends
of the drum, where the vent holes are located. Ideally, reflections occurring within
the sphere would be directed back onto the light source and not out, onto the spiral

slit.

To eliminate the second effect - that of extraneous light entering through the
vent holes and subsequently into the darkroom it was decided to direct the beam of
light emerging from the small opening on the sphere through a vizor which would extend
out from the sphe‘re and up close to the inner surface of the drum. The sphere and
vizor arrangement is shown in Figure 4.2.5, and is such that the arc lamp, sphere,
vizor and horizontal slit are on a common optical axis. Any ambient light which enters

the drum is prevented from reaching the horizontal slit by the vizor.

Picture P 4.6 illustrates the output of the pre—amplifier after the addition
of the sphere and vizor. Although the three pulses attributed to the vent holes are not
in evidence the signal nevertheless possesses some high frequency background noise .
Also evident abo;n the point of maximum sensitivity are low frequency components. The
high frequency background noise is due primarily to the texture of the paper being scanned.
A good example of the effect of paper texture is shown in picture P 4.7. The two traces
represent the pre -amplifier outputs obtained when two different sections of the same re-
cording paper were scanned ! Note the difference in the high frequency noise content
in the lower trace as compared with that of the upper trace. Another exomple of the
effects of paper texture on the background signal is shown inpicture P 4.8. This picture

illustrates the pre-omplifier output when a Sanborn recording poper containing grid lines
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UPPER AND LOWER TRACES :
PRE-AMPLIFIER OUT-

PUT VOLTAGE.
HOR.: 10 msec / div.
VERT.: 1 Volt /div.

P4.7. PRE-AMPLIFIER OUTPUT
SIGNAL CORRESPONDING
TO A SCAN OF 2 DIF-

FERENT SECTIONS OF
ESTERLINE TYPE 1000 X

RECORDING PAPER.

HOR.: 10 msec /div.
VERT.: 1 Volt /div.

P4.8. PRE-AMPLIFIER OUTPUT
SIGNAL CORRESPONDING
TO A SCAN OF SAN-
BORN TYPE 651-52 RE-
CORDING PAPER.
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is scanned. The scon is of shorter duration as compared with that in the pictures

shown previously becouse Sanborn paper is not as wide as the Esterline type 1000 X.

Not much has thus fcr been mentioned about the low frequericy background
noise evident in pictures P 4.5 through P 4.8. The low frequency content in picture
P 4.5 differs slightly from that in pictures P 4.6 through P 4.8. Nevertheless in
both coses it seems to occur on both sides of a scan, near the more sensitive (middle)
region . The fact thot picture P 4.5 was taken before the sphere and vizor were in-
stalled and pictures P 4.6 through P 4.8 were taken with the sphere and vizor in
place may explcin why the low frequency content is different, but certainly does not
justify its existence. At this time the cause of the low frequency component remains

unknown.

An element of uncertainty existed before the sphere and vizor were ins;alléd.
It was not known whether the mercury arc lamp would ke sufficiently cooled once it was
operated within the sphere. After about 50 hours of operation in this manner the pre-
amplifier output signel deteriorated to the extent shown in picture P 4.9. The cause of
this was determired to be o dark deposit which formed along the inner surface of the orc
lamp in the manner shown in Figure 4.2.6. |t was thought that the relatively short time
{(as compared with the specified lamp lifetime of o "few hundred hours*) in which this took
place was due to the fact that the operating temperature of the lamp was too high. To
improve the ventilaticn it was necessary to replace the sphere and vizor with o semi-

sphere as shown in Figure 4.2.7. This modified arrangement proved satisfactory in the



HOR.:
VERT.:

P4.9.
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10 msec / div.
1 Volt / div.

PRE-AMPLIFIER OUTPUT
SIGNAL SHOWING DE-
TERIORATION OF PHOTO-
MULTIPLIER OUTPUT SIGNAL

CAUSED BY A DARK DEPOSIT
WITHIN THE MERCURY -

ARC LAMP.
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MERCURY ARC LAMP —_,]

FIGURE 4.2.6. ILLUSTRATION OF DARK DEPOSIT FORMED
WITHIN MERCURY ARC LAMP.
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MERCURY

ER
ARC LAMP SEMISPHERE

FIGURE 4.2.7. MERCURY ARC LAMP WITHIN SEMISPHERE.
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sense that it properly cooled the lamp and at the same time prevented light from
getting to the end of the drum and thus causing the reflection problem mentioned
earlier. However, with the removal of the vizor the graph reader again became sus-
ceptible to the effect of extraneous ambient light. This problem was sol.ved by

installing the graph reader in a light-proof cabinet.

4.5 Effects of Noise on the Digitization of a Graph

In preceding sections of this chapter two types of "optical® noise
were discussed. The low frequency type was comprised of two components - one
asynchronous and the other synchronous with the fundamental photomultiplier signal.
The second type - a higher frequency noise, is in synchronism with the photomultiplier

signal .

To extract signals representing graph lines from the photomultiplier
output Rosza [4] employed a filter consisting in part of two emitter—follower groups
and a differential amplifier. In brief, the function of the filter was to suppress low
frequency and negative -going high frequency noise components. Limitations inherent
in the differentiol amplifier prevented a complete attenuation of low frequency com-~
ponents. This,together with the asynchronous nature of the low frequency component
caused by an inadequately filtered power supply led to a significant dispersion of di-
ditized graphical data. In the next chopter, results obtained by digitizing grophs
after the inclusion of a well-regulated arc-lamp power supply indicate a marked im-

provement in the accuracy of digitizotion. From this, it is possible to conclude that
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any dispersion effects caused by the synchronous low frequency component are

negligible.

The crossing of graph lines by the scanning spot is represented

on the photomultiplier output by sharp, positive-going pulses. Signals charac-

terized by positive -going leading edges with low risetimes are not suppressed by the
filter mentioned above and from these may ultimately be derived the video pulses.
Because the high frequency background component exhibits somewhat similar
characteristics it is conceivable that this noise might cause spurious video pulses

to occur and thus lead to errors in ciigiﬁzed ordinate (Y) values. The probability
of this depends on the sensitivity of the system, which may be controlled by the

following :
O Arc-lamp intensity, and
) Photomultiplier plate voltage.

Increasing the sensitivity increases the amplitude of the noise
signal and therefore increases the likelihood of false outputs. Alternatively, it
may be stated that increasing the sensitivity lowers the signal to-noise ratio (SNR)
of the system, where the SNR in this case reflects the ability of the system to dis-

criminate between pulses representing graph lines and noise .

