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PREFACE

The '"Conference on Photographic Astrometric Tech-
nique" was held from February 18th through February 20th
1968, in order to discuss the technique used for obtain-
ing astrometric plates, as well as their mensuration and
reduction. Because of the applications of photographic
astrometrics to satellite geodesy, the conference parti-
cipants were astronomers as well as geodesists. We hope
that this conference has contributed in making astronomers
and geodesists more familiar and appreciative of each oth-
er's work.

Thanks are due the many individuals through whose
work and cooperation this conference was made possible.

In particular I should like to thank my wife, Mrs.
Edelgard Eichhorn-von Wurmb, who transcribed the tapes of
the discussions, and generally assisted very efficiently
with the work of organizing, holding, and editing the pro-
ceedings of the conference.

This volume would not have been published without the
very competent and efficient help of Mrs. Dorene L. Malin-
owski, who not only typed the manuscript, and is responsi-
ble for the general layout and production, but who also
caught many inaccuracies and little errors that had slip-
ped by the authors and the editor, and who helped in oth-
er different ways too numerous to mention.

Heinrich Eichhorn
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THE ORIGIN AND GOALS OF THE AUTOMATED STELLAR
PROPER MOTION SURVEY

Willem J. Luyten

University of Minnesota

ABSTRACT

The historical background of the automation of the
stellar proper motion survey is traced from its begin-
nings at Harvard Observatory in 1928 to the taking of
the series of plates complementing the National Geograph-
ic-Mount Palomar Sky Survey plates taken with the 48 inch
Schmidt Telescope at Mount Palomar covering 77% of the
sky with 936 plates. The design goal for the automation
is the documentation of the proper motions of stars from
tenth through twentieth red magnitude. A typical scanning
time for a pair of 14 inch star plates is progected to be
about 46 minutes with the total processing time estimated
at between one and two years for the complete set of piates.

INTRODUCTION

During most of my scientific life I have been interested in stellar motions,
especially of faint stars. Virtually the only way of finding these is by com-
paring two plates taken with the same telescope a number of years apart. Usually
this is done with what is known as a blink microscope. In 1928 when I was still
at Harvard Observatory, I began a proper motion survey of the southern hemisphere.
To complete the actual search of the more than 1000 plates took only six years,
but to complete the measurement of all the motions found took more than twenty-
five years and it was not until 1962 that we could publish the final catalogue
of motions of 85 000 stars.
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Meanwhile much better plate material had become available in the form of the
Palomar National Geographic Survey done with the 48 inch Schmidt telescope of the
Palomar Observatory. The 936 pairs of plates - Eaken in blue and red - cover 77%
of the sky and record images of stars down to 21.2 in the blue, and to about 20.
in the red. Since the vast majority of faint proper motion stars are red it is
obvious that the red plates must be repeated.

In 1958 I began a small pilot program using the oldest plates, then about 9
years old, and this indicated that the optimum interval between plates was be-
tween 11 and 13 years - with smaller intervals one would not find all of the sig-
nificant motions, but once the interval gets too long the number of moving ob-
jects found gets so large that the program is no longer manageable. Hence, in
1962 1 began in earnest retaking the new plates, and to date more than 700 of
the red plates have been repeated.

But almost immediately troubles began to appear. The Palomar-Schmidt red
plates show anywhere from 50 000 to 10 000 000 star images per plate - depending
on the galactic latitude. To examine even the former pair of plates using the
human eye and the human hand takes about 30 hours and usually we find something
like between 400 and 500 moving objects on a pair of plates. To measure these -
and this can be done by student-assistants - takes at least another 200 to 250
hours. Finally there is another 20 hours or so per plate of paper work before the
data are ready for publication. To search the very richest plates in this fash-
ion is probably not possible, but even if it were we estimate that it would prob-
ably take at least 300 man-years to finish the job - no one can do this kind of
work 40 hours per week.

With the prospect that, if this survey could be completed we would find
something like half a million faint stars with large proper motion it is evident
that we need to turn to automated and computerized methods., About five years
ago Robert Lillestrand of Control Data Corporation and I began thinking serious-
ly about this. 1In 1964 we sent in a proposal to the National Aeronautics and
Space Administration and a contract was awarded to the University of Minnesota
with Control Data Corporation as subcontractor as of July 1, 1965. As of today
fabrication of the machine is almost completed. What we hope it will do, what
it will accomplish follows.

DESIGN GOALS FOR AUTOMATIC SCANNING

The star images on the pair of star plates are scanned by a rapidly moving
spot of light detected by photomultipliers. The positions and widths of the
images are recorded to the nearest micron on magnetic tape. The tremendous data
flow rate requires the use of a very large, very fast computer to recomnstruct the



images from the taped data. The positions of the centers of the images for a
small (16 x 16 mm) area of one plate are compared with the image centers for the
corresponding area on the other star plate. The computer detects any misalign-
ment of the two areas and aligns them to optimum coincidence by translational
and rotational coordinate transformation. Non-coincident images are identified,
measured, and their coordinates in plate reference and in right ascension and
declination are printed by the computer. Depending upon how small the motions
we wish to accept and retain, we then set a lower limit to the discrepancy in
position between the two plates below which we "throw them back in", e.g., if
we wish to obtain a virtually complete list of all motions larger than 0V10 an-
nually - which on our plates with our average interval will amount to a displace-
ment of 18 microns - we might set this lower limit at 15 microns. In the end
we thus wind up with a list of objects which have moved more than 15 microns for
which we have the X and Y motions, but we also have the X and Y coordi-
nates of the object which the computer will translate into positions in the sky,
and, in addition, have a good indication of the diameter of the star image from
which the brightness can be derived. The final data output will be on tape as
well as on cards.

We hope and expect that this machine will be able to process a pair of
plates in 45 minutes on the average. Hence, if all goes well, we should be able
to finish the survey in one or two years.

THE AUTOMATION OF THE STELLAR PROPER MOTION SURVEY

James S. Newcomb

Control Data Corporation

ABSTRACT

A microdensitometer, scanning pairs of star plates
of identical areas of the sky taken a decade apart, is
coupled to a magnetic tape unit through a data acquisi-
tion system. This system performs an image density thresh-
old level selection for each plate and a buffer memory sys-
tem to smooth the data flow as well as analog and digital
display controls. The data from the tape are processed



later by a large scale high speed computer which
reconstructs the scanned images, discovers, mea-
sures, and documents stellar proper motions by
precise comparison of corresponding areas of the
two star plates to detect those images which have
moved at least 010 annually in the time interval
between the exposures. -

INTRODUCTION

The aim of the automation project has been to reduce the significant inform-
ation on the 14 in. x 14 in. star plates taken with the 48 in. Schmidt telescope
at Mount Palomar to measurements in digital form which can be utilized by a com-~
puter to discover and measure stellar proper motions. This paper will summarize
the implementation of the automation and describe the major elements of the data
acquisition system. A laser scanning densitometer and a special purpose computer
were built by the Aerospace Research Department of Control Data Corporation to
digitize the star plate information.

A block diagram of the system from star plate scanning to computer output
is shown in Figure 1. 1In step number one, signals from the scanning of the star
plates and reference reticle flow from the scanner to the detection electronics;
digital star plate and spot position signals flow from the scanner to the console
The combined signals enter the buffer-core memory complex and are accumulated un-
til a tape-compatible group is present. Then the group of measurements is re-
corded on the tape. In step number two, the tape is read into the computer; the
computer then reconstructs the star images, detects and documents star images

which have moved.
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THE OPTICAL SCANNING SYSTEM

A schematic diagram of the optical system is shown in Figure 2. Light from
a Perkin-Elmer helium-neon continuous gas laser passes through a converging lens
into a rotating octagonal prism. The rotating prism imparts the scanning motion
to the laser beam. The beam is split by the action of a beam splitting prism
cluster placed immedjiately beyond the exit fact of the rotating prism. The
three beams obtained from the prism cluster are shown in the figure; one beam
with 507 of the beamlgngxgymgqes_ugward through the relatively dense original
plates; the second beam with 25% of the energy passes downward through the
relatively clear second epoch plates. The third beam with 25% of the energy
passes into the reference reticle which is essentially a 64 micron scale from
which the instantaneous position of the spot is obtained. Light passing through
each of these barriers is collected by a special optical system and is sensed by
three separate photomultipliers. Light sources and pivoted mirrors for visual
observation of the star plate pairs for alignment purposes are shown adjacent
to the photomultipliers for the two star plates.

He — Ne CONTINUOUS GAS LASER

- FIGURE 2
PHOTOMULTIPLIER . .
\\\\ - An optical Schematic
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verging light beam is
given a scanning motion
by its passage through

a rotating octagonal
glass prism. A beam
splitting prism cluster
divides the converging
beam into three parts -
two portions of the beam
scan the star plates and
one scans the reticle.
Individual light collec-
tion systems monitor the
intensities of the three
beams.

Scanning action on the star plates is produced by a combination of the mo-
tion of the spot in the Y direction over a strip 16mm wide and the motion of
the star plates in the X direction over a path 356mm long. Both the rotating
prism and the X axis drive motors are synchronous and their speeds so related
that individual adjacent scans of the moving spot are five microns apart. The
size of the star images of interest ranges from 900 microns to about 25 microns.



The average size is about 80 microns. Thus, an average stellar image would be
scanned 16 times. After a strip has been scanned, the plate holders are auto-
matically moved to the next strip position before the next scan begins. At the
maximum scan rate, the plates move at a velocity of 6mm per second, and the prism
rotates at 9000 rpm. Velocities at one-half and one-fourth of this value are a-
vailable for plates of higher star demsities.

A photograph of the optical scanning head is shown in Figure 3. The beam
splitting prism cluster is shown mounted to the right of the rotating prism.
The mirror and converging lens collecting light from the laser beam are in the
housing to the left of the rotating prism. This housing contains the motor and
advance system for focusing the converging lens. Directly above the prism clus-
ter is the housing for the light collection system for the upper (original) star
plate. '

FIGURE 3

The Scanning Head of the Microdensitometer. The rotating octagonal
prism is in the center of the photograph; the prism cluster is to the
right of the rotating prism and the converging lens is in a focusing
mount on the left. :



MECHANICAL CONFIGURATION

The measuring system on which the scanning is based is the orthogonal lead
screw measuring system of the Moore Measuring Machine #2. Star plates clamped
in holders mounted on the ways of the measuring machine move by the optical scan-
ning head to provide part of the scanning action. A general view of the scanner
as placed in our laboratory for testing and checkout is shown in Figure 4. The
blink microscope used for visual observation of the star plates projects out of
the prism cluster assembly to the front of the machine. The Y axis lead screw
and ways are parallel to the microscope tube; the X axis ways and lead screw
are at right angles to the tube. Directly below the eyepiece of the microscope
and parallel to it is the incremental angle encoder directly connected to the Y
axis lead screw. At right angles to the encoder are the lead screw drive motor
and electric brake. A similar assembly is connected to the X axis lead screw.
On either side of the microscope support stand are located the two control boxes
used to provide control during visual alignment, blinking, plate change, and test-
ing activities. The three light collection systems with a photomultiplier and
preamplifier in a housing on each are shown in Figure 5. The upper light collec-
tion tube is for the second epoch star plate; the center tube collects light from
the reticle; the lower tube collects light from the first epoch star plates.

FIGURE 4
The Scanning Microdensitometer. The star plates being scanned are in
holders immediately above and below the blink microscope which pro-
jects out of the front of the scanning head. Parallel to the micro-
scope is Y axis motion of the star plates; at right angles to it
is X axis. Controls for local operation of the machine are located
on either side of the Y axis ways. . 7



FIGURE 5

Side View of the Mi-
crodensitometer Show-
ing the Three Light
Collection Systems.
The upper horizontal
tube collects light
from the second epoch
star plate and re-
flects it to the pho-
tomultiplier housed
at the near end of
the tube. The lower
tube collects light
from the first epoch
star plate; the cen-—
ter tube is the light
collection system for
light passing through
the reference reticle.

IMAGE WIDTH AND POSITION IDENTIFICATION

Signals from the two star plate scannings pass from the photomultiplier in-
to the detection and data display system. An average star plate background sig-
nal level is computed for each plate and the average maintained at a constant
level by automatic gain control of the photomultipliers. An image detection
threshold level is set by the operator for each star plate. When the signal
from a star plate drops below this threshold level (because the moving spot has
encountered a dense image) the X and Y positions of the scanning spot are
entered into the buffer memory through an electronic gate. The X position is
obtained from a bidirectional counter which keeps track of the pulses from the

X axis incremental encoder. The Y position is obtained from two sources -
the counter accumulating the pulses from the Y axis angle encoder, and the
counter system that measures the instantaneous position of the moving spot at
the time the image was encountered. As the spot traverses the image, a separate
counter records the distance travelled. When the spot emerges from the image
and the signal level rises beyond the threshold level, the contents of the image
width counter are entered into the buffer.



THE CONTROL CONSOLE

Since the plate scanning is controlled in a room separate from the scanner
room, adequate controls and displays must be supplied to the operator. These
controls and displays as well as the special purpose computer needed for data
acquisition and transfer are housed in a separate console. A photograph of the
console is shown in Figure 6. The left section of the console provides continu-
ous monitoring of the output of the three photomultipliers plus automatic gain
controls and focusing switches.

AUt it estiagy
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FIGURE 6

The Control Console. The actual scanning of star plates and the writ-
ing of data on digital magnetic tape is monitored and controlled from
this console. The photomultiplier outputs are observed and the thresh-
old levels controlled from the left hand section of the console. Star
plate motion controls and a special bright display of the detected im-
ages are available from the central section of the console. Control,
monitoring, and testing of the digital data system occur in the right
section of the console. —



The center panel provides a continuous bright display of the images detected by
the system as well as the scanner motion controls. A sample of the image dis-
play of a star plate is shown in Figure 7, as photographed from the screen of
the circular tube in the central panel. Note the diffraction spikes of the
bright star, the scratch on the plate and some dust particles and/or plate
flaws. The right end of the comsole contains the data acquisition logic, the
core memory, system status displays, logic system test equipment, and the basic
scan and stop controls for standard scanning. Cables connect the scanner to
the console, and the comsole to the magnetic tape unit. Thus, contained in the
console is the data "filtering" of the threshold level system, the data storage
in the memory system, and the data transfer to the magnetic tape. Data is read
into the tape in complete records from the memory so that the tape contains on-
ly completely filled records.

