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ABSTRACT

The quest for deeper vision has inspired a colorful chapter in
man's development, From the time Leeuwenhock first opened the micro-
world to man's Wondering; ever deeper vision has brought valuable
treasures to light. This thesis defines micro-optical tomography; a
new concept in microscopy allowing a deeper vision than is possible with
an optical microscope; giving much of the depth clarity of an electron
microscape without requiring the vacuum, dehydrated; lifeless environ-
ment of electren microscopy; Thus living cells can be viewed and life
dynamics visualized. lThis is accomplished by digitizing an image from
an optical microscope while focus and viewing angle are scanned to form
a multi-dimensional image matrix. Where the power of optical trans-
forms end, sequential scanning and the computer are used to reconstruct
the wealth of detail born by light emanating from the subject. Recon-
struction can take the form of optical dissection, or of imaging a
dimensional object with elemental detail to 1/4 the wavelength of light
in all planes of focus on one image.

Microéoptical tomography, with its principles and techniques,
forms the major new technology claimed for this thesis. An available
parts budget.of about $1,500 definitely precluded purchase of required
equipment gt current prices, therefore the research portion of the

thesis advances the state of the art to make a future system at the



university practical. This research includes the FOCUS number system
and design of a low cost photographic quality digital image scanner.

The FOCUS microcomputer number system software provides in a
16-bit word the nature and accuracy of an 18-bit floating-point repre-
sentation., In less time than would be required to write operands to a
hypothetical infinitely fast arithmetic unit and read the result, the
FOCUS software alone in an 8-bit 8080 microprocessor performs 16-bit
arithmetic, including addition, subtraction, multiplication, and divis-
ion, with overflow trapping and optimal roundoff; and without special
hardware. FOCUS software permits a bare microcomputer to replace a
more costly computer in many speed critical signal processing applicat-
ions such as digital audio processing and micro-optical tomogréphy.

A package of 15 arithmetic, decisional, and decimal I0 routines in 3
FOCUS versions, plus an inexpensive analog/FOCUS conversion circuilt,
together with in-depth mathematical analysis, are presented as a com-
pleted, tested system.

The digital image scanner is designed to be a general purpose re-
search tool capable of inputting and outputting very high quality images
in black and white orvcolor. A special feature is a powerfully general
yet simple command set permitting special techniques such as derastor—
ization, hexagonal sampling, typesetting, phosphof correction, ete., to
be implemented in software. To support the command set, many novel
ideas are incorporated. TFor example there is a method of integrating
an analog signal arbitrarily varying over many orders of magnitude for
a time interval independently also varyiqg over many orders of magni-

tude, with alternate applications to RMS measuring and voltage-variable

xi



low-pass filtering. There is a method of phosphor granularity correc-
tion for laser-scan gray-scale quality, mathematical analysis of the
effect of differential nonlinearity on image noise, a unique approach
to tricolor sensing, and other concepts whose usefulness transcends the
present system. The primary contribution of this section is the de~
sign of a high-quality digital image processor that is affordable by a

small business or an individual.

xii



CHAPTER I

MICRO-OPTICAL TOMOGRAPHY

Quest for Deeper Vision

From Leewenhoeks's microscope and Lippershey's telescope through
television and the electron microscope, advances in man's ability to
see have illuminated exciting new vistas in science. The life sciences
especially are intimately coupled to the ability to see the very small,
and new technology of the latter opens new concepts in the former.. The
current state of the art of microvision is divided between two technol-
ogies. The optical microscope is the workhorse of biology, providing
full color viewing of almost any material that can be mounted on a
slide. However extreme narrowness of depth clarity has limited the
optical microscope primarily to viewing thin slices of a specimen
rather than viewing microscopic objects in full perspective as we might
imagine a mythical ameoba might see his world. The scanning'electron
microscope has given us dimensional views of the micro-world with ex-
treme clarity, often producing images of haunting beauty and profound
siénificance. However the vacuum requirement and the corollary dehy-
dration seriously limit what we can observe. We can not look into the
workings of a cell, but rather must separate the parts and let them dry
first, Most tissues can not be viewed as they are in life. The light
of the electron will never let us see the micro-world in its natural

1



color.

If it were possible to combine the desirable traits of both tech-
nologies, biology would have an extremely powerful new tool., Light
waves emanating from a specimen bear information about all optically
accessible detail down to a spatial wavelength equal to half the wave-
length of light in the medium surrounding the specimen. It is frus-
trating that present technology has no means of simultaneously recon-
structing this wealth of optical information to form the whole speci-
men image with a clarity even approaching the theoretical limit. It
should be emphasized that light bears much richer information than is
now used, providing information about all planes of focus simultaneous-
ly, with linear separability between elements, and with elemental clar-
ity several times greater than allowed by present technology.

The objective of this research is to apply microcomputer image re-
construction techniques analogous to those used in tomography, operat-
ing on data derived from a dynamically changing optical system under
computer control, to utilize more fully the richness of optical infor-
mation, thus providing with light, in full color, in natural atmospher-
ic or aqueous environment:

1. Useable magnifications to 3000 X in visible light, combined

with

2, Unlimited depth of focus.for viewing dimensional objects in

living perspective, and

3. Ability to optically dissect a transparent specimen like a cell

to view parts without disturbing larger interrelationms.
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" Current Technology

Depth of focus has been extended beyond conventional limits in
microscopy and also in a commercial 8mm movie camera by "integrated
focusing" in which the focus is changed; with a special objective that
prevents image size change during focus; during exposure; The result
is a very soft image with, hawever, some fine detail from several planes.,
An important modification of this technique projects the illuminating
light in a plane which is moved with the plane of focus, however this
is primarily limited to opaque; convex objects with no concave pockets,
and is also limited to very low N.A.objectives,or a very narrow viewing
field,as it is theoretically impossible to obtain a beam of light one
wavelength thick over a distance much wider than one wavelength., By
working with extremely short De Broglie waves, the scanning electron
microscope allows a N.A. of typically .005, equivalent in depth to a
photograph of a plant or animal 2 feet from a 35mm camera with a normal
50mm focal length lens at £8, explaining the depth clarity obtainable
with this instrument, However because most biological specimens are
composed of large percentages of water, the requirement of a vacuum
introduces seriously limiting considerations. Also an electron micro-
scope will never "see'" in natural color.

Flying spot scanning optical microscopes have been built, and are
used primarily for counting and size classification of objects such as
dust or blood cells. No mention has been found of computer controlled
dynamic focusing., The field of microscopy is fast changing. At a time
when the scanning electron microscope is only a little over a decadé
old, a newer invention - the microcomputer - places us within range of

a new revolution of the optical microscope in viewing dimensional bio~



logical specimens.

Micro-optical tomography's namesake, x~ray tomography, shares the
same goals of mathematically dissecting a squect. However beyond simi-
lar goals and etymology from the Greek root "tomos" = "a cutting", the
means are dissimilar. Classical tomography uses a moving source and
film to introduce a limited depth of field to the normally infinite
depth x~ray system, the reverse of micro-optical tomography. Computer-
aided-tomography (CAT) mathematically dissects a subject from a set of
views at different angles. Because opaque reflectibn imaging and the
critically limiting optical features cof diffraction and focus do not
exist in macro x-ray work, fundamentally different recomstruction al-

gorithms are needed.

Principles of Micro—-Optical Tomography

The wave front at the microscope objective is a transform of the
specimen, containing all detail down to half the wavelength of light in
spatial wavelength and a quarter of the wavelength of light in pixel
size from all points of the subject. The functional transform per-
formed by an objective lens is capable only of recreating detail in a
narrow plane, and even then with serious attenuation of high spatial
frequencies. However if images from many incremental focus displace-
ments are arranged in a three~dimensional image matrix, it is mathema-
tically possible to inverse~transform the matrix by convolving with the
inverse transform of the three-dimensional "blurring function' of the
lens subject to certain constraints, for example, for a spatial wave-
length < A,/N.A. in planes parallel to the lens and”a more complex re-

lation in other planes. Such a three-dimensional blurring function is



Figure 1.1 Three Dimensional Blurring Function and Reconstruction

represented in figure 1.1A, with the angle of acceptance that of a 1.25 .
N.A. objective in oil., This figure portrays:

1. The small core of best focus confining the highest spatial
frequencies,

2. Bright rings circling the disk of a defocused point, transform~
ing a slightly defocused point of light into an apparant ring
with a dark center, and

3. Double cone shape of the region of sensitivity distant from
the plane of focus, preventing a unique reconstruction of the
third dimension without scanning the viewing angle as well as
focus.

An impulse response of the corrected image is represented in figure
1.1B.

An exact reconstruction of the image within diffraction limits is

not possible in the third dimenstion (perpendicular to the lens) with
the dynamic-focus-generated . data only, which resembles classical tomo-

graphy. For example, consider an infinite sheet of transparent colored



material near the image plane. An observer can not detect its posi--
tion, as its effect is independent of the focus setting of the objec-
tive, However when extending depth of focus, a unique reconstruction
of the third dimension is not needed, and dynamic focus alone is mathe-
matically sufficient. When optical dissection of a specimen element is
desired, the third dimensional frequency elements near the diffraction
limit are fortunately reconstructable from dynamic focus data. To vis-
ualize this, note that a very small piece of the colored sheet could be
reconstructed from dynamic focus data by using boundary conditions;

The lower spatial frequency elements are reconstructable from an ang-
ular scan performed on the principle of single objective stereo micro-
scopy, which provides data resembling that of computer aided x-ray
tomography. This is visualized by noting that the infinite colored
shéet would appear denser when viewed from an angle closer to the plane
of the sheet, and thus could be located.

A three—dimensional image matrix is horrendous to contemplate;
fortunately many simplifications are possible, such as used in the
closed-form single-pass ART algorithm which reduces the computation
time and relieves memory of mass storage in computer x-ray tomography.

Fér most work, only several image planes need be stored; and will
be used in a block manner adaptable to sequential storage devices such
as a disk drive. Other dynamically changing corrector images need only
be stored with low resolution so as to fit in active memory.

Depth of field extension, as opposed to image dissection, is easily
performed. A basic procedure could use a pattern recognition type

program to detect correct focus, much as would a human observer, by



7
noting a peaking of the ratio of high to low spatial frequency compon-
ents. The detected area of focus can then be added to the image being
formed. Omnipresent noise in all other non-focus planes would not be
added.

Several complications arise, An effect well known to microscop-
-ists is the ability to view '"through" small opaque objects. Actually
the large N.A. of the microscope objectives allow the microscopist to
view around the object on all sides. This transparency is not desir~
able when all objects can be focused simultaneously; It can be obviat-
ed by scanning from the back of the specimen to the front, allowing
each detected area of focus to overwrite a posterior image., As a fur-
ther complication, a bright defocused object will spill visually sharp
rings considerably beyond its boundaries which could interfere with de=-
tection of focus. Fortunately the rings have distinguishing features
that can be used to detect theilr presence instead of a true image.
First, their visual position changes as a function of focus, while that
of a focused image does not. Second, although they may appear visually
"sharp', i.e. "contrasty" at middle spatial frequencies, they lack the
highest spatial frequencies. The difference between 'sharp'" and "high
resolution'" is well known among photographers, and is easily detected
mathematically. An object behind another can not cast these rings over
an opaque object iu front when the plane of focus intersects the front
object, The converse effect can be cancelled as each object is brought
into focus by use of a retained low-resolution depth-of-find matrix. A
new area affects adjacent previously found areas as a function of lat-

eral distance and relative depth between areas of focus.



A stereo microscope using micro-optical tomography is easily form-
ed in software., Two separate image matrices are allocated. As focus
scans from back to front, the position of each new image plane is bias-
ed linearly to the left for one matrix and to the right for the other.
The transparency effect and overwrite procedure presented above would
form two separate views of the specimen at apparently different angles.
Conventional stereo microscopy uses two objectives or one objective op-
tically divided into two. Diffraction is thus at least doubled., Re-
quiring reasonable stereo difference angles and depth of field limits
present-art stereo microscopy to very laow magnifications. Conversely,
the stereo micro-optical tomographic algorithm outlined above can use a
maximum, full objective field for each image, for a dramatic advance in

the state of the art.

Image Quality

Next let us consider what effective image clarity is possible fraom
micro-optical tomography. Consider a typicai situation in which an ob-
servation is normally made with a .65 numerical aperturs objective,
The spatial response of the lens transform at optimum focus is plotted
in figure 1.2A which,vfor a full field illumination, may be derived
from the overlap of the aperture disk at various displacements, corre-
sponding to the ability of the lens to encompass both the direct and
diffractgd rays of a given spatial frequency. MNote that a grating with
spatial wavelength half that of light would diffract light 1800, re-—
sulting in the fringe limit for a lens covering a 180° cone of light,

and also the fringe limit of light as a transform, because nothing can
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be redirected by more than 180°, modulo 360°, The modulation transfer
function of a small N.A., focused, optically perfect lens in mono-
chromatic, omnidirectional light, was calculated from disk overlap.

Let s = spatial frequency normalized so s = 1 = A, 0 £s € 1., Then:

c
M.T.F. = 1 - %%-[s-{l - s2 + sin'l(s)]

Assume the microscopist chose the common .65 N.A. lens for maxi-
mum detail, indicating that a smaller aperture would reduce resolution
by diffraction, and a larger one by depth of focus considerations.

Thus a typical point on the object is blurred by an optimum balance of
‘these two factors, represented in figure 1.2B, The M.T.F. near cutoff
is higher than would be expected from convolving the diffraction and
focus aberrations, Near cutoff, only the edges of the objective are
able to encompass both the direct and diffracted rays. By forming the
image with only the periphery of the lens, the defocus effects, arising
from phase differences at different radial distances from the lens
axis, are lessened.

When using micro-optical tomography there will be no depth of
focus blurring effects, allowing direct use of a 1.25 N.A. (or higher)
immersion objective, with response shown in figure 1.2C.

Assuming the data has a good signal to noilse ratio, the high spat-
ial frequences may be boosted, as sh&wn in figure 1.2D. 1In this.figure
the dotted response assumes nonlinear harmonic estimation for the sole
purpose of filtering image fringes. This 1s advisable because the
normal Fraunhofer diffraction transforming an impulse into an Airy disk

produces fringing that is substantially accentuated to form distracting
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effects approaching a two-dimensional sinc function,

such as that obtained with point source lighting, and similar to but
more severe than '"Mackie lines" in some early photographs. One of sev-
eral criterion for generating nonlinear estimation of frequencies be-

yond the diffraction limit is presented. Let:

REAL = real world image we attempt to recover

HAVE = image we have recorded = REAL + blurring and/or noise

|

)i}

TEST = a reconstructed image which is to be tested for quality

P(TEST) probability TEST can be a real world image

P(TEST | HAVE)

probability TEST is the real world image given HAVE

P(HAVE | TEST) = probability blurring and/or noise would transform
TEST into HAVE
We wish to find a TEST such that

P(TEST | HAVE)
is maximized, ie.find a TEST with the highest probability of represent-
ing REAL. An alternative integrates each TEST times its probability.

Using Bayes' theorem the above becomes:

P (HAVE | TEST) * P(TEST)
P (HAVE)

P(TEST | HAVE) = P (HAVE | TEST) * P(TEST)

which, given a set of assumptions of the real world, blurring, and

noise characteristics, can be directly calculated for any given TEST
reconstruction. Finding a TEST that maximizes this function in the
presence of noise has been the subject of research by others in the
field. Linear frequency reconstruction maximizes the Bayes' formula
for the false assumption that the real world image is gaussian, like

"snow" on an empty television channel. This false assumption permits
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distracting fringe effects that an observer, with a priori knowledge of
the real world, knows are not present at all specimen boundaries. Pro-
posed future research would give the system "knowledge' that a true
image is composed of edges with step size PDF logarithmically distri-
buted. Unlike other fringe-suppressing algorithms proposed in the 1lit-
erature, the Bayes' approach would have no effect on known spatial fre-
quencies in the absence of noise, rather would only estimate those be-
yond the diffraction 1limit. This could not claim to extend the dif-
fraction 1limit, however it would make spatial frequéncies near the
limit more visually useful, and produce images with optimum ﬁMS correl-
ation to the true image. The dotted response in figure 1.2D is not in-
cluded in subsequent calculations.

Various methods of quantifying image clarity based on M.T.F. (mod~
ulation transfer functions such as in figure 1.2) agree that in the
absence of noise, and with magnification sufficlent to avoid visual
limitations, the area under the transfer function is a good specifica-
tion of image clarity. Comparing figures 1.2B and 1.2D, the clarity
improvement with micro-optical tomography is found as:

Area of 1.2D

Area of 1.2B effects from ( N.A. « Depth ¢ Enhancement )

1.25 .85
=S5 V2 G5 =5.13

Thus for a typical subject we expect a five-fold increase in image
clarity over present art microscopy. For comparison, imagine a 3 inch
mask over a 15 inch TV to represent present technology, and the entire
TV image to represent the image that is possible,

It is dinteresting to note that the Rayleigh resolution limit is
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1.22 - Ao
2 ° N.A'

even though the ultimate limit is a spatial wavelength of

2o
2 « N.A.

allowing independent sampling points as close as

Ao
4 N.A.

With the low noise system presented, a maximum amplitude boost of ten

fold is reasonable at a spatial frequency of F £ / 1.22, allowing

cutof
two dots at the Rayleigh separation to be observed completely separate
with no overlap of '"bridge' between the dots. Also of interest, it has
been shown that for a small bounded object, such as a chromosome in a
neutral field, it is theoretically possible to reconstruct detail ar-
bitrarily far beyond the classical diffraction limit. This can be in-
vestigated, however even with the very low noise system, substantial
gains beyond the classical limit are not anticipated because of extreme
demands on data noise, linearity, and fidelity.

A typical 133 dot lithographic half-tone screen used for publi-~
cation can resolve to 133/2 line pairs per inch or 133/(2°25.4) = 2.62
line pairs per millimeter before aliasing. Next, assuming a 1.25 N.A,
objective used with 550 nm (yellowish green) light, the spatial cutoff

frequency is

2+1.25 3 1line pairs
—— = 4,55 10 P
Ao millimeter

We plan to hold 100%Z transfer to

maximum frequency _ . 1n3 line pairs
1.22 = 373710 ilimeter
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'3 73 -103
thus suggesting a magnification of ——>—="— = 1,424 X. At this mag-

2.62
nification, as far as the lithographic process is concerned, the reso-
lution could have been infinite with no improvement in the f£inished
plate.. Conversely, the lithographic process will materially reduce the
quality of the micrographic image. When screening an image, diffrac~
tion limitations are intentionally introducéd to avoid aliasing. A

magnification of 3000 X will still give the clarity of a typical

"sharp" non-micrograph published picture.



CHAPTER 1II

THEORETICAL ASPECTS OF THE FOCUS
MICROCOMPUTER NUMBER SYSTEM

Introduction

FOCUS is a number system and supporting software especially useful
for microcomputer control and other signal processing applications. FO-
CUS has the wide ranging character of floating~point numbers with a
uniformity of state distributions that give FOCUS approximately a four-
fold accuracy advantage over an equal word length floating-point system.
FOCUS computations are tyvpically five times faster than equal word
length single precision fixed-point or integer arithmetic for a mixture
of operations, comparable with hardware arithmetic in speed for many
applications. Algorithms for 8-bit and two versions.of 16-bit FOCUS
are included.

Sophistication of requirements in systems design has pressed digi-
tal systems into real-time signal processing. In addition to the usual
software techniques, many hardware techniques are actively pursued.
Besides, methods of representing a quantity and critical peripheral
information, such as significant arithmetic, unnormalized arithmetic,
error estimation iﬁ computer calculation, etc., are of vital concern
in this field. This thesis presents a digital number system providing
speed and accuracy for digital signal processing using a microcomputer.

15
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Many digital control .systems should respond qualitatively strong to
gross errors between the output and control signal, but should respond
quantitatively delicate as equilibrium is approached. The latter require-
ment often demands a minimum of 12 to 16-bit fixed-point systeﬁs to avoid
chatter caused by quantum jumping near quiescence even though most of
the resulting thousands of states are wasted in providing fractional
parts-per—thousand control of the corrective force when there is a large
error in the system being controlled. A much more efficient number sys-
tem would focus available states near zero in analogy to the '"virtual
ground" of an operational amplifier or in analogy to the human eye which
concentrates available resolution near a "center of focus" while retain-
ing cognizance of distance states. The number system presented does
allocate available states in this fashion, thus suggesting its name.

If there is tinme, a computer has an inherent ability to respond to
the environment with an heuristic ;nd complex nature that cannot be
matched in analog form. The number system presented provides the speed
required for a clearer focus of the complexities of the system environ-
ment and its control, thus again suggesting its name.

As an introduction to the FOCUS system, its abilities are now
specified using numbers and statements that will be supported as the
concept is developed.

An 8-bit FOCUS word provides the range and resolution in a fairly
large area around and including zero of -a 15 7/8 -bit fixed-point word.
Compared to the logarithmically uniform FOCUS, a floating-point repre~
sentation seems "out of focus" with typically one bit less efficiency

based on RMS fractional error, two bits less based on peak fractional
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error, and further accuracy losses in computation. With the FOCUS coding
a single 8-bit byte is in serious contentién for non-trivial applica-
tions, providing bipolar operation with a 2% % RMS fractional error over
a range of 60,000 to 1 either side of zero. For comparison, 8-bit FOCUS
gives less audible distortion of a signal than would transcription on

a cassette tape recorder. 16-bit FOCUS 10.10 fulfills the requirements
.of most precision signal processing applications, providing 0.06 % RMS
fractional error over a range of 32 orders of magnitude for positive and
negative numbers, equivaient to an 18-bit floating point system.

Unlike floating-point software that gives accuracy at the expense
of speed, the special feature of FOCUS is accuracy with speed. Compared
with a uniform mixture of add, subtract, multiply, and divide, and with
8-bit fixed-point computations performed on a popular microprocessor,
16-bit FOCUS programs execute 3 times faster. This is not a fair num-
ber however because the fixed-point algorithms used for comparison do
not fix up overflow, and the fixed-point software multiply and divide
are only for positive numbers. When overflow fix-up and 4 quadrant
ability are removed also from the FOCUS program, the 8-bit FOCUS exe-

cutes 10 times faster than the 8-bit fixed-point.

Binary Representation

FOCUS programs use a logarithmic number coding in which, like
floating~point, an exponent is stored, but unlike floatiﬁg—point, no
mantissa is given. Rather the exponent is a fixed-point number with
a fractional part. Both the number and the exponent have signs which

could be represented in sign-magnitude, offset binary, or one's or two's
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complement for 16 possible combinations. The combination of sign-mag-
nitude for the number and offset binary for the exponent sign is found
to be optimum from a computational viewpoint, and so is used for FOCUS
programs. The same choice was used in the 26th reference to produce

very fast ROM based hardware, limited to 12-bit or smaller words.

Two Bytes » FEDCBA98 76543210
FOCUS.16 Format + F EDCBA9.876543210

. EDCBA9. 876543210
Corresponding Equation = F-10 5

. Remaining 15 bits hold the base-10
Sign Bit  jogarithm of the absoluted value of
positive ‘the number plus an offset:
negative 0 100000,000000000

with the binary point fixed as shown

lloll
nln

Figure 2.1 FOCUS.l6 Format
The formatting used in FOCUS.1l6 programs is given above. Sample

words using this format are translated below:

0 100000.000000000 = +10 = 1

1 100001.000000000 = ~10" = -10

0 011111.000000000 = +10™+ = 0.1

0 100000.100000000 = +10°°> = 3.16

0 111111.111111111 = +10"32
P

1 000000.000000000

Formats used in other FOCUS programs are shown below:

Program Representation of Unity Bits Fraction bits Log Base
FOCUS 10.10 0 10000.0000000000 16 10 - 10
FOCUS. 16 0 100000.000000000 16 9 10
FOCUS. 8 0 1000.000 8 3 2

Table 2.1 FOCUS Formats
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Analog to FOCUS Conversion

General Considerations

This section discusses the interface of an analog signal with
FOCUS binary formatting. franslation of the signal while in analog
form allows the characteristic resolution and range of FOCUS to be re-
tained with fixed-point digital converters of reasonable bit size. Thus,
although FOCUS.8 spans nearly five orders of magnitude, only 7-bit
fixed-point converters are needed with the proposed circuit. 12-bit
fixed-point converters service the 16-bit FOCUS format over a continuous
bipolar range of eight orders of magnitude from 1 microvolt to + 100
volts.

There are several methods of translating an analog signal into
logarithmic form. It is possible to selectively multiply, rather than
add, a constant associated with each bit, or construct a converter us-
ing several linear segment apprdximations of a logarithmic curve, or
derive the logarithm and exponential functions in analog circuitry using
diode or tramsistor characteristics, then use conventional linear con—
verters. The last approach is chosen as combining accuracy, economy,
~and availability.

The circuit shown in Fig. 2.2 provides bipolar FOCUS conversion
and réconversion. It features an arrangement permitting few, inexpen-—
sive parts without compromising accuracy. In the converting circuit,
the logarithm is obtained initially in bipolar form to avoid the unpre-
dictable gains or dead-bands for small signals associated with absolute-
value-first circuitry. A novel single amplifier arrangement then de-~

rives the absolute value without operational-amplifier flopping over
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a dead-band at zero transition. The tempergture dependence and voltage
offset of the absolute-~value section balances that of the bi~polar log-
arithm section. In the reconversion circuit a diode switch is used to
eliminate FET switches, thus allowing low impedance, stable circuitry
with inexpensive operational amplifiers. The temperature drift and
voltage offset of the diode switch compensates that of the exponentia-
ting circuit. The sign is reinserted with a circuit requiring only a
single operational amplifier and a single-pole, single~throw diode
switch, while at the same time compensating for the voltage offset

of the exponentiator with either polarity. A set of typical component
values for the circuit is indicated. This circuit has been built and
its operation verified with parts costing under $4, excluding the dig-
ital section.

Because FOCUS has special accuracy near virtual ground with spec-
ial capacity for wide dynamic excursions with lesser accuracy, it is
often desirable to perform subtraction of differential input signals
in analog form and to perform output integration in analog form, both
in analogy to the functioning of a differential input internally sta-
bilized operational amplifier.

In audio processing frequency pre-emphasis can be used with a min-
imum of concern for overranging. A dynamic expander-contractor is not
needed as this feature is inherent in the logarithmic FOCUS coding. For
image processing the desirable logarithmic response is automatic, an
extra converter is not needed. The software difficulties of a logarith-

mic imaging system will be obviated.
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Desigﬁ Equations
Unexpected complications in analyzing the circuit of Figure 2.2
are condensed into design equations to aid the reader attempting to

use the circuit. Let:

VM = maximum input or output voltage (10V typical)

IM = logarithmic diode current at VM (5 ma typical)

VR = reference input or output voltage corresponding to FOCUS
number 1

I_ = logarithmic diode current of VR (1/3 ma typical)

R

VD = diode voltage at IR (.5V typical)

VS = gsource voltage. Must be constant, possibly zener stabilized,
because V_, multiplies effective input (15V or 12V typical)

S

The input section is designed:

Rl = VM/IM
R5/R4 = gain from two diodes to A/D converter. example: for two

series .1lV/decade diodes, +2.5V A/D and FOCUS.8 with 10%-78

range, required gain = 5,23,

R2/K = R3+K = V.S/IR

where K > 1. Unity gives average IR in both diodes.
Re +R7 _ _'p . Rre %D
R3 + R6 + R7 S R2 Vg

inequality should be by more than a factor of 2 for uniform
IR with sign transition.

R4 > R6 and R5 > R7.
equality gives equal biasing.

R4/R5 = R6/R7

The output section is designed:
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R17 = Rl
R12 = 2°R11
R13 = R1l4

Other combinations of R12/R1l1l and R13/R1l4 are possible.
Those presented optimally compromise distortion and noise.

R12

1]

R13 for bi-polared averaged bias null

R11 + R12

(R11 + RlZ)“(RlS- R12 ) = Zin
Z, = §-R12 if R12 = R13 = R14 = 2-R11
. in 4
———Bll———-= ain of section from V, to dual diodes, = i-with
R1l + R12 ~_ & 2 > 7 3

given ratios. Choose zin for proper gain. For current
output D/A one may add a resistor to re&uce Zin between
V2 and ground or decrease R1l and R12 while keeping their
ratio constant. Wiﬁh a voltage output D/A oﬁe may wish

to add a series resistor. .

Vo - 2V

R16 =S D
R
Vo= 2V
R15 = R16 || —— 2 . RI4
4 VD

Ve - 2V
R16 S i .
R14 < 7 VD for reference uniformity.