Worthwhile mentioning here is the adverse effect of the original
arc-lamp power supply on the signal-to-noise ratio. Nodes of the low frequency
components evident in the photomultiplier output represent points of maximum arc

lomp intensity and hence of scanning spot intensity. The amplitude of the high
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frequency noise components occurring coincidentally with these "maximum® points
is increased and this therefore lowers the signal-to-noise ratio of the system. Os-
tensibly, the inclusion of a well-regulated lamp power supply has improved the

signal -to—noise ratio.

Several sources of high frequency noise were mentioned in preceding
sections. Those caused by known deficiencies within the optical system were elimi-
nated. The remaining sources, attributed to the surface quality of graph paper are

listed as follows :

) presence of grid lines on graph paper,
2) texture and reflectivity of graph paper, and

@) dirt or other alien markings on graph paper.

Although the contribution to the noise caused by (1) can be minimized
by offixing to the photomultiplier lens a suitable optical filter, very little control is
possible over sources (2) and (3). Investigations carried out with different types of
recording paper indicated that Sanborn Type 651 - 52 paper, because of its uniform
texture and high reflectivity offers a comparatively hiéh signal-to-noise ratio. When
dark, well defined lines are contained on this type of paper it is possible to set the

sensitivity controls to a minimum and thus optimize the SNR.
Since it is impossible to realize a very high SNR with the type of
opticol scanning system employed within the groph reader, false outputs will be in-

evitably occur. As an aid to locating and subsequently discarding erronecusly



digitized data resulting from this limitation, the error detection scheme discussed

in the previous chapter is incorporated within the interface circuitry.
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CHAPTER V

RESULTS AND DISCUSSIONS

5.1 Operational Procedure

To operate the graph reader the drum motor is first turned on. The
drum has a cooling fan affixed at one end to ensure proper cooling c;»f the mercury arc
lamp located within. Before the mercury arc lamp is turned on a protective resistor
is manually switched into the arc lamp power supply circuit. The resistor, R, of
Figure A.1.2 in the appendix is in series with the control transistor Tl . The func-
tion of the resistor is to limit the power dissipated in the collector of the transistor
during the warm-up period of the arc lamp. Initially the lamp is cold when turned on.
As such the voltage drop across it is in the order of a few volts, at the rated lamp
current of 5 amps. In order to maintain a lamp current of 5 amps during the warm-
up period requires a high collector-to-emitter voltage across the control transistor.
Resistor R, ensures that this voltage is such that the rated collector dissipation is not
exceeded. The warm-up period of the lamp is about ten minutes, at the end of which
the voltage across the lamp reaches a steady state value of 20 volts. The protective
resistor is then no longer required and is therefore short-circuited by means of switch

S - While the lamp is warming up the length of the graph to be read is measured and

the groph is then entered into position within the converter.

The | BM keypunch is next turned on and loaded with data cords.

The AUTO-FEED switch on the keypunch is also turned on, and two data cords are

forwarded to the PUNCH station by depressing the FEED key twice.
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The sensitivity of the graph reader is adjusted by setting the arc lamp
current and photomultiplier plate voltage potentiometers. These settings depend on

the type of graph paper used and the darkness of the graph lines thereon.

The X increment is set to a desired value (1 mm < A x < 9 mm)
with the 9-position A X selector switch. This controls the number of steps that a

graph is advanced by the stepping motor before each scan.

. The logic circuits and stepping motor power is next turned on. From
hereon in the graph reading process is controlled by three illuminated pushbutton
switches : STOP (ed), HOLD (amber) and GO (green). When the logic circuits
power is turned on the logic is automatically set into the STOP condition. The
STOP key is then depressed and held thus to automatically advance the graph paper
u'p to the point where, as discussed in Section 3.4.2, the graph reader first detects
lines on the paper. After this, the GO pushbutton .is- depressed and graph reading

commences.

While a groph is being read, two situations may arise : the process
may stop, paradoxically, ina GO condition, or it may automatically transfer into
a HOLD condition. In the former case the GO pushbutton remains illuminated,
but no graph reading or card punching takes place. This means that the data card
supply within the keypunch is exhausted. In this circumstance the process is set into
a HOLD status by depressing the HOLD key. The keypunch is then loaded with dato
cards in the manner mentioned above. To re-commence graph reoding the GO button

is depressed. The latter caose, where the process automaticolly assumes the HOLD



153

condition signifies that the graph reader has detected at most one graph line. This,

by itself suggests one of two possibilities :

() The entire length of a graph has been read. To verify this
the last value of X punched out on the data card is com-

pared w ith the pre-measured length of the graph.

(i) If (i) does not apply then the graph reader has failed to
detect at least two graph lines during the last scan because
one of the graph lines may have been too faint for the de-
tection process. This occurs when the graph lines are not
of a uniform darkness throughout the entire length of a groph.
If this is the case then the sensitivity of the detection process
is increased by increasing the arc lamp current and /or the
photomultiplier plate voltage. The GO button is then de-

pressed and the reading of a graph resumes.

As mentioned in earlier chapters the format of the graphical data
punched out on the data cards is simple. Each coordinate set (X, Y) is contained
on 8 columns of a card. The first four columns contain X, in millimeters and the
next 4 columns Y, inincher. Therefore, 10 coordinate sets are contained on each
80-column card. Whenever the greph readsr fails to detect the necessary number of
groph lines (cose (ii) above), the current X, along with a Y wvalue of 0000 is
punched. If more than three groph lines are detected during a porticular scan

the current X, alongwitha Y of 9999 is then punched.
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5.2 Results

To evaluate the performance of the graph reader several types of curves
were digitized. The curves were all drawn on SANBORN 2 - channel Type 651 - 52
recording paper. A green filter (KODAK No. 58 WRATTEN Gelatin Filter) was placed
on the photomultiplier lens in order to minimize the parasitic effect of green grid lines
contained on this type of recording paper. The digitization increment, AX, was set

to 1 millimeter for each of the curves.

The groph sample of Figure 5.2.1 contains two parallel straight lines
spaced 1 inch apart (drawn manually, with straight edge accuracy) for : 0 <X <50
millimeters. In the interval : 50 mm <X < 53 mm, no lines were drawn, whereas the
section 53 < X <100 mm again contains two parallel lines, along with o third line
drawnat 70 < X < 80 mm. This particular graph was digitized twice, in order to

illustrate the following :

(1) The operation of the PUNCH O0's and the PUNCH 9's

flip - flops described in Section 3.4.3.
@) The possible occurrence of an extraneous pulse at the end

of a scan,also mentioned in Section 3.4.3.