FIGURE 7

Star Plate Image Display. This is a photograph of the face of the
circular tube in the center of the console as the microdensitometer
scanned an actual star plate. The display covers a 16 x 16mm area
of the star plate.

10



DATA REDUCTION IN THE COMPUTER

The tapes are read into the computer for data reduction as fast as the
tape can be read. This means that although the data flow from the scanner is
completely random, the data flow into the computer is now continuous.

Computer processing of the star plate measurements begins with the recon-
struction of the images from the serial measurements obtained from the tape.
The assembly of the individual transits into an image is accompanied by simple
tests of image shapes which decide whether an image is sufficiently star-like
to be retained. Borderline cases would be rejected but marked as available for
review by the astronomer.

The centers of mnearly circular star-like images are calculated by deter-—
mining the centroids of the isophotal area describing the images. The location
of this center in plate coordinates is used throughout the rest of the calcula-
tion as the star image location. The area of the star is calculated by the
trapezoidal approximation. Star images of a more complex shape, such as those
produced by binaries, will be described by a least squares fit with the use of
residuals as a criterion of acceptability.

The second step in the data processing is the alignment and analysis of a
lémm square area on the two star plates. The centroids of star images on the
two plates are compared, and the best fit of alignment between the two areas is
obtained, based on iterative coordinate transformations of rotation, transla-
tion, and stretch of emulsion. Reference will be made to the resultant trans-
formations of previous nearby areas to guide the iterative process on succes-
sive 1l6émm square areas. Provision has been made on the scanner itself for vi-
sual alignment of the plates before the plate scanning begins, in order to re-
duce the number of computer iterations necessary to produce optimum coincidence.
After optimum coincidence has been obtained for a given 16mm square region, star
image pairs not fitting the coincidence pattern are measured and documented with
respect to nearby stars of comparable area. Right ascension and declination co-
ordinates for the star images are obtained from reference stars located visual-
ly on the star plates before the scanning begins.

DATA FLOW RATES

The expected data flow rates from the star plates have been a pivotal
factor in the system design. Measurements of samples of data flow rates made
with an engineering test model built before the actual scanner showed that star
image measurements could be expected to come in random bursts with wide varia-
tions in the numbers of measurements made in each moving spot scan along a strip
being being scanned, along different strips in the same plate, and in different
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plate pairs. Estimates of the average data flow for various regions of the sky
were used to evaluate the probabilities of losing significant quantities of da-
ta at various scan speeds because the data flow was too great against the esti-
mated scan time for a complete plate pair as a function of scanning velocity.
The basic design conclusion reached from these measurements was that any com-
puter fast enough to accept data from closely spaced images would be too ex-
pensive to sit idle during the time no data was being delivered to the machine.

The system design philosophy has been to detect and record all images
whose density exceeds the detection threshold level. The astronomical informa-
tion obtained from these measurements is determined by the computer program re-
ducing the data; documenting stellar proper motions will be the first but need
not be the only information obtainable from these plates - the change in in-
formation output is the result of a change in computer program, not a change in
the hardware of the scanning system.

Thus, we hope to produce by this system a statistically significant num-
ber of documented proper motions of stars from the tenth through the twentieth
red magnitude in forms readily usable by the scientific community.
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DISCUSSION

Gatewood: How long does it take to measure a pair of plates on this machine?

Newcomb: About 45 minutes.

Gatewood: What is the accuracy of a measured position?

Luyten: We are aiming at an accuracy of & microms on the plate which corresponds to about 03, as
in the Astrographic Catalogue. This is a relative accuracy in g small field. At this
time, without using the computer, we get absolute positions with an accuracy of 1 minute
of arc. With the aid of the computer, we hope to eventually get the positions accurately
to one second of arc, corresponding to 15u.

Mueller: What precisely does that figure mean?

Luyten: This refers to the accuracy with which the location of the image in the emulsion is mea-
sured. With the overlaid errors of emulsion shift, we may well get ultimately mean er-
rors near 5 .

Strand: Will you be able to obtain this with the system of your reference stars?

Luyten: I believe so. We have an average of 58 AGK2 stars on each plate.

12



Herget:

Luyten:
Herget:

Luyten:

Newcomb :

My own experience is this: I reduced forty-eight Palomar Schmidt plates and used the Yale

Zone Catalogues as a source of reference stars. The plates had been measured on a manually

operated measuring machine by van Houten. The rms residuals on some plates were as low as
03, others were 0!'? . These figures describe the agreement between the measurements and
the positions printed in the Yale Catalogues. So maybe Luyten's figures ave too pessimis-
tie. .

Were these. "good'" plates?
I don't know. They were taken in 1960 by Gehrels.

It is important to consider that all our plates were taken through a plexiglass filter,
while those that Herget talks about were taken without a filter. Since plexiglase filters
do not last for 15 years, I am sure different filters were used at the first and second
epoch. The regions close to the edges of the 4 in. by 4 in. plates are particularly sen-
sitive to this, and we have noticed in fact the effects of different filters at the dif-

ferent epochs in the proper motions. These are our reasons for being somewhat pessimistic.

The effects of granularity of the emulsion seems to set the limits for the achievable ac-
curacy in connection with the faet that every image is covered by several scans. We no-
tice that the least accurately measured stars arve those of 30u diameter, the smallest we
measure, and that the accuracy rises as the image diameters rise. Also, we notice as the
results of experiments which we have conducted, that the spacing between the scan lines
is insignificant for the ultimately achieved accuracy.
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COMPUTER.CONTROLLED PRECISION DIGITIZERS
OF OPTICAL IMAGE DATA EXTRACTION

Richard C. Strand

Brookhaven National Laboratory

ABSTRACT

The Flying Spot Digitizer at the Brookhaven Nation-
al Laboratory and its applications are described. Sug-
gestions are made as to how this apparatus might be used
for the precise and fast measurement of star images on
photographic plates.

AUTOMATIC EXTRACTION OF DATA FROM BUBBLE CHAMBER FIIM

Among the many applications for information storage and extraction by use

of photographic film are the several million bubble chamber stereo triads ex-
posed each year for elementary particle experiments (Brookhaven National Labora-
tory, 1966). One third of a representative stereo triad, or one ''view", is re-
produced in Figure 1 . This exposure of the brookhaven National Laboratory (BNL)
twenty-inch hydrogen chamber was made to a beam of secondary n" mesons which have
a momentum of 1.0 GeV/c from the BNL Alternating Gradient Synchrotron, a 30 GeV
proton accelerator. The beam tracks start at the right and are deflected down

by the chamber magnetic field of 17 kilogauss. The diameters of the images of
the individual bubbles on the 35mm film strip are about 30 microns. The linear
bubble density of a track is proportional to the square of the inverse of the
particle velocity. Consequently, the relativistic ©1 beam tracks and the low
momentum electron spirals produce "minimum" bubble density while some nonrelativ-
istic particles leave more continuous tracks. A pair of "two-prong'" interactions
occur but most of the beam tracks pass through and thereby form a background of
noise which is rejected by the data extraction system. For stereo-reconstruction
purposes, ''x" - shaped and "+4" - shaped fiducial marks are etched into the bub-
ble chamber window. The locations of these marks with respect to the camera
optics are known to within a few microns. A binary coded picture number for
automatic reading also appears in Figure 1.
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FIGURE 1

Reproduction of film-strip for one exposure of the BNL twenty-inch hydrogen bubble
chamber to ©t mesons at 1.0 GeV/c .

For faster measurement a flying spot digitizer (FSD) (Hough and Powell,
1960; Schutt, 1967; Strand, 1967) has been developed that automatically measures
and records about 50 000 coordinates of bubble-like images from one frame. Dig-
itizings from the film-strip reproduced in Figure 1 were plotted on a CRT, a
photograph of which appears in Figure 2. The quality of the result is limited
by the plotting CRT, but a close resemblance to the original image is preserved.
Notice that only the x - shaped fiducial marks are detected by this FSD. Since
extended images that are parallel to the direction of the flying spot are not
digitized, an orthogonal scan direction is employed for the wide angle tracks of
interest.

Hough and Powell (1960) proposed the mechanically deflected flying spot dig-
itizer (HPD), Hough-Powell Digitizer, for the measurement of bubble chamber film,
that was developed cooperatively at BNL, the Lawrence Radiation Laboratory at the
University of California at Berkley (LRL), and the European Qrganization for Nu-—
clear Research, Geneva, Switzerland (CERN). The flying spot traces a serial path
over the film in much the same manner as the electron beam of a television tube.
Each scan line of the raster is formed as the spot moves orthogonally to the
uniform motion of the film on a precision stage. The spot generation scheme is
shown in Figure 3. The flying source is the aperture defined by the intersection
of a fixed straight slit with a curved slit which is located along the radius of
a rotating disk. The spot is focused onto the film and a precision grating.
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FIGURE 2

Composite photograph of plotting CRT for the HPD digitizings from film-strip of Figure 1
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When the spot intensity is weakened due to the opacity of an image on the film,
the precision grating line counter is interrogated for the distance of the spot
from an origin. The other coordinate is taken from the position of the moving
precision stage at the end of each flying spot scan line. The coordinates are
sent to the computer during the scan from a local buffer used to accomodate the
peak rates.

The precise coordinates of all images within an area of 100 x 50mm? are
measured in four seconds. Their characteristics are matched to the requirements
of bubble chamber experiments., Kinematic least squares analysis (Crennell et
al., 1965) of well measured bubble chamber interactions show that individual
track point measurements have effective setting errors that vary between four
and nine microns on the film. Included here are both the systematic and random
uncertainties of the whole bubble chamber instrument. Manual track point m€a-
surement precisions from two to six microns are regularly used for experiments.
The HPD coordinate precision can be between three and six microms. The spot
diameter is about 15 microns and electronic speeds enable a 35 micron bubble

FIGURE 4

Early appearance of the BNL 35mm HPD.
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center to center resolution. The coordinate system is stable and accurate to a
few microns as determined by precision grid measurements.

The HPD apparatus was developed by 1962, The BNL HPD for 35mm film is
shown in Figure 4 and the HPD for 70mm film is shown in Figure 5. At the three
laboratories, adequate computer track recognition programs were developed in
another one to three years. Existing computer speeds were too slow for auto-
matic scanning, so manual guidance for the HPD measurement is provided by a
scan table operator who finds the event of interest and makes rough settings on
three points per view on each track. These three points define a circular 400-
micron-wide "road" on the film. At BNL during the HPD scan, points within the
road are saved by the computer and after the scan they are recorded on magnetic
tape for later processing by the track finding program, FILTER (Hough, 1965).
Development of accurate track finding programs to find the points that belong
to the track was more difficult than expected (Hough and Powell, 1965). It was
necessary to use the redundancy of the third stereo view (Crennell, 1965) to
check the quality of each track measurement.

FIGURE 5
BNL 70mm HPD.
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At BNL, CERN, and LRL the HPD systems are being used for experiments be-
tween one-quarter and three-quarters of a million events per year. These events
are limited by the manual scanning and road making. Several second generation
HPD's are coming into operation. The Sogenique company of England manufactures
most of these machines. Two groups, at LRL (White et al., 1968) and Columbia
University (Newman et al., 1968) are working on the automatic scanning of bub-
ble chamber pictures. The HPD group at CERN (Altaber et al., 1968) is devel-
oping the programs for the vertex guidance where the scan table operator finds
the event and measure the approximate coordinates of only the interaction point
in each view.

Bubble chamber HPD's have been applied to the automatic scan-measuring of
spark chamber film (Lassalle and Zanella, 1968) from elementary particle ex-
periments where the number of information elements per photograph is about
three orders of magnitude lower. Recently, the BNL 70mm HPD was used to digi-
tize some astronomical plates for H. Eichhorn and G. Gatewood (1970) of the
University of South Florida.

ASTRONOMICAL MEASUREMENTS: HARDWARE POSSIBILITIES

A flying spot can be generated mechanically as in the HPD or electronically
by a precision CRT, called PEPR (Shutt, 1967) for Precision Encoding and Pat-
tern Recognition in its bubble chamber form. Nine-inch tubes have been manu-
factured that have a 13 micron spot at the center and about a 20 micron spot
at the edge. Phosphor decay times are available that allow speeds comparable
to the present HPRD's and the spot location is directed by a computer. Here
the film appears to be a random access memory.

Recently a new Videcon tube was developed by RCA for space applications
with a 5000 line resolution on a 4!/, - inch tube. This device could have po-
tential use for data extraction from film.

The one micron precision needed for star image coordinates could be ob-
tained from bubble chamber FSD's. If each star image were "digitized" several
times, the average coordinate precision would be improved. If the "rough" lo-
cation of each star image were known, then a precision stage could position
the plate for a very fine scan over a small area.

Dimension and shape of stellar images (star pulses) are less uniform than
those of the bubble pulses. The digitzation of pulse width and height as well
as position could be obtained. Star recognition programs could make good use
of width and height information. For instance, if a star is recognized in two
mutually orthogonal scans, then it should have consistent widths and heights.
Such redundancies may be used to guarantee the quality of the result.

The value of manual assistance for an automatic data extraction system is

well established. For example, there must be some star images within the
fringe of other images that a human eye can measure which a flying spot device
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could not be expected to resolve. These "sub-spot data" can be conveniently
extracted by proper provision for an operator on-line. Another example inevi-
tably occurs when an important plate is so bad that some images will be classi-
fied as "sub-spots'. The operator should be able to view, for comparisons, a
projection of the plate and a digital display of the raw coordinates or recog-
nized stars on a display scope. The computer program can provide a suitable
range of magnifications. A "light pen'" or a "track ball" device can be used by
the operator to indicate the exact location of stars to the computer. A dis-
play also is very helpful for developing and operating the digitizer.

Three general computer configurations are possible. A separate medium size
computer, big enough to control the apparatus and also recognize the star images,
is the least complicated. To hold down development costs, the initial configu-
ration can have the minimum amount of central memory and peripherals necessary
while the hardware is developed. However, compilation of FORTRAN programs
should be possible with this configuration or else the control program develop-
ment costs might get out of hand.