Matched log-conformance transistors in a diode arrangement can replace

the diodes, and thermistor networks can replace key resistors.

Trimming
Make adjustments in the order given to minimize readjustment.
The input section is trimmed:

1. ©Null input op-amp at zero signal.
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Input +VR'10 and +VR/10, adjust R5 so FOCUS number varies over
100:1. |
Input —VR'lO and —VR/lO, adjust R7 so FOCUS number varies over
100:1.
Input +VR, adjust Rl for a FOCUS number of 1 (V1 = 0V) R2 and
R3 have reciprocal effects.,
Input -VR. If FOCUS number is not -1 (V1 = 0) connect a high
resistance from sign output (or buffered output) to appropriate
+ or - input terminal of second op-amp. If buffered through

inverting gate, substitute —VR in step 4, +VR in step 5.

The output section is trimmed:

11.

12.

13.

14,

15.

Qutput FOCUS number +1 (V2 = i2 = 0), adjust R16 for VR volts
out.
Output FOCUS number -1 (V2 = i2 = 0), adjust R15 for —VR volts

out.

Output FOCUS numbers +10, +1/10, -10, and -1/10. Average ratio
should be between 30:1 to 300:1. Else adjust series or par-
allel input resistor if included, or if not, R11l and R12 to-
gether.

Output FOCUS numbers -10 and -1/10, adjust R11l for output
ratio of 100:1.

Output FOCUS numbers +10 and +1/10, adjust R1l4 for output

voltage ratio of 100:1.
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Arithmetic

Addition and Subtraction

The vital feature of the FOCUS programs is the ability to pérform
general calculations and td perform them rapidly. This hinges on the
ability to perform addition directly in the logarithmic domain.

A theoretically possible but impractical method of addition would
be to use a two dimensional lookup table. 16-bit addition using this
method would require over four billion words of memory. Another theor-
etical possibility would be to use two 64K word arrays to translate
back and forth between the linear and logarithmic domains. However such
a system would execute slowly and increase computational error with
two stages of roundoff.

The FOCUS addition/subtraction algorithm does use a lookup table,
but requires only 2305 8-bit half word bytes for FOCUS.1l6, and 256 bytes
for FOCUS.8. Execution is extremely fast, requiring only a single mem-
ory reference, sign test, and two binary additions when adding two pos-
itive FOCUS numbers. All answers materialize rounded to the nearest
available state for the minimum possible computation error.

The basic addition algorithm for two positive numbers is now pre-
sented, Let X, Y, and Z be the FOCUS coded numbers representing the
real world values X', Y', aﬁd Z', i.e.:

X

]

logz(X') + offset

Y

logz(Y') + offset
and the sum

Z = logz(X' + Y') + offset
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We wish to find the FOCUS coded sum Z from X and Y with no reference to
the real world values X' and Y'. To do this, the following operation is
performed:

Z=X+FX-Y
The addition and subtraction are standard binary operations. F(N) is a
one dimensional lookup table which is precalculated according to the for-

mula derived below:

Z = 1og2(X’ +Y)=X+FE-Y)
<1 4yt o X FFE -
P SIS SIS U Je S )
Y
L4 2L FE-D
2
Y-X

logz(l +2° ) =FX-Y)
log, (1 + Ny - F()

The offsets in X and Y cancel in the subtraction, leaving N as simple
fixed-point, which may be arranged to always be positive. However, when
referring to a table entry, the subscript N will be the integer value
derived by ignoring the binary point. The value in storage, F(N), is
. always positive, and considered fixed-point. Subtraction, as with 4
quadrant addition, uses a complementary table G(N) = 1og2(1 - Z_N).
Kingsbury and Rayner in reference 28 first proposed the function F(N),
concentrating on an interesting non-memory hardware method for approx-
imating the function.

In logarithmic coding, addition usually results in an irrational
coded number, however it is now shown that the algorithm used in FOCUS

programs can always yield an answer rounded to the nearest available

state. In the calculétion of Z, the binary subtraction, lookup, and
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binary addition are all exact. The only source of error is the single
roundoff necessary to fit the true F(N) as precalculated into the fixed
point array storage when FOCUS is being programmed. Thus the type of
roundoff is totally under the programmer's control. For the programs
given logarithmic rounding was chosen, that is, in a system with states
of ... %,1,2,4... VY2 is the rounding point between 1 and 2 so 1.49 is
rounded to 2.0. The distinction with closer states is very subtle, but
it is illustrated that the type of roundoff is optional.

In the FOCUS number system, although addition introduces roundoff
error, multiplication is exact. This is the inverse of the situation
using fixed-point arithmetic, and superior to floating-point where nor-
mally neither operation is exact.

An example is given to add 4 and 2 with FOCUS.8 arithmetic:

X' =4=2"  x-= 01010.000\
Y' =2 = 2l Y = 0 1001.000 0 1010.000
+ -—
0 0001.000 — F(8) — 0 0000.101
+
25 —
Z' =6 = 2°8 7= > 0 1010.101

X' = 4 is stored in the FOCUS system coded as X and Y' = 2 is stored as
.Y. To find Z, the FOCUS coding equivalent of the sum 4 + 2 = 6, the
formula Z = X + F(X - ¥Y) is used. |

A specific algorithm for four quadrant FOCUS_addition is given in
figure 2.3. Because this algorithm considers all four quadrants, levels
1 gnd 2 are used to branch between addition and subtraction algorithms.

Level 4 is used to insure that F(N) is always added to the largest
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magnitude of X or Y, thus limiting required storage for F(N) to positive
values of N. All branches are based on the single sign bit; a number is
> 0 if the sign bit is clear. The identifying branch number is given in
binary form suggestive of the relationship of each branch to the sign

bits of X, Y, and K.

N T N

Broach Wmber

Level Number

100
g ] o
] 1

[z=verwo]{z=xep00)| |2:x-£0)] |2 v-F0) | [2- X-F ()| [z=v-rr| [2: Vs (W) [2=xeF )]

o U

C RETURN )

Figure 2.3 An Algorithm for Four Quadrant FOCUS Addition
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On entering level 6, the sign bit of K distinguishes between an
actual addition or subtraction. It will be set in the four middle
branches for which X and Y have different signs. In FOCUS.8, the sign
bit becomes part of the address, offsetting the lookup between the ad-
dition table F(N) and the subtraction table G(N), in effect combining
these two into a single 256-byte table F(K).

In the case of FOCUS.8, F(K) for K > 128 could be stored as a neg-
ative number, allowing all level 6 operations to be additions to facil-
itate hardware design. However storage economization features are more
readily visualized with the subtractions included explicitly. Levels

7 and 8 test and correct for overflow and underflow.

Other Operations
Multiplication and division afe very simple operations in the log-
arithmic FOCUS number system. Multiplication is performed by a binary
addition followed by a subtraction of the offset. The correct sign bit
materializes automatically. Division is complementary. Additional
steps could test for overflow and underflow.

For example, to find 2-(~-1/8) = -% in FOCUS.8 type coding:
1

X'=2=2 + X = 0 1001.000
Y' = -1/8 = =270 > Y = 1 0101.000
= +
1 1110.000
- 1000.000 (offset)
2! =Y = -2 > Z =1 0110.000

Particularly trivial is the common multiplication by a constant.
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The offset is subtracted from the constant at compilation time, reducing
multiplication to a single "add immediate' instruction.
FOCUS is well suited to many other operations. TFor example, ignor-
ing overflow and underflow:
|X| Clear sign bit
1/X Two's complement, complement sign
n_n

x7 Similar to fixed-point multiplication when "y" is a fixed-

point number

~

Shift left one bit, subtract offset

>

Add offset, shift right one bit

Mathematical Derivation of Specifications

In this section the features of FOCUS will be expressed mathemat-—
ically. Consider the parameters of a general FOCUS word to be expressed
according to the following format:

|<——— E bits ——>| |<—— F bits ——0|
1 0 0 0 0 0 O . 0O 0 0O 0 0 0 0 O

+ - 2
| < N bits >
Number of bits in fraction =F (= 8 above)
Bits an integer part of exponent = E (= 7 above)
Total number of bits = N (= 16 above)

Figure 2.4 Definition of Terms
F does not need to be an integer, in which case an exponent is vis-
ualized as operating on a base other than 2. In particular 9 fractional

bits operating on base 10 is equivalent to 9 -~ logz(Logz(lO)) = 7.268
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fractional bits operating on base 2. One logarithm arises from the ex~

ponential relation of the binary number to the base, the other arises

from the units which are in binary bits.

Accuracy
Because there are F number of bits following the binary point and
the FOCUS number raises 2 to the fixed-point power, a transition of 2F

states will double or halve the FOCUS number and a single state incremen-
-F

tation will cause a fractional rise of (2° -1) - 100% or a fractional
-F
2 ) - 100%. The logarithmic average of these two is:

2—F _2~F
In(2 ) - In(2

2

drop of (1 - 2~

2 F _ 2

L= @ - 25 |

step size =

1n(2)

2F

step size . 100%

Note that if F = 0 and the step size is therefore ...}, 1, 2, ...,
the value found by the above formula will not be 100% (1 to 2 up step =
100%, definition #1) or 50% (1 to ) down step = 50%, definition #2) but
will be 1n(2)-100% = 69% (log average, definition #3), which is con-
sidered an optimum compromise. The distinction between step size def-
initioﬁs is academic because for practical values of F the three dif-
ferent definitions coverage rapidly to equality.

Because of the optimum roundoff nature of FOCUS,

. step size
maximum error = 2

Let S be the step size as derived above. Then in a logarithmic
sense the quantization error has a uniform distribution between -% S

and +s S and the
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+hs
RMS error = J 1 x2 dx (-100%)
=*3S
RMS error = SteP size (-100%)
2/3
Range

The largest and smallest magnitudes representable in FOCUS can be
scaled to fit individual applications, however the overall range is set
by the format chosen. Without scaling:

E-1

E-1 -F E-1 -—
Largest magnitude = 2(2 - 20) L2 = 103'22

where ZE_l—Z_F is the largest number representable in the offset binary

exponent, and the rest follows from this. Similarly:

2E—l
E-1 - 355
. -2 3.32
Smallest magnitude = 2 = 10 E
2
E —_—
largest _ (2E~ 2-F) = 22 x 103'32
Range = =2
smallest

Noise and ''Grain"

The absolute signal/noise ratio is computed using the maximum un-
distorted sinusoidal signal over the level of noise in the abscense of
a signal. This leads to unreasonably good values for the logarithmic
FOCUS coding, limited only by the step size between the smallest pos-

itive and largest negative number (over 1,000 db for 16-bit FOCUS

coding.

Absolute signal/noise = 20.log,10 (-R%r_l-&>
2
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The instantaneous signal/noise is found by dividing the RMS value
of the signal by the simultaneous additive RMS noise level; Because of
the logarithmic nature of FOCUS, instantaneous signal/noise is a cons-
tant for any arbitrary interval, independent of signal magnitude; distri-
bution; or frequency spectrum; with only the normally trivial requirement

that the signal magnitude be within the range of FOCUS.
Instantaneous signal/noise = -20-loglo(RMS error)

Magnetic recording tape becomes noisier when a signal is present
than during quiescence, a factor that must be considered when comparing
numerical specifications of tapes to FOCUS. 1In audio applications the
noise level of even FOCUS.8 compares favorably to the highest quality
cassette recordings as a means of signal handling.

In image processing, a particular kind of noise called 'grain" or
"snow' limits frequency enhancement and subjective quality. As a base
for comparison, the RMS "grain" for a popular, nearly grainless, film
is calculated. Kodachrome-64 exposed for a density of 1.0 (10_1’0= 0.1
transmission) has an RMS density variation of 10x10—3 scanned with a 48
um diameter circular apperature, with deﬁsity expressed in log10 units,
Assuming white noise, a reasonable assumption at this spatial frequency
range, this calculates to a density variation of 9}:1()_3 with 512 square
pixels covering a linear dimension of 24mm, corresponding to commercial
TV scanning a 35mm transparency. This density variation, in loglO units,
corresponds to am RMS light variation of 2,1%. This is comparable with

FOCUS.8 . ~ FOCUS 10.10 has 35 times less grain, which would

be equal to that of a 33 by 50 inch transparency assuming white noise,

however at such low spacial frequencies the noise of film becomes "pink",
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and probably no film would ever reach the grainlessness of FOCUS 10.10.

Especially with modern negative films, the logarithmic state allocation

of FOCUS allows a film-to~-system noise ratio that is relafively indepen-
dent of density, far superior to fixed point in which this ratio can

vary up to several orders of magnitude as a function of density.
Accuracy Transecting Zero

Like the human eye in very low light levels, FOCUS has a blind spot
at the center. A state is defined as "wasted" if its inclusion results
in a step size smaller than the jump at zero. To find an expression for
waste, call a state fractionally wasted in inverse proportion to neigh-
boring step size relative to the jump at zero, resulting in a decaying
exponential on a logarithmic plot for efficiency between the magnitude
at which the step size equals the jump at zero (called Ml) to the mini-

mum magnitude (called NO). Call the maximum magnitude M Note that

9°
the states are uniformly distributed logarithmically between MO and MZ’

and in a mirror fashion from —MO to —MZ. The fraction of wasted states

will therefore be the fractional "area" over the decaying exponential

curve on a logarithmic graph between MO and M1 divided by all states be-

tween M0 and MZ' The reasonable approximation is made of ignoring the

tail of the exponential decay, i.e. that

M
Jlogz L XM g =~ Jlogle F M gy = 2

LogyMy

and therefore the fractional waste is equivalent to the ratio of the
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number of states between MO and Ml/zl'443 = M1/2.72
(E = 1)
MO = 2 2
M2 2
M = Jump at zero
1 Fractional step size
LE-D
Mo 2 L2
F
My [ 2 L2 ]
. _logy (gy) - log, (M) log,\ {75y * 5 77
Fraction wasted = =
log,M,) - log,(M.) E
272 270 2
log2(2 )
Fraction wasted < E—iﬁ492 + 100% of states
2

or expressed in number of bits:

2E
Waste < log2 bits

2 _F - .09
Bits spaced closer than the jump at zero are not entirely "wasted",
so the estimate of efficiency based on this definition is excessively
pessimistic in an RMS sense. Hence the inequality sign.
Note that waste falls rapidly with an increase in E, and rises

slowly with an increase in F. For the three version presented:

Program Waste
FOCUS.8 < 0.31 bits
FOCUS.16 < 0.05 bits

FOCUS 10.10 < 0.12 bits

A floating-point representation does not suffer from this blind

spot, but does suffer from the worse malady of oscillations
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of fraétional precision. Ié can be shown that the common hexadecimal-
base floating-point system has an RMS error over a log range of 21'29
times that of the purely logarithmic FOCUS coding. Therefore we may
calculate the gain of FOCUS over hexadecimal-base floating-point repre-
sentation by subtracting the bits wasted in FOCUS as found above from

1.29 bits. In practice the bit gain of FOCUS is larger than this num-

ber because of greater net precision of FOCUS calculations as mentioned

before. 1In cases where the maximum relative error rather than the BMS
relative error is the limiting factor, floating-point falls yet farther
behind FOCUS as can be visualized by referring to figure 2.6.

The lack of zero in FOCUS seems philosophically bothersome, how-
ever, there is virtually no practical degredation of a control system
because, except in a counting sense, zero does not exist in the physical
world. For example, a one-foot long shorting wire of 18 guage copper
at room temperature has a thermally induced "DC" noise voltage (averaged
over % hour) across its terminals of about 10—13 volts, 1019 times lar-
ger than the smallest number in FOCUS.16. Similarly, by the Heisenberg
Uncertainty Principle, zero position, velocity, and momentum are merely
theoretical concepts. For image processing, the smallest FOCUS.16 num-
ber, 10_32, corresponds to the current, in amps, from an ideal phototube
(not photomultiplier) viewing two photons every million years. ‘The dif-
ference between this and total darkness is academic.

Two other valid reasons for not being too concerned with the lack
of a representation for zero are:

1. Floating-point compﬁtations usually don't result in an exact

zero but we still use them.
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2. The use of the FOCUS number system does not preclude the use of

integer arithmetic where appropriate.

Array Area

A single program branching magnitude test of the subscript K at
level 6 of figure 2.3 could eliminate storage requirements for the ma-
jority of states for which the lookup number if zero. A second magni-
tude test could eliminate more bytes of array area for which F(N) is
similarly known to be 1. More magnitude tests could be arranged in
sequential or tree form. Let M be the number of such program magnitude
tests, where M > 1, then the required storage is:

Words in addition array F(N)
M-.5

2F

= INT [-ZF . log2(2 -1) + 1]

Words in subtraction array G(N)
M-.5

2F

= INt[-2F . log, (1 - 2 )y + 1]

In these formulas INT(2.7) = 2. If L bits are in a single byte,
then all FOCUS addition array numbers will fit in a single byte if
F < L (by barely more than an infinitesimal), and the number of FOCUS
subtraction array words requiring a second byte of storage is the rela-
tively small value

L-F

wrf-2F - log, (1 - 7% Ty -1

Adding these three functions yields the minimum number of single
bytes required for a two-byte FOCUS system in which F < L. These func-

tions are derived through -the F(N) table generation formulas presented
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in the sccond scction by algebraically asking at what value of N the
function F(N) will be below a value dependent on M and L above.
Figure 2.5 graphically compares the number of array words with
accuracy. As described before, if some elements are stored as half

words, the number of half words will be slightly higher.
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Figure 2.5 Required Memory Allocation vs Accuracy
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Comparison of TOCUS, Fixed-Point, and Tloating-Point

FOCUS is now compared with uther number systems. The formulas of
the previous section let us find the maximum fractional error for FOCUS.8
formatting to be 4.37%, which is uniform over the full range of 4.8 or-
ders of magnitude, as represented in figure 2.6. 8-bit bipolar fixed-
point will have a step size just-at overflow of 100%/27 = 0.8% and a
maximum relative error of half this assuming optimum roundoff. Tﬁis
errof will vary inversly with the number represented. At 1/10 of over-
flow therefore the maximum relative error is .8%/.1<2 = 4%, as represen-
ted in figure 2.6. Floating-point error is base-dependent. For compar-—
ison a base of 10 was chosen. 2 bits were allocated for the exponent,
leaving 5 bits for the mantissa after the sign bit. A single mantissa
cycle would thus have 4 times the error of normalized fixed-point, but
there would be 4 cycles, as represented in figure 2.6. More points were
computed and plotted to produce the quantitative comparison graph of
figure 2.6. Note that the uniformity of distribution of available
states give FOCUS a decided advantage over the inefficient state allo-
cation system of floating-point. Had'a base of 2 been chosen for the
floating-point comparison, there would have been less oscillation of
accuracy, but the median would have been elevated because base-2 float-
ing-point has a 50% state redundancy.

It is interesting to quantitatively compare FOCUS to fixed-point,
although such a comparison must be carefully qualified because in a
way fixed-point also has an efficiently uniform state distribution;

For certain applications, such as differential control, a system is lim-

ited primarily on the low end by the step size near quiescence (zero)
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Figure 2.6 Comparison of FOCUS, Fixed-Point,
and Floating-Point
and on the high end by the maximum possible amplitude without overflow,
given reasonably fractional accuracy at other number levels. TIn FOCUS
the step size at zero is twice the minimum positive'number, which has

been derived in the last section. Note that by the nature of FOCUS this
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jump at zero is the worst case error for a fairly large regidn around
zero on both sides, and so we can validly call this step at zero the
upper bound on absolute representational error of a number in a fairly
large region around zero. We write for FOCUS.8:

E-1 . -F
Linear range _ 2°max _ 2 2 _ 2F_5°F
Step size at zero 2+min _2E—1

2
215 7/8

Therefore under these conditions, FOCUS.8 coding provides the capability

of a 15%-bit fixed-point system.

Error Propagation

Compared to fixed-point or floating-point, programming with FOCUS
is quite different, requiring new considerations to maximize benefits,
These considerations are now discussed. Analysis of error propagation
during calculation is of much concern. Both FOCUS and fixed-point ex-
hibit state uniformities that allow a precision analysis of error prop-
agation that is much more illusive in floating-point.

First we look at addition. Although FOCUS has sufficient accuracy
for most applications, there is little room in 16 or 8 bits for unnec-
essary loss of resolution. In the prior art a programmer usually worked
either with fixed-point addition which has no rouﬁdoff error, or with
32 or 64-bit floating-point addition where 16 bits of accuracy could be
lost and never missed. Error propagation with addition and subtraction
is the 1imitipg factor in many applications of FOCUS.

Let o be the fractional representational error and Oy be the
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absolute representational error for the number N. (For FOCUS 10.10 o

is a constant = 0.0006 for which a formula.has been developed in an
earlier section and 95000 for the representatiqnal error of the number
2000 is therefore 2000-0 = 1.2) Let ¢' and cﬁ be defined as the overall
fractional and absolute errors including representational and propagated
error. In computing the sum A = B + C, there will be error propagated

from B and C, and error added in rerepresenting the sum as A. The total

errxor:

ol =_/2 '2 '2
A -/6A + OB + GC

Let B and C be equal and their fractional errors be the minimum value of

1 '

o. Thus Og = 0g = 9 = O+ If B and C are equal, A will have twice the

, and therefore:

value of either and thus o, = 2-0B = 2-0

A c

1

%D + 0,/ + (0,/2)°

[ - .
UA/OA v1.5 = 1.23

There has therefore been a minimum of increased fractional error in the
sum compared to a pure roundoff performed on a "perfect" sum of "perfect"
B and C.

Consider next an infinite sequence of sums of (nearly) equal val-
ues. First let the computation order be:

A=B+C+D+E+F ; G+H+TI+ ...
It is easily shown that the fractional error of A approaches infinity.
For a simplistic proof one merely extends the sum to where a new entry

is less than the step size. This relies on the terminal string of

systematic errors rather than RMS error propagaticn, but this is what
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happens in préctice. Next consider a sum computed in the order of a
binary tree:

A={l@+0) + @+B]+ [F+0) + @+ DI} + {...
At each node the fractional error will increase, however the increase
converges to zero and the fractional error at the root converges to
Y2 « 0. This can be shown by noting that when this error is reached
(after an infinite number of additions) then there will be no change in

error at higher nodes, i.e.:

e (E g (B

Note this is the fractional error, not the absolute error, that conver-
ges. Thus an (infinite) éeries of (equal) numbers of the same sign can
be added in tree form with only (exactly) half a bit RMS accuracy loss

compared to a paralled exact sequence added with infinite accuracy, and
the sum rounded at the conclusion. Because of this the programmer

should arrange additions to add numbers of roughly equal magnitudes.

it

As an example, suppose: B = 2

R

C=~2

rrj
1]
N

Then the sum:

A

(((B+C) +D) +F) +6G

gives g, =0 ° 1.92 resulting in almost a whole bit of lost precisionm,

but the sum:
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A= (((G+TF) +E)+D)+ (B+C)

gives 0, = 0 * 1.34, less than half a bit loss. Although not the pre-

A
ferred operation, FOCUS addition does not introduce excessive propaga-
tion error if handled correctly.

It is of interest how far a number system can coﬁnt. FOCUS.8 can
count accurately from 0 to 10, FOCUS.16 can count from 0 to 23 with
perfectly rounded accuracy at each count, i.,e., within the limits of
representation (exceptions being the 6th, 8th, and 16th counts, within
.002, ,004, and .00l units respectively of being rounded to the nearest
available states but the error disappears on the succeeding counts).
The system can continue to count to 54 units within + % unit accuracy,
and to 390 units with strict monotonicity. FOCUS 10.10 has higher ac-
curacy. Unlike integer arithmetic, FOCUS is equally suited to count

by any unit, such as .00357. If the programmer desires an integer

counter, the integer system is advised, If a counter must be built in

N
FOCUS, a "product counter" should be investigated, i.e., "I  1.0045
N i=0
until X" may serve as well as "I 1.00 until X". The former has been

i=0
avoided in the prior art, but is fast and accurate in FOCUS.

Consider the subtraction operation A = 3 - 2, The fractional error

of A o' = UX/GA = 0“4&2 + 32 + 22 ~03,74, a loss of nearly 2 bits
of precision. Note however that the answer A is nearly exact in terms -

of the constants .given. The representational error of the constants

themselves is magnified in a fractional sense by reduction in the mag-
nitude of the answer. In general, subtraction should be avoided where
possible by the use of differential analog signal inputs or frequency

preemphasis as suggested before. When it is necessary to include
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subtractions they should.be performed prior to summations. For example:
16 16
Y oa(x) - ) b(x)
x=1 x=1
should be rewritten as
16
) [a(x) - b(x)]

x=1

or better as

§ § [a(x + 4°y) - b(x + 4-y)]

x=1 y=0 :
as explained before. Subtraction (or addition of opposite sign numbers)
is the limiting operation in many instances, and so needs to be used
with care or avoided by analog means where possible.

In the FOCUS system, multiplication and division are preferred
operations. Not only are they the fastest computations, but they are
exact, introducing no roundoff error. In the prior-art multiplication
and division were avoided unless absolutely necessary, being slow and
introducing roundoff or truncation. With FOCUS these operations
should be used in preference to others.

With fixéd-point systems, proper scaling at each computation node
was of major concern to avoid loss of precision or the devastating
effects of untrapped overflow. With the logarithmically uniform,
underflow/overflow trapped FOCUS programs, signal scaling is of only
cursory concern, and unexpected signal characteristics are routinely
handled without rescaling.

Some operations need to be rethought with FOCUS, For example,

when comparing the magnitude of two numbers, expediency has dictated a
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subtraction and subsequent test relative to zero. In FOCUS, division
should replace subtraction, with a subsequent test relative to unity,
easily performed in binary FOCUS coding. An arithmetic average is not
a preferred operation in FOCUS, however a geometric average, usually
avoided because of '"complexities", like overranging and roo& extraction,

is very simple and accurate in FOCUS.
Conclusion

Floating-point provides accuracy at the expense of speed. FOCUS
has accuracy with speed. Speed has barred microcomputers from many
signal processing areas, not only precluding their direct use in audio
applications, but even at lower frequencies reducing their function to
mere digital filters in competition with faster, inexpensive analog‘
filters. Computers have an intrinsic ability to analyée and heuristic~
ally adapt, to exhibit an artificial intelligence, if given time to
think, The FOCUS programs provide the numerical requirements for
accurate control with the speed necessary for intelligent control.
Accuracy with speed makes FOCUS the key to new microcomputer applica-

tions.



CHAPTER III
FOCUS SOFIWARE

With FOCUS, an 8080A can perform the equivalent of over 20,000
18-bit floating-point additions, subtractions, multiplications, and
divisions in one second, and store the results in 16-bit words. FOCUS
is more than a theory, it is a completed system providing near hard-

ware speed, 18-bit accuracy, floating-point range, and 8-bit cost.

Accuracy and Speed

In every FOCUS arithmetic routine; the answer returned is the
state nearest the true answer, without compromise under any condi-
tion. Implicit in this statement is the use of optimum roundoff
instead of truncation; 4 quadrant arithmetic, and fix-up of overflow
and underflow to the nearest available state. Because of logarith-
metic features, 70% of FOCUS arithmetic routines can return a per-
fect state without roundoff of any kind.

Within the}limits of uncompromising accuracy the programs are
optimized for a combination of speed and memory weighted heavily on
the side of speed. For the 16-bit programs it is believed that mem-
ory requirement could be reduced 407 with 20% increase in executioh
time. The routines are written for complete generality, and so can be
shortened if certain assumptions can be made. For maximum speed, the
FOCUS routines can be edited to specific-case mainline segments. For

47
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example, suppose it is desired to add the contents of the A and B
registers with FOCUS.8. Suppose it can be assumed at a point in the
program that (A) > (B) > 0, there will be no overflow, and the most
significant 8-bits of the FOCUS table address remains in the H regis-
ter. Then the following mainline segment of code will generate the
answer in the A register in only 20 cycles, which is over 4 times

faster than the "fast" 8-bit FADD subroutine:

SUB B ;4 CYCLES
MOV L,A 35 CYCLES
ADD B :4 CYCLES
ADD M ;7 CYCLES

Suppose'it is desired to triple the 16-bit FOCUS number in the HL reg-
ister pair by multiplying by the FOCUS.16 number 3 = 0 100000.011110100,
and it is assumed there will be no overflow. Then the following main-
line segment of code will generate the answer in the HL register pair
in only 20 cycles, almost three times faster than the 16-bit FMUL sub-

routine:

LXI D,0000000011110100B ;10 CYCLES
DAD D 310 CYCLES

Both of the above examples, an add and a multiply, an 8-bit and a 16-
bit operation, each can execute on an 8080 microcomputer in less than
10 microseconds. By the use of such specific-case editing to fit the
program enviromment at key points, in some applications the FOCUS
software system can provide floating-point character arithmetic at
speeds comparable with a hardware multiply system operating with fixed-
point arithmetic.