(B) The effect on the accuracy of digitization when the marker pulse

generator is malfunctioning.



155
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(MILLIMETERS)

FIGURE 5.2.1. GRAPH SAMPLE CONTAINING PARALLEL LINES.
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Before digitization was begun the graph sample was advanced to the
point X =0 (within one millimeter) by making use of the automatic advance feature

outlined in the preceding section.

A listing of the data card output resulting from the first digitization is
shown in Figure 5.2.2, where the column labeled XM lists the X valuves, in milli-
meters, and the column Y1 lists the corresponding digitized Y wvalues in inches.
The third column contains the deviation, AY, between Y | and the actual value
of Y, whichis 1 inch. '

For 0 < XM < 50 mm, significant deviations occur at :

XM = 12 (AY = -0.135inches)

X M 32 (AY = -0.020 inches)

these will be discussed shortly.

For 49 < X =52, Y| = 0.000 inches. Note that no graph lines
are contained on the sampleduring this interval. Because less than two video pulses
were detected in this interval, the PUNCH O's flip—flop was automctically enabled,
hence causing a vclue of Y | = 0000 to be punched on the data card. After each set
of 0's was punched, the logic assumed the HOLD condition. The GO (START) key
was therefore depressed four times in order to proceed to X M = 53, where groph

lines recur.

In the interval 53 = X M < 68 mm, no significant deviations in the Y |

values occur, whereas for 69 < X <79 mm, Y| is 9999. In this latter interval ,
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FIGURE 5.2.2.

XM

1,000

2,G6C0O

3,000

4,000

5,000

6,000

7.000

8,000

9,000
10,000
11,000
12,000
13,000
14,000
15,008
16,000
17,000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,009
264000
27,000
28,000
29,000
30,0060
31,000
32,0090
’3.00()
34,000
35,CC0
36,009
37,000
38,000
39,000
40,000
41,000
42,000
43,000
44,000
45,000
646,000
47,000
48,000
49,000
50,000
51,000
52,000
53,000
54,000

LISTING OF DATA OBTAINED FROM THE FIRST
DIGITIZATION OF FIGURE 5.2.1.

I

GGob
1000
965
1000
1600
995
1000
1000
1C00
995
990
8ES
1000
10CO
995
1060
1009
995
965
995
1015
995
10CO
995
965
10C5
10C0O
10CO
10CO
10C0
10Cv
EL
1000
9¢5
10C5
1060
10C0
1000
10CO
990
10G0O
1000
10C0
1075
10C5
1070
1650
10C0O

Ly

~-.005
~D o000
-J.005
'O'OUO
~0,005
-0, N0
~0,030
-Q,000
~J«005
-0,010
~Jel35
~0,000
-0.000
-0.,003
G000
’OQOOU
0,00
’0]005
~-0,003

0,015
«0.005
0,009
-OQOC 3
-0,003

0,005
-0.0UO
-0,000
-0,003
~0,000
-0.0(IO
'00020
-0'0",."3
’0,005

0,005
-0,00C0
) 000
e}, 05
-0 .0'.‘0
-0.010
D00
«0,00
«Q0,02C

0,005

0,053
’.‘0.0‘-\‘:«'
33.0"‘.‘
20,07

E-2 2 % o ]

TG L

b2 R

E 2 2 2% 3

0,005

2,095
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55,000
56,0600
57,000
58,000
59,000
60,000
61,000
62,000
63,000
64,000
65,0CC
66,000
67,000
68,000
69,000
70,000
71,000
72,000
73,000
74,000
75,000
16,000
77,000
78,C00
79,000
30,000
81,000
82,000
83,000
84,000
45,000
86,000
87,000
88,000
89,000
90,0090
31,000
92,000
33,00C
34,000
35,000
26,000
97,000
98,000
99,00C
100,00¢C
101,000

1005
10GS5
1000
1005
1005
1005
10Cs
1005
1005
1005
10C%:
1005
10G0
995
99%9
9999
9959
9999
9969
9999
9Q<9
99G:3
Clhs 2oy
9669
99S9
G85
9965
905
9a5
S95
970
G955
1000
995
995
599
965
1000
1005
1000
10060
1000

100¢C

99%
321¢

FIGURE 5.2.2.

0,005
0,005
vl,0D9
0.06935
OQCA’:S
0,005
Q.095
0.005
0,035
0.005
2.005
), 0N
29,0085
E2 2 2N
SenedroR
L2 RS
B3 3 337
P33 )
£ 2 23
oenasy
PORIPOP)
L 2 250
Lk 2 2 3A
dede sl %
=0,015
=0,005%
=0.030
-')-005
~0,0C0
<D,005%
=0,005
«0,010
=0,00%
0,000
0,005
=), 000
-3, 0C0
(4,000
e 005
= ,,000¢
"Oo\job
2e210C
E X 3 2]

(CONTINUED).
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the PUNCH 9's flip—flop was automatically enabled because the scanning unit

sensed more than th‘ree graph lines. A fourth video pulse occurred in this case be-
cause of the 5 inch width of the recording paper as compared with the scanning

range of the light spot, which is 6.1 inches. As soon as the spot traversed the paper,
it then scanned the matte-black background in the "darkroom" where the graph paper was
contained. This black surface was “interpreted" by the scanning Qnif as a graph line
(in the manner described in Section 4.2), th;s resulting in the generation of a fourth

video pulse.

The interval 80 S XM < 99 mm contains one significant deviation at
X M =85, where AY =-0.030 inches. WNote that this deviation, along with those
at XM=12 and X M =32 are all negative. Due investigation revealed that these
negative deviations were caused by a faulty lamp in the marker pulse generator ( Figure
2.1.1). This malfunction caused a sporadic absence of marker pulses. The output of
the generator was ot times less than the 740 pulses which normally occur during one

revolution of the marker disc.

Before the second digitization of Figure 5.2.1 is discussed it is worthwhile
elaborating upon the value of Y1 for X M =100, which is listed as 3.210 inches.
A close scrutiny of the graph sample reveals that the lower line (X axis) is slightly
longer than the upper one (at about X M = 100 mm). In this case, the scanning spot

. traversed the lower line, yielding one video pulse. The second video pulse was then,
as mentioned above, generated as soon as the spot left the groph poper. Y | = 3.210

inches is therefore the distance between the line representing the X oxis and the mid-
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point of the second video pulse. At X M =101 mm a value of Y | = 0000 was

punched, whereupon the logic automatically assumed the HOLD condition.