One could also use a small computer to drive the hardware and collect the
raw digitizings and send them to a large central computer for star recognition.
This, however, does introduce a problem. It is desirable to be able to complete
the scanning and measurement of one plate before going onto the next. The large
computer must therefore provide time-shared service. The time sharing system
becomes one extra complication.

The least desirable configuration has the digitizer directly on-line to a
large time-sharing computer. Here the digitizer developers are often constrain-—
ed to working at odd hours to check out their programs without temporarily de-—
stroying the larger host system. Undoubtedly, time-sharing systems will be im-—
proved because the larger computers seem to provide the least expensive computa-
tion.

ASTROMETRIC MEASUREMENTS: SOFIWARE CONSIDERATIONS

Computer programs for scientific research -tend to require frequent revision
to meet the needs of new experimental situations. The development of scanning
and measuring programs leads to prolonged periods of trial and error. For these
reasons, the FORTRAN language is preferable to the basic machine assembly lan-
guages because it is intrinsically easier to document and modify. For many ap-
pPlications, the documentation is inserted with the code in the form of comment
cards. Where required, machine language subroutines can be linked to the FOR-
TRAN structures. The major programs should be controlled by one large routine,
called a dispatcher, that contains only logical branches to call the appropriate
subroutines for particular sub-tasks. Each routine should begin with a short
paragraph on its purpose, the definition of variables and a warning about any
complicated logic or approximations used. At appropriate places in the code,
descriptive comments are inserted.
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First the hardware drivers must be prepared for testing, maintenance, and
measurement operations. Digital display drivers for graphic communication
could come next. Then these two drivers should be integrated into an overall
measurement-system-monitor that will control the sequence of operations to be
performed for testing, calibration, and measurement.

Pattern recognition programs must have the most human-like decision making
ability. There is a tendency to solve part or all of the pattern recognition
problem with special equipment. This tendency would be resisted intitially be-
cause FORTRAN programs are much more quickly modified than electronic circuits.
The redundancy in the data can be exploited to imsure the quality of the re-
sults. Comparison of previous manual measurements of the same plate with auto-
matic measurements will "teach" the pattern recognition program many new tricks.

Finally there will be experiment dependent subroutines, and data display
routines for processing and publication of results. Where many laboratories
collaborate, common magnetic tape formats for data interchange must be speci-
fied.

CONCLUSIONS

The bubble chamber experiments in elementary particle physics are now bene-
fiting from automatic film data extraction provided by flying spot digitizers.
The methods are general enough, so that their extension to other data extrac-
tion bottlenecks seems practical. The FSD's have been used for spark chamber
film and their application to photographic astrometric technique has been test-
ed.
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DISCUSSION

Rosemberg: Which size plates did you scan, and how long did it take to scan them?

R. Strand: Plates of the format 100mm = 150mm were measured in siz seconds on the 70mm machine
with a 50 micron distance between the scan lines. Also, the machine can scan backward
and forward, but in our work, we have not scanned any frame twice since we did not con-
sider this necessary.
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THE USEFULNESS OF A FLYING SPOT DIGITIZER FOR THE
MEASUREMENT OF THE COORDINATES OF STAR IMAGES
ON PHOTOGRAPHIC PLATES*

Heinrich Eichhorn and George Gatewood

University of South Florida

ABSTRACT

The Flying Spot Digitizer (FSD) of the Brgok-
haven National Laboratory (BNL) can measure the
coordinates of star images on photographic plates
in one pass with an accuracy of 4.8 microns r.m.s.
error. A field of the size 50 x 100 square mil-
limeters is measured in a few seconds. Suggestions
are made how a better accuracy can be achieved
through the way in which the measurements are ar-
ranged and by repetition of the measurements. It
is suggested that the speed of photographic astro-
metric measurements can be improved by about two
orders of magnitude, at no loss of accuracy, by
proper use of the FSD.

1.

The principle of measuring coordinates of images of stars on photographic
plates has in the past been, to accurately align with them a measuring device
(center of a rotating sector, cross hairs, etc.) by a measurable motion. From
this, the coordinates of the image are computed. In recent times, several now
well-known types of measuring machines have been put into operation in which hu-
man judgment as a measuring pyrinciple is eliminated and in which the human opera-
tor only initiates the measuring process and gverrides the measuring machine when
?t is about to commit a serious blunder, such as measuring an obviously deformed
image.

*Final report, NASA grant # NGR 10-008-011.
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Even under the most favorable circumstances, this mode of measuring the co-
ordinates by going from one image to the next will be time consuming. Also, un-
less some kind of an image sensor is employed this will require either a human
operator to select the images, or a program which brings the measuring device
sufficiently near to the images to be measured in a predetermined sequence.

The alternative to this ''star-by-star" mode of automatic (and semi-automat-
ic) measuring is a scanning device, with which the plate is systematically
searched for images. As soon as these are recognized, their coordinates are
measured and recorded. Since the entire plate is covered by the scanning pro-
cess, the mechanical movements which produce it may follow a regular pattern
which need not involve much change of momentum, so that it can be expected to
proceed much faster than any 'star-by-star' measuring process.

2.

The scanning mode of measuring images on photographic material is being em-
ployed in an apparatus, now receiving its final checkout, for the determination
of relative proper motions (Luyten, 1970 and Newcomb, 1970). At the Brookhaven
National Laboratory, Hough and Powell (1960) first designed and constructed a
scanning device for the measurement of the coordinates of the trails of subatom-
ic particles on films which were exposed in bubble chamber experiments. This
apparatus, called "Flying Spot Digitizer'", will record measurements of the co-
ordinates of images in an area of about 5 x 7 centimeters in a few seconds.
This is several orders of magnitude faster than any, even automatic, image-by-
image machine would perform the same task. A light beam is sent through the
film (or plates) and a receiver reacts when the intensity of the passing light
decreases. While the light beam is kept in a fast up and down motion, the field
to be measured is transported at right angles to the direction of the up and
down motion of the scanning beam. The distance between two vertical scan lines
(scan width) can be controlled and is about ten microns at minimum. The height
of the scanned area (i.e., the length of a scan stroke) can also be controlled
and is divided into 40 000 discrete fields, so that each of these would be one
micron long for a scanning stroke length of four centimeters. Accurate coor-
dinate measurement is therefore possible only in the direction of the scan
stroke.

It follows from the mechanics of the FSD that the scanning beam will en-
counter every image whose diameter is at least equal to the scan width at least
once, and larger images several times., For the purpose of measuring the coor-
dinates of points on bubble chamber trails, the FSD is provided with a device
which will record that position of the measuring beam where the intensity of the
blackening reaches its maximum. This is, of course, not the ideal digitization.
position for star images, since on a typical good plate the blackening intensity
profile along a scan through a stellar image rises rather steeply to a plateau,
at which it remains in the inner regions of the star image. The digitization
would then occur whenever this plateau is reached, so that a large stellar image
would be recorded as a series of points (each obtained by a different scanning
stroke) that lie on a somewhat semi-circle shaped curve.



For photographic-astrometric applications, a digitizing device for the FSD
would be desirable which records the center line of the intensity profile or the
equivalent thereof, instead. The authors understand that the construction of
such a device is entirely feasible (Strand, 1968).

3.

The purpose of the investigations described in this paper was primarily to
find out whether the FSD could usefully measure the coordinates of stellar im—
ages on photographic plates at all, and if so, how accurately. Since without
mechanical changes, the FSD cannot accommodate films or plates of more than
50mm width, it was somewhat difficult to find appropriate material for measur-
ing because good plates, once taken, are rarely disposable, or available for
trimming to size. Dr. A. Upgren of the Van Vleck Observatory put at the au-
thors' disposal a plate from the Van Vleck parallax program on which several
misidentified fields were photographed and where the exposures had been taken
with a coarse objective grating. Several scanning runs were made on a piece
from this plate that had been cut to size so that it would fit into the FSD
film stage. Measurement runs made on a piece of a negative copy of a plate
which had originally been taken at the 26-inch refractor of the Leander McCorm-—
ick Observatory proved to be unusable, apparently because the two fold copying
process had rendered the images too hard (i.e., contrasty).

The measurements were recorded on magnetic tape. Many of the digitization
records do not indicate stars. A particularly strong fluctuation in background
blackening can trigger the digitization signal, and so will any sufficiently
intense blackening (or object), whether associated with a star or not.

4.

Two of the main probelms in processing the output from the FSD are there-
fore the decision which digitizations are due to star images and which are not,
and the computation of the effective measured coordinate (emc) from the various
digitizations on one image.

The first problem could be solved by regarding as legitimate only those
marks which produced records of at least two encounters with the digitizing
beam, which would be indicated by the fact that the accurate coordinates (mea-
sured by the scan) measured at successive scan strokes differ by less than a
fixed amount (no more than a few microns). Whether a legitimate mark originates
from a star or plate imperfection, etc., can usually be decided by the pattern
of the coordinates of its digitized points and proven either by correlating the
measured image coordinates with the preciously known coordinates of the stars in
the field, or by comparing the measurements on two plates of the same field, ex-
posed under as identical conditions as possible. We used the computer only to
eliminate isolated digitizations, i.e., those for which there was not at least
one at a sufficiently similar position on a neighboring scan stroke. This simple
procedure got rid of most of the spurious digitizations and rendered the remain-
ing material usable for further processing.

27



This was done by plotting (on an appropriate scale) the measured coordinates
of the digitized points. Those belonging to the same image lied typically on
curved and sloped lines. Figure 1 shows the points originating from a fairly
strong central image. The unit on the vertical scale is in ten thousandths of
an inch, and the separation of the points on the abscissa is 15 microms. Figure
2 shows the plots of the points which originated from the diffraction images of
the same star whose central image produced the points plotted in Figure 1.
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FIGURE 1

The way the machine sees a strong central image. The scan lines are
15 microns apart.
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FIGURE 2
The way the machine sees diffraction images (of #ZAC).

Altogether, 31 images were thus identified. As the effective measured ( y )
coordinate of an image we regarded the straight mean of the individual y wval-
ues given by all scan strokes that encountered this image. Undoubtedly, a more
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sophisticated definition would have resulted in emc's of higher ultimate accu-
racy. In order to obtain an estimate of the accuracy of these emc's which is

a lower limit for the accuracy the coordinates of the same images were measured
on the two-screw Mann measuring machine of the University of South Florida Ob-
servatory. During this manual measurement, the quality of the images was jud-

ged on a scale from zero (very bad image) to five (perfectly round image).
Next, the y coordinates measured by the screw ( Ys ) and those measured by

the FSD ( Ve ) were compared by a least squares solution of the form

yg = Ax_. + Byf + C + Dd + Eq

£
where d dis the effective diameter of the image, expressed in terms of the num-
ber of scan strokes during which it was digitized, and gq is the quality of the
image, expressed in terms of the discussed scale above. This solution showed the
following features: the standard deviation of D is one tenth of its value,
thus the term with D 1is essential in the reduction model. The term Eq was
added after a preliminary reduction had suggested a correlation of the residual
to the image quality, and E turned out to be nearly five times its standard
deviation, thus highly significant. The standard deviation of the residuals,
i.e., the differences yg - (Axg¢ + ... + Eq) results as 0.0048mm. If one as-
sumes a standard error of 0.0015mm for the measurements on the Mann measuring
machine, the standard error of an emc measured on the FSD turns out to be
0.0045mm. The establishment of this figure was the primary purpose of the in-
vestigation described in the current paper.
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This number is of course quite large and would at first sight suggest that

the FSD is useful for only very crude astrometric purposes.

However, the ac-

curacy available through more sophisticated use of this instrument can, in our
opinion, be improved to where the emc's would be at least as accuracte as the
coordinates obtained on a manually operated screw measuring machine, The mea-
suring and reduction process described in this paper would, for this purpose
have to be modified as follows:
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a. It would probably be unwise to increase the scan width, since the least
count of the digitization is 1/40 000 of the scan width. Since the scan width
is thus limited, the plate will have to be shifted in y between various scan-
ning sweeps. . If it is shifted by exactly half the scan width or somewhat less,
every image will be covered by at least two scanning sweeps. The multiple cov-
erage of the images will thus aid in ibRcreasing the accuracy. The measurements
obtained in different scanning sweeps can be reduced to the same frame of refer-
ence by a procedure analogous to the plate overlap method. This can be made e-
ven more accurate by shifting the plate by an accurately measured distance. It
is clear that, even considering the limited field that can be scanned on the
FSD, a mechanical device can be constructed which will allow plates of any
reasonable size to be measured on the FSD.

b. Since only one coordinate is measured accurately, the plate (or the di-
rection of scanning) must be rotated by 90° in order to measure both coordinates.
It would then be natural to measure the plate in at least four different posi-
tions, between each of which the plate and (or) the direction of the scanning
would be turned on an angle of 90°.

¢. The emc's will have to be computed by a considerably more sophisticated
procedure than taking the straight mean of the digitized coordinates on adjoin-
ing scanning strips.

d. The FSD can be made to digitize equal positive and negative values of a
certain absolute calue of the slope of the blackening intensity curve along the
chord instead of the zero slope of this curve. Every stroke would then yield
two digitizations on every image, one when the beam enters and one when it
leaves the image. The mean of these two would probably be better suited for
the astrometric purposes than the present mode of digitizing the first occurance
of zero slope of the curve of the blackening intensity along the chord.

Both a. and c¢. above will mean that every image is measured at least about

eight times in both coordinates. This redundancy, in connection with the modi-
fication of the criterion for digitizing, could result in a standard error of
the emc's of the various images in the order of between one and two microms.
In view of the rapidity of the scanning sweeps, even the multiple measurement of
individual plates necessary for obtaining the coordinates accurately will be a-
bout 100 times faster than measuring the same plates on a modern semi-automatic
machine.
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DISCUSSION

Did you scan your plate in divect or reverse? That would have eliminated some of the mag-
nitude dependent and quality dependent effects from the means of the direct and reverse
measurement.

Unfortunately we were pressed for time. The machine is designed to be operated with film
frames, and to get a piece of glass to fit it proved to be quite cumbersome and time con-
suming.

How was the image quality judged?