Explanation of terms used in tablé 3.1:

Step Size - Fractional quantum step relative to the adjacent
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number,
RMS Fractional Error - The RMS error of rounding an arbitrary
number to a FOCUS state, incurred in FOCUS A/D conversion and
each arithmetic operation requiring roundoff.

Instantaneous Signal/Noise - Representational error expressed in

decibels signal to noise. This is not maximum signal vs back-

ground noise, rather the much more difficult specification of
actual signal vs noise and distortion present coincident with
the signal, Because of logarithmic coding:

1. As the signal approaches zero, so does the absolute
noise, allowing a differential "virtual ground" to
eliminate most steady state controller noise,

2. Overranging is virtually impossible, allowing analog
frequency preemphasis to be used.

3. Gain adjustments are not needed to avoid noise or dis-
tortion.

Sequential Roundings for 2.5% Propagated Error - This is a measure

of the relative number of series calculations permitted. Some

functions, such as multiplication and division do not increase
the propagated error, and others, like addition and subtraction
can be arranged in tree form to allow an infinite series of
numbers to be added (convolved) with a resultant error equiva-

lent to only two series additions.

Range - Largest state / Smallest positive state
Speed - Average execution time of FADD, FSUB, FMUL, and FDIV on

.33 usec cycle 8085 machine. Includes "return', but does not



include "call".

Parameter FOCUS.8 FOCUS.16 ~ FOCUS 10,10

Step size 0.087 0.0045 0.00225
RMS Fractional Error 2.5% 0.13% 0.065%
Instantaneous Signal/Noise 32 db 58 db 64 db
Sequential Roundings for

2.,5% Propagated Error 1 400 1,600
Range 104-8 104 . 1032
Speed 19 usec 30 usec 33 usec
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Table 3.1 Comparison of FOCUS Versioms -

16-bit FOCUS Programming on the 8080

The 8080 microprocessor is well suited for implementation of the.
16;bit FOCUS formats. The 16-bit H and L register pair should be con-
sidered a pseudoaccumulator, hereafter referred to as the HL accumu-
lator, and the D and E register pair as a 16-bit register referred to
as the DE register. The FOCUS programs accept the two 16-bit operands
in the HL accumulator and the DE register, and return the result in. the

HL accumulator, leaving the DE register unaltered.

The 8080 instruction set includes the 16-bit register pair in-

structions:
LXI 16-bit load immediate
XCHG 1l6-bit register pair exchange
SHLD, LHLD 16-bit store and load direct
PUSH, POP 16-bit stack operations

The combination of the FOCUS subroutines, the 8080's inherent 16-bit
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instructions, and several simple macros, cause the 8080 to appear to
both the programmer and applications analyst much like an 18-bit hard-

ware floating-point hardware multiply machine.

Description of FOCUS Routines

Summary

The FOCUS routines are summarized in table 3.2. Terms used in that
table are defined below:
Code - Name of the subroutine must be defined in an "EQU" statement.
Operation - Symbolic explanation
Safe Registers - Registers not altered by the subroutine.
MSEC - Average execution time on .33 psec cycle machine.
Roundoff ~ In the integer domain 2 + 2 = 4 is exact. If in translating

to integer, 2.499 = 2 and 2.501 = 3, with the watershed al-

ways exactly halfway between states, then roundoff is defined

as optimal.

Detailed Information

FADD, FSUB, FMUL, FDIV, With FOCUS, multiplication and division

are preferred over addition and subtraction both for speed and freedom
from all roundoff. This is opposite from all familiar number systems.
The addition and subtraction routines execute slightly faster when the
magnitude of the operand in the accumulator (or pseudoaccumulator) is
greater than or equal to the magnitude of the other operand.

However the difference is substantially less than the time required to

test and shift. If an addition or subtraction results in a true answer



Code

FADD
FSUB
FMUL

FDIV

FSQR
" FSQT
FEXP
FRCP
FABS
FNEG
FTST

FCMP

FIN
FOUT

FBOUT

FADD. 8
FMUL. 8

FDIV.8
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Operation Safe Registers usec Roundoff

HL « HL + DE

HL <« HL - DE

HL « HL = DE .

HL < HL / DE

HL « v/|HLI
HL « HLA

HL ~ 1/HL

*
=
=

HL
HL < -HL
Test HL

Compare HL,DE

HL < Decimal In

DE

DE

BCDE

B DE

-
42

42

18

18

Optimal
Optimal
Exact

Exact

*48 with FOCUS 10.10

BCDE

BCDE

B

BCDE

BCDE

BCDE

BCDEHL

BCDEHL

DE

Decimal Out <« HL DEHL

Binary Out < HL

A~A+B
A e«A* B

A«A/ B

DEHL

BCDE

BCDEHL

BCDEHL

12
18

100

16

25
13

13

Table 3.2 FOCUS Routines

Exact
Optimal
Exact
Exact
Exact

Exact

Non-biased
Non-~biased

Exact

Optimal
Exact

Exact
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of exactly zero, the sign of the operand in the accumulatér (or pseudo-
accumulator) determines the sign of the result.

FSQT. This function has optimal roundoff but is not non-biased.
Half of all solution states are exact, the othér half are always exactl&
between available states, and are rounded down.,

FEXP. The FOCUS number in HL is raised to the binary integer power

of the number in the A register, 0 < A < 255. Execution time is power-
dependent, varying between 50 and 150 usec.

FABS, FNEG, FTIST. It is recommended these functions be implemented

in-line as their length is of the order of a subroutine call.
FTST. After FIST, a conditional jump has the following responses:
JC = Jump if HL < 0
Pure 0 does not exist
JNC = Jump if HL > O
JM = Jump if [HL|] 2 1

JP = Jump if [HL| < 1 FOCUS.16 FOCUS 10.10

-16

JZ = Jump if HL = 0 } [smallest Statel = 10732 10
. ' 16

INZ = Jump if HL# O ) Considered 0 if |HL| < 3.16:1073% 1,78-10°

FCMP., After FCMP a conditional jump has the following responses:

JC = .GT., = Jump if HL > DE
JP = ,GE. = Jump if HL 2 DE
JNC = .LE. = Jump if HL € DE
JM = ,LT. =‘Jump if HL < DE
JZ = .EQ. = Jump if HL = DE
JNZ = .,NE. = Jump if HL # DE

FIN. FIN inputs a decimal number from an interactive terminal and

converts it to the FOCUS equivalent. The number is returned in the HL
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accumulator. - The DE register is unaltered.

FIN will accept almost anything that resembles a number. The fol-
lowing are valid inputs: .

3.14159

128

+,00000001

E-8

-0.05

20E3

+6,02E+23

-0

-E12

1

When FIN is called, the symbol "?" is typed as a prompt. The user
then enters his number. After a blank (space bar) is accepted the num-
ber is coded and execution continued.

FIN checks each character for context as it is entered. A charac~
ter will not be accepted or echoed if it is out of context. An invalid
number can not be entered.,

If a wrong number is typed, "rubout" may be used. The erased
character is echoed. If the entire entry is rubbed out, the prompt
character will be printed in response to further ''rubout"s.

As with other FOCUS routines, a number out of range will be sub-
stituted with the nearest available state. An exception occurs 1f the
mantisa of an E format data is out of range, in which case the mantisa

is first substituted with the nearest extreme state before adding the
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exponent. For example, in FOCUS.16
.00000000000000000000000000000000002E50

is assembled as 1-10—32 . 1050 = 1018, rather than 2°1073% . 10

50

= 2-1015, since 10732 is the smallest positive FOCUS.16 number. The
simplest entries to specify the extreme states are: E99, 0, -0, and
-E99 .

The program is ROM compatible in that no RAM is addressed by loca-
tion, however balanced stack operations are used. The depth of stack
operations is 5 + [number of characters saved]. A "+" is not saved,
and "rubout" relieves storage of erased characters.

A complex FOCUS residue conversion system allows nearly optimal
translation to the nearest available state. Non-biased rounding returns
the nearer FOCUS state without truncation.

FOUT. FOUT outputs a decimal translation of the FOCUS number in
the HL accumulator. Both HL and DE are unaltered. Typical output is
given with " " = blank, Constant print length simplifies formatting.

-3.14 E 05
10
+ spaces -
always

The number is rounded, not truncated., A FOCUS residue conversion
system allows nearly exact decimal conversion without losing the fract-
ion of a quantum step accuracy of a normal arithmetic operation,

The fractional quantum step of a 3 digit decimal number equals that
of FOCUS.16 at 2.22 and that of FOCUS 10,10 at 4.45 .

FBOUT. FBOUT outputs the FOCUS number in the HL accumulator in ab-

solute binary. Both HL and DE are unaltered. Typical output is given



with "_" = blank:
_0_100110.001111111

20 spaces
always

FADD.8, FMUL.8, FDIV.8 .

These are the FOCUS.8 routines.

Sub-~-

traction can be performed by complementing the sign bit before addit-

ion.

Assembly and System Requirements

Memory Requirements
All FOCUS programs are ROM compatible,

read or write.

No routine uses memory
No arithmetic routine uses stack operations, except for

I0 routine usage of the stack is discussed in the previous

"return".
section.

FOCUS.16 FOCUS 10,10
FADD, FSUB, FMUL, FDIV, (SUA, ADA) ccccccececece 290710 512510
FSQR, FSQT, FEXP, FRCP, FABS, FNEG, FIST, FCMP - 194, 194,
FIN, FOUT, FBOUT, (TIOA) *tveeocecocscccccacnsans 58710 58810
Total 8_bit bytes ceense D N I ST IE S IS RSO R 368810 590710

Table 3.3 16-bit FOCUS Memory Requirements

Input-Output Requirements

CIO equates symbols CI and CO to the system character I0 routines.

The file CIO contains:

CI EQU @F8@3H
CO EQU @F8@9H

The routines should act as follows:
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CI Input an ASCII character to the A register. A and PSW regis-
ters may be affected.

CO Output an ASCII character from the C register. A, C, and PSW
registers may be affected.

Users may need to modify the file CIO to fit their systems.

FOCUS Modules
Table 3.4 lists FOCUS modules along with special considerations
for selecting and sequencing. FOCUS.8 is the 8-bit version. Files
connected by "or'" are: FILE - for FOCUS.1l6 or FILE.10 - for
FOCUS 10.10. All other files are compatible with either 16-bit ver-

sion.,
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File Name Assembly Requipements

SUA or SUA.10 Must start at multiple of 256
Length is a multiple of 256

ADA or ADA.10 Must start at multiple of 256
Length is not a multiple of 256

.FMUL

FDIV Requires FMUL

FADD or FADD.10 Requires ADA and SUA

FSUB or FSUB.10 Requires ADA, SUA, and FADD

FSQR

FSQT

FEXP

FRCP

FABS

FNEG

FTST

FCMP

C;O User modified

Equates character IO routines
I0A or 1I0A.10 '

FIN or FIN.10 Requires CIO, IOA, FMUL, FDIV, FADD
FOUT or FOUT.10 Requires CIO, I0A, FADD, and FSUB
FBOUT or FBOUT.10 Requires CIO

FOCUS.8 Must start at multiple of 256

Table 3.4 TFOCUS Modules



SUAL

SUA

by ls 7822315 6%4129,178,213,252

03 2% 582 TV 94,1113 1 A6 1AY

Db  175,188,208,212,223,273,243,2%2

o3 Ss 14, 22+ 38s 37 a5, 52, 59

08 655 T1s 78, Has H9» 95,100,106

DB 111,116,121,125:133,135,119,143

DB 143:,152,1565160,1AT 16701710174

DB 178,181,135,186,191»13%5,193,201

DB 204,2¥7,210,213,219,2138,221,224

D3 226,229:2315234,276+259,241,244

D 246,248,250,253,25% 1» 3+ 5

1]:} 7 99 114 135 150 17, 13, 21

D3 23, 25, 27, 23, 39, J2, 34y 35

[¢13] 37, 39, 42, 42, 44, 45, a1, 28

08 S0, S1s 53» S4r 56+ ST, 59+ 69

DB 62s 639 64s 669 6T» 585 TV T1

PE) 72» 74s 7Ss 76¢ 17, 19, BQ» 81

D3 82, 873» B84, 8¢€» 87, 83, 8%, 90

05 91, 92» 93, 95+ 96+ 97, 9¢» 99

DB 100,131,102,107104,135,106.107

08 108,123%2.139,110,101 10125013, 1 04

DB 115,11641175018,118,117,12¢8,121

DB 122,123,123,124,125,126,127,127

DB 125,129,130,1731,131,132,133,113

DB 134,135,136,1346,1737,123,135,177

03 143,141,141,142,143,143,144,145

D3 145,146,1462147,148,148,149,159

DB 159,151,151,152,153,153,154,154

DB 155,1562156+357,157,153,153,159

DB 159,160,1561,161,162,152,163:143

0B 164,164,165,165,16601665167+167

DB 168+,16B,1695169,170,172,171,17)

D3 =128s=55=5s-48s~4,-48,-2:-8,~3,-33=3+s=-32-32-3,=3 -1
b8 «35=3 =~V =3=3,-30=0=3522:221=2s22+=2,-2,=2+-2
0B “21=2s=2s=29=2+~25~2s=2s=2+1=2s~2s=25=2,-2,-2,-2
b3 =21°2022s=20=2,-25-21-2,=2+2+1-2+=2+-2:+-2,-2+=2
0B =25=2s=2:)=2s=2,-20=2+=2,=2121-2,=2,=2:=2,=2,=2
DB =2s22022s=2s=2s=1s"ls~ls=ts=ls=ls=ds=1s=ls=1r~])
08 LAVESFRESFEA FEIFESNFESFED FES FESFEDNFES RS PR FES FES |
P E} “le=lo=ls=1s=ls=ts=la=to=ls=la=ls=los=ls~1s=1s~1]
o] =ls=la=ls=1s=1s=1s=)s=1s=ls=ls=0s=10=1s=1s-15-1
03 “Js=ls=la=ls=~la~=to=lo=ls=ls=ls=ls=1s=1a=1r=-1s=]
va =ls=lo=la=1s=ls=1s=lo=ts=1ls~ls=to=ls=ls=1s=1s~1}
'F] “ls~ls=lo=ls=la=)s=ls=ls=ls=ls=ls=lr=ds~1r=1s~]
DB =le=ls=lo=1ls=1s=1s=1ls=la=is=lo=ls=ds=ls-1r=1,~}
Da “le=do=ls=lo=ls=ls=lr=lo=ls=ls=lo=1o=1s=0s~1s=1
197: “le=ls=~ls=1s=1s=ls=ls=ls=ls=lo=la~ts=ls=1s=1s-1
D] “lo=ls=ls=ls~to=ls=~ls=ls=ls=ts=ls=1s=1s=1a=1s~1
DB -85,-84,-84,-83,-873,-82,-82,-81

OB <=81,-80,-80,-83,-79,~79,-178,-78

DB =715=774=775=76+-7b6+=75+-75,-15

DB ~74,-74,-73,-73,-73:-725-72,~72

DB «71s=T1+-725+712+-72¢-4%+-6%+-69

DB ~68+-685-675-671-671-441-66,-64

DB =651-65,~655~64,-64,~54,-67,-63

0B =63,-62,-62,=62:=611-614-61,-60

DB =68,-60s-6B5=59,-59,=59,-54,~54

V8 =535-575=-575~57s-57+=5%,~56,=-56

LB =59,-55,-55,-55,-54:,-54,~%4,-5%51

D8 +53,-53,-53,-52,-52,-52,-52,-51

LB =S15-51+~515=50s-50,=50,=50,~49

D8 =495-49,-4a9,-483,~4ds=-859,=41,-47

0B =47,-47,-47,~45,-85s=8Kr=2h,~ Ak

D8 =45 -45,-45,-4%,-ad,-44,-a2,-44

08 =44,-87,-43,-47,=-03s-42,-42,~-42

DB ~42,-482,-41,-41s-4a1,=a)s~4],-40

VB =40s-482,-42,-40+~39+-719,-7%2.-139

DB =1%,-38s-18,-38,-34,=-23,~3%,-37

DB =37,-37+-37,~37:,=36s~Yhs=Vhs= 4

DB <36,-36+-135,-35,=15,-15,-2%5,-35%

DY +34,-345-34,-34,~74,-34,-77, =13

D8 =-33,-33,-33,-132,=-22,-72,-32,-32

DB =32,-32s=22+s=312=301r=315=31,-731

DB =31,-30,-30,-30,-30,-7%, -3, =32

OB ~294-29+-29,-2%,~-29+-27»-2%,-28

DE =28,=28,=28,-28+s-28,249-25+~27

DB =21+=275=275-27+=271-27+-27,-24&

OB =2hs=Rbs=2h)=2h1~26bs=2hs~2h,-2%

DB =291-25,-25,+25%,-25,-25,-25,-24

DB ~24,-24,-24,-24,-24,-24,-24,-23
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DB
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D3
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D3
D3
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LR NTRF S TR Y FEMAPER L PET & PEE PRS- |
~232222,-225222422,-02,-22,-22
22122202225 =210=21,=21,-21,~-21
2190210212202 =21,=24,~20,=-20
=200=2002205 200 ~2U00r =00 =25 =19
“19:,=19+=19=190195=19,=-19,~19
“19,=19919¢=18e~1Bs=18,~120~18
~1gs=1Ho=180=180=18s=Its=1Ts=17
“1T0=1T0~1T0=1T0=1T0=)Ts~172~17
“1Te=1Ts172=160=16s=16s=1Rs=16
*16s=180=1As=1As~16s-1bs=162-16
“199=15%-15,=159:~15,-15,-15,=19%
=355 =19=15s=15=15,~15,=15,-14
“lr=l4r=13s=1ds=ja,=14s=~1ar=]2
“1ds=14s=14s=14,=145=14s=13¢=13
1302130 =10=1 =119 17 =-17
13131301 F=1%=12=1=12
=121-12,=12,=12+=12+12,=12,=12
“120=12,=125=12,-12,-12,~12,=12
“120=1ls=11s=11s=11s=11s=11s=11
“1le=1la=11s=1ts=01s=1ls~110=11
“1lo=11s=11s=11s-11,-12,-13:,-10
~19,-12,-10,=10,~10,-10,-12,~10
*13s=14s=-105=1Cr=13s=105=1dsv=-10

“10r=131=95-95=91-9+-51~95-95~9+1-99=9,=99-9s=9,=~9
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=61 =61=50=6s=6s=6sbr=6151=6s=61bs=bs=6s=6s=6
=60=61=60=6s=61-h1=h1=6s=61=61=5,=5+-5s+5,=5,~5
“99-5551251251-5+=5,25,-5,25,-55-55=5,=5,=5,=5
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AT+ 872400405 A1 o 46 s Ao A0 Ahs A% A4 A4 A% AY, 45
QA AA» D43 405 442 2735 47004739 A5 AV 80 A2, 420 425 47, 42
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2532032000 T1 V10310 312310 300 6 100 7005 39,532
30, I 390294 2702902202902702902)0280 2K+ 2K 28,28
2402802822702 27921021527:27027127024020:260264
2hs2602602602h200285%12%9:259129125,2502%99125025,24
28)28120020500128024,24,2%02%02%27,27.27,2%,27
2321120 ¢2,22+22,22,22,22,22,22,28,22421,21,21)
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1] 215215210215 214215 200212020, 20,20, 20. 201,20, 20 Ldte
08 29020200000 19:19519,195 1991951951922 19:19,19419
1] 13,18, 18,18, 185 12 1301080 180 1L 1B 1HA LRI 17517417
DB 1701700017510 2087017080170 1T0lbhstbrthalbnlb
[o]:] 160160162160 016518,1401601601521551501%015515515
D03 15 15, 1501521515015 15, 1404504014, 04,14514014
[PF] 14o12,14,14014014, 1401401213131 1011010
ov 130131300100 1 113 1310 1212507012, 15012
2]} 12512012512, 120120 1251220200125 0200120100 000000 110
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OB 505952595050 515+5551515059595,5:5
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DB 2
FMUL FADD
MOV AlH FADD: MOV AsH
Dab D XRA D
XRA MOV AsL
MVI  A.110000008 JM L1 Lis
Jv LM
ADD H
:gv HeA LBt Sus E
MOV C,A
ADD A MOV AsH Lit:
LXl H,0000H sB3 O
R ¥ et
LXI H.7FFFH
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AvD A ber A "
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MOV CeH
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ARA D MOV BsA
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. ALD L
ARA - H MOV LA
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XRA D
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XkA D
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MOV HsA
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D
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XRA
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MoV
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MOV
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MOV
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MOV
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JZ
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JMP
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JMP

MVI
MoV
iNR
MOV
MoV
DAD
ORA
XKRA
RP

JMpP

Bs SUA/256
B

B

L

L»A

B

H

Ho A

o}

L 0000806008

D
1900000008
Hs A

AsE

L

L»A

A»D

H
ettt
L1eZ
2000010208
L1ecC

CrL

L,E

HsD

A

Lies

H
A>P10110208
[

L10A
H

H

0.

LIIE
A»3100110923
c

H
H
D

L11E

SUAZ256+1+4
Hs 4

L»™
Hs111111118
D

AsH
D

LIIE

Hs SUA/256
CrM

H

H'M

L.,C

o]

H

b}

L11E

Fsubt

501

500!

S00A:

$0041

$00C:

So1:

501A:

Sa1B1

62

FsuUB
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MOV C,A
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MVI A,012121108
cHMpP

JC 502A

INX H
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XRA D
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MOV B.A

LDAX B

ADD L
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MOV H,A

XRA D
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MOV
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JMP
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MOV .
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JMP

MVI
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MOV
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MOV
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409AH,
adF aH,
41344,

64

6004
2P L]
JALFA
3IB2FA
I1B5:A

a1 66r,ABAEDA
AVYFH,» A3CHEN
Al1B1H, IBBFCH
41CFH,3RCR2H
A1E9H,@BC7AY

TFFFH

Cs» 3FH
D,

cI

1FH
20H
1e2
PSW
PS4
JoH
[o1
JAH
1ot
1t
C,A
2DH
ie3
2BH
104
PSW
PSW

107
A45H
197
191
2EH
Ia5
AyE

1ol

107
4a5H
4=}

191
E

o7
0H
199
3AH
199
Alc
2BH
{%1]
PSW
co

1{:}]

3 SUSROUTINE INPUTS NUMBER

3D=DECIMAL PNOINT FLAG
3EzEXFONENTIAL FLAG
30Q=END OF STACK

3 INPUT="

3 INPUT="'-'0R"+"*

B INPUT="."'

3 INPUT="'E"

$INPUT=2'D°TO"9"

3 PUSHZECHN

1091

1102

111

Ii2:

113:
I14:

115:

1162

I17:

[18:

1192
1202

cPt
JNZ
POP
ANA
Jz

MoV
cPl
JNZ
OCAH
cPl
NZ
OCR
JMP
LXI
MOV
ANA
Jez

LXI
POP
CP1
Je

CPI
JNZ
VI
XRA
INR
MoV
JuP
sul

MoV
CALL
bR
JNZ
w1
suB
MVl
Jz
MVI
JMP
POP
ANA
XCHG
LxI
LXI

crl
Jz
LX1
JMp
POP
ANA
Jz
cPl
JINZ
PUSH
MOV
MOV
CALL
LX1
POP
Jup
cPl
JNZ
4vi
ORA
MOV
Jup

TFH 3 INPUT=RUBOUT
o1
PSW
A
100
CsA
2EH
110
D
aSH
108
E
1a8
H» 4390H 3 COMPILE
AE
A
116 JCOMPILE EXPONENT
D»s a1 90H
PSW JVE=GAIN
454 SHL=POWER
116
20H
113
As» TFH
H
A
Hs A
112
30K
115
B'A
FMUL
B
114
AralH
D]
D», aAH
1a
D, 7FH
12 .
PSW 3COMPILE MANTISA
A
1 8C=GAIN
B, 4080H 3 DE=POWER
H,» 4003H 3 HL=NUMBER
123
2DH
129
Hs, OBVOH
118
PSW
A
123
2EH
o9
]
D.,B
E,C
FOIV
Bs 4000H
D
17
2LH
121
AsBoH
H
Hs A
1"



1211

1223

1232

sul

ALD
ADD
PUSH
PUSH
PUSH
PUSH
ADL
MV
ACl
sus
MOV
MoV
INX
MoV
MoV
MOV
POP
CALL
POP
PUSH
CALL
MOV
MOV
POP
DCX
[1]0p
MoV
DCX
MoV
POP
PUSH
caLL
MOV
MOV
CALL
POP
POP
MVI
ADD
MOV

LXx(
JMP
caLL
CALL
POP
RET

J0H
122

FouT:

DICTOPDP

(10A+2) MOD 256
LsA

CI0A+2)/256

L

HsA

€M

H

D™ T2t
C,L T3
BeH

H

FMUL

D Tat
8

FADD

BsH

Cc.L

H

H

H

D>M

M

EsM

H

H

FMUL

D.,B

E»C”

FADD

B

]

A.Q2H4
"B

B’A

nz

Bs TFFFH

117 153
FMUL

FMUL

D

65

FOUT

PUSH
PUSH
ANA
ORA
MVl
Jp
MVl
MVI
AN
ORI
MOV
CALL
PUSH
MVl
MOV
MoV
PUSH
PUSH
PUSH
AD!
MOV
ACl
su8
MOV
LDAX
MOV
INX
LDAX
Mov
cALL
ORA
ANA
Jn
POP
MOV
MoV
POP
POP
ADI
Jup
POP
POP
POP
PUSH
MOV
RRC
RAC
Wi
MOV
CALL
MVl
ADD
MOV
ACt
5U8
MOV
MOV
INK
MOY
LXI
CALL
por
CALL
Lxt
DAD
PO
INKR
JINZ
MVl
Jmp

T61

b
H
H

H
C»20H
Ti
C»2DH
B» UFFH
JlH
agH
Hs A

co

3
As»QaH
BsH
c‘L

PSW T8
H

8

I0A MOD 256 T91
CsA
10A/25%6
c

3,A

8

E,A

B

8

D‘A
Fsus

H

T10:

-A

15
g
BsH
C.L

H FBOUT!