A listing of the data card output for the second digitization.of the graph
sample of Figure 5.2.1 appears in Figure 5.2.3. " This digitization was made after
a new lamp was placed in the marker pulse generator. The listing contains no signi-
ficant deviations in Y | wherever two lines occur on the graph sample. At XM = 51 mm
however, this second digitization has yielded a Y | value of 3.145 inches, as com-
pored toa Y | of 0000 in the first digitization. Note the comparative similarity
between this value of Y | = 3.145 inches and that obtained for X M = 100 millimeters :
3.210 inches for the first digitization and 3.215 inches for the second. This indicates
that during the second run, the scanning unit has detected a graph line at X M = 51.
In actual fact the X axis line was originally drawn (by error) without a discontinuity
at 50 £ XM =< 53 mm. In order to illustrate the operation of the PUNCH 0’'s flip~
flop, this section was covered with SNOPAKE, a white paint-on product normally used
by typists to correct typing errors. The SNOPAKE settled in the form of a small shiny
fump on the graph sample. As the scanning spot traversed this lump, one of two things
happened : |

(1) The scanning spot "hit” the lump at an angle such that a
relatively small amount of light was reflected back onto

the photomultiplier lens or,
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FIGURE 5.2.3. LISTING OF DATA OBTAINED FROM THE SECOND

DIGITIZATION OF FIGURE 5.2.1.

XM vi . AY
1,000 995 ) ) 005
2,000 100w ), 000
3,000 1000 -0.000
4,000 100 =-2.000
5,000 1000 -0,000
6,000 1000 -3,000
7.000 1005 Q005
83,000 1005 J.005
9,000 1000 -3.000

10,000 1000 «0.000
11,000 100> D,005
12,000 1009 -2.000
13,000 1000 -J,0C0
14,000 1009 ~D.000
15,000 1005 2.005
16,000 1005 0,005
17,0060 1000 2,005
18,000 1000 ~D,000
19,000 1000 -0,000
20,000 1000 -N,000
21,000 1005 V,005
22,000 10C5 N,005
23,000 106> C,005
24,000 1000 -0 o000
25,000 1005 7,005
26,000 1045 C,G05
27,0600 106€5 0,005
28,000 1005 C,005
29,C00 1005 c,005
30,CCC 10Cs C.005
31,CCO 1005 raGC:z
32,C00 1005 0,008
33,C00 1000 -0),L00
34,CC0 1000 -0G,000
37,600C 10C0L -0,0C(C
38,CC0 1008 0,005
39,CCO 100¢C -0,0C0
40,000 1005 V.0CH
41,000 1005 G.UCH
“2,0C0 1005 U0
43,000 1005 J,UCH
44,000 1005 N,0CH
45,000 1005 (O C1E3)
46,C00 1005 D008
7,000 106G J.0LE
4B8,CCO 6% ~2sUl Y
©9,06G0 U LT
50,0CC 9} FE%L %
51,0CC 3145 2145
52,C0C ¢ G
53,cc0 106¢ 0L

54,0C0 1occ -




55,0C0
56,000
57,000
58,000
59,000
60,000
61,000
62,C0C
63,000
64,000
65,000
66,000
67,000
68,000
69,000
70,000
71 [] oL
72,000
73,000
74,000
754000
76,000
17,000
78,000
79,000
80,000
81,000
32,000
83,000
64,000
85,00C
86,000
87,000
88,000
89,000
90,000
91.000
92,000
93,0G0
94,000
95.000
96,000
97.000
98,000
99,000
100,000
121,000

10CC
‘ 10C0
99
1000
995
995
9G5
99Y
965
995
935
1000
995
995
9999
9999
9999
998y
2999
99129
999y
9999
999¢
993Gy
9g99v
99y
995
1000
995
9Ch
100N
995
1000
995
99%
095
1004
95
1004
106"
96y
09¢,
9GS5
995
9G5
3215
0
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@) the thin but very sharp discontinuity in texture between
the lump and the remiainder of the graph paper was "in-

terpreted” by the photomultiplier as a graph line.

In either case, a video pulse was generated at this point and, together
with the second video pulse occurring at the edge of the paper yieldeda Y | value

of 3.145 inchesat X M =51 mm.

The second graph sample which was digitized consisted of the semi-circle
shown in Figure 5.2.4. Before this graph was digitized, considerable difficulty was
had in setting the graph sample exactly at the point where X =0. This is due to the
fact that the automatic paper advance mechanism is accurate to within one millimeter
only, in that it has to first sense graph lines before it stops advancing the paper. To
s‘fart digitization at X =0, the true value of Y at XM =1 mm was computed
(Y =0.395"). The poper was then repeatedly set (by trial and error) at approxi-
mately X M =0 and the GO (START) key depressed until a value of Y | =0.395
inches, corresponding to X M = 1 mm was indicated on the register of the graph

reader.

The numerical data included in Figure 5.2.5, corresponding to the digi-

tized semi-circle is labelled as follows :

X M  represents the X value, in millimeters,

along the diameter of the semicircle.
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Y1 (INCHES)
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3,000 }

2.0001

1.0004
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FIGURE 5.2.4. GRAPH SAMPLE CONTAINING SEMI-CIRCLE.



FICURE 5.2.5. LISTING OF DATA OBTAINED BY DIGITIZING
THE SEMI-CIRCLE OF FIGURE 5.2.4.