At the measuring microscope in terms of roundness. Perfectly round images were classified
as "five", the worst as "zero'.

In our system, a counter is started when the scanning spot strikes a demse area, and stop-
ped when it leaves it. This way we get the center of the dark area as well as its size,
which is a measure for the magnitude of the star.

I remember Dr. R. Strand as having told me that Dr. Hough, one of the designers of the
machine, has said that the digitizing circeuit of the Brookhaven Flying Spot Digitizer could
be modified to do essentially the same thing.

(to Newcomb) Will your machine be commercially available? And what will 1t cost?

An exact duplicate would cost about $245 000.00
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ABSTRACT

The Lick-Gaertner automatic equipment has
been designed mainly for the measurement of stel-
lar proper motions with reference to galaxies, and
consists of two main components: the survey machine
and the automatic measuring engine. The survey ma-
chine is used for initial inspection and selection
of objects for subsequent measurement. Two plates,
up to 17 x 17 inches each, are surveyed simultaneous-
ly by means of projection on a screen. The approxi-
mate positions of objects selected are measured by
two optical "screws": helical lines cut through an
aluminum coating on glass cylinders. These approxi-
mate coordinates to a precision of the order of 0.03mm
are transmitted to a card punch by encoders connected
with the cylinders.

This card deck serves as input for the automat-
ic measurement process. A card is read, the auto-
matic engine goes to that position, finds and centers
the object whose precise coordinates and a photometric
parameter are then punched. The next card is then
read, the measurement and recording process repeat-
ed, and so on until the last selected image is mea-
sured. The measuring engine is in a separate, special-
ly air and humidity conditioned room, and normally
needs no supervision during the measurement. Remote
control and supervision are possible, however, from
another room.
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The precise positioning of star images is ac-
complished by a spinning-sector scanner, and two
crystal-quartz scales ruled in millimeters serve
for coordinate measurement. An iris system is used
for photometry. Although all the electronics are
transistorized, the automatic engine needs a few
hours of warm-up for dimensional stability. When
the latter is achieved, the coordinate measurements
repeat within 0.6 microns for practically indefinite
periods; runs separated by 12 hours have not reveal-
ed any significant systematic changes in coordinates.
The absolute accuracy of a measurement over the whole
17-inch range is within one micron for stellar images
from approximately one magnitude above the plate lim-
it to those reaching 0.25mm in diameter. Outside
these limits the accuracy is lower. On the average,
galaxies are measured with an approximately 50% Llar-
ger error than stars. Slightly less than three hours
are required for automatic measurement of 300 objects
on a 17 x 17 inch plate, i.e., approximately 35 sec-
onds per image.

INTRODUCTION

The Lick-Gaertner equipment for automatic measurement of astronomical
plates was specially designed for determination of stellar proper motions with
reference to galaxies, as part of the Lick program intiated by Wright (1950).
The first-epoch plates of 1246 fields were taken with the blue-corrected lens
of the Carnegie 20-inch Astrograph from 1947 to 1954. A 6° x 6° field was
photographed on each 17 x 17 inch plate; the sky from -23° to +90° is covered,
with a minimum overlap of one degree between adjacent fields. A 20-year inter-
val between photographs was chosen for measurement of proper motions (Vasilev-
skis, 1954); consequently the second-epoch photography was started in 1967.

In planning the second-epoch series, it was decided to enhance the value
of the program by determination of magnitudes and colors of those stars mea-
sured for proper motion. Accordingly, the Carnegie Astrograph was equipped
with a second lens, corrected for yellow light (Vasilevskis, 1964), and the
second-epoch photography is being carried out in two colors. This means that
at least three plates will be available for each field, and a total number of
approximately 4000 plates will have to be measured. Since approximately 300
objects will be selected on each plate, it would take several decades to carry
out all the position and photometric measurements by conventional means. The
proper selection of those objects to be measured is also a major task and must
be considered carefully. It was decided to develop and build two separate ma-
chines, one for the efficient surveying of the plates and the selection of ob-
jects, and the other for carrying out a completely automatic process of measure-
ment.
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One of us (S.V.) did the original planning and prepared the instrumental
specifications, while the other (W.A.P.) has been responsible for every phase
of the technological process. Both have worked together closely during the full
duration of the project, which was sponsored by the National Science Foundation.

The present report will be concerned primarily with the operation and per-
formance of the equipment; a detailed technical account will be published at a
later date. An outline of the specifications and the means chosen to satisfy
them has been published elsewhere (Vasilevskis, 1960) and need not be repeated
in full here.

THE SURVEY MACHINE

FIGURE 1

Survey Machine. To the right of the operator is the control rack of the au-
tomatic measuring engine, located in another room.

Objects for measurement are selected and their approximate coordinates re-
corded on punched cards with the aid of the survey machine shown in Figure 1.
Two plates, up to 17 x 17 inches each, can be placed in adapters on a hori-
zontal carriage at the top of the main structure. A high-pressure mercury lamp
is located above the carriage, to illuminate areas of the plates that are pro-
jected on a 12 x 12 inch screen in front of the operator; the optical layout
is shown in Figure 2. A 3 x 3 inch area of the right-hand plate can be view-
ed at a magnification of 4x for a general inspection of a large field; this
corresponds to 191 x 1°%1 on Carnegie Astrograph plates. For more detailed in-
spection and final selection of objects, both plates can be projected at magni-
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fications of either 10x or 20x. For changes of magnification, optical compo-
nents are placed in or removed from the light paths by remotely operated rota-
ry solenoids. Either field can be blocked or both opened by shutters. A vari-
able-speed blink device is also incorporated into .the machine.
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FIGURE 2

Optical layout of the survey machine.

Controls for these operations and also for those to be described later are
located at the screen, as shown in Figure 3. 1In the center, under the screen is
a joy-stick for controlling the rapid motion of the plate carriage, with a vari-
able speed up to 2.5 inches per second. The final setting is done by four push-
buttons located to the right of the screen. While these controls cause a motion
of the whole carriage in two coordinates, the left plate adapter can be moved
relatively to the right in two-coordinate linear and angular directioms. Toggle
and selector switches at the extreme left of the control panel actuate motors
for these relative motions, thus permitting efficient and precise superimposing
of images on both plates.

Other controls on the panel are: a switch for the mercury lamp, a knob for
a slight change of magnification of one field relative to the other, two knobs
for brightness adjustment of individual fields in order to match plates with dif-
ferent background fog, and finally, two controls for coordinate punching.
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FIGURE 3

Projection screen and controls of the survey machine.

The coordinates obtained are to serve as input for subsequent automatic
measurement, and this fact had to be considered in the development of the sur-
vey machine. On one hand, the process of surveying must be efficient enough
to keep up with the automatic measurement, and so no time should be wasted in
pursuit of excessive precision. On the other hand, the coordinates must be ac-
curate enough for positioning the image within the scanner of the automatic
machine. A precision of 0.lmm was specified in order to satisfy both these re-
quirements. The actual precision of the measuring device is higher, as will be
mentioned later.

To select an object for automatic measurement, its image is centered on a
cross—wire reticle projected on the screen (Figure 2). Two rotating glass cyl-
inders, with a helical line cut through an aluminum band deposited on each,
serve to provide position reference, as shown in Figure 4. The pitch of these
optical screws is 50mm with a precision higher than 0.0lmm. Each cylinder
drives a digital encoder and is also geared to the lead screw that moves the
corresponding stage. The cylinders and the lead screws rotate in synchroniza-
tion, to within their relative errors. When the carriage stops, its position
with respect to the helical lines is sensed by photoelectric error detectors on
the carriage. An error signal causes a servomotor to rotate the cylinder and
encoder for correction of the error. A differential in the gear-train connect-
ing the cylinder with the lead screw prevents motion of the carriage during the
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the correction process. Thus the measurement does not depend on errors, back-
lash, or wear of the lead screws. A push-button at the right lower corner of
the control panel, Figure 3, causes the transfer of coordinate information from
the encoders to an IBM 526 punch, shown in Figure 1; the read-out is to the
nearest 0.05mm.

A selector switch above the recording push-button permits a considerable
saving in time during measurement of either the first or second order spectra
that are produced by coarse gratings placed over the Astrograph lenses. The
grating images are displaced in the north-south direction at distances of 0.25mm
and 0.50mm from the central image for the first and second order, respectively.
During the survey operation the central image is always put on the cross-wire.
and if inspection shows that this image is to be automatically measured, then
the selector switch is left in its zero position. If, however, it is decided
to measure the grating images instead, the switch is turned to one of the other
two positions depending upon whether the first or second order spectra are to be
measured. A constant is thus added to and subtracted from the Y coordinate,
and two values of these modified coordinates .are punched, corresponding to posi-
tions of the selected grating images.

Tests and extensive use of the survey machine since its installation in
1963 have demonstrated that its performance surpasses the original specifications
and expectations. Since two plates are surveyed simultaneously, it is possible
to keep pace with the subsequent automatic measurement of individual plates. If
particular care is exercised in centering images on the cross-wire, coordinate
errors do not exceed 0.03mm, the rounding error of the read-out to 0.05mm. In a
normal survey when efficiency is of primary importance, the operator cannot
spend too much time on exceptionally careful centering. Then the coordinate er-
rors become larger, but normally they still do not exceed 0.lmm, and consequent-—
ly do not cause any difficulties in the automatic measurement. Although the ma-
chine was primarily designed for the Lick Proper Motion program, it is being
successfully used in other work, such as the blinking of plates for large proper
motion stars or the discovery of variable stars, coordinate measurement for i-
dentification purposes, estimation of stellar colors, etc.

THE MEASURING ENGINE

The automatic measuring engine, depicted in Figure 5, is mounted on an i-
solated concrete slab in a separate air-conditioned and humidity-controlled
room, as shown in Figure 6. Auxiliary equipment consisting of two IBM 526
punches and three electronic racks, is located in the survéy room. One of the
punches reads the survey cards, while the other records the results of the auto-
matic measurement.

The usual measuring procedure is as follows: One of the two simultaneously
surveyed plates is put into the measuring engine, where its position is defined
by three studs against which two edges of the plate rest. During the survey
process, the positions of both plates were also defined by exactly the same type
and arrangement of studs, and the coordinate origin in the measuring engine is
the same as in the right-hand adapter of the survey machine. This means that
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a plate surveyed in this adapter needs no positional adjustment prior to auto-
matic measurement. As a rule, the center and orientation of the other plate dif-
fer slightly from those of the first, so the position of the left-hana survey
machine adapter must be adjusted so as to superimpose both fields on the survey
screen. For automatic measuring of this plate, an adapter with adjustable studs
is available for the measuring engine. It has been found, however, that it is
more convenient to produce an adjusted survey deck by use of a computer. A few
stars are measured semi-automatically and a comparison of these measurements
with the survey coordinates gives the necessary reference information for ad-
justing and punching the original input data for subsequent automatic operation.

Normally the operator of the survey machine also supervises the automatic
measuring activity. After placing one plate in the engine he returns to the
survey room, loads the reader with the input cards, starts the engine by a switch
on the control rack shown in Figure 1 and Figure 6, and resumes his survey of a-
nother plate-pair. Measurement proceeds automatically there after until the last
object selected is measured and recorded. If a malfunction occurs during the
process, a buzzer calls the attention of the operator, who usually identifies the
reason for the failure by the indicator lights, and corrects it by the remote
controls.

The principle of the automatic operation is shown in Figures 7 and 8. When
the survey coordinates are read by the measuring machine, they are stored in a
comparator unit and also transmitted to servo systems which drive the carriage
to the position called by the survey data. As at the survey machine, the car-
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riage position is referred to two glass cylinders with helical lines whose en-
coders continuously transmit the position of the carriage to the comparison
unit., When this position information agrees with the stored survey data, the
carriage stops and measurement starts. These steps can be bypassed if manual
positioning is desired. In that case the carriage is positioned by push-but-
tons, and measurement initiated by pressing a null-detect comtrol. 1In any case
all the subsequent precise-setting operation proceeds with the carriage sta-
tionary, thus insuring that no possible vibration caused by motion of the heavy
stages can enter.

Setting on the image is performed by a spinning-sector type scanner first
developed and employed by the Watson Computing Laboratory of IBM (Lentz and Ben-
nett, 1954). The image is centered on the scanner axis by two plane-parallel
plates placed in the light beam, as Figure 8 shows. The amount of displacement
is measured by counting divisions on sectors attached to the plates; each count
is equivalent to 0.1 micron on the plate.

Two scales divided into millimeters are used for coordinate measurement.
The scales are made of crystal quartz for dimensiomal stability, and the divi-
sions are engraved through an aluminum coating. The position of the carriage
is referred to the scales by two index lines ruled on glass bars that are at-
tached to the carriage stages at right angles to the corresponding scales. Op-
tical systems moving with the stages compare the index lines with the scales by
means of tilting plane-parallel plates that act as micrometers for interpolation
between the scale lines, as shown in Figure 8. A Maksutov type optical system
is used for correction of the optical aberrations of these plates which appear
at large plate tilts, for example when displacements of the order of lmm are re-
quired. Again, the unit count of measuring the tilt of the plates is equivalent
to 0.1 micron on the scales. Errors of these scales were determined in the pro-
cess of calibration, and are permanently stored and automatically combined with
the scanner and scale read-outs in every measurement. In this way the four de-
cimals of millimeters are obtained; the full millimeters are taken from the en-
coders of the helically-engraved glass cylinders. When the decimals of the sur-
-very coordinate are near zero, one full millimeter may need to be added to or
subtracted from the final combination; a computer unit for this operation is in-
corporated in the program rack. If the central image is measured, the coordi-
?ate information is transmitted directly to the punch for recording; if a grat-
ing image is measured, the information is stored until the second image is also
measured, and then coordinates of both the images are recorded on the same card.