PSW

84H

;4 Bi:
PSW gg:
PSW

H

3sA

2¢H
-4

o

A: C10A-2) MOD 256
8

L.A .
C13A-21/256 - Ba:
L

s A

E»™

H

D'M

Hs 3BaEM
FSUB

)

FaDD
D»3203d

)

B
B
16
Cs 2EM
12

MOV
cPl
JC
MVl
caLL
MV
CALL
poP
MOV
ADD
"
MV
CALL
MOV
CMA
AD1
JMP
MV]
CALL
MOV
RRC
AN1
XR1 -
Mvli
sult

INR
BMP
ADI
MOV
MOV
CAaLL
MoV
CALL
POP
RET

FBOUT

PUSH
PUSH
MVI
MVi
CALL
DAD
RAL
AN1
ORI
MoV
CALL
OCR
Jz
MOV
crPl

CPIl
JINZ
Myg
R
Myl
CALL
POP
POP
RET

co
C,B
co



SUAt

SUA.I0

DB
[}]:}
o8
DL
03
-]
by
08
0B
03
08
[E]
08
D3
B
ub
o8
by
va
[+]:}
Ls
DE]
b8
DB
03
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151042154, 79,297, 50,170,198
Vo 530 99.141,179,21%, =9, 21
49, 765101:124,147,163,168.247
226,247, 4, 212 6. 51, Ah, 4O
94,10721205132,144,154,1467,173
189,20¥,21¢,228,229,2%9%, =8, )
10, 19, 27, 6, 44, 52, 60, 67
75 82s H3s 9751045 110:,1170124
130,137,147, 149,155,161,167,173
179,184> 1900 195+,201,204,211,217
222,227:232,237,241,2445 =%5» @
4, 95 13, 18y 22, 26+ 3. 35
39s 4a3» 47, 51, S5, 59, 63s 67
Tls 75 75 82, 86s B89, 975 96
100,183, 107,110,114,117.,120,124
127,130,132 136,139,123, 146,149
152,155,158,161,163,1645169,172
175,178, 182,183,186, 16%9,1%214194
1960199,232,2040,207,209,212,214
217,219,222+224,226+229:231.213
236,238,249,243,245, -9, -1, -4
=2, B+ 2, a 65 S, 11s 17
1S, 17> 19, 21, 273, 25, 27» 29
31, 33, 35, 36, IBs 43, 42, a4
46, 48, 50» 51, 53, S5, 57, 59
60s 625 64y 662 HTs 49, T1e T2
T4» 765 77 79, 31, 82, 84 86
87, 89, 93, 92, 945 95, 97, 98B
100,121,103,104,136,107,119,119
11251132115 116.1872119,1295122
123,124, 1246+127,1295,1335 17312133
1345136, 137,133, 139, 141,142,147

b8 128,245,246+ -9,-9s=8,=8,~3s=Ts=Ts=T2=Ts=T5=Ts~7»-6

“63=61=6s=61=6>=6s=-6s-52=61=61-5,=51-55=-5,=-5,-5
*55=5,252=51=51-5s=5s25s-5,+5,=5,255=5,=-5,=5,-4
PR PR TER FRY PR PR IR PR FEY IR L FEP-FEY-FER-PEY.-]
2y cl, 8582y =8, =A,~8,=A)~8,=l,~8, =y~ A8y~4»~Q
TR PEL TEL PR PER- PR TR P PR S PR PR PR PR PR PR )
R TR PR PR PR PR PR FEE PR PR FER PR P PR PR P k)
PR PR PR PR PR PR PR PR PR PR PR PR P PR P |
LR PR FER P FER PR PE S RS PR TES P PER PR P PE P )
R PR P I PR P D s PR PR i PR PR e e PR TR PR
“33=F=N=N "= == =2,=2+1=2+~2,~2,-2,~2
2212521272522, =212+1=2+22+=24125=2,-2,-2,-2
“20=20=25=2,=21-25=2,-2+1=29=2:=21=21=25=2+-2,=2
“21=212021=2+25-2,-2s=2s~2+~2s=2:=2,=2,=2,-2
“21=23-2222,=2,-21~2:-21-2,=2,=2,=2,-2,-2,-2,-2
2252521212, =2+225s-2,2s=21+2+~2,~2+=2+-2,-2

145,1465147,148,159,151,152,199
15551565157,158,1595,161,162,153
164,1655167+168515695,173,171,172
174,175,17541775, 173+ 177,184,131
183,134,185 184,187,13%,189,133
191,192,193, 194,135, 194,197,194
193,200,201,202:227%:, 204,239,234
237,298,227%,218,211,212,212,214
2155216+217,218,217,222,221,222
227,224+226,225+,224.227,224.223
232,2315,232,233.273,214,235, 274
237,234,272,2139,240,241,242,24%3
2A4,204,245,2855 =95 =35 =3 =7
=6y =5» =4, 4, =3, <2, ~l» @
Qs 35 20 W 30 242 S b 7o Ts Br 70195100 11,12
12517514515, 15,1551 7-,17,18,19,23,28,21,22,22,21
248r28,25, 26526127+ 28028:299 30073, 31,512,712, 3%, 34
TAe V52 V4040 A7 A8 Y8, 192 A0 4D, A1, 414 42,5 474 87, 44
84, 85, AR 44,47, AT 5 4%, 487,489,500, 499151592, 525,57 97
S$4, 5480551561560 57557253558, 590 620620610 414 A2, 62
6306V 64,64,R56R16h:A8T,6Ts68168,09:A75T70,70,71
T1572:720730 7074574575750 Ths 76772775 TR, 73,77
79:80,80,81,81,82,82,87,87,84:84,85,85,86,86,86



B87,87:,88,88,89,89+90,90091,91591:922,92:92,9%:94
94595:,95595596596097+97,98:98,98,99,99, 100,100,101

191,1012102,32,183,183,103, 104
104, 105 1055 1065 1 DA, 106,107,107
198, 108, 1B, LV, 1002, 1390110110
1110 005002,812,11 3081100
114,114,114, 115,115, 11A0 1065114
117,10 70007,018,118,11921175119
120, 124,120,121, 121,121,122.122
122,123,123,123,124: 124,125,125
125,126, 1265 124,127,127,127,128
123,126,129,129,129,130,179,170
131,131,131,132,132,112,132,137
133,173,134,134,1734,135,135, 115
136513601365137,137,137,137,178
138,138,139,1395, 139,048, 1ads 140
14d,141,141,141,142,142,142,14)
143,143,143, 134, 144,144,145,145
145, 145,146,1465146,1475147,147
147,148,148,1453,148,149,129,149
152,152,150, 150,151,151,158,151
152,152,1525,152,153,157,15% 154
154,154,1540155, 1555155, 155,156
156,156+156,157,157,157,157,158
153,158s158,159,159,159,159,160
163,160,162,160,151,161,161,161
162,162,1625,162:163+163,163,16)
164s164,1645154,164,16521585,5!65
1655166+166,16651665167,167,167
167s167,168,168,168,168,168,169

1695169,1695173,173.,170,170.170
17121711 7021715171,1725172,172
172,173,173,173,173 1731745174
174,174,1745175,175,175,175,175
1765176, 1765176517651775177,177
177,177,1785178,174,1783,173,173
179,179,1795179,179,13813,133,180
18@,180,181,131,181,131,1581,18)
182,182,182,182,132,183,133, 183
183,183,183,184,184,184,134,134
184,185,189, 165,185,185, 136,186
186,186,186,186,187.187,137,187
137,187,188,138, 138,188,132, 188
189,189, 189,139, 187,189,13d,17d
190,198,1935,1902,193,191,171519)
191,191,1915192,192,192,»192,192
192,193,193,193,197,19% 173,193
194,194:194,174,194,194,124,175
195,195,195,195, 195,195,196, 196
19651945 19651942197:197,127,197
197,197,197,197,193, 198,134,178
193,198,198,19%9,199,199,177.199
1995199,201),2084,213.2910239,200
223,201,231,221,231.231,231,201
2081,202,202,232,202.202,242,202
232,2173,237,233,213,203,233,283
203,204,200 4,204,284,204, 204,204
2084,205,235,20%,20%,205,225, 205
235,206+ 20K+ 2062279A,206,206,206
206,207,207,297,207.291,2.37,287
207,207,208,213,234,2082293%4, 244
206,204,288,219,207,2009,239,209
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Dy
ba
M)
[31-]
LB
nB
08
3]
)]
[o]:]
Dg
08
DB
LB
by
08

DB
0B
Db
0B
bB
[o]:]
0B
D8
0B
[a}:]
[3):]
DB
DB
[o1-]
08

209,209, 209,209,210,210,212,210
210,210,210,210,210.,211,211.211
2112211,2115,211521102110212:.212
212,212,212,212,212,212,212,212
213,217%,217,217,213,213,217%:21)
213,213,214,2168.2100214,214,214
214,214,2144214,215,215,215,215
215,215,215,215,215:215,216,216
216521621 6021402165,216:2160214
216+,217,217+217,217,217,217.217
217,217,217,217.,218,218,218,218
218,218,218,218,218,218,218,219
219,219,219,219,219,219,219,219
219,219,220.229,220,229,220,220
220,220,220+222,222,220,221,221
221,221,221,221,221,221,221,221
221,221,221,222,222,222,222,222
222,2224222,222,222,222,222,22%
223,223,2273,223,22%227,22% 223
223,223,223,227,224,224,224,224
224,224,224,224,224,224,224,224
2240224,225,225,225, 225,225,225
225,225,225,225,225,225,225,226
22612261 226+226022h0226+2261226
2262226,226,226,226,226,2217,227
227,227,227,227,227,227,227,227
227,227,227,227,227,223,228,228
228,226,228,228,228, 228,228,223
228,228,228,224,229,229,229,229
229,229,229,229,22%,229,229,229
229,229,229,229+,279%,2720,230,230
270,232,219,230,230,230,230,270

230,2%2,2132,270,239,231,231,231
231,231,231,2731,2721,231,271,271
231,231,231,231,231,231,232,232
232,272,232,272,232, 232,292,272
232,272,2732,232,2732,2232,2%2,272
233,233,233,233,237,233,232,20
233,233,233,233,233,233,233,273
233,233,233,234,2%4,234,234,234
234,2734,2%4,2%4,224,274,274,234
2345,234,2345234,234,2342275,2735
235,2355,23%,23%,2135,235,275,275
235,2735,235,235,235,235,235,275
235,215,2355216+236,23652362276
236+236,276+2365236+236»236,2%6
2362273602361 2365,2342236+27612%6
236,237,237,237:237.23171,277,237
237,237,237,237:237,2%7,277,27
217,217,2375237+237,237,221,237
238,2338,238,2%8,233,233,218,2738
236,274,238,238,238,27338,2%8,213
278,238,234,238,233,2738,238,278
239,239,239,239,239,279,279:2739
279,239,279+239,2%9,239,2%9,27%9
239»239,239127%9:237%,279:2%%0239
219,239,240, 240, 243,243,240, 240
240,243, 240,240,248,241),241,240
240,247,248, 2483,2408,240,2499,249
240,24D,24022480,243,241,241,241
24a1,241,241,241,2415241,241,241
241,241,241,241,241,241,241,24)
241,241,241,241,2415241,241,24])
241,241,242,242,242,242,242+242



ADA:

[1:]
o8
0d
M)

DB
vy
o8
D3
1]
o]
0B
Gd
L3
DB
[*[:]
D8
DB
D3
DB
%]
D3
D3
08
D3
D3
b3
b3

DB
D8
08
0B
[+):}
[]:]
oe
LE]
D3
P[]
03
03

03
D3
E]

ADA.10

D3
D3
D3
D3
D3
03
D3
bs
03
D3
D3
Da
03
b3
03
Db
03
4]
D3
DB
b3
[']:]
b3
v3
V]
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242,242,242,242/,242,242,242,242
242,242,242/242,2482,242,242,042
2420242+242,202,242,242,242,242
242,24302431248%+28%5243,243,242)
243,243,243,243,24%: 243,243,240
243,24%,242,24%, 247,247,247, 241
247,243,243:2473,247,241, 243,243
243,243,243,244,244,244,244,244
244,244,244,24492484,244,244,244
244,244,244,244244,224,244,244
244,244,244,244,244,24843,244,244
244,2484,2484:2484,244,244,244,244
24502450245:245,245924%,245.24a5
24552450245,2485,24%5,245,245,225
2452245,245,245,245, 245,245,245
245,245,245,245,245,245,245,245
245,245,245,245,2405,245,245%,245
244,246,246,245h22456,244,246,246
24862246524861246,2469246,246,246
2460246024860246,2460248402464246
2460246224861246,246,2469246,24A
R465246+2461246,2460226,2465246
2486,2465246524869 =99 =99 =9, =9

=95 =92 =9 =9, =95 =95 =9, =9
=99"959529+295+91295-91295-91-95-9+-95-91-9,~9
“95295-95-9+295-91-95-95,-9,-95-95=93-9,-9,=-9,-9
~99°959s-9,-9,-8+-8,-2,-8,-8,-8,-8,-85-8,~8,-8
«8,~8s-8,-8,-8s-8,«B+s=8:-83,~8+~8+-8:-8,-84~383+-8

~8s~8s-B»-8,~8,-8,-8,-6,-8,-8)-8+-8,-8,-8,-8,-8
“8s=8s=B5-8s-8,=8s=-85-8,-8s=8+~8s=8+s=T2-71=72=17
“Ts2Ts=Ts=Ts=Ts2Ts=Ts=1s=Ts=Ts=Ts=Ts=Ts=Ts=Ts=17
“Ts=To=Ta=Ts=To=To=Ts=Ts=T0=T1=T2=Ts=Ts=T0~T9»=17
=Ts=Ts=To=1sTo=Ts=Ts=Ts=Ts=T2=Ts=Ts=T2=T»=T»=17
~Ts2Ts=Ts=Ts=Ts=Ts=Ts=Ts=Ts=Ts=Ts~hs=bs=hr~hy=§
~6r 606562261656+ 262=h1=65s=6s=6s=bs-b2-6s=6
~6s=61=63-61261-6165-b1-6s=b1=6s6s"bs=6s=62~65
~69=62~6s=bs~hs=b1=bs~b1=61=6s=6s=K2-hs=bs~hs-6
“~60=692=62761~62-61-5s~b1=bs=br=6sFkr=bs=b1=hs=6
~65261265=6+-60=91-55=5,-5s=51=5+-5,=5+-51-5,-5
L2 TR - TEA-TREVES PELTES-TES PRS- TERTESTES P TER-TES- TR -]
*55250=55=5,25,=5+=55=5,=59=9,~9s=5s55=5,=5,=5
~55*59=55251-51=5+5+-5,~51=5,~5,=5s~95,-5,-5+~5
~50-55252-51-5,=5s5525,-5s=5,-53=5,=5,~5,-5s=5
~55*50~50-95=51=5,25s-5s=5s=5,=-5+=5,=-5,~4,~4,~4

52:5205]n5]u50:50:49,49:48-48;47»47.46,46.45;05
A4, 449435, 43,42, 42041541540 402395795385 38, 18, 37
37+ 36236535,359,34,34,33,33,132, 325,715,315, 13, 3, 29
29,23+28,27,27,27526126525225124,24,27 2%, 22,22
21,21420522,20,19519+12+18,17517516451641515:15
14,14513,13,12,12,11,31,10,19,18» 9, 9, 8Bs Bs» 7
Ts 65 65 bs S» S» 4» 45 3 Vs 25 25 25 15 15 O
0,255,255,254,254,254,25%, 2572
252,252,251,251,251,250,250,249
249,243,248,248,247,247,246,246%
245,245+245,244,2484,22%,24%,242
242,242+241,2410249,203,209,239
239»238,238,237,237+277,26. 26
235,235, 215%,234,234, 217,217,217
2132:272,231,231,231,23,2732,229
229,229,228+228,2279227,227.2264
226+22%91225:22%:224,224,201,227
2231222,222,221,221,221.2000, 270
219,219,219,218,218,217,217,217
216021602165219,215,2148,214,214

T213,2172,212,212,21252114211,21)

210,219,209,2:79,209, 294,204, 208
207,207, 204,206,206, 285,205, 205
204,294,204,203,293, 202,202,202
201,201,231,200,2080,230,199,199



69

198,198+1962 19701975192, 196,196
1965s195,195,194,5,1745,1945193,193
193,1925192,192,191,51915191,190
198,190 139,149, 1495 1dns 1KEs 188
187137, 184,186, 154,185:1B5,18%
184,134,184,187,18%, 183 182, 142
182,1315181,181,133,180: 188,179
1795179+ 176,178, 178,177,177.1127
1765176217601 75,1751751745174
174,174,173 173,173,172,172,172
17001710170, 1702170. 17001695 149
169,168516352168,157,167,1467,167
166516651660165,155:1A501645164
164,163,167 163,16%5162,14A2, 162
161,1612161,160,150,163,159,159
159,159,153,158,158,157,157,157
15621564 156,156+155,155,155,154
154,154,154,153,153, 153,152,152
152515121512 1511515,150,158,150
1495,149,149,149,148,148,144, 148
147+,1475147,146,148h5 1440 144,145
145,145, 144,1445144,148,1435143
143,142,142,142,142,5141,141,141
14151402140,140,1425,132,1739,1139
138,138,133,138,1375137,137,1137
1365126,136,136,1135,135,135,134
134,134,134,133,133,133,133,132
132,132,132,131,131,131, 131,130
130,130,133,129,129,123,129, 128
128,128,123,127+12751275127,126
1265126,126,125,125,125,125,124
124,124,124,123,122,12% 123,122

122,122,122,121,121,121,121,121
122,123,128,128,1175119:1135119
118,1185,113,118,117-117,117,1317
1175116511651162116,115,1155115

115,114, 114,114,114,114,113.,113
113,113,112,112,1125112,112, 1011

1115301, 0115010,110,11C,183.112
109,109,109,109,109,103, 128,138
108,107,187.107,137»,137, 1365106
106,136+,106,135,1355,105,105,124
104,124,104,104,133,133,133,191
103:,132,102,102,132,102,141.191
121,121,101,100,190,103,100,102

99, 99, 99, 99+ 99, 93, 93, 98
98598+,97+97297597597+9559h29h+5962%6199295,95,95
95594,94,94,94,94,93,97,93,93,93,93,92,92,92, 92
92,91,91591,91,91,91,98,23,90,93,92,89,89,47,89
89,88,88,88,88,88,88,37,37,87,87,87,87,86,86,R6
B6286+,85,85,85,85,85,65,84,84,84,84,84,84,87,67
83,82,83,33,82,82,82,82,82,82,81,81,81,81,81,81
80:,80,83,89,80.80s79579,79,79,79,79,76573,76, 78
7878577577770 7172775775765 7A0TAsT45T45 Tk 76475
755752755 75075+74,74:7¢,741T7@>74274573273,73,73

73573272572, 72572072572: 725710715715 735 71071571
70»72+,70,70,70,70,70+69:69967569,A9,69269, 685 68
68, 6B168068,6B81671675h756116T0AT267s6hsbhsbhshb
6606516656565 65:65:85:65,6%06%,6L,R0: 62,808, RKA
64>6416356%163567163367,6V9630F25625625625 62,62
62561:610610610A10615K12K10A830A00h0%,K8, 40, 60,40
60257+59559+59255+59,5%9+ 59, 55, 5H,» 58, 5R, 58, 58, 58
SHsS5Te57:51557557+57+572570 56, 560 %65 56 4, Sk 56
$65560595 55,555 595,555 59,9595 59555, 54, 545 54, $4, 54
545, 54,5455%:5%3+ 57,535,571, 57532535 53,52, 52, 52, 52
52, 52,52, 5291 52,51551551.51,51,51451,512 51, 53,50
SQs 5N 5U5 533, 500 534 532 535 49, 49, 495 47,49, 489, 49, 49
49, a8 AB» 4B a8, 48 AY, A3, AH 4K, A8, 4T AT5 47,47, 47
A7547: 875,487,475 3hs 865 460 A4s A6 8h» 8k Ak 4k 8H, 8S
45, 455,455 45, 455 455 45,5 45, 45, 45, 244, 44,44, A4, aa, 44
A4, 84544, 484,47543,43,43,403543,435,43,47, 47,87, 42



FALD:

L1

70

D3 A2, A2, 42,425 429 42, A2+ 42,42, 42,4141, 41,4104, 4]
b]:} Als 415415415415 a004a0 A% A0 41, A1)y A6 A0, 40, A1), 4D
b]:] 405 395795,39:79039 37519795196 395 19,79, 18 14, 18
P[] 38, 38,33, 33,38, 38,78, 8,18, 37437+ 37,37,374 17,37
b8 3703753763772 070V60 365080300 VAs Fhe VA0 Vb0 V60 V6
D8 3623423657575, 35,356 7%0750 752755 150715, 152 75,15
b8 34004, 345734745 34034, 1447345 34,345 13» 34,714,717 1)
o8 33,33:33,733:33033330335371, 379335370320 724 22, 02
[)]:] 32, 32,32,325,325, 32,32+ 32532+32, 315310 310315315 31
DB R I DI IR W B I RIS B N IRt B IO 1 e 1 TR TN Pl 1 P T PO I P 14
DB 305 30,30, 2 305305305 1274296290 29,29,2242929
2L:] 29+29+29,2%129,29:29,29,24,20+28.28,28,23,24,28
o8 285,28,28,23,28420+26028+:27+27527027427:27027,217
08 27221027:27:27527s2727027:26+2612602622642h426
08 261260265260261260:25h520126026124,25125,25:2%,25
o8 255250295 25025,25025:2%125029:25,25,25,24,24, 24
V)] 24,24,24+24124524,240200242248,24,24024524,24,24
08 23,23,23,23,2%,2%27%23+2%,27.,23,23:,27,27,22, 20
D3 23,2%+23,23,22,22:22,22+122+122,22,22,22+,22,22,22
PL] 22,22,22+,22,22,22:22,22:22,21+21521221021021+21
D3 21,21,21,21+21,21,21,21:21,21521,21,21421+21,20
08 20,20,20,20:28+203:,20,22:20,20,20,20,20,520,20.20
08 20,20,20,20:20519:19519,19,19519+13,19519,19,19
08 19,19,19219,19,19¢19519+19,19:,19+19,17.18:18,18
o1} 18, 18,18,15,18,13,180,13,18,18,18,13,18,18,18,18
D8 182185182185 185185175170175172170175,17617:17517
DB 1701701721750 7517517517517517017517017017517017
08 170160165150 16516:1401601001651601A0160160165154
[v2:] 1601601651601 650164162160165166164516516515,15.15
D3 155150155150 15,15:15515,15015,15,15,15,15,15,15
1] 155155152150 15515:15, 1515515215515, 14514514,14
b]:] lar1a,14514,14,14:145014,1Q,14a,14,12,14514,14,14
D3 14,14,14014,14,14,14,14,145,14,514,14,13,13,1317
]:} 13,13,13,13,13,13:17,13:13, 12,1313, 1751312, 17
D3 13,13,13513:13, 13132113 13513,13 1317 17,12
DB 12,12,12,12,12,12,12,12,12,12,12,12,12,512,12,12
DI} 12,12512,12012,12,12512012,12512,12,12512512512
[]:] 125125125125 1105000 005005015005 005005 0050000151010
L] F1o08o 0021000000500 005000 000050050 1051010,10,10
oB 1020000 200080 l0030501500000,805010,11513,510,10
D8 10,10,10,10,12,13,10,10:,18,10,10,10,10,12,10,10
Dbe 10,10,10,12,105,10:,10,10,10,18,10,10,103510,13,10
b3 10,18,10,13,18,13,10,18,103,13, 9» 95 %9, 7+ 95 9
0B 95 92 95 92 95 95 95 95 95 P75 95 9 95 32 9 9
b8 9s 92 94 95 99 95 94 95 95 95 95 95 95 95 9 9
ba 9s 95 95 9 95 95 95 91 95 95 9 9, 8, 9» B, B
L) @, 8, 8» 3, 8, B, B, Bs 85 B8s 8» 8, B» B8» 8» 8
D] 8, 8, 8, 8., 8, B, B, 8, B» B8» 8, 8, 8, 8, B, 8
DB B8+,8,8+8,8.3,8,8,8,8,8:8,8,8,8,8

[2]:] 8s8s8s82T5 7075707070 T5707475757

L] 157575757575 78757275T727:7275757

03 1676797975157 75T5T570727675727

>:} 7579675757575 70 70 Ts70T6T2T0T07T07

Da T2T70T3T72616,b06561626060h:60606

D3 6162606360616160616562616560616

08 6260606060616260h160606065606026

03 62606060615,60616:,A26061655h0605

1] £0616s6561616260h16060606160635

08 5555515959559 555951555:515+505,5

Da $5s55505552515»55555r5151559,555

bs 555552595151 5555555r5+5:,555+5,5

]} 595559555+ 5552555+555+ 559555545

I} 59555555555955559551 505,555,545, 5

us 50505555 595,52505,454,4,4,4,4,4

b3 4

FADD.10

v AsH IENTEK

XRA D

MOV AsbL

M [}

sSuB E 3ADD

v CsA

nv AsH

5bd 0

J" Lol

PR



Loo:

Loas:

LOBAS

LOOAls

L@oB:

Loesl:

Lo0C:

LOOaC!:

LooD:

LOdD1:

LOOE:

LOOF:

JZ
sul
JC

MOV
NS
tNx
INA
INX
My
cupP
JC

INX
JMP

OCR
NATA
1NX
MVI
Ccup
8cC

ANX
ANA

XRA

RP
JMP

DOCR
JINZ
INX
ORA
XRA
RP

JMp

OCk
RNZ
vl
CcMpP
RC

INX
ANA
XRA

JMP

ADI
MOV
LDAX
ADD
MOV
ADC
sus
MOV
XRA
RP
JMP

MVI
MVI
cHp
JC
LUAX
ADD
MOV
ADC
su3
INR
MOV
KKA

MVI
MVI
ANA
CMA
MoV
RET

LO%E
JUNYIIYaY
Lyev

BsH

LOVA

H

H

H
As311810003

c
Loo81
H

LooB1

A

Loes

H
As111090108

Cc
L@oAl

A, 1100101138
c

H
H
B

LOOF

ADA/256+8
8»A

Hs A
]

LAoF

B»ADA/256
A»@11120003
c

LoDl

B

L

LA

Laltllllns
A, 8o
H

H) A

71

JHL>DE Lol
JGROUP 8

Lol St
3GROUP 9

LO1A:s
3GROUP 10 Le1AL:

Lo18:
SGROUP 11 Lot

Leic:
3GROUP 1-7

LO1D:
3GROUP O

LOIE:
JOVERFLOW

LOIE}?:

INR
JZ
ADL
Je

MOV
v
Mov
INR
JNZ
INX
INX
CMP

INX
MVt
cMp
JNC
INX
JMP

INR
JNZ
INX
Mvi
cHpP
JNC
INX
ORA
XRA
RP

JMpP

INR
JINZ
INX
ORA
XRA

JP

INKR
ANZ
MVl
CHP
RNC
INX
0RA
XRA
RP

JupP

CMA
ADI
MOV
MOV
CcMA
MOV
INX
MOV
MVl
DAD
oV
XRA
RP

Jmp

MVI
MOV
cMA
MOV
INX
oV
cPi
ALC
INK
MOV
DAL
v
ARA

JMp

A

Lye
LOCDTIRRE-]
LJdiIvL

BsH
LsE
Hs D
A
LOI1A
H

H

Cc
LO1AY
H

Asl20101118
c

LeecCt

H

Loacl

A
Lot
H

A,003111018
C

LO1A}

H

H
B

LOBF

Leic
H

LeoF
A

A,001101008
c

H
H
B8

LOOF

ADA/256+8
HsA
AsC

LsA

H

L.M

H, 000000083
b

AsH

D

LOOF

HsADAZ256
AsC

LsA

H

LM
411100008
(o}

A
HsA
D
AsH
0

LOOF

JDE»HL

SGROUP 8

JGROUP 9

JGROUP 18

JGROUP 11

JGROUPS 1-7

SGROUP @



Lit

Lits

L1tSe

L1tAL:

LllA:

L118:

L1181

L11C:

L11Cls

L11Dt

L1101

L11E:

L1lEl:

JMP

bCR
JNZ
DCX
ORA
XRA
RP

Jmp

DCK
RNZ
MVl
cMp

DCx
ANA
XRA
RP

Jmp

ADI
MOV
LDAX
ADD
MOV
MVL
ALC
MOV
XRA
kM
JMP

My1
MOV
cPl
JNC
Lbag
Al
MOV
MV
ALC
MWV
KRA
k%
Jup

(4
C.A
AsH

0

Lie
e11t11118
LIIF

A

LIIE

goeouv11B
Li1D

BsH

L11A

H

H

H
A,011011008
c

L11B1
H

AsH
B

L11G

A

LB

H

A,C
111921018
Lice

H
202299108
L11A}

H
Liigl

A
Liic
H

H
8

LI1G
A

A»110311088
c

H
H
B

L11G

SUA7256+9
B’A

B

L

LsA
LYRRRRRRRRY:

HsA
0

L11G

B, SUAZ256+2
A’c
CARICIRREE-]
L1

[

L

L.,A
As111111108
H

HsA
D

L1G

72

3SUHTRACT LIIFSY
SHL>DE

L11G:
3GROUP 8

L19s
3 GROUP 9

Liens
3GROUP 12
3GROUP 11 LI10Es
3GROUPS 2-7

L1oF:
3GKOUP 1

MVl
LUAK
INK
AUD
MOV
LDAX
AUC
MOV
XRA
KM

MVI
MVl
ORA
CMA
MOV
RET

MOV
suB
MOV
MOV
ssd
AN1
JZ

OCR

sul
JC

MOV
MOV
MOV
MOV
JNZ
JMp

AD1
MOV
MOV
MVI
DAD
MOV
XKA

JMP

MVI
MOV
MOV
CPI
SBB
DCR

. MOV

DAD
ANA
XRA
RP

JMP

MVI
MOV
INR
MOV
MOV
DAD
IRA
KRA
®P

JMP

B»SUAZ256

L,000d00008
A» TFH
H

H,A

ASE

L

L.A

A»D

H
C2ARRRRREE:]
LIQF

A

L18E
900pa111B
L10D

. Cob

Ls»E
H»D
B‘H
LI1A

Lits

SUAZ256+9
HsA

LM
H,1111113118B
]

Ard
D

LI1G

Hs SUAZ256+2
AsL

LsM
2110211118
A

A
Hs, A
L
H
]

L11G

Hs SUAZ256
Crt4
H

HoM
L,C
D
H
)]

L116

1GROUP ¥

PUNDERFLOW

3DE>HL

3GROUPS 2-7

JGROUP )

JGROUP @



FSudt

$01:

S021

SQOD?
500011

S00E:

Sai:

5010t

SBIES

St

FsUB.l0

MWV ArH

XRA (1}

MIV Al Siie
JP S

suB E

v C.A

MOV AsH

5538 ]

JP So1

AN1 TFH SHiD:
Je SOQE~

sul 00V 1vI08 SO
JC S13U0

MOV BsH

JINZ LO0A

JYP Leos

ADl ADA/256+8

MIV B,A

LDAX B

ADD L

MOV LsA S11E¢
ADC M

sus L

MOV Hy A

XRA D

(3

JHP LOeF

MVI 8»ADA’256

MV] A, 311100008

CMP c

JC S@0D!