RADIps = 2,0001HCHES
XH

1,000
2,000
32.000
4,000
5,000
6,000
7,000
8,000
9,000
10,000
11,000
12,000
13,000
14,000
15,000
16,000
17.000
18,000
19,000
20,000
21,000
22 ,0G0
23,000
244,000
25,000
264,000
27,000
28,000
29,000
30,000
31,000
33,000
34,000
35,000
36,000
37,000
38,000
39,000
40,000
41,000
42,000
43,000
44,000
45,000
46,000
47,009
48,000
47,000
50,000
51,000
52,020

YT

0,395
O'Sb()
D0.6T77
0778
0.8B65
0.9’03
1.013
1,077
1.137
1192
1,243
1,291
J o336
1,379
14419
14457
1,493
1,527
1.560
14590
1.620
1,648
1.674
1.6%53
1.723
1.745
1.767
1.787
1.8C6
1.825
l1eB42
1.858
1,873
1,887
1,901
1.913
1,925
1,935
1,945
1 09510
16762
1,970
1.976
1.962
1.987
1.991
1,99%
1.997
1,999
Z¢e0D0
20790
1.993

YI

365

5690

675

779

55

235
1GC5
1075
1126
1190
1240
1295
1340
1375
1410
1455
1485
15290
150
150
1015
1645
1650
1695
1715
1740
1765
17C0
1600
1820
1835
1850
1870
1335
1970
1910
1920
1935
1615
1955
19nb
1970
19175
19130
1990
1997
1590
1995
1995
1375
19795
2020
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AvY

0,000
=-J.002
-0,0038
-0.010
-0,008
~0.,003
Q002
-0.0067
=-0,000
~04003

0004

0,004
=t), 004
~-0,009
-0,002
-0.,003
-0.007
~0,4010
~ .')00
‘00005
“‘)0003

D,0054
-U,004
~0,0038
~J,4005
=0,002
-0,007
g VY 0n6
-0, 005
~)0C7
-0,003
-0,003
-0,.,002
~2,013
-9 .UOS
-0, 000
~J 4,000

J,001

34003

U.0ND
-0,091
=) 0N2

Q.03
"'3. Uﬁl_
~0,004
0,052
-0,0N4
-J,02¢
-C.0C5

[P ORME |




164

53,000
54,000
55,000
556,000
57,000
58,000
59,000
60,000
61,000
62,000
63,000
64,000
65,000
56,009
67,000
68,000
69,000
70,000
71,000
72.000
73.000
74,000
75,000
76,000
17,000
78,000
792,007
B80,0G0O
81,000
82,000
83,000
84,000
85,000
86,000
87,000
88,000
89,000
‘20,000
21,000
92.000
93,000
94,000
95,000
96,0CC
97,000
98,000
99,000
1)0,0C0O
121,000

1,998
1,995
1,993
1,939
1.9385
e 930
074
07
«227
0051
0941
0931
«920
..")I_‘.‘a
14896
1,332
183567
1.352
1,835
1,818
1,799
1,779
1,758
1,737
1713
1,687
le664
1.037
1,608
le578
1547
le514
'..107‘)
1 '1042
1,403
1 .3(‘42
1e31 8
1.272
1.223
1,17¢C
1eli3
1.052
TeGb6
$54912
Ne,B32
0,740
N,637
0.'09;‘
24307

- s ed Mt ud et o et b

FIGURE 5.2.5.

2000
1695
199%
1990
1230
1930
1¢70
1965
1260
1050
1915
1935
9999
1915
1395
1345
1470
1355
11, "'0
1320
1410
1780
1770
177645
1725
1700
1670
145
1610
1585
1545
1515
1485
1445
1400
12465
1210
1275
1270
1170
1115
1085

¢S

¢15

8z

7325

620

42D

370

(CONTINUED).

U002
-0,001
0,002
0,C0 1L
0.07:
-0,0N4%
-i),002
14001
~0,001
0,004
0,904
WK
0e0N7
V003
0.0‘)3
O,')HB
0,005
2,002
U,011
2,001
0,012
0,004
0,012
0.011
0,008
(1,003
Q,002
Q0,007
-(,002
0,001
0,006
0,003
0,003
0,003
-01,4094
JeNA3
0007
-4 0DD
D002
WeUD3
-0,00C1
Ce0%2
-l 007
-2,0C5
-G, 02
-0 5
-0 007

LA =4E e




167

Y|  represents the Y value, in inches,obtained

from the graph reader.

YT represents the theoretical value of Y, in inches,
obtained by solving for Y T, the equation
(X1 - R)2 +VY T2 = R2, (R =2 inches) by means

of a computer program.

A Y represents the deviation between Y| and YT .

Note that no deviation is included for X M = 65 mm, where a
Y1 = 9999 is listed. Since a Y value of 9999 is automatically punched when-
ever more than three video pulses occur in a single scan, the graph reader has, in
this instance sensed at least one "spurious” graph line. Thfs would result in a
generation of at least 4 video pulses during this scan 2 representing the graph
lines, 1 at the edge of the graph paper and 1 spurious pulse). This spurious output
is due to the fact that the sensitivity of the graph line detection process was increased
when the semi-circle was digitized becouse the lines defining the semi-circle and
reference X axis were not as thick and dark as those contained on the graph sample

of Figure 5.2.1.

Increasing sensitivity decreases the signal -to-noise ratio of the graph
reader ond thus increases the amplitude of spurious signals occurring on the output of
the photomultiplier. In this case, no dirt or other markings are visible on the graph

sample at X M= 65 mm. The most probable cause of the spurious signal is therefore
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the texture of the graph paper along the path traversed by the light spot at
XM = 65 mm. The possibility of the grid lines causing this noise is highly unlikely

since it occurred only once in 102 scans !

Discounting the value of Y | = 9999 at X M = 65 mm, the remaining
Y | volues are quite accurate. The maximum deviation of AY = -0.013 inches
occursat X M= 100 mm. The digitized data was plotted (by hand) and is shown

in Figure 5.2.6.

5.3 Accuracy

Upon performing a statistical study of digitized data obtained by his
method, Rosza [4] formed the following conclusion with regard to the accuracy of
the groph reader : 94 % of the data digitized by him was so done with an accuracy
of 0.25 %. Since he calculated his error with respect to a scanning length of
6.0 inches, this means that 6 % of his data had a deviation in excess of 0.015

inches.
Referring to the three digitizations included in the present work the
accuracy is as follows :
(1) Curve of Figure 5.2.1, RUN 1.

Discounting the points where Y I =0000, Y |=9999, Y 1=3.210

-(at X M =100 mm) ond, because of the faulty marker pulse generator, those at
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XM=12, XM=32, XM =85mm, the maximum deviation in this digitization
is AY = 0.015 inches. Therefore of the 81 "legitimate" scans in this digiti-
zation it can be said that 100 % of the data is digitized with or within an accuracy
of 0.25 % (based on a 6.0™ scanning length) or 0.246 % if based on the actual

scanning length of 6.1 inches.

2) Curve of Figure 5.2.1, RUN 2.

Discounting the points where Y | =0000, Y I=9999, YI=3.215
@ XM=100mm) and Y1 = 3.145 inches at X M= 51 mm, the maximum
deviationis AY = -9.010 inches. Therefore of the 84 "legitimate" scans
in this digitization, 100 % of the data is digitized with or within an accuracy of

0.16 %, if based on the actual scanning length of 6.1 inches.