Errors of the carriage ways are eliminated by mounting the scales as sug-
gested by Abbe (1890), namely in such a way that the axes of both the scales and
of the scanner intersect. There is, however, a departure from the way chosen by
Zeiss (Konig, 1932) to carry out the idea of Abbe. The mechanical contact be-
tween the edges of the carriage and the sliding scales has been replaced by an
optical "contact" between the index-lines and the fixed scales. Since, if the
scales were placed in the plane of the plate emulsion, as suggested by Abbe, a
machine for measurement of 17 x 17 inch plates would be prohibitively large, the
scales are placed above the carriage. The scale-reading system is so designed
that any small tilt of this system is eliminated from the measurement.
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As soon as an image is centered, its photometric measurement is initiated,
The photometer contains an iris diaphragm as proposed by Eichner et al. (1947).
The light from the photometer lamp is split into two beams, one passing through
the iris with the star image centered, while the other serves as a comparison
beam. The imbalance between the beams actuates a servosystem which rotates the
iris ring until a balance is achieved. A sector with 5000 divisions is attached
to the ring, and the divisions count provides a photometric read-out which is
finally recorded together with the coordinate measurements.

The process of measurement is monitored by the control rack shown in Figure

1. At the top is a numerical -display of coordinates transmitted from the po-
sitioning encoders connected with the "optical screws'; these coordinates agree
with the survey input when the plate carriage stops. Under this display is a
television screen showing a plate area of 5mm across enlarged 40x. A circle pro-
jected in the center of the screen shows the 250 micron opening of the scanner,
and at least a part of the image selected must be within the circle for automat-
ic measurement. In manual operation, images are brought within this circle by
push-buttons. Under the screen there are indicator lights and controls located
on two panels, one vertical and the other, below it, inclined; both these panels
are shown in Figure 9.
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In the upper part of Figure 9 appear indicator lamps which light up.in se~
quence as operation of the automatic engine progresses. In case of a fa%lure
the last light shows the step whose completion has.been interrupted. Switches
between the lights permit stopping the automatic operation at any step desired;
these are used mainly for testing and adjustment purposes. Under the bank of
lights there is a row of controls, including a selector switch for automatic
or manual mode.

In the middle, at the top of the lower panel, there are six additional
lamps representing the sequence of measurement; they light when the measuring
light on the upper panel goes on. These additional lights show the progress
of centering the image, reading the scales, and operation of the photometer;

a switch permits bypassing the photometer when it is not needed. Eleven more
lights on the measuring engine, which can be seen through a window from Fhe
survey room, indicate the position of the plane-parallel plates and the iris,
and provide additional diagnoses if a failure occurs. Controls for manual
measurement are mounted in the lower right part of the inclined pamnel.

The 17 x 17 inch proper motion plates, and other plates with many images,
are measured automatically. Completely manual operation is used only on rare
occasions. More frequent use is made of the semi-automatic mode. 1In this case
the input coordinates do not need to bring images within the scanner; this is
performed by manual controls as soon as the image appears on the screen and the
carriage stops. This mode is used for producing adjusted input data for plates
surveyed in the left adapter, as mentioned before, and also for measurement of
a small number of images per plate, as in parallax programs.

The 17 x 17 inch plate with 300 nearly uniformly distributed images can be
measured automatically in nearly three hours; the average speed for such plates
is 35 seconds per image. The efficiency is of course slightly higher for clus-
tered images, and lower if a few widely scattered objects are measured. Need-
less to say, the photometric measurements alone would require a considerably
longer time with a conventional iris photometer.

Accuracy is the main concern in a measuring engine, and tests of various
components were made as the construction of the machine progressed. After the
engine was completed, its performance was tested at the Gaertner plant in Chica-
go, and again after it was installed at Lick Observatory in Santa Cruz. Two
types of tests were made: those of repeatability, and of the total error of
measurement.

The repeatability is determined by comparison of successive measurements of
the same image with minimum time intervals between. From many tests it was
found that for stellar images of good quality the average. deviation is 0.35 and
0.25 microns in X and Y respectively. The systematically larger errors in X
are probably due to the fact that the corresponding stage is carried by the mo-
bile Y carriage, with the added complication of a double motion and more invol~
ved arrangement of the measuring components. Quite recently Dr. A.R. Klemola
made tests of repeatability over a long period of time; his results are present-
ed in Figures 10 and 11. The abscissae in both graphs are the time intervals

44



AX AY

H+1

O,

oy ~,
o Py " o “ o N 2

& 1 I [ S I 1 [ I 1 1
o 1 2 3 4 5 & 7 8 9 10 i 12 13 14

WARM-UP TIME IN HOURS

FIGURE 10

Repeatability of coordinate measurement as a function of the
warm—-up period after a two-day shut-down. Ordinates in microns.

after the engine was turned on following a two-day shut-down. Five stars were
selected, one in the center and others in the corners of a 17 x 17 inch plate,
and the cycle of measuring these stars was automatically repeated for almost

14 hours. Open circles represent measurements of the central star, bars of fill-
ed circles point towards the corresponding corners, with north up and east to

the left. Each symbol represents a mean of approximately 10 measurements. The
agreement between successive individual measurements confirmed the short-term
repeatability quoted above. The graphs, however, exhibit the long-term stabil-
ity of the measuring engine.

In Figure 10, only measurements in Y are represented for the initial five
hours; the ordinate in microns is shown on the.right side of the frame. The
systematic departures and large scatter clearly show that this interval is the
minimum warm-up time. The differences in X are several times larger, and they
are not represented in Figure 10. Except for the television system, all the
control and power circuits are built with solid-state components and should not
require any significant warm-up time. The warm-up time presumably is necessary
for the machine to reach thermal equilibrium and dimensional stability after the
many lamps are turned on. The repeatability in both coordinates is shown for
measurements after the first five hours; the ordinate for X is marked on the
left side. For each star the mean of all the measurements during this stable
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period was compared with the individual means, and the differences plotted. As
can be seen, the long-time repeatability is within half a micron.

The repeatability of photometric measurements is shown in Figure 11; the
ordinate is in units of the last digit of the photometer output. Approximately
1200 units correspond to a range of five stellar magnitudes on blue plates taken
with the Carnegie 20 inch Astrograph, or 0.004 magnitudes per unit. Figure 11
shows that the photometer also needs a five-hour warm-up period, after which the
stability is within one unit. The plate errors are much larger, of course, and
the precision quoted means only that the photometer errors can be neglected in
discussions of photometric measurements.

For determination of total errors, not just repeatability, several 17 x 17
inch plates were chosen and up to 300 objects, both galaxies and stars, were
selected for measurement on each plate. Objects were divided into several groups
according to certain -properties of their images; codes for use in computing were
assigned to each group in the process of surveying the plates. Each plate was
measured in four positions, at 90° intervals in orientation. The measured co-~
ordinates were then transformed to the same position angle by a computer, and
the measurements of the same objects obtained in all four positions were inter-
compared. Since each rectangular coordinate of every object was measured with
both scales at two different positions of each scale, it was possible to make
an analysis of various errors. The corresponding least-squares solutions re-
vealed immediately a systematic error of up to three microns in measurements
made against the X scale, and further investigation showed that a curvature
of the corresponding index-line was responsible for the error. The departure
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from a straight line was found to be rigorously proportional to the square of
the distance from the center, and amounts to 6.49 microns at 200mm from the cen-—
ter, i.e., at the edges of 17 x 17 inch plates.

The index-lines ruled on glass bars were tested for straightness after their
manufacture, and the curvature must have been produced during the process of at-
taching the X -bar to the carriage. Repeated determinations at intervals of
several months showed that the curvature is constant, and therefore of no con-~
cern. In proper motion and other differential measurements the error is elimi-
nated; correction of absolute positions requires a single arithmetic statement
in the computer program. Still, we are tempted to store the errors in the pro-
gram rack of the measuring engine for correction in the measurement process.

No other systematic effects could be detected, and after the curvature men—
tioned was taken into account, the total accidental error was found from resi-
duals of least squares solutions. Stars were divided into four groups: 1) very
faint, barely above the plate limit, 2) faint, approximately one magnitude above
the plate limit, 3) medium, with images of the order of 100 microns in diameter,
4) bright, with images almost filling the scanner area. The probable errors of
a measurement of an image in these groups are: in X, 1.15, 0.79, 0.69, 0.73
microns, and in Y, 0.74, 0.56, 0.54, 0.55 microns, respectively. As before,
the errors in X are slightly larger than in Y . The images of very faint
stars produce a small signal with the 250 micron scanner, and consequently those
errors are the largest. The errors of measurement of galaxies depend even more
on the quality of images. For galaxies normally selected for standards on the
Lick Proper Motion program, the errors are about 50% higher than those for stars.

CONCLUSION

The basic technological ideas regarding the described equipment were formu-
lated in 1959. The project, however, was not constrained in its progress by
the original ideas, and appropriate new technological developments were incor-
porated as they became available. This fact has permitted the system to meet
the severe requirements of versatility and precision originally specified for
the equipment.

The versatility was dictated by the special needs of the Lick Proper Motiomn
program, and it is difficult to visualize a program demanding a greater flexibil-
ity. Indeed, individual components of the present equipment might well serve as
independent units for many astronomical efforts; some of these possibilities
have been outlined elsewhere (Vasilevskis, 1960).

Precision cannot be discussed separately from the plate size and speed of
measurement. The limits of dimensional stability may have nearly been reached
in this large engine for 17 x 17 inch plates. As long as mechanical motions of
heavy stages are required, the carriage speed that is compatible with positional
stability is limited, regardless of the means used for the actual coordinate
measurement. Finally, the appreciable intrinsic dimensional errors that are
inherent in astronomical photography do not justify excessive effort and expense
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in achieving precision which cannot be utilized in practice.
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DISCUSSION

R. Strand : Do you use a digital computer amywhere in the measuring process directly?
Vasilevskis: No. Our output is on punched cards, which are then computer processed.

Murray : The combined action of grating dispersion and of atmosg?herz'c dispersion will make the
grating images on top look different from the grating images gt the bottom. Do you
anticipate that this will cause any difficulties?

Vasilevskis: We now have in operation a program, consisting of over 100 fields which have as the
main purpose the detectiom of error sources. I agree that the line connecting the gra-
ting and central images ought to be horizontal, but I would be against changing the
already established practice for our second epoch plates. Since our measurements are
essentially differential, the effects, if any, may be eliminated.

Wesselink : The plates being taken now in Argentina for the Yale-Columbia program, the line con-
necting the images lies horizontally for the very reason mentioned by Murray.
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A SEMI-AUTOMATIC MEASURING MACHINE

K. Aa. Strand
U. 8. Naval Observatory

ABSTRACT

The U. S. Naval Observatory acquired, in 1966,
a machine which is designed to locate automatically
a star image on a photographic plate from approxi-
mate coordinates on a punched card and to measure
and record its position to a micron. The machine
was manufactured by Nuclear Research Instruments,
Ine., Berkeley, California, according to the Ob-
servatory's design specifications.

The main frame of the machine is of granite,
as are the x and Yy coordinate carriages which
move on air bearings against granite ways.

The system is capable of making measurements
continuously over a 10 x 10 inch range by means of
a Ferranti moiré fringe system, with a least count
of one micron.

A SEMI-AUTOMATIC MEASURING MACHINE

A semi-automatic measuring machine was acquired by the U. S. Naval Observa-
tory in 1966 for the purpose of measuring the extensive plate material expected
to accumulate from the trigonometric stellar parallax program being carried out
with the 61 inch Astrometric-Reflector at the Observatory's Flagstaff Station,
Flagstaff, Arizona. It was realized that a considerable savings in manpower
would be possible if; 1) Automatic centering of images replaced visual bisection,
2) Measurements could be recorded directly on punched cards or tape, 3) Automatic
prepositioning on selected images was made available, 4) Easy access to the ma-
chine was made available for rapid change-over from plate to plate.

The last two features are of particular importance in view of the relatively
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few star images which are being selected for measurement on each plate and be-
cause a parallax series consists of some 50 plates with identical reference
stars. These features, as well as a series of others, were incorporated in the
design specifications drawn up by the Naval Observatory.

The machine was built by Nuclear Research Instruments (NRI) in Berkeley,
California -- the same firm that built the Franckenstein machine which was first
developed at the Lawrence Radiation Laboratory for measuring nuclear tracks in
bubble chamber photographs.

The measuring system consists of: 1) The opto-mechanical assembly called
"the machine", 2) A three rack electronic cabinet, 3) Two IBM-526 Card Punches.

The main structural members of the machine are heavy granite components,
as are the two carriages which carry the photographic plate over a 10 x 10 inch
area. The lower carriage (the saddle) rides over the base plate on eight 1lift
air bearings (pressure 60 1lbs./sq. inch), and its motion is controlled by gran-
ite guideways mounted on the base-plate. Guide air bearings maintain the line-
arity of the motiomn.

As shown in Figure 1, the upper carriage (the stage) rests above the base
on four lift air bearings (pressure 45 1lbs./sq. inch) and is held perpendicular
to the saddle by two guideways mounted on it, again using guide air bearings
moving against the granite guideways.

Lift Air Bearing

Saddle Guide Air Bearing

Limit Microswitches Saddle Drive Motor

Stage Guide Bearings

Stage Guideway

Saddie Ferranti Stage Guide

Air Beoring

Mechanical Stop
{Stage)

Limit Switch

Saddle Lift Air Bearing

FIGURE 1

Schematic drawing of the U. S. Naval Observatory's semi-automatic measuring
machine, showing the base plate with the measuring stages, their guideways
and synchro-motor drives.
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Air bearings separate carriages and ways by approximately 2.5 microns
(noise 1/4 micron).

Both carriages are moved by means of ball screw assemblies driven by syn-
chro motors. However, two opto-electrical transducers, employing Ferranti grat-
ings, monitor carriage movement along the two axes for measurements to a least
count of *1 micron.

The photographic plate mounted on the platen is illuminated by a 450 watt
Xenon arc lamp, the light of which passes through the platen and the photographic
plate to a 40x or 3x projection lens.

The light is then directed to a beamsplitter, which divides it into two
paths. One beam forms an image on the viewing screen at the front of the ma-
chine; the other beam is reflected off a 45° mirror to an opto-mechanical de-
tecting head which generates signals to control the auto-centering.

The image beam enters the port at the front of the detecting head and is
divided into two light paths by a small beamsplitter for two orthogonal scans.
Each beam then reaches a photomultiplier tube mounted behind the scanning disk.

The auto-centering is performed by means of a 5 inch scanning disk with 24
slits rotating at 3600 rpm, scanning the image at a rate of one micron in one
microsecond.