L0AX B8

ADD L
MOV L,A

ANC H S11Fs
sus L

INR A

MOV Hs,A

XA b

R~

JHP LOOF

ADI 100022218

Jz SQ1E

ADT 002921118

Jc Sgi0

MOV BeH Si9:
Lxl H,BUOAH

DAD )}

INR A

JNZ Lala

JMP LB1S

CMA

ADI ADA/256+8

MOV H, A

MOV A,C

CHMA

MOV L,A

INK H

MOV LoM

MVL Hs83H

vav D S100:
v AsH

XRA v S1ovis
R“

J LOGF

MVI H,»ADA’25%6

v A)C

cvAa

MOV L,A

14X H

MV LeM

crl 911193398

ADC c

ant 19923058

v Hs A

DAL D

AJA H

XHA D

K4

JupP L@OF

M0V

- XKA

KM
JMp

[ Si10K1
CsA

ArH

Y

513

31IF
a

SIIE

Jaasotg

SH10

8:0

LilA

L11s
S1VFt

SUA’256+9

3A

E]

L

LsA

AsQFFH

o

Hs A

0

L1116

3, SUA/256+2
AsC
Ji1311118
S1101

3

L

LsA

A» OFEH

H

A

0

LI1G

'3, 8UAZ256

3
3
L
LsA
8
H
A
3}

L11G

A'E
L

CA
AsD

o

S10F

A

S10E
002321118
S100

r,» 32004

D

deH
L11A
Lu1s

SUA/255+9
A

=]

E

L:A
ArTFH

3]

s A

[}]

LI1G

MVI
MOV
cel
JNC
LUAX
ADL
MOV
MVl
ADC
MoV
XHA
RM
JMP

MV1
LDAX
INR
ADD
MOV
LDAX
adc
XR1
MOV
XRA
kM
JMP

Bs SUAZ25642
A:C
ati1811118
Stai

8

€

L.A

A» TEH

D

HaA
D

L11G
Bs SUAZ256

LIlG



74

1091 cPI TFH 3 INPUT=RUBOUT
JINZ 101
10A.10 pOP PSW
ANA A
10A21 JZ 102
10A EQU 10A2-2 MOV CsA
D 00034 CPL 2€H
Da 200UH, 0dauH JINZ ]
U allads 34%EH DCR [}
Dw AlESH, 36504 ny cPI aSH
DW 4268H, 36ATH JINZ 108
ow 42CCH» OBSLIH DCR E
LW 431014,935724 JMP 108
D 4362H, 887F I 1112 Lx! Hs 4BORAH 3 COMPILE
Do 439DH, dB67EX MoV ASE
D4 43D1H, 35094 ANA A
oW IFFFH Jz 16 $COMPILE EXPONENT
LXE Ds 42004
12 POP PSW BVE=GAIN
CP1 45H IHL=POWER
FIN.10 iz ne
. cPl 204
INZ 113
FINe PUSH 0 3 SUSROUTINE INPUTS NUMBER MvI As TFH
10@s Myl C» IFH ARA H
CALL co 10=DECIMAL POINT FLAG INR A
LXI D»Q 3EsEXPONENTIAL FLAG MoV HsA
PUSH D 30=END OF STACK Jup 12
181 cAaLL ci 3: sul 30H
AN 1FH JZ s
cPl 20H SINPUT=® ° MoV B.A
g 102 1143 CALL FMUL
POP PSW OCR B8
PUSH PSW JNZ f1a
cPl 394 115: MyVE A, a2
Je 101 sus o
crl 38 MVI D»SaH
JNC 101 Je e
JvP 111 MVl D> 7FH
1023 MOV CsA JINPUT=*=*QR"+" Jup 112
cPl 20H 1162 POP PSW $COMPILE MANTISA
JZ 103 ANA A
CcPl 2BH XCHG 3oC=GAIN
Jue 104 LAL Bs 4Q00H 3 DE=POWER
123: PopP PSW LX1 Hs 4038H 31 HL=NUMBER
PUSH PSW Jz 123
AvA A cPl 2DH
Jz 187 Jz 120
cPl asH Lx1 H,» 0OOGH
Jz 107 JWP 118
JuP 101 . 17 POP PSW
104: cPl 2€ed PINPUT='. " ANA A
INZ 185 Jz 123
MOV A, E 1183 cPl 2EH
0RA ) JINZ 119
JINZ 191 PUSH )
INn o MoV D, 8
JupP 197 MOV E,C
105: cPl asK 3INPUT='E"* CALL FDIV
Jvz 106 Lx: Bs» 4038H
aNA £ POP v
OKA £ Jup 117
INZ 191 1192 crl 20H
INK 3 INZ 121
©oJwe 107 1201 wvl A, BOM
1063 crPl 30H JINPUT="0"TO"9"* KA H
Jc 189 Moy Hs A
cPl 3aH JYP 17
Jue 189
1871 MOV A,C 3 PUSHLECHD
cPl1 29
Jie 138
PUSH PSW
1e8s. CALL co

Jup 101



21

1223

1233

sult
JZ
ADD
ALD
PUSH
PUSH
PUSH
PUSH
Aapl
MOV
ACl
SuU3
MOV
Mov
INX
MoV
MOV
MOV
POP
CALL
PP
PUSH
CALL
MOV
MOV
POP
DCX

FOUT:

WIWOD»P

Cl0A+2) MOD 254

LsA

CIDA+2)/7256

L Tls
H,A

E.M

H

UsM T28
c:L Ta:
8,H

H

SHUL Ta1
B

FADD

BsH

CoL

H

H

H
0, M
H
A,M
H

H
FMUL
0,8
EsC
FAULD
B

D
ArBaH
B8

BDA

117

Bs 7FFFH

17 TS5
FMUL

FMUL

D

75

FouT.lo

PUSH 0

PUSH Y

ANA "

OkA L

MVi Cs20H
JP T1

MVl C», 204
MVl B, OFFH
AN J3H
ORI LTI
MOV H A
CALL co-
PusH s

MVi AsQaH
MoV 3o H
MOV Cc,L
PUSH PSW .
PUSH H

PUSH 3

ADI 10A MOD 256
MoV C,A
AC!l 10A/7256
su3 c

MoV 8,4
LDAX a

MOV E.A

INX 8

LDAX L]

MOV BsA
CALL FsuB
ORA H

ANA A

BM 75

POP 8

MOV BsH
MOV [
pop L3

POP PSW
ADI 24H
JMP T4

POP ]

popP PSW
(14 PSW
PUSH d

Moy 2;A
RRC

RRC

ADIL 2FH
MOV CeA
CALL co

MVI A, (10A-2) MOD 256
ALD 8

MOV L:A .
ACI (I0A~-2)/256
sus3 L

MOV Hs A
MoV [¥Y. 4
INK d

MOV DM

Lxl1 H» 369DH
CALL Fsug
PO o

CALL FADU
LXI D, 04004
LAD 7]

POP 3

Ny ]

JNg T6

MVE C»2EH

JMr T2

T61

T73

T81

T9:

TiO:

FBOUT:

Bl
822
B3:

Baz

BS3

MOV AsB
crl 2

Je T3
MVI C»20H
caLt co
MVi Cs 4a5H
CALL co
POP H

MOV AsH
ADD A

JM T7
MVI Cs20H
CALL co
MOV AsH
cMA

ADl d4H
JMP T8
MVI Cr20H
CALL co

L [0)" AsH
RRC

KRC

ANL IFH
Xkl 19H
MVL B»30H
Sul 19

Jc Ti@
INR B

JMP T9

ADI 3AH
MoV (1Y -]
MoV B:A
CALL co
MOV [1}:}
CcAaLL co
POP 0

RET
FBOUT.10
PUSH H
PUSH s}

Myl g:16
MVI Cs 20K
CALL co
bap H

RAL

ANT O1H
OR! kl:L}
MOV CrA
CALL co
DCR B

JZ 85
MOV AsB
CPI 15

JL 3]
cel 1@
JINZ B3
Mv1 C,2EH
JMP 13
MV1 Cs 20K
cALL co
pPop 0

POP H

RET



FAR?

FADDs

Loal:

Lite

Lilts

Focus.s

oB
[»]:}
[o]:}
[+]:]
[o}:]
DB
[o]:}
[3]:]
[+:}
D8
[o]:}
DB
DB
DB
DB
)}

Mvi
XRA
JM

XRA

sus
J

MoV
ADD
ADD
RP

MVl
RET
CMa
INR
MOV
MOV
ADD
RP

MVi
RET
SuUB
Jv

MOV
ADD
ADD
R™M

MVl
RET
CMA
INR
MOV
MOV
ALD
RM

MVI
RET

76

8s8s797260655050504045,48,39353,3
302120222+2020 150005001000 1sis
1512151500000, 0:,0:0,0,9,0,0,2,0
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CHAPTER IV

SOFTWARE OPERATION OF THE MICRO-OPTICAL TOMOGRAPH

Introduction to Flying Spot Scanners

The Micro-Optical Tomograph is also a high quality general pur-
pose digital imager using thg flying-spot principle to read and write
visual data. Flying-spot scanners were born with television. They were
used in the first regular television transmissions beginning in 1928.
These early broadcasts scanned a scene with a carbon arc and a mechan-
ically rotating disk, as described by Nipkow in 1884. Today flying-spot
scanners using a CRT light source are widely used fbr motion picture
pick up in commercial TV.

When outputting an image, a computer program through this scanner
sequentially builds a picture as thousands of dots, or pixels, exposing
one at a time by choosing an X and Y coordinate and a beam intensity.
This slowly formed image is integrated on a photographic film or paper
yielding a permanent record in black and white or color.

When inputting an image, a computer program through the scanner
sequentially chooses X and Y coordinates and reads various channels in-
dicating density, color, etc. of the subject at the chosen point.

A flying-spot camera is complementary to a conventional television
camera; as it now explained. 1In a television studio lamps are stationary

77
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while behind a lens a light-sensitive spot rapidly scans the scene.

" However the reciprocal nature of light allows the roles of source and
sensor to be reversed. Behind a lens a spot of light could rapidly
scan, projecting a "flying spot' over the scene. Photosensors replace
the lamps, receiving light serially reflected from each point of the
scene. On a monitor, the perspective would be as viewed from the light
source. The light sensors would cast shadows and be reflected as spec-
ular highlights just as would lamps in conventional photography. When
using the scanner for image input, it may be convenient to think of

1, the photosensors as light sources and

2, the CRT light source as a scannable photodetector.

No lights other than the photosensors can be used; Illuminating the
subject with a conventional lamp will only produce an overall fog. Fog
canceling software can use the flying-spot scanner to obtain an image
of what would appear if all the lights in the universe, except for its
own, were blackened. Thus it is possible to photograph a flame or lamp
filament free from all self-luminescence,

There are no knobs, meters, or flashing lights, only a power
switch, Except for alignment a mechanical focusing, everything is
driven from software. Even alignment and focus can be checked entirely
from software, a surprising and powerful feature for such a complex

system.

Philosophy of the Instruction Set

The best example of an elegantly simple instruction set is
Quantum Mechanics, which God designed to control the physical world.

Examples of the other extreme are well documented in most equip-
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ment manuals. An example comes to mind of a data acquisition system
which languishes in a drawer because no one can figure it out, The
manual says it 1s useful for many purposes such as meteorological data
gathering. After painstakingly assembling the command set (tucked away '
throughout the thick manual like Easter eggs in the middle of para-
graphs and in footnotes), it was apparent that to use it for other than
meteorological data gathering would require programming worthy of Rube
Goldberg to overcome its automatic featureé.
Two pitfalls seem almost universal:
1. Design for one application, resulting in a system that is
inapplicable when the problem changes; and
2. Design for every application that pops to mind, resulting
in a system that becomes a part of the problem.
With this in mind, the scanner design was founded on these points:
1. Operation must be simple, with few instructions, each
intuitively obvious;
2, Operation must ge generally applicable, free from tricks and
special cases,
3. Quality must not be compromised.
After much effort results in an instruction set sufficiently simple and
obvious to appear simply obvious, the harder task is designing hardware
that won't cast a veto., Some of the commands in the set result in un-
expected hardware difficulties. Others would have been impossible to

implement in the prior-art.

* Summary of the Command Set

The microcomputer program communicates with the scanner through
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both output ports and selected memory locations. Commands are given
via output ports and data is transferred via memory.

The scanner responds to 16 bytes of memory read or write., These
16 bytes may be base addressed at any multiple of 16 bytes, defined by
12 switches on the Bus Logic Board. The chosen 16 bytes shadow RA& if
the two are coincident, thus they may be placed over active memory.
The 16 bytes form 8 2-byte 16-bit words. The most significant byte
of each word is stored at the higher address., This ordering is consis-
tent with computer convention, but is opposite from printing for which
the most significant digit is to the left. Typical assembly language

code is given below:

X EQU  8000H

LHLD X 3 Increment the beam
DAD B ; X position by the
SHLD X ; number in the BC register

The scanner responds to 32 output ports, based at any multiple of
32 as fixed by 3 switches on the Bus Logic Board. In most cases there
is no data transfer, rather it is the act of calling a port that evokes

a particular response. Sample assemble language code is given below:

CLEAR EQU 80H

ouT CLEAR ; Clear all integrators



Address

Memory base + 0
11 2

" 4

Memory base + 8

" 10

Code

XEND

YEND

LIGHT

SENSE

81

Description

Read & Write 2's compliment X position
Read & Write 2's compliment Y position.

Read & Write FOCUS stroke endpoint
offset X

Read & Write FOCUS stroke endpoint
offset Y

Write FOCUS coded beam intensity
read modified number

Read FOCUS coded A/D sensing
Auxiliary °

Auxiliary

Table 4.1 Memory Data Transfer
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I/0 Base + 0 CLEAR Clear and restart all integrators :

" 1 LOOK Look at and hold all colors (integration con-
tinues)

" 2 ON1 Pulse the beam on for 1 usec
" 3 ONIO Pulse the beam on for 10 Usec
" 4  ON100 Pulse the beam on for 100 pusec
”
A
" 7
1" 8
" 9 Stepper motors
" 10 and accessories
" 11
"1
" 13
" 14
" 15

I/0 Base+16 TIME
" 17 CRTO
" 18 CRTB
" 19 WHITE .
" 20 RED
" 21  BLUE "COLOR" commands
" 22
" 23 Select channel and
" 24 P~ start A/D conversion.
" 25 Channel connections easily
: 26 changed to suit application.
1" ;;
" 29
m" 30
" 31  ALIGN .

Table 4.2 Output Port Commands
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Memory Transfer Commands

It is hoped the user will read the entire manual, however essential

points of use are spotlighted in this section.

"X'" and "Y"

These behave like ordinary memory locations to computer read/write
operations, however the data in them controls beam positioning elec-
tronics. The hardware views the data as 1l6-bit words, with the most sig-
nificant byte stored in the highest address. The data is viewed in 2's

complement, thus 0000H addresses the middle of the screen.

olll---
777777/ —
L, Active
, ares
V .
vV
Y 0000--- v %
‘J, b= /
/.
1000--~

000 ~-~ 0000~~~ otil=---
— X—

Figure 4.1 Cartesian Addressing

Data may be written to or read from one or both bytes of each word at
any time or in either sequence, however for best results
1. If both bytes of a word are changed, they should be changed

within at most 5 usec of each other.
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2. At least 10 psec idling time should be allowed between updates.

3. When scanning is completed, returning the beam to the center
(0000H) minimizes component strain.

Settling time is primarily limited by the deflection yokes. Some points:

1. The yoke in use may allow more rapid X settling than Y.

2. Residual transients remain after the main transients have set-
tled, thus precision random scan requires much longer settling
than uniform scanning.

3. Very slight components drifts may still effect precision gray-
scale reproduction if several minutes elapse at a boundary.
Think of the image as beiﬁg painted, and build the image uniform-
ly so fresh paint is never seamed over paint that has already
dried. |

4. Slew.limitations necessitate longer settling times for larger
changes.

The method of random scanning controlled entirely by two memory
words is very simple to understand and use, anq is responsible for much
of the universality of the scanner. However in key points, such as D)A
differential linearity, yoke amplifier small-signal settling time, tran-
sient suppression, and high voltage drift, the random scan system must
have up to 1000 times closer tolerance to obtain equivalent gray-scale
reproductive quality compared to a common fixed uniform scan system.

The scanner meets these requirements without high cost. Some of the

difficulties are documented with the X-Position D/A Board.
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"XEND and "'YEND"
These proposed commands would behave like ordinary memory locations to
computer read/write operations, however the FOCUS coded data in them is
added to the position defined by the X and Y words, defining a new END
point. The beam is then deblanked and moved uniformly from the old END
point to the new éne; The width of the screen is defined as 1. The
beam can be moved to any point on the screen from any X and Y, however
resolution is "FOCUSed" on the point defined by X and Y.

This system adds speed for real-time vector graphics, pattern rec-
ognition, and text transcription research. Speed comes from Both the
integration of many points into one line and also from allowing use of
FOCUS arithmetic to control scanning patterns. The system is effectively

disabled by setting XEND = YEND = 0.

"LIGHT" or "Z"

The desired spot intensity is output to the 16-bit word LIGHT as a
FOCUS coded number. The screen remains dark until one of the ON commands,
to be discussed. Settling time is less than the computer instruction
time so no waiting is needed before an ON command, however for predictable
results Z should not be updated while the beam is on.

The system's behavior to FOCUS coded LIGHT values is shown:

Range of LIGHT Brightness Attempted Response to Memory Read
104 < Z < 1016(max) lO+4 10+4
107% 7 < 10" z z
~10"8 < 7 < 107 1074 #1018 (+ zero)

& ON inhibit
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Unusual circuitry allows the electron beam intensity to accurately
track a logarithmic control over orders of magnitude, however the user
should be aware of:
1. Saturation effects at high LIGHT
2. Residual nonlinearities at low LIGHT
3. Phospher burning dangers with high LIGHT for long times

4., Varying phosphor efficiency across the CRT face

"SENSE"

The result of an A/D conversion is read from the 16-bit SENSE. 014
data remains valid during a conversion, and is updated when the conver-
sion is completed. The output of the 12-bit A/D converter is hardware
translated to 16-bit FOCUS coding, and is immediately usable with all
FOCUS routines. The range of conversion is:

10‘4 < SENSE < 104

Auxiliary Channels
Qutput could be to two D/A converters which are used for purposes

such as self-aligning dynamic focus, detailed in the section on align-

ment.

Qut Port Commands

"OoN1", "ON10", and 'ON100"
Calling one of these ports pulses on the electron beam for 1, 10,
or 100 usec. The FOCUS coded number in the Z memory bytes establish
the beam intensity during the on time. Data transferred by the out

command is ignored. The time multiples of 10 harmonize with base-10
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FOCUS. Longer exposure times, with proportionally less LIGHT, improve
sharpness, and because of P-4 persistence do not require much longer
sensing times.

For special purposes repeated calls can extend the on time arbi-
trarily beyond 100 usec by retriggering the timer during its count. This
should be done oniy with extreme caution as it is possible to burn the
phosphor with maximum brightness for maximum time and with repeated calls
to cut through the glass, causing an implosion. The self-terminating
nature of the command set protects the CRT and operator from inopportune

interrupts and many program bugs.

"CLEAR", "LOOK", and 16 '"COLOR" Commands

Noise ultimately limits image enhancement, therefore it is essential
to obtain the purest signal possible in the presence of quantum noise.
Normally this is done by averaging the signal with a low-pass filter
which severely limits generality. Other problems are caused by the many
anomolies of phosphor. The scanner provides a powerful and general sys-
tem of noise suppression and phosphor correction. With only three easily
understood commands, schemes of arbitrary complexity can be implemented

in software and changed at will to fit the application.

Other similar

—\d—\ Chonnels Convert
& (Sensor {dx ic’:}f}e MDD >
Light Reset To Computer
CLEAR LOOK COLOR

Figure 4.2 Light Sensing System
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The system is illustrated above in block form. Basic operation is:

1. CLEAR the integrators. All are cleared and restarted with
the single out instruction.

2. After a desired interval LOOK at the reéults, simultaneously
freezing all channels.

3. Sequentially call each desired COLOR. Every call selects the
desired channel and starts the A/D converter. The result is
read from the SENSE memory bytes. Each color appears as it
was at the last LOOK command.

For the moment let us sweep under the rug the fact that the output
of the integrators can vary as much as 12 orders of magnitude, and the
logarithm can not be validly taken till after the integration step.
Assume for the moment that the system works by magic. Isn't it general
and yet simple? By using the speed and range of FOCUS computations, the
following are possible at speeds limited as much by phosphorescence decay
as by software speed:

Direct averaging is implemented by calling CLEAR, after some time

LOOK, then COLORS of both a photosense channel and a TIME channel,
which actually senses a constant. Dividiﬁg the two gives the gyggi
age. Simple wiring of the differential log inputs also programs the
hardware to do the division, with the result read through another
COLOR channel. Useful combinations include:

1. A photosense channel/Time = Average.

2. Specimen photosense/CRT photosense = Density of SPECim?n

independent of phosphor defects.

3. One color/Another color = True chroma-only signal.
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Precision exposure is implemented by calling CLEAR, then ON, and

after some time LOOK and COLOR. The exposure is read from SENSE
and compared with that desired. Without calling CLEAR, a new

value of LIGHT is loaded, and ON, LOOK, and COLOR repeated. The
program then tests if the total exposure is still short of that
desired for the pixel and responds accordingly. The program could
test dark current and residual phosphorescence prior to calling ON.
Then knowing TIME at each test, these can be cqrrected. Further
refinements for decay effects and other anomolies are possible with-
out being limited by the hardware.

Other possibilities include RMS averaging and photon counting, both

applicable for unusual applications for which the background noise
is greater than the signal. Any singie COLOR can be updated 5

or 10 times faster than the background count, allowing various
photon-counting schemes to be investigated in ultra-low light appli-
catioﬁs.

These examples.illustrate that detection and control systems of

any desired complexity can be researched in software and changed at will.

The hardware remains relevent and the command set is part of the solution

rather than the problem.

Timing limitations are summarized below. Times given are design

values for which margin should be allowed in the software.

CLEAR Clears and restarts all integrators. Sample and holds remain in

the hold state. CLEAR may be given at any time, even during an
A/D conversion. CLEAR is effective virtually instantaneously

unless given within 10 usec after LOOK, in which case it will



LOOK

COLOR
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take effect 10 usec zfter LOOK. This allows clearing at the

effective sampling instant. Integration is accurate from

1 wsec to over 1 second.

Freezes all sample & holds, The effective sampling time
occurs 10 usec after the LOOK command when the S/Hs return to
the hold state. LOOK should not be given within 14 usec after
or 7 usec before a COLOR command else the data to the A/D con~
verter will change during a conversion. Integration contin-
ues, and may be monitored with a new LOOK command without an
intervening CLEAR, Alternately the integrators can be cleared
at the effective instant of sampling for complete data contin=-

uity by calling CLEAR within 10 usec of LOOK.

Selects a specified frozen channel and starts conversion.

Wﬁich of 16 COLOR commands determines which.of 16 differential
channels. A conversion requires 14‘pséc, during which time
the old data remains valid in the SENSE memory bytes and may
be read, giving the program something to do while waiting.
The new data is transferred to SENSE at the conclusion of
the conversion. If a new COLOR command is received during
conversion, the conversion is approximated, the apprﬁxima—
tion éut in SENSE,. and a new conversion started normally;

A method of monitoring conversion vs software speed is given
with the A/D Board. COLOR should not be given less than

7 usec after or 14 usec before a LOOK command or the analog
data will change during conversion. For best accuracy,

COLOR should not be given more than 1/20 second after
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the MARK command.

On the 8080 the following program allows a burst conversion rate of

36 KHz:

setup
block

start
block

repeat

this block

N-1 times

end
block

ouT CLEAR

(37 cycle wait)

OouT LOOK
ouT CLEAR
ouT WHITE

(27 cycle wait)

OouT LOOK ;3 Sample and hold

ouT CLEAR 3 Integral reset waits till S&H opens
ouT WHITE ;s Choose color, start conversion
LHLD SENSE s Read result of last conversion
PUSH H 3 Store result of last conversion

(0 cycle wait)

LHLD SENSE
PUSH H



CHAPTER V

HARDWARE OPERATION OF THE MICRO-OPTICAL TOMOGRAPH

Intermodule Connections

(Ll'gh t Cheonnels)

AC Power __
CoMPUTER » —& 3 powex
MODULE - MoDULE
/ Logic Power
Stepper |
. Displs
- Stepper pley
Dig ital PP Power
lCom“ro/ l |
v DIspLAY
— 1
LOGIC MOUDUVLE Y MopuLE
- A
ITI.I [ ] ] .'.T *
Sensor wer
I SENSOR
_ CRTORANGE
\_ CAT8LUE : MODULE,
-L&#i-
N . Sensor Power I
Aux://ary 1 SEnsSOR
L ORANGE o
L \gfxzs = MODUVLE
\¥ UL r(;n- VIOLE 77:

Figure 5.1 Intermodule Cables
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+15
NC
NC
NC

BREAK

Display Control Stepper
l I BEAM SIGNAL I I 1 5
GATE GROUND
l I l l (phase)
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FOCUS
P I L
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Logic Power Sensor Power
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Display Power
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L) +6.3  +120 -120
_______ AC AC AC -300 150 300 5
<+ -0 <40 -50 -30 -15 &
Digital EE -
5 3
£ 23
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READ BUS g8 g
n = =5 RO
4 L LMB. . . . . . LSB . . . . . L g L
L L L MSB. . . . . LSBMSB. .LSB.L _L _L
- - - WW = T T
WRITE BUS SELECT

Pinouts illustrated oriented looking into female connectors

Figure 5.2 . Intermodule Cable Pinouts
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WRITE BUS
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Computer -~ Logic Modules Connections
8-bit positive logic word outputs data from Display Module
8-bit positive logic word outputs data from Computer Module

4-bit positive logic address outputs from Computer Module

MEMORY WRITE/ Digital output from Computer Module. When low, register

I0 WRITE/

COLOR

MEMORY READ/

+5V

X POSITION

Y POSITION

ANALOG BEAM

in Logic Module determined by SELECT receives data from
WRIfE BUS,

Digital output from Computer Module. When low, the Logic
Module executes command determined by SELECT.

Digital output from Computer Module. When high, the ana-
log channel determined by SELECT is converted by the Leogic
Module.

(Not used) When low, the computer is reading data on the
READ BUS. The Logic Module multiplexes the proper byte
based on SELECT
(Not.used) For sequencing purposes the Computer Module

supply is output. This is not a power source,

Logic ~ Display Modules Connections
Precision analog output of Logic Module defines horizontal
beam position. Range = + 10V, -10V = right.

Precision analog output of Logic Module defines vertical

'Beam position. Range = + 10V, -10V = up.

INTENSITY (Z) Logarithmic analog output of the Logic Module defines

* 4

the beam intensity. Range = + 5V, 10 equivalent beam

intensity.
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BEAM GATE/ Digital output of Logic Module. When low, the beam is to
be unblanked.

DYNAMIC FOCUS Analog output of Logic Module controls DC coupled CRT‘
focus grid voltage. Range = + 12V

6V Precision reference output of Logic Module fixes CRT anode
Volgage.

The X,Y, and Z inputs to the Display Module are differential relative to

each cable's ground. The DYNAMIC FOCUS and 6V are differential relative

to SIGNAL GROUND of the Display Control Cable. Power ground is looped

through the Logic Power Cable, Display Control Cable, and Display Power

Cable.
Logic - Photosense Modules Connections

LIGHT Up to 12 analog outputs of the photosense Modules = 5/4
loglO J/ light dt + C. Range = + 10V.
The LIGHT inputs of the Logic Module can also be used as
auxiliary differential A/D channels, differential range =
+ 5V.