@) Curve of Figure 5.2.4.

Discounting the point at X M =65 mm,- where Y| = 9999, the maxi-
mum deviation is : AY = -0.013 inches, occurringat X M =100 mm. This
represents a maximum error of 0.213 % (based ona 6.1" scanning length) for 100

"legitimate™ scans.
The three digitizations mentioned above represent a total number of 265

*legitimate” scans. Based on this number of samples it con be concluded that the

maximum error is 0.246 %, and that 100 % of this graphical data has been digitized

with this accuracy, as compored with 94 % in Rosza's case . Rosza's conclusions were

based on approximately the same number of samples.



171

The improvemel:lf in accuracy is atfributed to the regulated constant-
current power supply which drives the arc lamp. Recall that the original lamp power
was derived from a full -wave rectifier, the output. of which was fed to a simple R-C
filter. This, as illustrated in Chapter IV, caused significant line-frequency com-
ponents to appear in the output signal of the photomultiplier. The ultimate effect of
these line components was to modulate the width of the video pulses. This is illus-
trated in Figure 5.2.7, where waveform (a) depicts a photomultiplier output for two
parallel lines at some time Tm st =< Tn' whereas waveform (c) depicts the photo-
multiplier output at another time, Ti st = Tk . Line-frequency components are
included in these waveforms. In waveform (e) is assumed the photomultiplier out-
put resulting from an “ideal” scan. Waveforms (b), (d) and (f) show the video
pulses derived from the three photomultiplier outputs defined above . Y3 in waveform
() represents the actual distance between the two lines from which the video pulses are
derived, whereas Y] (waveform (b)) and Y2 (waveform (d)) are in error due to

video pulse width modulation.

Figures 5.2.8 and 5.2.9 depict in an indirect manner the effects of video

pulse width modulation. The graph of Figure 5.2.8 was digitized aond the digitized

data plotted as shown in Figure 5.2.9. The dispersion of the plotted data is particularly
noticeable at 14 < X <35mm and 55 < X < 75 mm, where the thickness of the lines
representing the sawtooth waveform varies significantly in Figure 5.2.8. [f the sawtooth
of Figure 5.2.8 were ideal in that its line thickness was perfectly uniform, the effect of
video pulse width modulation attributed to the original lamp power supply would be some-
what similar to that shown in Figure 5.2.9, olthough the dispersion would be more random

in nature.
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Comments on the Overall System

There are a few ways by which the graph reader could be improved.

The resolution may be improvec.d By doubling the frequency of
the marker pulses. This cannot be done "mechanically®, by increas-
ing the number of markers on the marker disc. However, it can be
accomplished electronically, by means of the circuit depicted in

Figure 5.3.1.

In Figure 5.3.2 (@) are shown the marker pulses as they are
derived from the marker disc. The pulse width is about 60 p sec.
Presently, marker pulses are fed to NEGATIVE-EDGE-TRIGGERED
ONE-SHOT B4 in Control B. (Figure 3.4.5 (), Section | D). The
output of the ONE-SHOT, shown in Figure 5.3.2 (b), serves through
appropriate gating, as the input to the Y counter. Note that these
markers are derived from the negative -going edge of waveform (a).
To double the frequency, two additional ONE-SHOTS are required,
¢‘:Ion_g with an OR gate and an inverter / level translator. Marker
pulses derived from the disc are fed into the inverter / level transla-
tor, whose output is shown as waveform (c). The output of the
inverter / level translator is used to trigger the NEGATIVE-EDGE-
TRIGGERED ONESHOT No. 1 in Figure 5.3.1. The “on - time"

of the ONE-SHOT, TON , is varied by means of a potentiometer (P1),



MARKER
PULSES
FROM
GRAPH
READER

(9743 HZ)

Y

INVERTER / LEVEL
TRANSLATOR

FIGURE 5.3.1.

l
|
]
|
]
|
|
68 n On_u ;
s 1
L 2 OUTPUT —— 06k
|
. |
—— |
: \ OR GATE
- o MARKERS
ONE (19486 HZ)
SHOT
NO. 2 | MARKERS (9743 HZ), FROM
TERMINAL ‘-22- IN FIGURE

3.4.5 ().

MARKER PULSE FREQUENCY DOUBLER CIRCUIT.

*74 1



177

Volts \
(@) 0 > t
-2
-5
-8 - 60 psec >
-10¢ { | |
: &e—102.6 psec—=
vi) T !
]
V(0) ' : : > f
| |
vy | X '
(c) ‘TO&
V(0) >t
{ }
: |
v(l) + ' e m
@ ; H ”
V(0) ' ;,: HE .
! '
' [}
' !
V(1) + I
1
0 : _
Vv(0) : ' ' >t
] t
] !
VM I |
Vv(0) . , ] -
FIGURE 5.3.2. PULSE TIMING DIAGRAM OF MARKER PULSE

FREQUENCY DOUBLER CIRCUIT.



178

so that the negative-going edge of its output may be set at a point
mid-way between the marker pulses of waveform (b). The output of
ONE-SHOT No.1 is fed to NEGATIVE-EDGE-TRIGGERED ONE-SHOT
No. 2. The output of ONE-SHOT No.' 2 and waveform (b) are fed to

an OR gate. The output of the OR gate is shown as waveform (f) in Figure

5.3.2. The frequency of waveform (f) is twice that of waveform (b).

To adap} marker pulses occurring at twice their original
frequency of 9743 HZ to the logic within Control B requires
a few minor modifications. As outlined in Section 3.4.3, the
present arrangement used in determining the ordinate (Y) value
of a graph consists of counting each marker pulse which occurs
between video pulses. When video pulses occur the marker fre-
quency is halved, so that every second marker pulse increases the
contents of the Y counter by one. The proposed arrangement,
that is, with the marker pulses occurring at twice the original fre-
quency would require that the frequency of the output of GATE
B 4 (Figure 3.4.5 (b)) be halved before being fed to the Y
counter in order that the counter may contain Y directly in inches.
To account for the least significant value of Y additional gating
is required. Recall that at present the least significant value of
Y, inthe Y register, is set to 5 if the sum of the number of
marker pulses occurring coincidentally with video pulses is odd, and

to O if the number of pulses so occurring is even.
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The proposed modifications are shown in Figure 5.3.3.