As each slit of the disk "scans' over the image beam, the photomultiplier
receiving this beam generates a 'track” pulse. A second pulse (the marker pulse)
is generated for each track pulse via the marker light, mirrors, scanning disk,
and marker light phototubes. The marker assemblies are orientated so that the
marker pulses fall at the optical reference plane and thereby establish a time
reference for the electronic circuits.

The detecting head scans an area of 350y in diameter at the plane of the
photographic plate. The maximum size image which can be centered automatically
is 200u. The smallest size is of the order of 50u.

Two oscilloscopes, located below the viewing screen, monitor detecting head
operation to enable the operator to view the interpretation of the image by the
scanner.

The centering of the image, once within the scanning area, is practically
instantaneous —-- while the carriage traveling speed, using the joy stick, is
1 in./2 sec.. 1In the prepositioning mode the speed is one-third this value.

A special feature of the machine is the easy attachment and detachment of
the photographic plate to the machine. The plate is held to a glass plate-holder
by means of a vacuum. The plate-~holder, in turn, is held in place by a vacuum
against a rotatable glass platen, which is also held in position wi?h a vacuum
on top of the stage. When the platen is being rotated, a pressure 1is applied
for lift-off for easy movement. Similar lift-offs are used for the plate and
the plate holder.
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FIGURE 2

Front view of the semi-automatic measuring machine showing the

viewing screen and control console. Shown at the right center
is the three rack electronic cabinet.

Figure 2 shows a front view of the finished machine with the control con-
sole from which the machine is operated.

The first plate in a parallax series is measured in the manual mode. This
provides the deck of punched cards which are used as a program deck for the re-
maining plates in the series to be measured in the semi-automatic mode. It is
intended that the measurer be required to examine the image to be measured, ei-
ther on the screen or by means of the oscilloscope tracing, for acceptance or
rejection prior to recording the position.

The machine has been found to have a slight bias depending upon magnitude,.
This can be compensated for, however, by measuring each plate in two positions,
turning the plate 180° between them. With this method 6 to 8 plates can be com-—
pletely measured in one hour, as compared to two plates on a manually operated
machine.

The measurements obtained with the semi-automatic machine compared to those
with a machine using conventional bisection of images, show a decrease in their
mean error of 257. The machine has a repeatability of 0.8y.

The significant increase in accuracy and measuring speed has not only had
a significant impact on the Naval Observatory's astrometric programs, but has
also assisted several other observatories in their programs.
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Murray:

Strand:

Murray:
Strand:
Vasilevskis:

Strand:

Schmid:

Strand:

Fredrick:

van de Kamp:

Strand:

Fredrick:

Vasilevskis:

Strand:

van de Kamp:

Strand:

DISCUSSION

Are you talking about the accuracy of a position of a star or that of its image on the
plate?

The error I was referring to is what we call "mean evror of unit weight" in a par-
allax solution.

This then depends on the position of the image on the plate, and its structure?
That is correct.
Have you investigated the ways and their orthogonality?

Yes. This was done by Dr. Wesselink during one of his recent visits to the Naval Obser-
vatory when he found a deviation of 1347 + 0!'7 (m.e.)

What is the sensitivity to vibrations, and the long term stability of the apparatus,
especially of the zero points?

The original Ferranti counting system was modified by Nuclear Research, Ine., and is
very stable.

According to some of my own experience with airborne equipment, I find that laser in-
terferometer measuring machines are sensitive to even the clapping of hands, which
causes them to run up counts due to the change in the air density.

Dr. Strand's measurement procedures appear to have increased the weight of pvarallax
plates Dy a factor of 2. It would be interesting to find out exactly, which feature
of the automatic measuring process is responsible for this. Perhaps the personal
equation in bisecting by different observers is the reason for this.

It may be due to the automatic machine centering as compared to the bisecting by human
measurers. The faintest images measured by our machine are two magnitudes above the
plate limit, thercfore quite black, and the blackening density profile goes up rapidly
as one enters an image. The machine, in effect, then measures the center of the
image's geometric boundary.

The fatigue of the measurer which sets in after about one hour is probably responsible
for a good share of the larger error on manual and visual machines as compared to that
on the USNO automatic machine.

I know from my own experience that measuring visually for many hours is extremely dif-
ficult and tedious, even for ideal, round images. Since the setting accuracy of a bi-
section is about a thirtieth of a diameter, large images are measured visually less
accurately than small ones. This 1s not true for the automatiec machine.

We have found that we can measure very faint images visually more accurately than au-
tomatically. This is obviously because in their case the blackening density profile
i8 very shallow.

This investigation shows that the process of visually bisecting an image in the meas-
uring machine has indeed been a prineipal contributor to the total error, along with
emulsion shifts, etec.

The automatic measuring machine probably approaches the best measuring aceuracy we can

expect, since out Jf the 1.7 microns (m.e. 1) achieved with it, 0.8 or so might be due
to emulsion shifts.
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Eichhorn:

Strand:

Eichhorn:

Strand:

Vasilevskis:

What is the dispersion of the difference between measurements of the same stars when
a plate megsurement is repeated?

Very small.

Does this mean that the measurements of the same plates but in different runs give
practically identical results within one micron, which is the least count of the ma-
chine?

Yes.

One of the error sources of manual measurements are periodic and progressive errors
of the screws which are improperly accounted for. Unfortunately, these have to be
constantly kept under surveillance, since they change in time due to the wear of the
screws. In the Gaertner machine at Lick Observatory, this problem was avoided by not
having mechanical measuring screws at all.




THE EXTRACTION OF ACCURATE COORDINATES OF IMAGES
ON PHOTOGRAPHIC PLATES BY MEANS OF A SCANNING TYPE
MEASURING MACHINE

B. E. Ross
University of South Florida

INTRODUCTION

A problem of the Moiré method experimental stress analysis is similar to a
problem encountered in astrometry. It is necessary to extract accurate coordi-
nates from images on photographic plates. This paper will discuss the solution
to the mutual problem found applicable to the field of experimental stress anal-
ysis. It is hoped that this discussion will stimulate further thought rather
than suggest an ultimate solution to the problem of photographic measurement.

The photographic measurement problems are similar in that in both disci-
plines comparative measurements must be made from two large format photographic
plates. Several significant differences in the problem exist. One difference
is the number of plates to be measured is much less in experimental stress an-
alysis. Therefore, there is less pressure to measure rapidly. Another differ-
ence is the fact that in experimental stress analysis continuous tone images
are being measured whereas in astrometry the existence and position of singular-
ities in the optical image are being measured.

A brief discussion of the Moiré method of experimental stress analysis is
presented to outline the measurement problem. A discussion of the photo-read-
ing device developed to make the measurements follows.

THE MOIRE METHOD

The object of the Moiré method of experimental stress analysis is to pro-
duce a set of fringes in a photographically recorded image which indicate the
local displacements on a deformed body.

If the displacements are known, strains and stresses can be determined.
Fringes are formed by embedding, imprinting or etching a set of crossed lines
on the object in an undeformed state. These are photographed before and after
deformation of the surface to which the lines have been applied. A reference
line set at the original spacing is superimposed on the resulting negatives and
a new negative is obtained containing Moiré fringes.
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FIGURE 1

Stainless steel ring number two at room temperature.

FIGURE 2

Stainless steel ring number two heated to 1580°F 0.D. and 900°F I.D. .
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The fringes represent lines of equal displacements of the deformed body.
An example of the data eéxpected is shown in Figures 1 and 2 which show a ring
at room temperature and at an elevated temperature respectively. Temperature
gradients have introduced thermal stresses in the ring. Small differences in
positions of the maximum densities of the fringes must be measured.

FIGURE 3
Photo-reader
used
to
Interpret
fringe

patterns.

MEASUREMENT OF MOIRE FRINGES

The machine that is most commonly used to extract coordinate intensity in-
formation in experimental stress analysis work is the Joyce-Loeble recording
microdensitometer, shown in Figure 3.

The machine uses a dual beam density measuring system. '"'Dual Beam'" means
that one source of light is split into two beams. One beam travels through the
photographic plate and by a microscope arrangement is focused alternately upon a
single photo cell. The photo cell also "sees" the second beam after it has
passed through a calibrated variable density plate. A servo motor driven by the
amplified differences in the two beams establishes the position of calibrated
plates. A pen attached to the moving calibrated plate records intensity along
one axis on a sheet of paper. Along the other axis of the paper is a multiplied
coordinate dimension accomplished by the use of levers. Mechanical multiplica-
tions of 2000 result in increased accuracy of the final measurement performed on
the paper record. An alternate arrangement provides either amnalog on digital e-
lectric output signals.

This machine provides very accurate intensity information. It also provides
accurate coordinate positions over an extremely small range (on the order of
" 1/4mm) | The requirement to scan large plates involves starting and stopping
thereby reducing coordinate position accuracy. A machine was designed to over-
come this difficulty.
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THE NEW SCANNING MACHINE

The new device comnsisted of a light source, optical system, and photo cell
mounted in a relatively massive yoke, which traveled in carefully machined ways
on roller bearings. The yoke had a travel slightly longer than the longest
plate to be measured. The yoke was driven by a machined lead screw by a con-
stant velocity motor. A fundamental concept in the design was that time can
be divided into smaller increments more accurately than can linear motion. The
photographs were, therefore, scanned at constant speed and a very accurate os-
cillator controlled the time of intensity sampling. Time increments could be
directly related to positions on the photograph. One problem in achieving con-
stant velocity was the existence of small progressive errors in the machined
lead screw that were periodic with a period of several revolutions of the screw.
These were removed by using a soft elastic nut which followed the average pitch
over a considerable length of the screw. A set of adjustable opaque plates be-
neath the photographic plates actuated auxiliary switches which started and
stopped the sampling electronic circuits. The construction is illustrated in
Figure 4.

The combination of slow speeds and rapid sampling yielded accuracies of position
coordinates of one micron. Plates were read in succession and data were compar-—
ed in a digital computer.

FIGURE 4
Photo-reader

components

GENERAL DISCUSSION

This machine operated accurately enough to obtain the desired results.
However, it suffered one defect which has been in evidence in other machines
described in this conference. That is, it operated "open ended" in the photo
cell circuit and in the scanning mechanism. The term "open ended" implies the
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lack of error detection and correction inherent in the system. The dual beam
feature of the Joyce-Loeble microdensitometer is an example of a null balance
principle. This is called a "closed system" and is desirable for any system
in general. The problem in photo cell and motor driven circuits is that power
supply voltages, values of passive elements and mechanical motions are subject
to changing conditions. Only in a true null balance system can the effect of
component elements be minimized.

A new system is under design which uses a null balance control on both the
intensity measurement (photo cell) and on the constant speed carriage travel.
The photo cell will operate in a dual beam circuit which is inherent in any
light intensity measuring device. The table travel will yield a frequency sig-
nal generated by fine moiré grids or alternately monochromatic light interfer-
ence fringes. The reference frequency is contained in an environment control-
led station. The error signal between the generated frequency and the reference
frequency will be used to control the constant speed servo system. Thus the ma-
chine can become independent of temperature changes, local machine difficulties,
and electronic system components.

Unfortunately the system is designed for low speed scans.

DISCUSSION

Rosenberg: How well does your constant velocity principle work?

Ross: We achieve a reproducibility of about a tenth of a micron.

Rosenberg: Can you measure photographic plates with your machine?

Ross: Yes, but in the present form not for making accurate measurements over the whole field.

Eichhorn:  Could the combination of screw motion and time be used as a digitization principle to
be used for measurements on astrometric plates?

Ross: This is essentially what is happening with the flying spot digitizers.
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IMPROVEMENTS IN ROSS TYPE ASTROMETRIC OBJECTIVES

James G. Baker

Harvard College Observatory

ABSTRACT

It is shown that aspheric deformations of
the first and fourth elements of the four element
Ross obgjective can be introduced to permit one to
obtain improved color correction for astrometric
purposes. The usual monochromatic aberrations are
as well corrected as for the standard Ross lens.
In addition, one can eliminate or reduce additional
aberrations, such as secondary spectrum, chromatic
spherical aberration, chromatic coma and chromatic
distortion. The resulting objectives are suitable
for use as intermediate and long focus astrometric
objectives covering large angle fields.

INTRODUCTION

The availability of high speed electronic computers has brought a complete-
1y new perspective into the procedures of optical design. Problems can now be
tackled and in many cases adequately solved in a few minutes running time on
an electronic computer such as the IBM 7094 or the CDC 6400 which previously
would either have taken years to complete on a desk calculator or have been too
complicated to solve.

One of the most widely used optical systems for the photography of star
fields has been the four element refractive system introduced into professional
astronomy by F. Ross in the nineteen-twenties. This type of optical system
comprises an axially aligned array of lens elements in the order positive, neg-
ative, negative and positive. Such an array allows the designer to vary a large
number or parameters related functionally to the aberrations affecting the qual-
ity of star images over the field, aperture and spectrum. The range of solutions
is particularly large when one considers that the four elements can be chosen
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from as many as three hundred currently available types of optical glass manu-
factured in many countries.

The original design by Ross is nearly symmetrical and uses the normal crown
and flint glasses which are still the most practicable glass types for instru-
ments intended for a long useful service life in unheated observatory domes.

The choice of near symmetry has continued to be very suitable for astrometric
objectives that must be as insensitive as possible to thermal variations and to
small errors in alignment that may change with time.

The one design feature that has led to the present investigation is the use
of aspheric deformations on the first and fourth elements to achieve the elimin-
ation of chromatic spherical aberration even though for astrometric reasons one
may have designed a Ross system with a very compact barrel length. For example,
the 20-inch blue astrographic objective at Lick Observatory, designed by Ross
in the thirties, retains a large residual chromatic spherical aberration that
affects the limiting magnitude unduly and that leads to overly enlarged diameters
for the more heavily exposed star images on a given plate. One must also hasten
to state, however, that the aspheric deformations required for the elimination
of the chromatic spherical aberration for so large a lens system are of substan-
tial depth and their fabrication would have been beyond the technology of the
time. Increased cost and delivery time occasioned by strong aspherics are also
very significant factors.