RESET Digital output of Logic Module. 0 - 1 transition causes
integration to be reset in Photosense Modules.

i,300v Stable supply to Photosense Modules.

BREAK/ Open collector digital output of Photosense Modules.

When a photomultiplier is overloaded, BREAK/ goes low.

The Logic Module then interrupts 1,300V.

Computer Module

The scanner operates from an 8-bit computer using the FOCUS 10.10
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number system. Several systems possibilities:

1. The minimum requirement to use the scanner is a microcomputer
with a mass storage peripheral, such as a disk drive. Depend-
ing on resolution and other factors, 1 to 10 or more disks are
needed to store each image. In our present case the scanner is
driven by an Intel MDS800 system. The Bus Logic Board, located
within the computer main frame, communicates between the scanner
and computer bus.

2. A single computer can drive two scanners, one analogous to a
camera receives an image, and the other analogous to an enlarger
records an image. This duality would allow each CRT, phosphor
color, and optical mechanics to be specialized for its applica-
tion. Many circuit elements would serve both units.

3. A small microcomputer can perform the basic phosphor and optical
corrections, timing, and scanning, then report to a large com-
puter operating in either real-time or batch mode. The CEC com-
puter remote could interface the IBM 370 with the scanner via
intermediate storage on floppy disk. This would add precision
graphics and full color imaging for the entire university.
Transmission time would be of the order of a medium-long line

printer output.

Logic Module

This module provides D/A and A/D conversions, digital and analog

logics, timings, and controls of the Display and Photosense Modules.
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Figure 5.4 Logic Module Boards Interconnections
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Display Module

The Display Module is an ultra-precision specialized oscilloscope.
It positions an image on a 19" screen with a drift of about 20 micro
meters. The spot area relative to screen size is about 1/30 that of a
typical oscilloscope, and can be reduced to 1/1000 by use of a high-
resolution CRT, which the circuitry has the quality to support. The
beam intensity is logarithmically controllable over many orders of
magnitude,

The display module is mounted on a copy-camera modified for easy

mounting of diverse experimental apparatus.
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Figure 5,5 Display Module Physical Layout
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Photosense Modules

There are at least two Photosense Modules, each containing one or
more photomultipliers and associated Photosense Boards. Each module
senses illumination at one or more colors, angles, polarizations, etc,
integrates illumination on command, and outputs a high-level analog sig-

nal to the Logic Module.

circvrd

eirevit

c l’f vit

Eloctrometive shicld

Arrangement o f circuit boords,

Phofvmul-h'pl"ers Vey)/ C/os‘e f-o phafomulfip/ffr‘l ‘\/hlye blackl
each other and circvit boards EMI sh:‘ela// and mirrov light
guide aud integrator

Lig ht consevving white block

into which photomultipliers
are inserted

ComplefeJ moc/u'/e

Figure 5.7 Photomodules Physical Layout
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Power Module

For protection of the scanner, voltages supplied by the Power Mod-
ule should have the following characteristics:

During powerup. The +340V source is held at ground for 30 seconds

to allow logic stabilization and cathode warmup before beam current is
drawn. The -340V source should however rise rapidly.

During powerdown. The 4340V source should be rapidly grounded to

prevent failing voltages from deblanking the beam.. The -340V source
should fail slowly.

Always +15V > +5V, and +5V, and 15V, and -15V should be overvoltage
protected. Other voltages may be unregulated from the power line through
transformers and therefore can not go appreciably overvoltage. Series
fused relays should:

1. Fuse the logic supply section (+5V, +15V, +30V, +50V, =15V,

-30v, -50V)

2. TFuse and allow deflection supply section (+40V, -40V) only if

the logic supply section is operating. +30, +50 are relative.

3. Fuse and allow the high voltage section (+150V, +340V, -340V,

+1,500V) only if the deflection supply section is operating.
If deactivated, +340V should be rapidly grounded, -340V should
fail slowly.

Requirements on the +340 volt supply are satisfiable with an SPDT
relay. Fuse sequences are satisfiable with three fuses and one SPST

relay.
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Need for 16-Bit Positional Control

With a high-resolution CRT, the spot size will be 1/4000 the image
height, coincidentally the step size of a 12-bit converter. Why are.two
very expensive 16-bit converters needed? The answer is not found in
resolution limits, but rather in grey-scale reproduction.‘ The converter
will introduce a textile-like pattern. The seriousness of this problem
will now be estimated.

Working in units of one LSB, quantization errors of the D/A con-
verter are: |

RMS Arithmetic Error = 1/2/3 | (pure rounding error)

Differential Linearity Error = 1/2/3 (uniformly distributed -%

to +)

Total error = 1/V6

To calculate noise, consider a block of N X N elementary pixels.
The positional uncertainty can be considered an uncertainty in integra-

tion limits, because the error is not cumulative.

mean brightness = N2 = signal

Uncertainty =,VZ (N 12 A noise
/6—} /6

—z

e—N—> 221§Zl= 2« 1 , ..noise is white.
g N6 vArea

Kodak measures film granularity with a 48 um circular aperture,
an area equivalent to 1/564 the height of a 35 mm film. In such a lin-
ear dimension there are 87 LSB steps from a 16-bit converter, from which

the RMS noise/signal can be calculated from the above formula to be
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9.4 X 10-3, comparable with 35 mm Kodachrome 64 color slide film; The
textile pattern will be just perceptable.

The same answer can be obtained by calculating the RMS noise of an
elementary pixel by assuming constant light spread over a variable two;
dimensional step size. Because the error is non-cumulative, the error
in one axis is "blue" noise, and that in the other is "pink", the two
effects canceling.

The RMS noise calculation is more involved thgn presented above, and
many assumptions need to be made. Each elemental error produces a double

impulse, as shown below.

This producés a 6db/octive boost of the higher spatial frequencies up

to the sampling frequency. The 2D spatial frequency noise spectrum is

thus: I( )x
- —— - ——

(W)

The integral of the noise in a circle of equal frequency is proportional
to the frequency, demonstrating that the noise is white.
Note that the Fourier. transform of the square aperture also con-

tains perpendicular arms matching the noise response. In fact, if the
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equations had been presented for the RMS noise in the square rotated
450, the noise would have faded to insignificance. The calculation of
noise using a semi-matched filter is justified because the pattern rec-
ognition mechanism of the eye performs a similar function, as demon-
strated by astronauts' ability to detect straight patterns from space
that would normally be considered below the noise level. This scanner
will allow research such as this to be given an empirical basis.
Some final comments:

1. In linear scan the RMS error is reduced by V2.

2. If the D/A is well trimmed, this is reduced further.

3. The discussion above applies to outputting an image. The

effect on an input image is much less and more subtle. It

is analogous to aperture error time in A/D sampling.

Sensing Color

A direct approach of sensing color selects distinct orthogonal
spectral bands by filtering. Commonly bright red, green, and blue fil-
ters are used. God did not éhoose this approach in designing the hu-
man eye. Instead of finding three brightly colored dyes in the color
sensitive comes of the eye, researchers found unexpected and weak col-
ors. The spectral senéitivity of the red and green sensors of a stan-
dard observer are plotted below with arbitrarily normalized red deempha-
sized to illustrate:

1. Red and Green sensors have a constant sensitivity ratio in red

light, which is experimentally verified to extend to the -ul-

timate visual threshold deep in infra-red.
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2. This response suggests two equal "yellow" sensors, one with no
filter, the other with an orange, not red, filter.

3. Pure red is apparently visualized via algebraic separation.

/-o — e @ s L4 G @ .

" RED/GREEWN

e

Relative Sén:lffv/fy
o
_¥l
%.

/-’\.\/' o \ l
0 0—‘——- —14;-—"/“ \1/./ + .\'\a
|  Bive |  Green Red | Infrored
400 500 600 700

Alnm) —>

Figure 5.8 Standard Trichrometric Observer
The use of these weak filters with algebraic reconstruction pro-
vides less noise, or '"grain', at a given level of illumination. To
illustrate this mathematically, the problem environment is first estab-
lished:

1. Three identical sensors are available. Consider only their
response to red and green light. A phosphor-photocathode com-
bination is sensitive to 1 part green and .25 part red.

2. A red filter passes 1007 red and no green. A typical green
filter passes 507 green and no red.

3. Red, green, and yellow sensors are formed by obvious combina-
tions of sensor and filters.

4. From any two sensors, red, green, and yellow channels can be



107

produced by algebraic manipulation.

5. Quantum noise o< villumination (It is interesting to note that
when the photo-signal falls below the background signal then
quantum noise approaches a constant. Fractional noise then
rises twice as fast with failing light, explaining a rather
abrupt "threshold" of photosensors.)

Three sensors are now available:

Sensor Sensitivity Relative Absolute Noise
(Red) (Green)
Red  (R) .25 .0 250 = N
Green (G) .0 .5 /5 = NG
Yellow (Y) .25 1.0 1,35 = N

We can produce three channels from the R and G sensors:

Color Mixture Relative Fractional Noise
Red 4.R A'NR/l =2
Green 2:G , -2~NG/1 = 1.4
Yellow 2:R + 1-G 2 2, _

. W/(Z NR) + (NG) /1=1.2

We can produce three channels from the R and Y sensors:

Color Mixture Relative Fractional Noise
Red 4°R 4'NR/ 1=2
Green 1-Y - 1°R . NYZ + NRZ/ 1 =1.2
Yellow .5°Y + 1.5-R

I
o

) 2
'\/(.S'NY) + (1.5-N) /1

The above demonstrates an improvement in signal to noise ratio by
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using the indirect approach of R and Y sensors with algebraic reconstruc~
tion. The critical luminence (Y) channel signal to noise ratio is im-
proved over 2 dB. Near threshold, the gain is greater. This simplified
example assumes discrete colors. Taking advantage of color blending,
furthér improvement is possible, although precise color tracking is com-
plicated.

The filters chosen are determined by the phosphor - photocathode
combination. As a guide, the following combinations are suggested:

1. White sensor and orange filter (RED)

2. White sensor and no filter or yellow filter » (WHITE)

3. Blue sensor and no filter or pale purple filter (BLUE)

For technical purposes '"false color" sensitivity combinations often
display information not apparent under true color. In aerial and med-
ical photography the combination of green, red, and infrared is often
used. In microscopy, many specimens are excessively transparent to red
light, and vital resolution is extended by ultraviolet. The combination

orange, blue—-green, and ultraviolet is suggested.

Alignment

Operation of proposed key software alignment. programs is outlined.
By allowing alignment to be checked and aided with software, the hard-~
ware desigh gives the user a powerful tool to easily maintain peak per-~
formance. The scanner supports diverse alignment programs to be gener-~

ated as needed.
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Rectilinearity Alignment
A precision grid is scanned to determine the Cartesian address of
each node. Such scanning is simplified by contextual random search
estimating the next node. Based on this data, the resistors in the ma-
trix of the Summer Board giving the best fit to the precision grid can
be mathematicallf determined. Alignment encompasses the entire optical

system.

Dynamic Focus Alignment

An auxiliary D/A output injected to the Summer Board allows the
software to incrementally modify the focus anode voltage. By using a
standard image grid, the modulation transfer function of the scanned
spot can be calculated, and using this the optimum focus voltage can be
found for each point. The resistors in the Summer Board giving the
best focus fit can then be mathematically determined. A modification
of this procedure allows mechanical focus to be checked or adjusted with

a stepper motor.

16-Bit D/A Alignment

Grey—scalé reproduction is limited by the differential linearity of
the two 16-bit D/A converters, therefore alignment is critical. Soft-
ware can output a value for X and Y that will produce approximately
equal voltages after distortion correction. Then by reading the 256 ;
(X-Y) channel, with allowance for slow settling caused by high gain,
software can determine the step size of either converter. By knowing
the step size of 15 key states at the four highest order carries, soft-
ware can inform the user how much to turn each of the trimming potentio-

meters in the 16-bit converters.
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Beam Intensity Alignment

The Beam Intensity Board allows both the logarithmic slope, via Pl
controlled log gain, and low intensity linearity, via P2 controlled VC’ tq
be adjusted. Software can monitor logarithmic tracking of beam inten-
sity and guide adjustment of each potentiometer. As beam'intensity
is varied over mény orders of magnitude, exposure is maintained in a
useable range by varying the deblanking time. The program must not
test current levels sufficient to burn the phosphor with the minimum
deblanking time, and must allow sufficient time between high intensity
pulses for heat dissipation. The program should randomly select test
points to randomize aging, but must use the same point for testing all
intenéities in one sequence. An alternative scheme pulses the beéam

while it is slewing.



CHAPTER VI
CIRCUITRY OF THE MICRO-OPTICAL TOMOGRAPH

This chapter attempts to clearly document and explain all of the
scanner circuitry. Significant advances to the state of the art are
also disclosed that permit the scanner characteristics defined in
previous chapters. Theoretical development of advances provide interest
transcending that of specific circuits.

All circuit layouts are drawn freehand at 2.5x on graph paper, with
no straight edge, hole guide, or transfers used at any time, giving a
unique and aesthetically pleasing style. This method gives the designer
total freedom to dynamically balance intercoﬁnect density, resistance,
and capacitance, and in cost-critical production applications to extend
etchant life several fold. The reader may also note the scarcity of
crossovers, shortness of most conductor paths, protection of critical

analog signals, and closed looping of most ground nets.

Bus Logic Board

This board interfaces the MDS-800 microcomputer bus with the

scanner.

Connections
READ BUS 8-bit positive logic data is inverted and placed on
computer bus when a correctly addressed Memory Read

111
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command is executed

WRITE DATA BUS 8-bit data on computer bus is inverted and output in
positive logic

MEMORY WRITE/ Low when a correctly addressed Memory Write command is
executed

MEMORY READ/ Low when a correctly addressed Memory Read command is

executed
10 WRITE/ Low when a correctly addressed IO Write command is given
COLOR High when a correctly addressed 10 Write command is given
SELECT - 4-bit positive logic address selects proper peripheral

device to respond

+5V Output power from computer bus. This is not a power input.

Operation

The scanner sees two one-way data buses: The WRITE bus, named
from the computer's viewpoint, carries 8-bits of data from the computer.
The READ BUS carries 8-bits of data to the computef. A 4-bit SELECT
acts as an address, which with the four commands listed above evoke
various responses from the scanner.

The 8080 computer views the scanner through the Bus Logic Board
as 32 output ports and 16 memofy locations from which data may be
read or to which data may be written.

The Bus Logic Board provides the necesséry interface, including

1. base address selection

2. response to addresses in range only

3. transfer-acknowledge logic and optimal advance-acknowledge

4. inhibition of RAM at 16 coincident addresses
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5. command decoding

6. output buffering to drive longer transmission lines

7. 1low logic drain to satisfy bus requirements

A memory read evokes the following responses if memory base %
address £ memory base + 15

1. XACK to computer bus

2. optional AACK to computer bus

3. INHI to computer bus

4, 8-bit READ DATA from scanpner inverted to computer bus

5. MEMORY READ/ to scanner goes low

A memory write evokes the following responses if memory base <
address < memory base + 15

1. XACK to computer bus

2. optional AACK to computer bus

3. MEMORY WRITE/ to scanner goes low

An I0 write evokes the following responses if IO base £ address <
10 base + 15

1. XACK to computer bus

2. IO WRITE/ to scanner goes low

'An I0 write evokes the following responses if IO base + 16 <
address < I0 base + 31

1. XACK.to computer bus

2. COLOR'to scanner goes high

Continuously the following occurs

1. 8-bit DATA/ from computer bus inverted to WRITE BUS of scanner

2. 4 least significant bits from 16-bit ADR/ address from

computer bus inverted to SELECT of scanner
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Adjustments

i

Memory base address = MMMMMMMM MMMMOOOO

I0 base address = $S500000
where "M" and '"S" are switch selectables. See PCB layout for switch
locations.

AACK may be suppressed by breaking connection at point shown in

the PCB layout. This delays memory I/0 commands an additional cycle,

~ 0.5 usec.

Multiplexer Boards

One of 16 8-bit bytes is selected by the 4-bit SELECT and placed

on the READ BUS. Each of the 4 boards multiplexes a 2-bit slice.

Connections

SELECT 4-bit positive logic address. '"0OOOO" selects READ
CHANNEL O.

' READ CHANNELS Each side of the board presents a l-bit slice of 16 bytes.
When 4 boards are arranged in parallel, all 8-bits of
each byte are linearly aligned

READ BUS Each side of the board presents the corresponding single
bit of the READ BUS. The multiplexer boards invert the
data, therefore, although Scanner Module boards will
input positive logic from the WRITE BUSQ they will
output negative logic to the READ BUS through the

Multiplex Boards.
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Figure 6.2 Multiplexer Boards (schematic)

Command Decoder Board

The 4-bit SELECT address with IO WRITE/ and MEMORY WRITE/ are

decoded into one of 32 possible commands that can be given to the

scanner.
Connections
SELECT 4-bit positive logic address. '0000" selects
COMMAND O
MEMORY WRITE/ Low activates a MEMORY WRITE COMMAND, one of 16
I0 WRITE/ Low activates an I0 WRITE COMMAND, one of 16
MEMORY or Together comprise 32 possible commands. The one

I0 WRITE COMMANDS/ '
selected goes low.
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Figure 6.3 Command Decoder Board (schematic)

Beam Intensity Board

This board provides D/A conversion for CRT spot intensity. It
inputs a two-byte FOCUS 10.10 coded number and 4 CRT beam-control
commands. It outputs to the CRT associated circuitry a logarithmic -

analog signal for controlling CRT beam intensity and a digital bit to

gate the CRT beam on or off. The FOCUS-coded input number is returned

modified to reflect the conversion range.

Connections

~ WRITE BUS 8-bit positive logic input data port

BEAM INTENSITY When low, WRITE BUS is transferred into high byte of

HIGH BYTE
16-bit beam intensity data register.
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Figure 6.3 Command Decoder Board (parts side)
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BEAM INTENSITY LOW BYTE When low, WRITE BUS is transferred into low
byte of 16-bit beam intensity data register.

READ INTENSITY/ 16-bit, 2-byte negative logic output of data
in beam intensity register. If the number is
out of range, it is modified in certain ways
described later.

ANALOG BEAM INTENSITY Analog output to CRT associated circuitry. A
higher voltage implies a brighter beam. The
dynamic range is -5V to +5V, logarithmic,
with 5V implying 4 orders of magnitude.

BEAM GATE/ Digital output to Display Module. When low,
CRT beam is to be unblanked.

- STROKE BEAM CONTROL When high, the beam is to be unblanked for as
long as it remains high. Care should be taken
to protect this input from an open circuit.

1 USEC BEAM PULSE/ On the failing edge, the beam is unblanked

for 1 usec

10 USEC BEAM PULSE/ On the falling edge, the beam is unblanked for
10 usec
100 USEC BEAM PULSE/ On the falling edge, the beam is unblanked for

100 usec. The beam inhibit of the next section

suppresses all 4 of the above controls.

Operation
As viewed from the 8080 computer through the bus logic circuit,
the beam intensity board appears as two adjacent bytes of memory to

which data can be written or from which data can be read, individually
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or sequentially in any order. lThe data is mpdified to reflect the
allowable range of beam intensities, and the modified number bassed to
the D/A and back to the computer when a read is executed. The data

modifications, applying to FOCUS 10.10 coding, are shown:

) ¢
O looli.ritrinint =10

0 10000,0000000000 % |

\ -4
O 01100.0000000000 = 10

: -16
O 00000.0000000000 = |0

/ o
///////////////////47

v
% Log In tensity \l’

Log Infensify

digital out

{

analog out %
/
7

thfﬁd/ff7

N

[
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¥

Figure 6.4 Beam Intensity D/A 1/0 Relationships

The digital output indicates the actual beam intensity that can
be delivered to the phosphor screen. The suppression of quulus jumping
to the D/A provides rapid settling for intensities transecting threshold.
After setting the 16-bit intensity, the beam is unblanked for a

specified interval by calling one of the three output ports. The data
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is ignored. The deblanking times of 1, 10, and 100 pysec provide uni-

formly scaled steps on a logarithmic scale equivalent to adding or

subtracting 00000100 to the most significant byte of the 16-bit FOCUS

10.10 coded intensity data. By allowing lower beam currents, the 100

usec option provides the sharpest image, however with high beam currents

this is sufficient time to burn the phosphor.

The separate intensity and timed gate beam controls provide the

following advantages over other choices of control:

Safety

Accuracy

Speed

If the beam were software toggled and either a turn-off
instruction were omitted or the computer interrupted before
the instruction was executed, the CRT phosphor could be
burned within 100 pusec. The undeflected beam can cut through
the glass faceplate in a few seconds causing an implosion
with potential personal injury. For certain applications the
automatic turn-off can be suppressed by pulsing the retrig-
geéble timer in a loop, however this requires additional
steps to be added, rather than a step forgotten as with a
toggled system, and so is unlikely to be done accidentally.
Separate intensity and gating controls allow a moment for the
D/A and special gamma correction circuits in the CRT associ-~
ated circuitry to settle grid 1 voltage before the beam is
deblanked by grounding the cathode. Because of logarithmic
cading and %~gun power characteristics, small overshoots

or D/A "glitches" would otherwise have large and unpredictable
effects.

Because the beam intensity is often held invarient, a single

instruction can pulse the beam.
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With FOCUS 10.10 the specified range of beam intensity requires a
13-bit D/A converter. Because the least significant bit is below the
datection and computational noise it may be ignored, allowing use‘of a
12-bit D/A. The 13§h bit of resolution is added with a resistor to the
summing junction, however the differential accuracy remains that of the

12-bit converter.

X~-Position D/A Board

This board and the similar Y-Position D/A Board provide precision
16-bit D/A conversion of the spot position. Special timing allows maximum
input flexibility and is compatible with the Transient Filter Board.

. Standard reference voltages are buffered and output.

Connections
WRITE BUS 8-bit positive logic input data
X POSITION HIGH BYTE/ When low, WRITE BUS is transferred into high
byte of 16-bit X-position register
X POSITION LOW BYTE/l When low, WRITE BUS is transferred into low byte

of 16-bit X-position register

READ X POSITION/ Negative logic 16-bit output of X-position
register

+6V OUT Buffered output of D/A converter's precision

reference voltage

-6V OUT Inverted +6V precision reference

RAW X POSITION | Analog output converted from 2's complement input:
IN = 1000000000000000‘ ouUT = -10V
IN ‘0000000000000000 oOuT = 0OV

0111111111111111 OUT = +10V

IN
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Operation
As viewed from the 8080 computer through the bus legic circuit, the
X-Position D/A Board appears as two adjacent memory locations. Data may
be output to either memory location individually or to both in either
sequence. Restrictioné are:

1. If both bytes are changed, for best results the two bytes
should be written within 5 psec of each other (SHLD instruc-~
tion).

2, At least 10 psec idle time shouldlbe allowed before a new
position is specified.

After ! usec the data may be read back unaltered as from any other
memory location. The spot moves to the position specified by the 2's
complement concatenation of both memory locations with the highest

address supplying the most significant byte.

o1li-- ]

v

/

T T
' 3
T E e———l—-‘f-—a
— 1 > : l
L ; R Ml
- } .
1000 _ =
1000--- 0000 - -~ olit---

Figure 6.6 Addressable Range



136

Timing
Diagrams presented in this section describe the combined effects
of the X Position D/A and Transient Filter Boards.
Accuracy and response speed charaéteristics have some unique re-
quirements in image processing. They are discussed in increasing order
of importance:

1. Positional distortion of the D/A circuit has no noticeable
effect on the image. An introduction of even 10,000 ppm Xz;
for example, is not visibly apparent.

2, Settling time is important in random scan applications, or
during retrace, however in normal scanning, a 50% settling is
quite adequate to initiate sensing. In flying-spot scanners
the beam never settles, but is always moving.

3. Uniform switching transients effectively widen the spot size
if in effect during sensing, however if they are less' than the
spot width, they can be lived with,

4, Random transients are catastrophic to image quality. As shown
in the section "Need for 16-Bit Positional Control" in Chapter
V, they should be settled to within )% LSB = 0.001 Z prior to
exposure. Unfortunately, D/A converters have strong random
transients generated because different bits switch at unpre-
dictably different times. Once these transients reacﬂ the de-
flection yokes they take a very long time to settle to the re-
quired level. '

Point 4 is almost eliminated by the Transient Filter Board. The open~ -
loop differential sample & holds eliminate the random transients of
closed-loop designs, and also substantially reduce the uniform trans-

ients of point 3 normally associated with S/Hs. The transient Filter
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Board isolates the D/A from the yoke circuitry about 180 nsec after the
falling edge of either X POSITION LOW BYTE/ or X POSITION HIGH BYTE/, and
remains open for 6 Usec. The 6 Usec timer is retriggerabie, so if two
bytes are transferred, there will be 6 Usec wait after the last byte for
the D/A to settle. The X-Position D/A Board has two 16-bit registers.
The first is used to separate and store the incoming 8-bit bytes. The
second is a buffer that remains fixed during the first 500 nsec after

a command is received to allow time for the Transient Filter Board to

interrupt the signal path. The register then opens, allowing the new

First Commond —_L:___J

Optionesl
Second Commend

:

PP W .

S/H Open

ovtpvt of D/A ——>

L oo

Ovtput of P
Tronsient Filter e
First byle ' 1 Fivstbyte Second byte
qoes fo register qoes to D/A goes fo both
\} register snd D/A

Figure 6.7 Positional D/A Timing
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Figure 6.8 X Position D/A Board (schematic)
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number to enter the D/A. The register remains open for 4% usec, 5 usec

after either command, to allow the next optional byte immediate entry,

as the sample & hold is already open.

Transient Filter Board

This board prevents random transients during state transitions

of the D/A converter from reaching the yoke control circuits. It also -

sums stroke and distortion controls into the positional control signals. .

RAW X POSITION

X POSITION HIGH BYTE/

X POSITION LOW BYTE/

STROKE X POSITION

X DISTORTION

X POSITION

Connections
Signal from D/A converter, +10V to -10V range.
A retriggerable 6 Usec timer starts on the nega-
tive-going edge of either of these two exclusive
controls, isolating RAW X POSITION from the output.
Signal from Stroke driver, +12V to -12V range.

A 12V transition can move the beam from the

"screen bottom to top, equivalent to a 20V transi-

tion from RAW X POSITION, allowing any part of the
screen to be reached from any origin specified by

RAW X POSITION.

. Signal from distortion correction circuitry, +12V

to -12V range. An input to X DISTORTION has 1/3

the magnitude of effect as an input to RAW X

'POSITION.
Output = - 1 '+ RAW X POSITION
+ 2. ig » STROKE X POSITION
+ %— ¢ X DISTORTION

(Similar connections for Y channel)
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Operation

The randomness of the transients of the D/A conversion make them-
devastating to image quality, far more so than would repeatable tran-
~ sients. This effect is discussed in the section "Need For 16-Bit posit-
ional Control". The spot position can be settled to an accuracy tolerable
of repeatable transients in a relatively short time, but orders-of-
mégnitude longer times are needed to settle the residual poles to a
tolerance required if random tramsients are allowed to enter the yoke
driving circuitry. The reasons for the long, low error tail is that,
even though current can be rapidly stabilized, the inductive nature of
the yokes require some time for all variables to settle to the steady
state. Including the spot position in the feedback loop is not possible
because, even with gray-coding, the spot size is too large to define
the location with the required accuracy (see Section '"Need for 16-Bit
Positional Control" in Chapter V). Also the spot would be exposing
while it is being settled. Including magnetic field directly in the
feedback loop is not possible because the noise aﬁd drift of Hall
effect transducers are too high. Even if the field could be measured
at a point, inhomogeneity in the yoke causes field uniformity to vary
during settling. The residual transients will remain. Therefore the
offending random transients of D/A conversion must be removed with
S/H circuitry.

Two sample and hold (S/H) circuit types are shown below:
control control

| ! |
IN —>—\ I Zﬁ —> OUT  IN >—/w—¥_]_—£]—» our
I XL =L

Closed Loop Open Loop
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Figure 6.9 Transient Filter Board (schematic)



145

A+{ | 3|
/21s8 ..5.._ \Psulo._
wolLIsod X ze.u.-&)

/3240 WOM) [adg HoId|
Noratsodx' mowasod A

:aﬁo:_n# w18 I
x X A\

norslsod ! Motiiged 1
h,_ A M_
S} ]
oy | !
+ [
v*_ >
e _
+ | }

+A%@

Notl1sod X | norutsod Afl
mdl] il

woussad x [ | nowsadaf]
3scaiS\| 3oALs\)

RI
R2
Q
.