For the present purposes flip—flop Bl and OR GATE B4 of Control
B (Figure 3.4.5 (b)) are also included in this figure. Recall that the
output of gate B 4 is presently fed to the Y counter. The true out-
put Q of flip-flop B 1 is high if an odd number of marker pulses has
occurred coincidently with video pulses during one scan, and low other-
wise. In the new arrangement, marker pulses at double the frequency
would be fed to the same inputs which presently accept marker pulses oc-
curring at 9743 HZ, as shown in Figure 3.4.5 (b) of Control B.
However, the ouﬁ.:ut of gate B 4 would then serve as the clock input to
flip~flop D 1. The waveforms of Figure 5.3.4 illustrate the process.
Waveform (a) shows marker pulses occurring at 19,486 HZ. The video
pulses are shown in waveform (), whereas waveforms (c) and (d) re-
present the outputs of flip~flop B1 and gate B4 respectively. The
output of ONE-SHOT D 1, which would be fed into the Y counter
is waveform ({f). For the situation depicted in Figure 5.3.4, 12 pulses
are fed to the Y counter. However, the number of markers oc-
curring between video pulses is 2. In addition, 7 marker pulses occur
coincidentally with video pulses. Since each marker pulse, at
a frequency of 19,486 HZ represents 0.005 inches along a graph
the distance between the mid-points of the two video pulses should in

this case be 0.1275 inches, or 0.128% when rounded off to the nearest
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thousandth of an inch. However, as mentioned, the contents of
the Y counter at the end of the second video pulse is 0.120
inches. To obtain the least significant figure, which is in this
case the thousandths digit, the true outputs of flip-flops B 1 and
D 1 are monitored. If, at the end of the second video pulse, the
true output of flip-flop B 1 is high, then the number of marker
pulses occurring coincidentally with video pulses was odd. If Q
of flip-flop D 1 is high-at the end of the second video pulse, then
the total number of pulses fed into the flip-flop was odd. The
thousandths, or least significant digit of the Y register is then set

according to the truth table of Figure 5.3.5.

The truth table is interpreted as follows :

. (o) If the true outputs of flip—flop D1 and flip—flop B 1 are
low at the end of the second video pulse then the thousandths
-digit of the Y value is set to 0. Therefore fl = ;:FDI Q'FFBl .
The gating necessary to implement f, isnot included in
Figure 5.3.3 because, as mentioned in Section 3.4.5, the
entire X - Y register is always in a CLEARED ( reset) state
at the beginning of each scan. Therefore, to provide additional
reset inputs to the thousandths bits within the register in this

case would be redundant.
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If Q of.flip-flop D1 islowand Q of flip~flop
B 1 is high, then the thousandths digit is set to 3.
The digit 3 is simply 0.0025 rounded off to the near-

Q

est thousandth. Therefore f2 =Q

[ 4
FFD1 FFBI1

If Q of flipflop D1 is highand Q of flip-flop
B 1 is low then the thousandths digit is set to 5. There~

L}
Qrppr -

FFD1
If both true outputs are high, then the thousandths digit
is set to 8. This represents 0.0075 rounded off to the
nearest thousandth, and is applicable to the example

shown in Figure 5.3.4, where the actual value of Y is

0.1275 inches. The number contained within the Y

. register in this case would be 0.128 inches. Therefore

4= Crep1 Sremr

The additional gating required to set the thousandths
bits within the Y register is included in Figure 5.3.3.
The gating pulse T, drown as waveform (g) in Figure 5.3.4
is the pulse derived from the negative-going edge of the

second video pulse, as mentioned in the discussion on Con-
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trol B. .Nofe that two additional flip-flops are required
(2l and 23) in the thousand.fhs position of the Y regis—
ter in order to store the digits 0, 3, 5 and 8 in BCD
form. Only two flip~flops are required if the marker fre -
quency is not doubled because in that case the least

significant (thousandths) digit of Y is either O or 5.

The digitization speed can be increased by doubling the
rate at which a card is punched. This is possible only with an
I BM Type 29 Keypunch machine, which has a punch cycle time
of 56 milliseconds, as compared to 100 milliseconds for the | B M
Type 26. Presently, data cards are punched at the rate of 1 column
per 152 milliseconds ~ that is, one column for every two revolu-
tions of the graph reader drum. Recall that punching is regulated by
the logic within Control C (Figure 3.4.21 (b)). One column of a
data card is punched for every occurrence of a PUNCH pulse. The
PUNCH pulse is generated by means of NEGATIVE-EDGE-TRIGGERED
ONE-SHOT C2. The ONE-SHOT is triggered by the Q' (false)
output of the PUNCH-SHIFT flip~flop, ond the PUNCH-SHIFT FF by
the output of ONE-SHOT Al (Figure 3.4.1 (b), Section 2D). OMNE-
SHOT ATl is itself triggered by the END OF SCAN pulse, which

occurs once for every revolution of the graph reader drum. The PUNCH-
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SHIFT FF halves the frequenC)" of the output of ONE-SHOT

A1 and therefore the PUNCH pulse occurs once every 152
milliseconds. | To double the punch raf‘e requires that a punch

pulse be generated once for every revolution of the drum, i.e.,
every 76 milliseconds. This can be done by replacing the
PUNCH - SHIFT fiip-flop of Control B by a 3 - input AND
gate, shown in Figure 5.3.6. Two inputs to the proposed AND
gate wc;uld consist of the Jl , K and J2 inputs which are pre-
sently applied to the PUNCH - SHIFT flip-flop and the third
input would be the output of ONE-SHOT A 1. To generate the
“new" punch pulses the output of the AND gate would be fed to
NEGATIVE-EDGE-TRIGGERED ONE-SHOT C 2 in Control C
which presently generates the punch pulses. SERIAL--SHIFT pulses
can be derived by means of an additional NEGATIVE-EDGE-
TRIGGERED ONE-SHOT, P 1, in Figure 5.3.6 , having as its
input the PUNCH pulse. In this way a SERIAL - SHIFT pulse
would be generated on the negative-going edge of every PUNCH
pulse. In Figure 5.3.7 waveforms (a) through (d) show the pre-
sent PUNCH - SHIFT arrangement, while the proposed changes

yield those shown in Figure 5.3.8, waveforms (a) through ) .
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At present'the input to the graph reader is constrained to
graphs containing two lines only. There are several ways of ex-
panding the present logic so that graphs containing many lines can
be read. One way of doing this would require that the present

X - Y register be expanded.