In proceeding with the investigation the author has also become interested
in carrying out a few comparative studies with respect to combinations of glass
types, some suitable for reducing the secondary spectrum while at the same time
possessing matched physical properties about which more will be said below.

The selection of matched glass types has become feasible from the availability

of precise data in the new comprehensive Schott Optical Glass Catalogue. (One
should note that substantial progress has been made recently on the applications
of hard protective coatings for sensitive glasses. When such coatings are cover—
ed in turn with hard non-reflection coatings for high efficiency in desired
wavelength intervals, the optical systems used in astrometry may soon provide
improved performance and a lengthy service life together.)

It is well known that the most longstanding problem connected with refrac-
tive optical systems is that of the color curve of the system. That is to say,
a wide range of spectral wavelengths cannot readily be brought to a sufficiently
good common focus. The problem lies more in the physical limitations of optical
materials than in the underlying mathematical principles. For astrometric pur-
poses the existence of an inadequate color curve affects mainly the efficiency
of the system, inasmuch as a reduction in the wavelength interval used will
cause a corresponding lessening of the defocusing errors but at the expense of
total light energy.

The mathematical theory is customarily formulated in terms of a power series

that for rotationally symmetrical systems is expanded as a function of three ro-
tational variables and one sub-function of the wavelength. The individual term,
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if of higher order than the first, may be considered an aberration and the co-
efficients of the respective terms become functions of the parameters of the
system, including radii of curvature, thicknesses and spacings, glass indices
and dispersions, aspheric deformations and the like.

The linear terms are, of course, related to the focal length and to the fo-
cal position, and are said to be gaussian. The description of a perfectly de-
signed system would be complete in terms of these two parameters. However, the
higher order ‘aberrational terms in practice are rarely precisely zero and must
instead be brought into a state of balance with one another at a magnitude so
small that the purposes of the optical system are achieved.

If instead of making use of rational variables one carries out the power
series expansion for a rotationally symmetrical optical system in terms of the
y and z intercepts in the adopted entrance pupil and of the two independent di-~-
rection cosines of any given ray in object space, he will then be setting up an
expansion in four independent variables, or in five, if the wavelength is in-
cluded. Because of the underlying rotational symmetry there will exist certain
relationships among the various coefficients. One speaks of first order, third
order, fifth order, seventh and higher order terms. The first order is properly
called the gaussian, the third order is called the Seidel, and the fifth is not
customarily given any similar designation, although K. Schwarzschild (1905-1906)
was the first to study the geometrical nature of the fifth order aberrations.

There are five monochromatic coefficients of the third order which comprise
spherical aberration, coma, astigmatism, curvature of field and distortion. 1In
addition, there are two chromatic aberrations which are the two chromatic vari-
ations of the first order gaussian terms and which may be considered roughly of
third order magnitude among the hierarchy of terms. These seven conditions
through the process of design must be reduced to more or less negligible magni-
tude. These conditions represent the aberrations. One, of considerable im~-
portance to astrometrists, is the wavelength dependent difference in magnifica-
tion over the field, which is essentially a dependence of the scale and there-
fore of the focal length on. wavelength.

The longitudinal coloxr aberration or primary spectrum can be eliminated in
all cases insofar as the Ross type system is concerned. Similarly, the lateral
color aberration, which is the above mentioned chromatic difference of magnifi-
cation, can readily be eliminated in a Ross type system, but here we are speak-
ing so far only of the chromatic variation of the gaussian term. The monochro-
matic aberrations can also be eliminated or rendered harmless through the third
order in any practicable Ross system design, but even so, the state of correc-
tion is only a very good first approximation to a final optimized system.

The asymmetric aberrations of coma, distortion and lateral color all are
of importance in astrometric considerations and must be held to very small re-
siduals in any final design. On the other hand, the symmetrical aberrations of
spherical aberration, astigmatism and curvature of field affect mainly the ef-
ficiency of the system but are not particularly dangerous because they do not
displace the images laterally, unless by some overlaid secondary effect, for
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example, by unsymmetrical vignetting of the pupil in the outer field. Then, too,
any significant deterioration of the diffraction structure of the image, whether
monochromatically or in outlying wavelengths in the spectral interval employed,
may cause some slight increase in measuring errors because of a partial enlarge-
ment of the star image and because the edge gradients in the image may become
reduced in combination with the usually much more serious seeing errors.

THEORY AND PROGRAMS

The next higher order of approximation is the fifth and here the situation
becomes considerably more complicated. Because of the cross—-multiplication of
terms in matrix operations, the first and third order coefficients reappear in
various ways among the more elaborate coefficients of the fifth order, and in
addition, intrinsically new terms of the fifth order appear. Schwarzchild found
that the total effect is to have nine independent fifth order conditioms.

In addition, one notes the existence of the chromatic variations of the
five Seidel third order coefficients, which may be thought of as fifth order in
magnitude among the hierarchy of terms in the expansion, and the secondary chro-
matic variations of the gaussian terms, which then become the secondary spectrum
in the longitudinal aberration and the secondary spectrum in the lateral color.
Thus, one now has a total of sixteen aberrations of fifth order nature. If one
adds in the previously discussed lower order aberrations, he will then have a
total of 25 conditions to consider.

The secondary spectrum in the longitudinal focal error is more simply known
as the secondary spectrum, and the plot of the differential focal position
against wavelength is called the color curve of the lens system. The secondary
spectrum in the lateral color is less well known as a direct error in astrometry
and is one of several aberrations sqallowed up in the astrometrically well known
and troublesome residual dependence of scale or magnification on wavelength.
Contributing to the astrometric chromatic shifts is the chromatic variation of
distortion, which varies over the field as the cube of the off-axis field angle,
or if expressed in relative terms, as the square. Contributing also is the
chromatic coma.

In general, at any given point off-axis can make a plot of the differential
lateral shift of the centroid of the image with respect to some mean centroid
in the image against the wavelength. The nature of the resulting curve will be
directly related to the contributing aberrational terms. If the plot is only of
a slightly tilted straight line, the primary spectrum in the lateral color would
be the cause, but only if the slope is proportional to the off-axis angle.
Otherwise, chromatic distortion would also be involved in whole or together with
some residual in the primary spectrum. If at a given off-axis angle the slope
varies with aperture, then chromatic coma is responsible.

In the absence of other chromatic aberrations one would note that for the
secondary spectrum in the lateral color (which is purely the lateral chromatic
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shift of the chief rays) the plot will be approximately parabolic in shape,
turned either outwardly or inwardly, according to .the sign of the aberration.
One might find, for example, that in the outer field of a lens system afflicted
only with secondary spectrum in the lateral color, B and M stars might have the
same effective centroid, but that G stars might be shifted. In the presence of
all the contributing terms it is easy to see that the spectral dependence be-
comes a troublesome affair, particularly if the lens system is further afflic-
ted with slight decentering of the elements.

The algebraic form of the coefficients of the fifth order can be expressed
fairly well in terms of single and double summations of the lower order surface
by surface coefficients, and in terms of single summations over the surfaces of
the intrinsic fifth order errors. However, if one were to write out such coef-
ficients in explicit form prior to an attempted algebraic solution, he would
find an almost totally unwieldy array of algebraic quantities with cross-pro-
duct terms extending into very large algebraic degrees. Even the terms of low-
er degree, if isolated, afford multiple solutions and hence one must seek other
and more tractable means for useful procedures in design. The combined use of
the least squares method and successive approximations to overcome the strong
non~linearity become the most useful devices.

The number of independent parameters derived from the Ross system array is
also fairly great, particularly if aspheric coefficients for two of the eight
surfaces are drawn upon. One has 8 radii or curvature, 4 lens element thick-
nesses, 3 air spaces, 4 mean indices of refraction, 4 mean dispersion coeffici-
ents, 4 secondary dispersion coefficients, and effectively 4 aspheric coeffici-
ents or a total of 31 parameters available for coping with the 25 conditions
previously described. However, just as the conditions vary widely among them-
selves with respect to aberrational magnitude and geometrical complexity, the
parameters also vary among themselves with respect to effectiveness and range of
values. In addition, there are underlying conflicts between conditions that
cause any simultaneous exact solutions, if real, to take on totally unacceptable
values for the parameters. One must also remember that even though in principle
multiple exact solutions may exist in real space for some selected sub-set of
conditions and parameters, the large values for the parameters usually so obtain-
ed lead to hopelessly large aberrational values when inserted into the remaining
neglected conditions. Even if one were so fortunate as to find a real simulta-
neous solution to the 25 conditions, there are many other hybrid conditions of
seventh and higher order in the appplicable power series which would collective-
ly lead to large aberrations.

There are also other conditions that should be kept in mind, and in fact
in some recent computer programs these additional conditions have been incorpor-
ated. These have to do with the sensitivity of the system to misalignments, to
thermal changes, and even to cost. Sometimes it is necessary also to put in
conditions for total transmission, vignetting control, weight, barrel length,
position of the cardinal points of the system and the like, particularly where
the lens system must have certain physical characteristics in addition to opti-
cal performance. Athermal conditions have often been added, and then again, one
might add in one or more conditions having to do with the sensitivity of the
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system to small thermal changes. Finally, one must make use of optical mater-
ials that are physically compatible with the circumstances of usage.

In considering lens systems for astrometric applications one is usually not
too concerned with limitations of weight and bulk except for the very largest
systems. On the other hand, one is necessarily concerned with considerations
of transmission, durability, insensitivity to misalignment, and to thermal
changes, and very often, of costs, particularly where aspheric surfaces and ex—
otic glass types are to be employed in any effort on the designer’s part to
gain some small increment in performance over previous practice. In such mat-
ters the law of diminshing returns applies with full force and one finds, for
example, that the total cost of a large astrometric lens system may easily
triple as the result of an effort to obtain perhaps a 107 improvement in per-
formance.

There are also pitfalls along the way. Many of the newer glass types
are not manufactured in large quantities or in large diameters and hence the
glass companies may find it very difficult to provide the desired optical quali-
ty from a limited production run. As a consequence, the total glass cost and
total delivery time may both be very much increased.

Similarly, the use of aspheric surfaces is quite likely to cause greater
difficulties than the optical aberrations the aspherics were introduced to al-
lay, except in the hands of well equipped, very experienced opticians who in
turn must be given all the time they need and the corresponding financial sup-
port en route. That is to say, an improved optical design imperfectly made may
in practice be inferior in performance to that provided by a more conservatively
designed system with all spherical surfaces made with high precision by any one
of a large number of capable opticians.

To put the matter briefly, one can say that the concept of optimization
must be applied within the constraints of the entire problem and not just to
portions of the problem. Conversely, the initiator of a lens project should
make himself thoroughly familiar with all the above considerations whereafter
he should set forth the constraints with great care. The designer's task con-
currently may often be to bring a range of solutions to the attention of the in-
itiator on the basis of which reasoned decisions can be made. In many cases
further design work will be required before a final specification can be prepar-
ed and the work released to a manufacturer.

With respect to the optical part of the problem, in the generic Ross design
there are not enough effective parameters available substantially to satisfy the
various conditions through the fifth order. For example, the thicknesses of the
elements play no design role and usually must be assigned minimum values. One
must then set forth the array of conditions and assign weighting factors or tol-
erances that are tailored to the desired optical performance. Astrometrists are
typically not as much concerned with resolving power (which is the principal
concern of most other users) as with the elimination of asymmetric and lateral
aberrations. Even so, not all of these can be eliminated.
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One of the several programs developed can handle twenty-four different
conditions. Thirteen of these are optical conditions of the sort already des-
cribed, having to do with gaussian and Seidel optics arnd the chromatic varia-—
tions of these, and including the secondary spectrum. Five more have to do with
the least squares minimization of the surface by surface contributions in the
Seidel region, a sub-set that can be called upon in whole or in part, which with
suitable weighting factors can often be used to isolate solutions of minimum
sensitivity to errors of alignment. The remaining conditions have to do with
the physical requirements on the lens system, including focal position and fo-
cal length, stop positions ipn object and image space, relative heights of the
refracted paraxial rays and the like.

As many as 150 parameters can be inserted into the program to go with the
24 conditions and the solutions can be obtained either by assigned exact con-
ditions, or by assigned least squares conditions, or more generally by some as-—
sortment of exact and least squares conditions with assigned weighting factors
or tolerances. The program internally goes through many successive approxima='
tions in which the individual increment of any given parameter is sytematically
reduced as the number of internal cycles increases, and then, of course, there
are safeguards to prevent run—-away calculations. For very complicated systems
the solutions may fail to converge or may oscillate until brought ot a conclus-
ion by time or a limit on the number of allowed cycles. However, for a system
as simple as the four element Ross design it is the usual experience that the
solution locks on rather quickly and thereafter converges satisfactorily to the
required minimum. The program permits one to run a number of simultaneous op-
tical problems, where necessary, and easily permits one to change or add con-
ditions, weighting factors, or new parameters, or to freeze one or more parame-
ters already in use.

A second program can make use of the results of the first for making a
complete analysis of the optical performance either by geometrical rays or by
optical path errors or by a mixture of both. This program is simply an analy-
tical one that establishes the state of correction of the design for the assign-
ed purposes. The results so obtained can readily be used to assign improved
target values for the non-zero conditions in the first program and improved
tolerances. The two programs used in sequence will often lead to a sufficiently
good final result and the final analysis will inform one as to the predicted

performance.

A third program can be drawn upon to squeeze the utmost out of the design
parameters whose values are already quite well obtained from the application
of the first two programs. This third program requires a large amount of set-
up time in its present form but basically its input is from the output of the
first two programs. As many as 1000 rays can be inserted into this program as
conditions and as many as 50 parameters can be optimized by least squares in
accordance with either calculated or assigned tolerances for the individual
rays. A novel feature of the program is that the weighting factors or toler-
ances can be readjusted internally from cycle to cycle automatically to favor
the use of the parametric array to solce the more difficult conditions at the
expense of the more easily met conditions, as determined during the calculatioms.
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Thus, if there are say 300 conditions in all in a given problem, it may be that
in the first internal cycle 250 of these may have been satisfied to some frac-
tion of a single tolerance unit as previously assigned, and that the other 50
conditions have not been satisfactorily met, and may in the worst instance be
off by, say, 30 tolerance units. If the program has received the proper ini-
tial instructions, it will then relax somewhat on the tolerances assigned to
the 250 easily met conditions and tighten up on the tolerances for the remain-
ing unmet conditions. In the subsequent least squares solution more emphasis
will then have been given to the harder to satisfy conditions and the array of
parameters will have been more properly used.