(o7 ®
R3
R
RS
R

EOXO;

11 11%5)
T4

TG

Ql»W:.IL rlml—_lllo

(A XN LX)

L)

Nta hiszay
|wwu_>wa3<ZT

R13

rmW*TIl

_ bl

e e o VT

%

R

S—

of

Figure 6.9 Transient Filter Board (components)



146

Figure 6.9 Transient Filter Board (parts side)
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Figure 6.9 Transient Filter Board (back side)
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The closed loop design has better linearity and faster settling, But
the random transients that result make it unacceptable in this applica-
tion.

Referring to the actual circuit, S1, Cl, and OP-1 configure an
open loop type sample and hold. Assuming for the moment that STROKE X
POSITION is grounded, S2, C2 and OP-2 form a second symmetric S/H with
similar charge transfer and leakage. OP-5 is connected in a differential
configuration to cancel the transient effects of the two S/Hs. Not only
are the random transients of the D/A removed, but even the uniform
transients of the S/H are substantially reduced.

The circuit connects the RAW X POSITION to the most accurate
inverting input of the differential amplifier, with gain dependent
on the ratio of only the two resistors Rl and R2. Two other summing
inputs provide: for the STROKE X POSITION a gain near two, allowing
the stroke control to move the beam from any defined origin to any
point of the screen; and a low-gain trimming input from the distortion

correction circuitry.

Adjustments
The ratio of R3 and R4 should be adjusted to null S/H switching
noise. This adjustment should be done with the board in circuit
because it is affected by the impedance characteristics of RAW X
POSITION and STROKE X POSITION sources. The value of R3[[R4 (= R3 + Ré

because R3 = R4) should be held relatively constant.

Function Board

Up to 9 analog multipliers may be accommodated. Normally the X

and Y positions are input and the resulting functions provide
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corrections for geometric distortions of the CRT, dynamic focus, and

so forth.

Connections
IN A to IN G Inputs connected as chosen. See PCB layout.
gUg ; to Outputs of the 9 analog multipliers. Inputs to ICs are
’ flOV, the outputs are Tiov. 10v-10V = +10V output,
therefore *10V = *1 unit, positive logic.

+6V, -6V High impedance reference voltage inputs.

Normally connections are made as follows:

2 3 2 3 2 2 2 2

X Y X X Y Y XY XY X-¥ X"y
I I I l I | I l l !
~ ()] (321 g n O ~ o]
< M
= o= 5 &5 B B 5 5 5 5
= = o o o o o o o o
Adjustments

The multipliers are designed to be trimmed with 20K potentiometers
between +15 and -15V. A variant is used in this circuit with two
resisters, one to ground, and the other to either buffered +6V or -6V
reference. This method has advantages:

1. much lower impedence for less drift

2. less drift with, and noise from, supply voltages

3. hard wired for permanence
and disadvantages

1. longer setup time

2. difficult retrimming
Accurate trimming is not critical as fesidual effects add to longer

errors in the CRT and are in turn trimmed by the Summer Board. Most
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Figure 6.10 Function Board (parts side)
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of the ICs have sufficiently low errors as to be negligible, allowing
most trimming inputs to be shorted to ground, and certainly not requiring
retrimming. Both disadvantage points are thus not impdrtant drawbacks.
On the other hand, the function circuits introduce potentially the most
damaging temperature and supply drift of any scanner board, thus advan-
tage points 1 and 2 are welcome. For higher cost, lower drift ICs could
be specified. .

The trimming inputs appear as a 50KQ resistor to ground. When
floating, they remain near ground. The trimming inputs may thus be
safely shorted to +6V, ground, -6V, or left temporarily open during
testing with no ill effects. A typical correction voltage is < 0.1V,

with 0.5V being a maximum. Trimming procedure is:

1. with X =Y = 0, adjust Zo with potentiometer to ~0V output

2. with X =20, Y = 20V p—p.(50 Hz) adjust Xo for minimum AC out

3. with Y =0, X = 20V p—p (50 Hz) adjust Yo for minimum AC out

4. with X =Y = 0, adjust ZO for OV out

5. with X = exactly 10V, Y = 20V p—é (50 Hz) adjust gain for OUT = Y

The operational amplifiers buffering the reference voltage are
aided with pull-up and pull-down resisters Rl and R2, which should be

chosen to bear about 3/4 of the current.

Summer Board

12 input signals may be summed or subtracted into 4 channels.
The summing constants are resistor-~adjustable. Normally the input
signals are from the function board and the outputs include corrections

for X and Y positions and dynamic focus.
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Connections
IN 1 to IN 12 Unattenuated inputs. Range = +10V to -10V

A OUT to D OUT Outputs of the 4 bi-polar summers

<
~
Normally comnections are made as follows: A
X 2 © ¥ v ¥ xvy x2y  xv? 1%y 4w S
o ~ ~
~— o~ o) n ~ o — ™ ~
= E & A & A & = & & & &
B
g g€ B
= B 2 »
- /~ =
<) o ke o
& £ = o
0 [ = —
= P < -
-
L > A <
I 1 ! 1
B B B B
= =) =) =3
S S o S
< /M 0 a
X and Y inputs are X POSITION and Y POSITION from Transient Filter Board

+6V is from X Position D/A Board
AUX is D/A from Alignment Board
The rest are from the Function Board

In the normal circuit enviromment, if X = Y = +10V, then the spot
will be in the lower left corner, and all function inputs = +10V. An
output of -1/3 volts moves the spot 1% of the image width toward the

upper right.

Trimming
Discrete resistor trimming was chosen because:
1. Bipolar corrections are required, over orders of magnitude,
with no skip at zero. Also, excessive conductance and extra -
operational amplifiers should be avoided to minimize drift.

The circuits below were rejected because:
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+ Sum insufficient range and nulling
- som distortions
r—> +Sum
%é——4NLJ" insufficient range and excess
= (—— L

total impedence
2, With a utility program the computer can test the scanner and
specify resistance values giving sufficient correction in a
single wiring iteration.
3. TFixed resistors are both less expensive and provide better
long term reliability.
In the normal circuit environment the Summer Board operates within
a positive feedback loop. The effects on quality are negligible given
the normally very small gain and fast response of the board. The
alignment program should consider the mathematical DC effects.
Image size should be adjusted to within 57 at the Yoke Driver Board.
Only minor corrections should be made at the Summer Board:
1. To maintain fully scaled position signals
2. To minimize transients and drift
However, when using some corrections a balance is desirable for the
same reasons above. For example, when adding substantial X3 to the X
position, subtraction of some X is desirable.
Under extreme conditions the first op-amp could saturate before
the second. 1In normal usage neither will satﬁrate.
The bias current drift in OP-1 cancels that of OP-2 to the extent
the two are uniform. Even without this nulling effect, the specified
op-amps and resistances give a bias current drift effect sufficiently

less than offset voltage drift to obviate differential biasing resistors.
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Figure 6.11 (continued)
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Figure 6.12 Summer Board (schematic)
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The auxiliary D/A allows the computer to manipulate the focus grid
voltage, both to optimize it in real time, and also to allow a utility
program to specify required resistor values.

Some useful combinations include:

2,2

2 X .
- —53—9 to dynamic focus

K(X® + ¥
for correction of flat-~-faced CRT

—K(XZ-Y) to Y position and —K(X'Yz) to X position

for pincushion correction of flat-faced CRT

-KY3 to Y position and —KXB to X position

for on-axis linearity of flat-faced CRT

+KX to Y position and }KY to X position

to correct orthogonality of axis

KX to Y position and Ky to X position

rotation of image (gross correction by rotating CRT or yoke)

TKY to ¥ position and IKX to X position

adjustment of size and aspect ratio (gross adjustment at Yoke

Driver Boards)

By inserting a precision grid in the image plane, the computer
can'precisely map the nonuniformities of the scanner and optical system.
With this data the computer can calculate the resistor matrix needed for

the best RMS fit.

Time Board
This board provides a logarithmic indication of time, acting as
would a Photosense Module viewing a constant light source. The Time

Board is a Photosense Board with the following modifications:
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1. No photomultiplier, zener bridge, high voltage, or overrange
circuitry.
2. In place of the photomultiplier is a constant current source
derived from the -6V reference using a resistor.
The Photosense'Module section contains the schematic and description of a

Photosense Board.

Sample & Hold Board

Up to 12 analog channels may be frozen simultaneously. The board

also provides interrelated timing for sampling and integration reset.

Connections
S/H IN 12 high impedance inputs to the S/H modules
S/H OUT 12 low impedance outputs from the S/H modules. Transfer

gain from respective S/H IN is +1.

SAMPLE/ Sampling mode entered on 1 + 0 transition of SAMPLE/,
Effective sampling instant occurs when hold mode reentered
10 ysec later.

INTEGRATE/ Integraﬁion is reinitiated at a 1 » 0 transition of INTEGRATE/.
The command is retained and allowed to pass only in the hoid
mode.

RESET Buffered output to Photosense Boards commanding an integration

reset as a 1 HUsec positive pulse,

Operation
Common practice uses a single sample & hold (S/H) module following
a multiplexer to freeze the input to an A/D, allowing only sequential

sampling of several channels. However, in most multi-channel applicatioms,
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as in the scanner, mathematical processing of channel interrelations

requires that all channels be sampled simultanecously.

The advent of low-

cost IC S/H modules allow the.placement of a plurality of S/Hs prior

to a multiplexer. The cost of this arrangement is further lowered by a

.relaxing of acquisition time requirements.

When fully populated, 12 S/H channels may be accommodated. A pin

of module 9, marked as a crossover, must be noted if station 9 is not

filled. Other unmarked crossovers need to be observed if the first 5

stations are not populated.

lation requires at least 9 channels.

Timing is illustrated:

SAMPLE /

INTEGRATE/

Sdmpﬁng
(effective time=o )

RESET ing
(effectivetime= @)

As discussed elsewhere, a typical instal-

N/
H
S 5
¢ lousec '
; -
www
| usec

- Figure 6.13 .Sample

& Hold Timing

108ec

The negative going edge of SAMPLE/ opens the S/H modules for

10 usec, during which time each S/H OUT attains and tracks the respective

S/H IN. At the end of this time the modules return to the hold mode,

retaining the signal as it was 10 usec after the SAMPLE command. Two
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series SAMPLE commands effectively extend the sampling time. A SAMPLE
command should not be given between 7 psec before and 14 psec after any
COLOR command so that the analog remains constant 1 psec prior to, and
'during, the 10 uysec A/D conversion. Note that even if the raw channels
are stable, there is a small sample-to-hold offset error. Data should
be converted within 1/20 second of SAMPLE to insure <) LSB drift error.
A negative-going transition of INTEGRATE/ evokes a 1 Usec positive
pulse on Reset, which is output to the integrating circuitry on the
Photosense Board. If the S/Hs are in the hold state then the pulse is
"transferred immediately. However if the S/Hs are open then the command
is retained in an SR flip-flop until after the sampling terminates.
Two moaes of operation are possible:
1. Monitor total exposure buildup by resetting the integral only
once per pixule, or
2. Monitor exposure vs. time by repetitively resetting and
sampling. An INTEGRATE command immediately following a
SAMPLE command is intercepted by the hardware and released on
the RESET line about 50 nsec after the S/H returns to the
hold mode. Combined with the 50 nsec ‘aperature time of the
S/H and small delays at the Photosense Board, less than 0.1
asec is lost to a "blind spot." A loop is possible:
—> OUT Sample (LOOK)
OUT Reset (CLEAR)
OUT Color (WHITE)
(Read past conversion)

(Store)

'— (Enough?)
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Figure 6.14 Sample & Hold Board (back side)
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Analog Multiplex Board

This board receives 16 differential low-impedance analog inputs,
switches to the one chosen by the 4-bit SELECT address as strobed by the
COLOR clock, performs analog subtraction on the chosen differential

channel, and outputs a single rail ANALOG.

Connections
SELECT 4-bit positive logic address selecting one of 16 channels
COLOR When COLOR is high, SELECT is passed through a holding

register and retained when COLOR is low
NONINVERTING 16 analog inputs which add to the output, each labeled for

its SELECT address. The input equivalence:

Sopf 30 ks

INVERTING 16 analog inputs which subtract from the output, each

labeled for its SELECT address. The input equivalence:

o
| sk L 30k
Sopf : )
, corresponding
NON INVERTING

ANALOG - Single rail analog output

(SELECTed NONINVERTING) -~ (SELECTed INVERTING)

Note: All signal inputs should be <+15V and >-15V supply. When
the supplies are off, so should all signal inputs. A diode
insures the +15V supply always 2+5V supply to partially
protect digital inputs during power down if +15V falls

faster than +5V.
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Operation
The terminal equivalent of the two multiplexers is:

o——r——Wv ]%
3008
our

£ WFI—"; °

Although common practice includes buffering amplifiers on each rail prior

v

to the differential amplifier, this arrangement does not remove the 40 pf
capacitance from the signal input. All scanner channels can drive 40 pf,
and it is felt any source capable of driving 40 pf can also drive the

30 K load of the difference amplifier. By modifying the difference
amplifier circuit, the buffer amplifiers can be omitted, enhancing reli-

‘ability and economy without loss of quality.

& Multiplex Switch

]l
1

R’ C c
yRR—YY AM—— A

| L | <

outT R’ R _J_ IN
P Cs ,
AN I

Without buffer amplifiers, the difference amplifier impedances

11
H/

must be high enough to make the switch resistance Rs drift negligible.
High feedback impedances, combined with differential input capacitance
of the very fast op-amp, lead to instébilities, which are cured with
very small resistor-bypassing capacitors, as in the circuit above.

An apparently destabilizing pole in the above circuit is at such a high
frequency as to be negligible. Although the bridge is not balanced
due to the CS, provided the primed and unprimed components are matched
the imbalance is not from a pole-zero misalignment, but rather from a

single high frequency pole primarily arising from Rs and CS. The former
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would give a small but long-lasting transient‘error, the latter actual
case a larger but rapidly dissipated error.

High resistance limits on R include:

1. Offset current drift vs. offset voltage of op~amp

2. Error transients from C vs. C' mismatch and ofhér stray capaci-

tance

Low resistance limits are:

1. Rs drift

2. Input loading

A/D Board
This board provides analog to digital conversion. The 16-bit output
is compatible with the FOCUS number system. Timing features remove con-

straints to simplify software development.

Connections
ANALOG Analog voltage to be converted. Range = 15V,
COLOR Conversion sequence is initiated at positive~going edge of

TTL logic input COLOR.
READ A/D/ Number resulting from conversion of ANALOG. The output is

16-bit, FOCUS compatible, negative logic.

Operation
The following relationships hold. Note that the binary output
shown below in positive logic appears at READ A/D/, in negative logic.

Also see section on adjustments.
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Analog In Binary Out FOCUS 10,10
25 Volts 0 10011.111111111C 10%
+0.0024 V 0 10000.0000000010 1.0045
0.0 0 10000.0000000000 1.0
-0.0024 V 0 01111.1111111110 0.9955
<-5 Volts 0 01100.0000000000 104

Normal 2's complement with sign extension is easily obtained by changing
the wiring to the board. The conversion can also be done in software on

the 8080 with this sequence: RLC
RLC
CMC
RAR
cMC
RAR

The timing sequence is given:

COLOR [——-" ; -_}_—_"
inpvt” H
.- e — E -

L Yusec 10 usec R

N Waiting ‘| Converting :

H(multiplexer Scﬁ:/l'ny) (3nalog must remain stable) |

i L1 t

5 ' MSB LS

: qanverfea/ conver'f'eo(

f 0ld data vemains valid \51 New dsta
""" 78 =

and mo, be read mey be reod

Q_-===--n
}
[
[

New COLOR command always accepte

:(__Cg';::a: ak Ccurvent convevsion shorfe;/c/aé/ N¢ Full sccuvacy - -

. remsining bits zevo
ig nored
L]

.-

e NN

AS | 4 wesec

Figure 6.16 A/D Conversion Timing
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If a new COLOR command is received during conversion, the timing
logic short cycles the converter, filling the remaining less significant
bits with 0, and immediately transfers the abbreviated word to READ A/D/
output. A normally timed cycle is then initiated, including the 4 usec
wait as the analog input changes. If the new COLOR command is received
during the wait cycle, the previous command is ignored, timing is
relative to the new command, and the old data remains valid. Thus
two identical COLOR commands within 4 usec of each other effectively
extend the wait cycle. The timing logic allows a vaiid conversion to be
initiated at any time without regard to program history. The old con-
version is salvaged, and may be used as an approximation or ignored.

The conversion proceeds so rapidly that with a minimum of program
preafrangement the data will be ready before it is needed. The software
overhead necessary to execute an interrupt from an unknown program
environment would at least triple the effective conversion time. Because
the old data may be read after a new COLOR command, the following
sequence is possible:

‘Start color 1

Finish old business

Start color 2

Read aqd then store or process color 1

Start color 3 ”

Read and then store or process color 2

Read and store or process color 3

The speed of conversion relative to software execution can be

monitored with the Alignment Board by taking advantage of the short
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Figure 6.17 A/D Board (schematic)
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Figure 6.17 A/D Board (parts side)
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cycle provision. For example, set X POSITION = +1 and Y POSITION = -1.
Then the 256+(X-Y) channel will be normally converted as:
0 10011.1111111110
If, however, the number
0 10011.1111111000
is read instead, then there was insufficient time to complete the last

two bits of conversion.

Adjustments
The schematic shows 13 solder-jumpable switches. When soldered
as shown, the board will have the range and accuracy specified. Changing

all will:

2

1. Halve the range (¥2.5V in, FOCUS 10.10 102 to 1072 oUT)

2. Halve the step size, doubling the accuracy

3. Will not affect software for signals in range
The noise in the photomultipliers (a quantum calculation performed but
mercifully omitted) and in subsequent arithmetic make the last bit of
resolutioh meaningless. In its place we buy the luxury of 8 orders of
magnitude input range, which,with 32 orders of magnitude computational

range,allows scaling factors to be virtually ignored.

Triode Driver Board

This board drives the CRT electron gun to produce the desired spot
intensity. Inputs include a logarithmic analog signal specifying desired
beam intensity, a digital bit to control beam blanking, and unregulated
high-voltages. Outputs include voltages to the CRT electron gun. The

board provides rapid translation of the logarithmic~coded input to the
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correct drive voltage, very rapid beam switching, interrelated voltage

regulation, and protection for the CRT.

Special Features

The complex gamma correction translating FOCUS number system

logarithmic coding to the 7/2 power relationship of the beam current

and drive voltage is performed with high accuracy at video speeds.

Connections

ANALOG BEAM INTENSITY Logarithmic analog input to control beam intensity.

BEAM GATE/

+340V, =340V

CATHODE

GRID 1

The normal range is -5V to +5V corresponding to an
attempted relative beam intensity of 10-4 to 104.
The input impedance is 10 KA.

The beam will be unblanked when this input goes
low. The input is TTL compatible with load of

4 standard circuits. A 1 Kf pull-up resistor
insures the beam will be blanked if this input
becomes open circuited.

Unregulated but well smoothed, low current supply
inputs.

Output to CRT cathode. This voltage will be +50
volts for blanking, 0.1 volt when the beam is
unblanked, and is a function of BEAM GATE/

OQutput to CRT control grid. Normally -20V to
-100V. A function of ANALOG BEAM INTENSITY and

CRT specifications. It is clamped to ground

against positive voltages.
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GRID 2 Output to CRT isolation grid. Voltage is fixed
at +100V to +300V, depending on CRT specifications.
It is zenar-clamped against high voltage transients,
provides normally a low dynamic impedance, but

relatively high impedance when shorted to ground.

Electron Optics
To understand the operation of the Triode Driver Board some explana-
tion of electron optics is first needed. The review .of this field and
subsequent discussion of the operation of the circuit is purposefully at
a basic level. Features are not discussed for which complexity of
explanation outweighs the importance.

DEFLECTION &=
YOKE =
0——-:"'—’

CATHODE GRID | GRID 2 ANOPE

Figure 6,18 Simplified CRT

HEATER A "warming pad" to raise the cathode to emission
temperature. Typically 6.3 VAC is applied. Its
potential should not deviate more than about 100
volts from the cathode to prevent a vacuum diode

effect.
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CATHODE A source of electrons. It is assigned a reference
potential of zero. The effects of other potentials
can be visualized by allowing all other voltages
to change relatively.

GRID 2 Positively charged attraction for cathode elec-
trons. It isolates cathode from anode to provide
better control and safety in case of discharge.
It should be fixed at a potential of typically
200 volts, dependent on the CRT.

GRID 1 Negatively charged control of beam intensity. If

| charged étrongly negative, cathode electrons are
repulsed, but if neutrally charged, a potential‘
"finger" from grid 2 reaches through the hole in
grid 1 to pull electrons from the cathode. A
typical grid 1 potential is -50V and variable
according to desired beam current.

ANODE Accelerating attraction for the electron beam.
The image is brightened and sharpened by higher
potentials, however above +15 KV soft X-rays
become a biological hazard. A typical operating
potential is +20 KV.

DEFLECTION YOKE Magnetically bends the beam to move ﬁhe image.

A typical yoke requires 1 amp for full deflection
and appears as a 1 mH inductive load, limiting
band width and settling time. Some CRTs use the

much faster electrostatic deflection, however
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because of the attendantly requifed low anode
voltages, such tubes are inherently dim and of low
resolution. They are used in oscilloscope; where
high speed is essential but a beam that can cut through
the glass in a few seconds if undeflected is not a
desirable trait.

FOCUS Some CRTs use magnetic focus. Others introduce a third
grid dividing the anode, called the focus grid, or
grid 3. Grid 3 potentials for an electrostatic focus
CRT may be from 0 to 6 KV, with 200V typical. 1In
many CRTs, focus changes as a function of position,
so Grid 3 voltage must become a function of deflection
yoke currents., |

Some parameters and their interrelations are defined:

\Y the negative voltage of grid 1
ov — T T I. > 6L
V., the positive voltage of grid 2
V G2
VC Gl . .
VC cutoff voltage--the negative
grid 1 voltage at which the
t is totally extinguished
5oV — "LO,ac’r&*/'nypamf spot is totally exting
Y (Varyab/e) VD drive voltage—~--the actual
JL; b voltage of grid 1 above VC
L v cutort point
IC cathode current
=100V — v, anode voltage

Figure 6.19 CRT V/I Interrelations

IC is generally taken as a linearly proportional indicator of

screen brightness, however 3 effects result in suppressed intensity at

higher current levels. These are:
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1. At low levels 100%Z of IC reaches the anode, but in restricted
aperture CRIs, this drops to about 50Z at high current levels.
2, At low levels typically 60%Z of the current measured in the
anode circult actually reaphes the phosphor screen. This
efficiency drops to about 20% at high current levels.
3. Phosphors exhibit saturation effects,

Some useful formulas are given, with equalities meaning "nearly

equal":
K.VD7/2
IC= 5 —«A typically K =3
Ve
VC [ VGZ

2

Information « 1/spot size (approximations)

o IC-'26 o bl:‘ig'l’ltnessu'26 } constant V, and VC
o VA2.3 .
: constant brightness
[ V 08

c

Control of Spot Intensity

b
- (-4
—> DTr{oa'e \é | > I c ] rl"hosp/mr —> '] Phofosensef=T1=>
desired \ZF'Ve¥ ] g J ~ actval
T ~ brightness

brighiness

Figure 6.20 Brightness Control Block Diagram

The block diagram above represents the CRT imaging system. The
computer output is a desired brightness which the system causes to be
output as radiant energy. In choosing the parameter to be directly

controlled, V VGl’ and Vg are considered, vCathode should be

Cathode?’
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invariant to minimize image size change, and VGl requires less modulation

at a lower voltage than V_,6 with the same general effect. Therefore

G2

, which effects I We can measure I, which

Gl c’ C

affects screen brightness, and we can measure screen brightness.

the system establishes V

Consider includiqg the photosensor in the feedback loop. This
provides the truest. control, but requires overcoming many obstacles
including:

1. Phosphor time constants of between 1.5 and 60 psec, which are

nonlinear,

2. Residual phosphorescence that continues exposure,but cannot be

terminated by a '"negative' control.

3. Nonlinear effects vary open loop gain orders of magnitude,
affecting stability and settling.
Final brightness will be controlled and compensated through software
that allows necessarily complex algorithms to be implemented and changed
at will. The phosphor-limited speed is computer compatible. However,
the TriodeDriver must still provide a reasonable approximation of unity
gain to aid the software.

Consider a system controlling I, as a reasonable approximation of

c

screen brightness. This parameter is easily measured, but trouble occurs

when the loop is closed at this point. Typically an IC of 10 uA is

Gl c’

grid 1 and cathode introduces an error with a time constant of 20 usec.

produced by V.. rising 20 volts above V A 10 pf capacitance between

Because IC decreases much faster than VGl’ the time constant can be an

order of magnitude worse at low IC.

I, is quite accurately controlled by VG according to the formula

c
7/2

I, = VC

c
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After the fractional power is computed, VGl can be established very
rapidly, and what transients exist can be settled before the beam is

unblanked allowing I, to start flowing.

c

A typical plot of radiant power vs. VGl is shown:

| 10 100

o | |

A (volts) —> .

(mw) —>
<
©

=X

\‘~

L ]
~e

Radiant Pwer

00' - l,
Figure 6.21 Phosphor Brightness vs Drive Voltage

Gamma is a photographic term expressing change in photographed
brightnéss per change in scene brightness. A high contrast film has a
high gamma. Gamma varies as a function of exposure, eventually falling
to zero at both extremes. So called gamma correction circuits are used

in precision CRT displays to make the screen brightness linearly
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proportional to a control signal. In the scanner, the circuitry is
complicated by:
1. The control signal is logarithmic.
2, The control signal covers 8 orders of magnitude.

7/2

Assuming brightness I, =V , then the brightness can be con-

C D

trolled by

1. computing the logarithm of the voltage representing the desired

brightness,

2. multiplying by 2/7, and

3. exponentiating to yield the required VD.
Step 1 is obviated by the logarithmic coding of the input signal. Step 2
can be combined with the necessary scaling. Step 3 is easily performed

at low frequencies using a logarithmic diode and operational amplifier,

connected as shown below.
IN I~ l ouT
o—Ph—1=> °

However, this circuit has serious frequency limitations because, as the

T . . . . .
varies over orders of magnitude with the effective signal, so

ain ou
gain qIn
does the band width for amplification beyond unity gain. The very

marginal video frequency response of the operational amplifier becomes

worse as a function of signal level. The circuit used in the scanner

is shown below in greatly simplified form.

N
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Neglecting secondary effects, the basic response of this circuit is
OUT = i = eIN. With reasonable current levels, the circuit performs

well at video frequencies throughout the range of input signals.

Grid 1 Supply
Referring to the actual circuit, R2 and R3 form a voltage divider
to scale the input.by:
59.2 mV/transistor
decade

5 volt range
*4 decade range

x 3 transistors

.ZN
.7 725

The thermistor and R1 provide 3-point temperature compensation. C6 is a
peaking adjustment. Pl trims the 7/2 power relationship without affecting
the adjustment of temperature compensation. Given the specified 10 K
input impedance and the 1/25 voltage division, the Thevenin resistance
of the divider network is 400 2. With the collector of T1B connected
to +5V rather than in a diode configuration, this 400 (1 becomes effec-
tively 1% 2, half the specified error inherent in the 3 series log
transistors, an error far below nonlinearities in the CRT. The error
could be reduced further by similarly connecting the collector of T2B to
+5 V, however, unlike the case with T1lB, in this second case bandwidth
would suffer. By designing a circuit compatible with a simple resistive
divider network, fidelity, reliability, and economy are all improved.
Transistors T1A to T3A provide offset biasing. OP-1 transfers
this offset compensation and also provides rapid correction for VBE of T4.
Note especially that OP-1 is not in series with the signal path and
therefore does not limit the high-frequency response. Zener D1 connected

to OP-1 together with R5 provides a voltage-independent reference current.
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R6 will also supply reference current as explained later. The limitations
of this arrangement are:

1. Some base current flows through T4

2. T4 also acts as a log component
The effect of point 1 is negligible in this application. The effect of
point 2 is cancelled by OP-1 as soon as it can act. The 25% attenuation
of very high frequencies is balanced somewhat by C6. Both the HF attenu-
ation and offset error in OP-1 are lessened proportionate to the number
of series log elements.