Recall that inthe X -Y ;'egister are stored the abscissa
and ordinate values of a scan. The ordinate represents the distance
between two lines on a graph, where one line is assumed to be a re-
ference line. The proposed scheme would require an extra Y
register for each additional line on a graph. In this way a graph
containing n lines would require (n - 1) Y registers. The first
register in the chain would contain the distance between the reference
li;\e and the first graph line ; the second register would contain the
distance between the reference line and the second graph line, and
soon. Each successive Y value would be obtained from the Y
counter presently inuse. The counter would simply keep counting
throughout one entire scan. At the end of ﬂ"\e second video pulse
(representing the second graph line) the counter contents would be
shifted into the first Y register ; at the end of the third video pulse
the counter contents would be shifted into the second Y register, etc.
The total number of video pulses, n, occurring in one scan would

also be counted. At the end of ascan 4 n PUNCH pulsesand 4 n



SERIAL -SHIFT pulses would be generated in order to transfer

the contents of all the registers onto data cards.

In the case of multiple lines the data card format would
have to be chﬁnged. A simple way of solving this problem is
to let each data card contain graphical information pertaining
to one scan only. In this way one 80 column data card could
contain as many as 19 ordinate values, (corresponding toa
graph which contains 20 lines) along with the corresponding

abscissa value.

The main disadvontage of the above scheme is that it re—
quires a large memory unit. Recall that the Y register consists
of 14 flip~flops. For each additional graph line then, 14 flip-
flops are required. A graph containing 20 lines would require
282 flip-flops altogether. (266 flip-flops for the ordinate values

and 16 for the abscissa).

Another approach to the multiple line problem is now pro-
posed. Its main advantage is that unlike the one discussed above,
it does not require additional registers. By incorporating the circuit
shown in Figure 5.3.9 to the present logic circuitry, graphs contain-
ingup to 5 lines may be read. The timing diagram of Figure 5.3.10

illustrates the operation of the circuit. The circuit was designed by
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applying the éxtension of Mealy's theory [14]. Waveform (q) in the
timing diagram consists of inverted video pulses and waveform () is
the allowable scan signal defined in Section 3.4.3. The true
outputs of flip-flops W, X, Y and Z in Figure 5.3.9 are shown
as waveforms (c) through () in the timing diagram. The clock
pulse input to each flip—flop is waveform @). The J and K in~-
puts to the flip—flops are listed in Table 5.3.1. In the table,
variable A represents the allowable scan signal whereas W, X,

Y and Z are, as mentioned above, the true outputs of the flip~
flops.

The oufput of OR GATE 1 in the circuit i; shown on the
timing diogram as waveform (g). This waveform, together with the
video pulse waveform (h) are inputs to AND GATE 1 in Figure 5.3.9.
The output of AND GATE 1 is waveform (i). A comparison of wave-
forms (h) and (i) -for T, <t <T, shows that for T, <t <T,,
waveform (i) consists of the first two video pulses in waveform (h).
For T, <t < T2 waveform (i) consists of the first and third video
pulses. Similarly, waveform (i) consists of the first and fourth video
pulses during T2 <t < T3 , and the first and fifth video pulses during
Ta <t < T4. The first video pulse, as mentioned earlier, represents
a reference line on a graph. When the circuit of Figure 5.3.9 is incorpora-

ted into the existing logic the system would function in the following manner.



J AND K INPUTS OF FLIP-FLOPS W, X,

Y AND Z IN FIGURE 5.3.9.
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AND GATE 1
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T <t <T
o

First the graph pa;;er is advanced by a preset increment. A scan
of fhe graph would then take place. This scan corresponds to

1 in the timing diagram. The distance between the
first two graph lines, represented by the two video pulses in wave~
form (i) would be determined and stored in the Y register. At

the end of this first scan 8 PUNCH pulses and 8 SERIAL-SHIFT
pulses would transfer the X and Y values onto a data card. At
the end of this first punch cycle another scan would take place.
During this second scan (T] <t < T2) the distance between the
first and third graph lines is obtained and stored in the X register.
At the end of this scan 4 PUNCH pulses and 4 SERIAL-SHIFT
pulses transfer the Y value onto the data card. This procedure
wbuld then continue until the distance between the first and fifth
graph lines is determined and transferred onto the card. Once this
is done, the graph paper would then be advanced by the preset incre-

ment and from then on the cycle described above would resume.

The reliability of the marker pulse generator can be improved
by re-designing the enclosure within which is contained the light
source. Recall that the generator consists of a lamp, a disc, and a
phototransistor.  Because the lamp is virtually unventilated within

its present enclosure, its actuol lifetime is considerably less than thot

specified by the manufacturer.
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The paper:-drive mechanism which advances a graph sample
by a preset amount prior to every scan consists of two adjacent
steel rollers, one of which is geared to the stepping motor. Be-
cause the surface of the rollers was originally highly polished a
considerable amount of slippage occurred as the graph paper passed
through the rollers. The paper was therefore not advancing exactly
by the amount preset by the AX ( X - increment) selector switch.
To overcome this problem the polished surface on the rollers was
removed with emery paper. It is not inconceivable, however, that
through extended use the roller surface will deteriorate to the extent
where slippage will recur. It is therefore recommended that the
steel rollers be replaced by rubber types, in an orrcméemenf somewhat

similar to that found in a . Sanborn Model 320 Recorder.

Summary

The primary aim of this research was to develop an interface between

a graphical -to-digital converter andan | B M keypunch machine. This was accom-

plished through the design and construction of a digital control system. By employing

integrated devices almost exclusively within the logic circuitry it was possible to in-

clude therein a high degree of reliability at a relatively low cost.
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The optics of the scanning system were investigated. Modifica-
tions yielded an improvement in the accuracy of digitization to the extent where

the maximum probable error is now 0.246 % .

Additional optical modifications were made, thereby moderately
increasing the signal-to-noise ratio of the detection scheme which senses graph
lines. Subsequent tests revealed that owing to the sensitivity of the detection
method no further improvement in the SNR was possible. It was then concluded
that in order to realize a reasonable SNR graphical data must be contained on
paper possessing high reflectivity, uniform texture and must be devoid of dirt or

other alien markings.

In practice it is not always possible to satisfy these somewhat
stringent requirements. Therefore an error detection scheme was incorporated
within the interface circuitry. As a result, whenever the scanning system fails
to detect a graph line or detects "too many" lines, appropriate error codes are
punched onto data cards. This enables erroneous digitizations to be either visibly
located and rejected or through a simple subroutine if the data is destined for further

analysis by a computer.
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