The voltage desired for VG1 is developed across R8 from the exponen-
tial current through T4, This arrangement also translates the desired

signal from ground-reference to variable V _ -reference, to which R8 is

C
terminally connected. 2Zener D2 reduces voltage and power stresses on T4
and also limits maximum VD. T5, connected in a volﬁage—follower configur-
ation allows the voltage of the capacitive load of GRID 1 to be pulled up
at video-compatible slew rates. R10 biases T5 with a nearly constant
current for the proper "muscle tone" in the steady state. The voltage
follower T6 is connected in a unique arrangement with C7 and R9 to
provide with T5 a HF push-pull output with few parts but no compromise
in fidelity. The arrangement works if the charge transferred from C7
to the capacitive load lowers the voltage across C7 less than about 20 mV,
corresponding.to a multiplicative halving in current through T6. This
constraint is trivial because:

1. CGl is very small, 20 pf with wiring capacitances

2. €7 operates at low voltage

3. C7 leakage is not critical



196

Note that T6 has no direct effect on offset in the steady state. The
small current through R10 and TS5, although negligible in its drift-
effect on the voltage across R8, is also balanced by the small current
through R9 and T6.

R7, connected between ground and T3A, provides a temperature-
inclusive 3‘VBE reference current reaching R8 through T4. When R7 = 3+R8
then the additional current into R8 produces a voltage balancing VBE of T5.
This unique arrangement provides benefits over the standard practice of
balancing VBE with a second transisto;:

1. Fewer parts, but more important...

2. Current through T4 remains above a level set by R7, thereby

maintaining fast and accurate response at all signal levels.

Grid 2 Supply
R13 with series zeners D4 and D5 provide voltage for GRID 2. This
disarmingly simple arrangement has unsuspected sophistication, as explained

in the section on '"Safety," and is possible because errors in VG2 are

compensated.
VC of the CRT is directly proportional to VGZ' Rather than
accurately regulate VG2 and reference VC’ their ratio is regulated.

Rl4 and R15 with trimmer P2 provide a voltage divider whose center node
becomes zero volts when VC has the proper voltage relative to VGl' T7
and R11 provide a current source pulling node VC against the current from
R12 with a current proportional to the output of OP-2. (8 completes an
integrator. C9 adds a zero root to stabilize the loop through OP-2.

Wide stability margines are obtainable with good control. Zener D3

reduces the substantial power to T7.
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There remains a second effect of changes in VC as set by VGZ’ as

shown:
VD7/2 .
I, « PV <V
¢ \Y 2 D ¢ I.=¢ tant
c c onstan
Thus if the magnitude of VG2 and thus VC increases by 7%, VD should
increase by 47%. The apparently difficult analog multiplication of VD is

easily performed while the signal is still logarithmic. The reference
current into T3A multiplies VD by the ﬁroper amount by choosing R6 and
R5 such that the current through R6 is 4/7 of the total current through

both resistors.,

Cathode Supply

The beam is switched by controlling the cathode voltage. This
method has advantages:

1. Relatively low voltages are involved.

2. Deblanking by ground-clamping minimizes transient overshoot.
Points of caution are:

1. The cathode-heater voltage difference must not be excessive.

2. During transition, the cathode-anode voltage, and hence the

image size, will change.

Point 1 of cautions is easily controlled. Point 2 is considered negli-
gible if transitions are fast. At 20 KV anode voltage, a 10 volt
cathode transient will move the spot 1/4000 of its radial distance from
the center of the screen, an amount both less than the spot size and
more important, consistent.

Parallel TTL gates output to T8 through R17 and impulse capacitor
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C10. As T8 switches on, T9, normally off, remains off as VBE goes %V
negative. T8 will overcome the small current through R18 to pull down
the capacitive load CATHODE through D12, When CATHODE is within % volt
of ground, R19 provides the final discharge path. When T8 opens, R18
provides a current through R19. Given IR18 = 2ma and R19 =1 K, 1.5 ma
will flow through the base of T9, rapidly slewing CATHODE. When CATHODE

reaches the voltage set by D6, R19 carries V__ of T9 to zero, switching

BE
off T9 to allow the fastest response to the next command. R20, Cl1,

D7, and D13 provide voltage for T9.

Safety

The circuit provides safety for the CRT and for itself.

The impedance characteristics of the GRID 2 output are nearly
ideal. 1It is zener clamped against high voltage discharge from the anode
to protect the cathode and external circuitry, it has high impedance
when shorted to ground to protect the cathode from secondary discharge,
and yet it provides low dynamic impedance in normal operation.

The GRID 1 output is diode clamped through D8 to ground to protect
the anode from a positive GRID 1 voltage in case of internal discharge.

D9, D10, D11, and T1l protect the circuit and OP-2 from each
other when one or both of the 1340V sources are inactive.

It is the responsibility of other‘circuitry to insure the beam is
not deblanked for an excessive time. However should the BEAM GATE/
connection be lost, R16 insures the beam will be blanked. D6 and D14
voltages should be low enough to protect the cathode-heater relationship,

but high enough to absolutely insure blanking.



199

A

ANALOG BEAM INTENSITY
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Figure 6.22 Triode Driver Board (schematic)

BEAM GATE/
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Trimmer P2 is connected such that momentary loss of contact will

reduce rather than increase the beam for protection during V_, adjustment.

c
If for any reason, such as failure of the -340V source, warmup transient,

excess current in R8, or component failure, V_ rises beyond the set point,

C
T10, T1l, and R21 will pull down the GRID 2 accelerating voltage to
prevent an uncontrolled deblanking.

During power up and down, the +340V source is specified to rise
last and fall first. D3 allows a residually negative GRID 1 voltage undexr
these conditions, insuring cutoff.

With 20 KV that can travel along signal wires like lightning and
an electron beam that can cause implosion cutting in seconds, a multi-

thousand dollar CRT may not be all that is saved through safety precau-

tions.

X-Yoke Driver

The yoke driver boards translate the positional voltage control
signal into a current signal that induces a magnetic field in the yokes,

thereby deflecting the electron beam.

Special Features
The circuit provides a precision current source controlling *aov
up to T 10 A into an inductive load. Multiple internal feedback paths
with feed forward provide very‘fast, low distqrtion open loop charac-
teristics for very rapid scttling in closced 100p.. True differential
signal ground input and low drift allow 16-bit compatibility. The

circuit is surprisingly sparce and economical.
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Connections

X POSITION Input controls spot position. Range = +10V to -10V, with

and ~10V moving the spot far right, +10V far left. Input
X GROUND impedance = 10 KN, Differential input allows separate signal
ground.

Several external modules require interconnection. See schematic. Also

see section labeled "Power'" for description of voltage requirements.

Operation
As with other boards, the Yoke Driver has been redesigned several
times to yield a powerful circuit of deceptive simplicity.

The basic operation is illustrated with the circuit below:

VGM > jV/

Figure 6.23 Simplified Yoke Driver Schematic

A voltage at open-loop input A is transformed to a current i, by TA and RA.
il generates a voltage across RD, which is used by TB and RB to control

the yoke current. The yoke current is measured by RE and compared with

the desired response given by VIN’ allowing OP-A to close the loop.

=1i, - i

yoke =~ T+ -
should be proportional to the open loop input Vyp- However, the

Referring now to the actual circuit, the yoke current i

individual currents i+ and i _ are not linear with respect to VIN‘
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The figure below depicts the relationships of i+, i, 1 , and VA.

yoke

Steady stote L

open loop £ 1A
input Vy —>

[~y

)

yoke

current

L

1A

' 2X gverloed range —>

-~ 1A
~-LIA

Figure 6.24 Yoke Driver Bipolar Characteristics
Some points:
1. Compared to DC biasing, range is increased and power saved
will be linear even transecting zero, as presented later

lyoke

3. i+ and i_ remain non-zero to maintain '"muscle tone,'" prevent
switching transients, and allow some reserve, as seen later.

The non-linear biasing arrangement has disadvantages:

1. HF charaéteristics change with polarity due to mismatching -

2. Serious troubles with HF response when transecting zero

Both of these drawbacks are obviated by the arrangement below in which
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i+ and i_ share in reproducing high frequencies:

. low
V>t pass —K~

L)Zﬁe— s hiah Open loop
- ' I ]s Op
<0 pi pﬁ:s V 2 input

. low
V- ( pass %

Figure 6.25 High Frequency Crossover Diagram

This arrangement allows:
1. Uniform HF characteristics
2. Fast response by sharing-the load. Althaugh the slew rate
is fixed by supply voltage, the circuit can pull into and out
of slew rate changes faster.

A sample response is shown below. Note the HF load sharing and

smooth zero transition:

Current —2
)
1
1]

:
1
]
t
]
]
]
]
1
]
]
]

Time —>

Figure 6.26 Time Response Example
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The circuit contains internal feedback to track even signals
transecting zero, feed forward bypassing slower op-amps, and two dif-
ferential feedback inputs. These and other features are nowldetailed.

The positive portion of the open loop input at VA is passed by TI1A
and offset balancing TlB to R6. By using a diode connection for T1A and
a transister connection for T1lB, both the nonlinear load of R6 and the
biasing current through R7 are insignificant viewed from VA' In this
arrangement IE of T1A can be about V3 times less than I_ of T1B for

E
equivalent VBE' R8 provides a small coupling to negative excursions
of VA as required, and will also cancel the loading effect of R21 and
R22.
Voltage follower OP-2 imposes the proper potential across R12 + R13,
and thus via T2 to R15 translates this voltage into the +40V reference

section of the circuit. VB of T2 is within the feedback loop, and is

E
thus negated.

R9 and R10 act as a voltage divider, allowing most of VA to pass
directly to the base of T2. The nonlinear biasing and HF specifications
require the_gain from VA through R9, and R10 to be about half of the gain
from R6 voltage, and R9, R10, R12, and R13 are chosen accordingly. The
gain from OP-2 to T2 must be sufficient to bias T2 throughodut the normal
range of VA'

The low pass block presented earlier is provided by C5. This
method does limit the slow rate of 0P-2, however feedforward and OP-3
virtually eliminate the bad effects, and the circuit is simplified to a

surprising degree. The high pass block is not directly implemented, but

exists implicitly as OP-2 seeks to cancel the low frequency residue.
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R21 and R22 provide a voltage proportional to i+' - 1_', which
will be translated to the yoke current. 0P-3 acts to maintain this
measure proportional to V,, thus providing an exactly complementary bias-
ing curve free from deadband, and also correcting all anamolies up to
the response speed of 0P-3. D5 allows OP-3 to increase i+' after
reducing i_' to zero, thus giving OP-3 total control to null errors.

The D5 arrangement also prevents saturation of O0P-3 with attendent
long recovery times. It can be shown such a limiting arrangement is
not needed with OP-2. The specified op—amp allows aA+3V Jump before
encountering slew-limitations, allowing the D5 arrangement to oeprate
very quickly. OP-3 is compensated for greater-than-unity gain, and
remains stable with the gain through D5.

R19 provides a direct path from VA to the base of T6. With proper
resistor values there will be almost no HF error, leaving OP-3 to act
on residual anomolies and lower frequency nonlinearities, The gain of
V, through R18 shunted by R19 to T6 is chosen to be less than that to

A

T2 from VA to allow higher transmission from OP-3 for optimum distortiomn
correction. This necessitates a lowering of R20 relative to R12 + R13
and a non-symmetric R21, R22 bridge. The common scaling factor for

R12 and R18 is chosen so that the output of 0P-2;as viewed from VA
through R9 and R10, is balanced with the output of OP~3 viewed through
R18 and R19 to present to VA a linear resistive load. R14 and R23
provide DC biasing. C7 and C8 cancel capacitive effects of the trans-

istors at wvery high frequencies.

The circuit presented thus far develops across R15 and R24 voltages
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representing the desired currents i, and i_. Complementary power stages

+
translate voltages into currents. One stage is discussed.

The voltage across R15 is impressed across R28 via voltage follower
stages consisting of OP-4, T3, T4, and T5. The voltage across R28 is
nearly proportional to i+ up to about 3 MHz, providing a feedback path
to high-speed OP-4, correcting transistor offsets and other amomolies.

C9 provides intermediate feedback to insure stability while retaining
some feedback at the highest frequencies. D6 protects T3 and prevents
OP-4 from saturating. R29 protects T3 from excess current, D7 pro~-
tects T5, T9, and the user from high inductively induced voltages.

The inductive load viewed through the collector-base capacitances
of the Darlington coupled transistors appears as a very large Norton
capacitance. R26 is connected to +V to provide a uniformly high biasing
current at all signal levels, Depending on transistor characteristics,
it may be desirable to reduce this capacitance by connecting the col-
lecter of T4 directly to ground, and R27 to either ground, or better, +V.

So far the circuit accurately transforms VA into the yoke current.

To attain the extreme accuracy desired, an overall loop is closed via OP-l.

Resistor Rl translates iyoke into a voltage that OP-1 compares with
X POSITION. 1In order to provide an accuracy no worse than that of the

16-bit converter, the resistance must not drift by more than:

s LSB < Full diameter of CRT
Full range of D/A © Effective average radial distance from center

2 20 ppm
Unlike temperature drifts elsewhere in the circuit, this is spot-position
dependent due to self heating, and thus contains random transients that

do not stabilize with equipment warmup. Three precautions are appropriate:
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Use an ultra-low drift resistor. ¥ 30 ppm/°C is barely
acceptable, TC cancelation will not work due to time effects.
Use a high-power resistor. 50 watts is barely acceptable.
Heat sinking reduces longer transients, but not shorter ones.
An electronic thermostat may control a heat source of the same
sink.
Use a very low test voltage. At 1/3 volt, the drift of R1

exceeds the drift and noise of very low drift OP-1.

Rl is the weakest link in the feedback chain, followed by OP-1 and R2

and R4,

All must be precision.

Requirements are made of the feedback circuitry:

1.

5.

The 0OP-1

Because of R1 & 1/3f, high ground currents, low voltages, and
required precision, differential sensing connections are essen-
tial.

Because of high ground currents between the scanner and yoke
driver, X POSITION input must also have differential inputs.
Bandwidth must be adjustable.

The circuit must provide integral control, but should respond
to a step input with a step output without waiting for feedback,
thus passing higher frequencies open~loop to the limits of the
op-amﬁ, while controlling lower frequencies.

For minimum drift, only one operational amplifier should be used.

circuit satisfies all these requirements. D3 and D4 with D1 and

D2 prevent OP-1 .from saturating, and also prevent excessive VE at T6

B

and with proper R9 at T2, and prevent excessive V.. at TLB.

CE
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Adjustments

As given, component values result in a range of TlA yoke current
in response to a +10V input. For a range of 1KA, divide R28, R33, and
R1 by K.

Small changes in gain are accomplished by changing R1 only.
Larger resistances can be added in parallel until the desired gain is
reached. Note the required ultra low drift of the composite RI1.

DC bias of i+ is adjusted by R14, of i_ by R23. A change in these
values should be followed by modification of R8 to prevent negative
biasing up to a 2x overrange value of VA'

C3 controls feedback bandwidth. C4 should be matched with con-

sideration for op-amp bandwidth.

Power
Power requirements are listed:
+40V 20 to 50V, low precision but well filtered. Higher
~40V voltage gives faster beam slewing, but voltage and
power limits of transistors should not be‘exceeded.
Current < yoke current, typically 1 Amp (up to 5A

with original television CRT unit).

+50V 12 to 15V, low precision but well filtered supplies
+30V

30V floating relative to, and drained toward, their
~50V respective center voltage. Max current =50 mA
+15V Precision voltage supplies from scanner. Current

~15V 2~ 20 mA
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Photosense Board

Each Photosense Board mounts a photomultiplier, inputs a digital
lintegral RESET command, and outputs an analog signal. Functions are:

1. Precisely amplify the photomultiplier anode current

2. Low-pass filter, with dynamically varying optimum cutoff

3. Integrate and reset on command

4. Derive the logarithm of the integrated signal

5. Supply and regulate photomultiplier dynodes

6. Protect the photomultiplier from overload

Special Features
The order of integration and logarithmic extraction is important.

The sequence

flog[f(x)]dx Outé——fdx Log in

yields an unusable signal because a datum is weighted in inverse propor-
tion to its magnitude, thus if "In" is momentarily zero then '"Out"
corresponds to zero for the rest of time. Also the time component of

the signal is not logarithmic. The order

Log[ff(x)dx] Out «— Logk fdx In

yields the required characteristics, but in the prior art resulted in a
severely limited range. The circuit presented does provide the character
of an integrate-first system, but allows [signal x time] to be accurately

tracked over 12 orders of magnitude. From the Photosense Board through

the A/D conversion to the FOCUS number system there is virtually complete
freedom from scaling. The scanner requires no "volume control."

Other special features and specifications:
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1. Dynamically adjusted UF characteristlices are optimlzed to fllter
quantum effects,
2. Anode current range: 1 nA to 10 mA.
3. Integration range: 1 pysec to 1 second.

4, Reset time: <200 nsec to 1 ppm residue,

Connections

LIGHT Low impedance analog output t10v at Fima

_ 3. Lo Anode Current Integration Time
4 €10 MA msec

RESET Digital input, integration is reset on the positive-going edge.
BREAK/ Open-collecter digital output goes low when the photomultiplier
is overloaded with light. The BREAK/ of several boards may be

‘combined on one return cable because of the open collector.

Dynamically Adjusted HF Characteristics
FET-input OP-1 and log transistor T1lA take the logarithm of the
photo-current from the anode of the photomultiplier, IA. C2 stabilizes
OP-1 at low IA for which the dynamic impedance Z01A of T1A is insufficient
to overcome the capacitive loading on the feedback loop from the photoQ
multiplier anode. The choice of C2 is made with two factors in mind:

1. What can C2 be?

If C2>> C then the feedback loop will have unity gain

ANODE
at all frequencies, including DC at which the photomultiplier
appears as a current source. Smaller values of C2 obviously

improve response time, however a pole and accompanying zero

are introduced, separated in frequency by the ratio
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cl/(cl+C ). The worst-case phase margin must be considered

ANODE

as the pole-zero pair slides menacingly through the frequency

inversely proportional to I,.

domain as a function of Z A

TiA

Open Loop Response
Inc/ua’fng c2, o]
Excluding TIA HF Folloff

]

Medivm L, (worst cese)

OdB

<
N\

W L2 .
Wy Gt Canone W2 illA H/'gh I A
>

!
Figure 6.28 Bode Plot Illustrating Stability

If OP-1 has a good phase margin and T1A has very high cutoff

. >
frequency for small signals, C2 = CANODE/lO is reasonable.
What should C2 be?
Assuming OP-1 has infinite gain and is stable, then the output
of OP1l = Log(X), where X is related to IA by a single pole

low-pass function with T « ZTlA + C2, where 2 is the dynamic

T1A
impgdance of T1A « l/IA. How convenient! The fractional
quantum noise of the photomultiplier is o I/fI,, while T I,
provides a low pass filter attenuating white noise by '/{TX.
We can specify tolerable fractional noise permitted in the

log signal, the bandwidth varies automatically proportional

to photo-current to maintain our specification. Let us now
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calculate an ideal C2.

Y = KL (In I,) + temperature dependent constant.
BE 9 A
T1A
Then
;B _kr __1
T1A dIA QIA 391A
- - -2
TSIyt C2= 391,

Assume the current amplification in the photomultiplier to

6 . . \ . .
be 4 x 10, then (with certain approximations of minor effect
on this calculation) charge arrives at the anode in packets of

4 x 10 . q

-12
- umine >
.64 x 10 coulombs. Assuming NArrivals 1,

the fractional quantum noise is

1
ynumber of packets arriving in time interval T
-7 8 x 107’
- 1 _8x10 @  ———
- - Cc2
1[ Ty °T Ve T \/IA 391,
.64 x 10712

Let us choose fractional noise = 1. This is an engineering
choice, but it can be shown to provide the '"best estimate"
under certain conditions. Because the only purpose of this

prefilter is to prevent wild fluctuations which would not

integrate well, a high level of noise is chosen. Then

-7
1 = 8 x 10
Cc2
-\(I -
A 39IA
c2 = 25 pf

Because C < 45 pf, C2 = 25 pf is seen from part 1

Anode
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to provide good stability, and so is used. C2 must have

extremely low leakage.

Logarithmic Integration Characteristics
Log transistor T1B, matched to TlA, balances the temperature offset
of T1lA, and also in conjunction with Cl develops the integral equation of
the form
LogfIA dt
not
fLog(IA)dt
which would be incorrect. The surprising power of this simple arrangement
is now presented.
From elementary circuit theory
1t |
V() = Ei‘J; I(0)dt + V_ 1
Because of the logarithmic characteristic of Tl

39[vB(t)—VC(t) ]

IC(t) =K e 2
Thus
t 39[V_(t)-V.(t)]
_ K B C
vo(t) = ¢p fo e dt + V_ 3

We wish to show that

t 39 v_(t) v
1 B o
VC(t) = §§~ln[ J; e dt +e "]+ VD 4

Differentiating equations 3 and 4, questioning equality

dVC(t)
dt

K 39[VB(t)—VC(t)]dt 2 e39VB(t)
c1 © £ 39V, (t) A
39f e dt+e
0
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Now assume equation 4 is valid and use it for the instantaneous
value VC(t) on the left above. In doing this, we are assuming equations
3 and 4 are equal at one arbitrary t, and show that then their time
derivatives are equal, and therefore by induction they remain equal for

.all time,
t 39v_(t) v

1 B o 39V_(t)

K_e39[VB(t) 35 1n[f0 e dt+e ]+vD]dt2 R

c1 t 399, () v
39f e dt+e °

0

K e39VD . e39VB(t) 39, (t)

cl ; e

t 39V.(t) v t 39V_(t) v

fe Bt +e© 39fe B dtte ©

0 0

K_e39VD\=/_l

C1 39

In the above equality, K and 39 are constants expressing the
logarithmic characteristics of the diode. Cl is user selectable,

V., is the voltage difference between VB and V, resulting

determining VD' D C

from the integration of a constant signal for one time unit.

Let VB(t) = constant = V_ and V0 = -« j.,e., 0 in the logarithmic

B
domain, corresponding to resetting the integral at t = 0. We now find
Ic(t) as a function of Cl, aiding the selection of a value for Cl.

From elementary circuit theory

dVC(t)'
Ic(t) =3 Cl

Combining with equation 4
39v
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Cl constant signal and
c 39.¢ integration reset at t =0

choosing Cl, consider that:
Current at maximum time is not too small compared to leakage.
Current in some interval less than minimum time is not too

large for T1B to supply.

T; ::3;; for best cancellation of secondary temperature nonlin-
earities, Primary temperature effects are compensated in the

amplifier stage, so this is a very non-critical consideration.
Cl is small enough for rapid reset.

Cl is large enough to avoid stray noise.

Cl has extremely low leakage.

polystyrene is specified for the present circuit,

Varients of the circuit provide interesting effects, as is now

discussed,

1.

"RMS" integration is performed by adding a second log element in
series with TlA, and a balancing constant voltage offset in
series with T1B. Varying post—amplification gain allows sum of
squares, square root of sum of squares, or any other exponential
power by varying inter-log gain., A simple transistor bridge
allows bipolar BMS measuring. The circuit retains its phenomenal
range, far exceeding the present state of the art "square first"
type RMS equipment. Subtracting output from a parallel circuit
viewing a constant input effectively divides by time for true RMS,
A constant current "leaked" from Cl will transform the system
from a pole-at-the-origin integrator to a pcle-off-the-origin

low pass filter. The time constant " is directly proportional

to current, It is easy to control current over many orders of
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magnitude, thus providing a voltage controlled low-pass filter

whose break frequency can be varied éontinuously from milli-
seconds to hours. Variation in DC gain is easily compensated
in the logarithmic domain by subtraction of the output of a

complementary stage inputting a constant reference. RMS averaging

is as compatible with low-pass filtering as with pure integration.

Integral Reset Circuitry

The integral is reset by reducing the voltage across Cl. A

perfect reset would drop V

c to Log(0) = —» volts, which is impractical.

As a compromise one can:

1.

Instantly reset VC by clamping to some low initial voltage.
This is equivalent to starting the integration with a small
initial non-zero bias. Aside from the initial error, initial
IC may be excessive at large signal levels, causing a large
error from retarded integration.

Drop VC by a fixed step by charge transfer. This is equivalent
to dividing the signal in the integrator by a large constant.
This method may produce excess IC for large signals and insuf-
ficient erasures of long integration times.

Pull a current from Cl for a fixed time. This temporarily
configures a low-pass filter causing the past to be exponen-
tially forgotten. The current drawn must be limited to that
which T1B can supply, limiting the decay speed. Because a
worst—-case previous reset may have occurred seconds ago, it is

necessary to wait about 20 time constants to assure erasure.

Pull a very large current from Cl, larger than IMAX that can be
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countered by T1B. As Cl is rapidly discharged, VC falls, and

thus via T1B I, rises exponentially. When IC is observed to

C
reach IMAX the process is terminated. This is equivalent to
starting the integration with an initial bias of a constant
times the signal prevailing at the time the reset is terminated.

Choosing - I = 25 ma and C1 = 0.1 uF, this constant is 100 nsec,

MAX
which conveniently is about the time needed for the reset
cycle. Because the input signal changes little in 100 nsec,
the signal prevailing at t = 100 nsec is a‘good estimate of
the average signal for 0 < t < 100 nsec. By starting integration
at 100 nsec with an initial bias = signal at 100 nsec °* 100 nsec,
a nearly ideal system is implemented. This method allows
extremely rapid and accurate reset without excess IC under
all conditions of signal level and history. It is used on
the photosense board.

Referring now to the schematic, on the rising edge 6f RESET the
edge-triggered flip-flop clocks the grounded D onto the Q output. As Q
falls, T6 is activated allowing Cl to discharge limited by R13. D3
lowers Q about 2 volts. C4 transfers the high-current pulse. R12 and
T6 gain are sufficient so that IC can be > IMAX even when C4 is discharged,
to avoid a trapped state during power-up. R1ll must more than balance
current through R12 to allow Q to be pulled > 3V when Q is high. As VC
increases exponentially. IC passing R9 + R10 causes SET voltage
to drop. When IC = IMAX = §§§§Ia then the flip-flop sets. It may be

desirable to select R10 larger than indicated by this equation for

drops,IC

"anticipation" at the high speeds involved. As Q goes high, it is‘pulled
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farther by R1l1l but limited by the base-collecter diode in T5. T5

turns on, allowing I, to surge to >>I limited by R9, for integral

c MAX’

tracking.

Amplifier Circuit
FET OP-2 could potentially severely limit bandwidth because of a
required gain of over 20 to amplify the small logarithmic signal from
T1B to that specified for output. R14, R15, R16, D4, D5, and C5
provide a voltage amplification stage allowing OP-2 to function near its
frequency limit. R18 and R19 provide the voltage dividing feedback and
also with R17 and thermister R20 provide 3-point temperature compensa-

tion of the logarithmic elements.

Photomultiplier Voltage Supply

The use of a zener bridge compared to a conventional resistive

bridge provides advantages:

1. Less bridge current is required for lower temperature.

2. Better stabilization of lower dynode stages.

3. Reduced effect from HV ripple, quite critical due to both
exponential gain dependance and capacitive effects.

4. HF suppression capacitors can be used. They cannot be used
with a resistive bridge when an accurate DC-coupled signal
is required.

5. When the HV supply is suddenly grounded in response to BREAK,
the zener reverse conduction both protects capacitors from
imbalance-generated overvoltage and also prevents reverse

biasing of the critical photocathode or any other dynode stage.
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The higher cost is minor and the very slow temperature drift cén
be compensated in software. A separate bridge for each photomultiplier
obviates multiple HV cables and reduces noise pickup. The lower
capacitors should be large to allow large anode transients. D6 allows
rapid discharge when the HV supply is grounded. The combination Rl and
R6 insure that, with a slowly recovering HV supply, the photocathode

stage will be the last to turn on in case of a remaining overlocad which

V.
must be immediately sensed. For protection, R6<T D7 to
A MAX SUSTAINED

insure sufficient tripping current into the final dynode stages under

all conditions where a signal may be present.

Overload Protection Circuitry

Nearly all of IA passes R2|]C3 + R3, generating a voltage across
VBE of T2. R2 and R3 averages the current to a voltage over several
seconds. The maximum anode current is specified as "averaged over any
interval of 30 seconds.'" 1In addition a small resistance R3 provides
sensing for very large transients, no matter how short, to which TlA
and OP-1 are not protected. When the voltage across R2 + R3 exceeds
about half a volt, T2, T3, R4, and R5 provide a digital alarm signaling
the Logic Module to ground the High Voltage Supply. An optional galvi-

nometer is shown.
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