This third program has been used on many past problems but is in need of
further streamlining and amplification to include diffraction calculations of
image quality. Experience has shown too that if a very large number of condi-
tions has been assigned, with many inter-relationships as must be the case from
the fact that the underlying power series already described has a far smaller
number of significant conditions, the recalculation of the tolerances and reap-
plications of the least squares colution does only partial good. Quite often
a given condition simply cannot be met satisfactorily no matter how the toler-
ances are calculated or assigned. However, one does benefit from improvements
among the more tractable conditions, and that is all that the mathematical sit-
uation permits. The question thereafter is whether the resulting system can be
used or whether further parameters or new concepts must be introduced in order
for one to obtain the desired results.

Most of the calculations supporting the conslusions in this investigation
have been performed with the first of the above mentioned programs. Any one
optical system used in the comparative study could be brought to full optimiza-
tion by the application of the second and third programs for any assigned aper-
ture-ratio, focal length and spectral range. Indeed, the first program is one
that is very useful for exploratory studies of various optical systems for
sundry purposes.

The actual calculations discussed here involve four species of four ele-
ment systems which for astrometric purposes can be thought of generically as
Ross systems. The first of the four species is that of the standard Ross lens,
by which is meant a nearly symmetrical array of elements having roughly equal
absolute dioptric powers. The first and fourth elements in general will be
weakly bi-convex with the stronger curvatures on the outward surfaces. The
second and third elements in general will be bi~concave, though not necessarily
equi-concave.

The second of the four species is derived from an alternate solution of
the same equations of condition. In general the first and second elements may
be of meniscus form curved around a central stop, and the third and fourth
€lements may often be menisci also curved in the opposed sense about the same
central stop, thought there are exceptions in the meniscus forms of all four
elements.

68



The third and fourth species represent systems that are merely Cooke trip-
lets in disguise. Here one finds that some of the negative power of the normal
central element of a Cooke triplet has been split off and formed into an addi-
tional negative element of no great power of itself. Such systems in principle
represent improvements on the Cooke triplet and are by no means to be neglected.

Designwise one may characterize the four species in a different way. Usu-
ally, only two of the four surfaces of the two negative elements in the Ross
system contribute significantly to the correction of the spherical aberration
of the system and the other two surfaces are of much lesser importance in this
respect. Thus, if the third and sixth surfaces are the strong ones, a standard
Ross system is indicated, which is the first of the four species. If the fourth
and fifth surfaces are the strong ones, then the second of the four species is
indicated. If the third and fourth surfaces are the strong ones, one has the
third of the four species, and finally if the fifth and sixth surfaces are the
strong ones, one has the fourth of the four species.

It is no longer advisable for a designer to outguess the computer, but in
the absence of a very prolonged study one may say that the superior astrometric
objectives are more likely to be found among the first two species which are at
least more or less symmetrical, In addition, it is probable that systems of the
first species, which are the standard Ross objectives, are well suited to medium
to small angular fields at intermediate aperture-ratios, such as f/7 to f/15 and
beyond, whereas systems of the second species are better suited to medium to large
angular fields at the slower aperture-ratios, such as f£/15 to £/30, though there
can be a large overlap of well-corrected systems.

As an example of a system of the second species derived from the investiga-
tion, there are given below the data for an astrometric objective of 100 inches
focal length with an aperture-ratio of £/ 15, corresponding to a clear aperture
for the entrance pupil of 6.667 inches. 1In metric terms the focal length is
2540 mm and the clear aperture is 169.3 mm. The system is a semi-apochromat
constructed of two glass types, namely, Schott types SK-11 and KzF-~2. The glass
types have been chosen also on the basis of moderate cost, acceptable stability
if coated and not too exposed to dampness, for excellent transmission in the
visual part of the spectrum and for closely matched thermal expansion. The in-
tended field is that given by a 17 x 17-inch photographic plate in combination
with the 100-inch focal length, whereby the total diagonal field is 13.75 de-
grees.

Taole I. - data for Astrometric Dbjective.

Surface Curvatures Separations Glass Types

flass Atr

1) 7.60611 0.0080 SE-11
2) -0.8415%* 0.00908
3) -0.9243 0.0050 KzF-2
4} 7.9832 0.00800

5) ~8.6765 0.0050 KaF-2
o) 2.7512 0.007%

7 2.0L31% 0.0060 Su-11
5) -8.2239 0.9776

*aspheric
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The above data are in units of the focal length at the 5461 mean wavelength.
For the intended system at hand all dimensional quantities are to be multipli-~
ed by the assigned focal length, either 100 inches or 2540mm. It will be seen
that the total distance between the first and last vertices is only a little
more than 5 inches and therefore that the objective is very compact. By the
same token, only a slight enlargement of the outlying apertures will be need-
ed to hold vignetting to a minimum,

The data above show that the first and fourth elements are bi-convex and
that the second and third elements are more or less bi-concave, and yet the
implicit meniscus character of the solution is preserved in the strong curva-
tures of the first, fourth, fifth, and eighth surfaces. The main reason for
the large departure from the meniscus form for the individual elements is that
the semi-apochromatic nature of the solution derives from glass types with
fairly small differences in the dispersions, leading to strong individual di-
optric powers.,

The second and seventh surfaces are aspheric. The curvatures given in
Table I above are the vertex curvatures. The usual formula describing the
meridional section of the particular aspheric surface is:

en?
£ = + Bn* + yn® + &n8
1+ /1 -2¢%n?

For surface 2) the constants have the following values;

= -0.84154
= 14.362
= -948.4
= -44663,

o< O
t

For surface 7) the constants have the following values:

2.05814
-12.454
-364.4

= 0.0

o< ™
1l

The Seidel results in three wavelengths are:

5461 4800 6438
Spherical Aberr. -0.000042° -0.014621 -0.014602
Coma ~0.000027 0.000058 0.000057
Astigmatism 0.000000 0.001999 -0.002119
Petzval 0.020000 0.016338 0.023357
Distortion 0.000000 -0.000010 0.000009
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The above tabulation is.for a focal length of unity. The values entered for
the Petzval sum (related to curvature of field in the absence of astigmatism)
must be doubled to bring them into agreement with the accepted definition for
the textbook Petzval sum. The values are the B, F, C, (P), and E of the
Schwarzschild-Kohlschutter (A. Kohlschiitter, 1908) form. Six decimal accur-
acy is given above for the purpose of showing the chromatic variations, where-
as actually for the f£/15 system at hand, three decimals would suffice. The
reader is referred to Schwarzschild or to Kohlschutter for the quantitative
meaning of the above values in terms of seconds of arc in object space.

One can see that the spherical aberration has been eliminated and that
the chromatic spherical aberration has alsc been eliminated (4800 and 6438
have the same values, differing from 5461 by a small secondary spectrum in
the chromatic spherical aberration.)

Similarly, coma and distortion have been eliminated, and chromatic coma
and chromatic distortion have also been nearly eliminated. The astigmatism
has been eliminated. and the Petzval sum as redefined above has the value one
needs if the field is to be approximately flat when higher orders are taken
into account in a final optimizationm.

The residual aberrations of the system arise from the color curve and
from the reappearance of spherical aberration off-axis, a normal character-
istic of Ross systems. While the semi~apochromatic character of the solution
has led to a reduction in the secondary spectrum, the residual color curve is
by no means negligible. 1In practice one would find that a significantly
larger range of wavelengths can be used with this design as compared to that
for the normal combinations of standard crown and flint glass types.

The elimination of the chromatic spherical aberration is a unique feature
of this type of Ross system having appropriate aspheric shapes for the second
and seventh surfaces. An all-spherical design with so short a barrel length
would inevitably have a substantial amount of chromatic spherical aberrationm.
Physically, the elimination of chromatic spherical aberration arises in the
following way. In the normal lens of the second species and for that matter
in the normal Ross lens of the first species the negative spherical aberra-
tion is conributed by only two surfaces, such as the fourth and fifth, or the
third and sixth, to compensate the positive spherical aberration introduced
by the first and eighth surfaces and substantially also by the second surface.
For compact systems it is invariably the case that the shorter wavelengths
are overcorrected and the longer wavelengths undercorrected.

The use of negative aspherics applied to the second and seventh surfaces,
or to the first and eighth, in effect spreads out the negative spherical
aberration among four surfaces instead of on only two surfaces, which in turn
suppresses the over—correction of the shorter wavelengths. By appropriate
solution one can find an exact elimination of the chromatic spherical aberra-
tion, preferably for some mean value in the intermediate field angles and for
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some compromise between meridional and skew rays of the aperture. In any final
optimization the elimination of chromatic spherical aberration must be perform-
ed in terms of the path errors for the respective outlying wavelengths, rather
than in geometrical terms. The example above demonstrates how effective the

design technique can be.

With respect to astrometry it will be of interest to record the calculated
transverse ray errors in the image plane in terms of displacements from the
gaussian point in millimeters for the prescribed lens and focal length. Table
ITa gives a tabulation for 0.085 radians off-axis and Table ITb for 0.120 ra-
dians off-axis. The displacements are given for the rays in a skew fan which
best represent the effect of distortion, coma and their chromatic variations as
well as the primary and secondary spectra in the lateral color.

It should be noted that the system of the example has not yet been fully
optimized. When optimization has been completed, one would expect that the
transverse residuals over the 17 x 17-inch format would shrink to less than omne
micron and perhaps to less than 0.5 microns.

Table Ila. -~ Transverse Ray Errors: 0.085 radians
off-axis.
Skew Wavelengths
Zone 5461 4800 6438
1.0 | -0.0003 -0.0004 0.0000 rim ray
0.8 | -0.0006 -0.0006 -0.0003
0.6 | -0.0005 ~0.0004 -0.0002
0.3 { -0.0002 ~-0.0001 0.0001
0.0 0.0000 0.0000 0.0002 chief ray
(all dimensions above given
in millimeters)

Table IIb. - Transverse Ray Errors: 0.120 radians
off-axis.

Skew Wavelengths

z

one 5461 4800 6438

-0.0030 | -0.0031 | -0.0026 Jrim ray
-0.0024 | -0.0024 | -0.0020
-0.0015 | -0.0015 | -0.0011
-0.0005 | -0.0004 0.0000
-0.0001 0.0000 0.0002 fchief ray

[=NeNolNeN g
WO

(all dimensions above given
in millimeters)

It is clear also in the above tables that the mean distortion has been brought
to a very small residual, particularly if one replaces the gaussian focal
length used in the calculations of the tabulated residuals by a mean focal

length adjusted by least squares to all the residuals.
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The aspheric depths in the example above turn out to be 46 fringes of
mercury green light from the nearest sphere for the second surface and 43
fringers from the nearest sphere for the seventh surface where the respective
clear apertures are adopted for zero vignetting in the corner of the format.
Such aspheric depths for this £/15 case are not unreasonable, though costly,
and can be produced with adequate precision either from careful fringe count—
ing and testplates, or better, from null test methods and interferometry.

For purposes of comparison it will be of interest here to tabulate some of
the data for a species one standard Ross lens of crown and flint, taken to be
SK-2 and F-2. These data are not optimized for any particular lens, though
the data can be used as a very good first approximation to Ross systems from
f/7 to any slower aperture-ratio and for apertures up to 20 inches.

Table III. - Data for Standard Ross Objective (All Spherical
Case).
Surface Curvatures Separations Glass Types
Glass Alr
1) 4.0662 0.0125 SK-2
2) -0.5196 0.07803
|
3) -2.3803 0.0075 F-2
4) 1.2298 0.01250
5) -0.9454 0.0075 F-2
6) 3.8772 0.10595
7) 0.9069 0.0125 SK-2
8) -3.1659 0.8657

The Seidel results in three wavelengths are:

2461 4800 6438
Spherical Aberr. 0.000001 -0.102081 0.080168
Coma 0.000000 ~0.008157 0.007145
Astigmatism 0.0006000 0.011712 -0.010821
Petzval (@ 1/2) 0.020000 0.014866 0.024406
Distortion 0.000000 ~0.000435 0.000650

The aspheric case for the species one Ross system in this instance is
derived from exact conditions for the elimination of chromatic coma and chro-
matic distortion, but from least squares minimization of the chromatic spheri-
cal aberration. The constraints depart somewhat from the previous discussion
but were adopted for astrometric reasons in the solution at hand.
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Table IV. - Special Aspherica Ross Type Objective (Special
Aspheric Case).
Surface Curvatures Separations Glass Types
Glass Air
1) 3.4733 0.0125 SK-2
2) ~0.5513%* 0.0909
3) -2.2174 0.0075 F-2
4) 1.2697 0.0125
5) -1.0610 0.0075 F-2
6) 3.8656 0.0902
7) 0.8581* 0.0125 SK-2
8) -3.7567 0.8853
*Aspheric Surfaces By, = 2.1226 s, = 2.2335

The Seidel results in three wavelengths are:

5461 4800 6438
Spherical Aberr. -0.002756 -0.112297 0.084442
Coma -0.001068 -0.001412 -0.001403
Astigmatism 0.000018 0.011321 -0.010425
Petzval (@ 1/2) 0.020000 0.014878 0.024396
Distortion 0.000005 0.000111 0.000111

The non-zero values in 5461 for spherical aberration, coma, astigmatism and
distortion mean only that a further run or two of the program is needed. How-
ever, in an optimized design the values are non-zero anyway to preferred tar-
get values and hence the tabulation above suffices for the purpose at hand. It
is clear that the chromatic coma and chromatic distortion have indeed been
eliminated inasmuch as the values for 4800 and 6438 agree.

It will be recalled that the overall axial barrel length of the example in
Table I, a species two system, is 5.104 inches for a focal length of 100 inches.
From Table III the barrel length of the all spherical, species one standard Ross
lens of the example 23.648 inches for a focal length of 100 inches, and for the
aspheric version in Table IV, 23.360 inches,

The difference in barrel length is ‘derived mostly from the choice of glass
types, however, and not much at all from the species one or species two form of
solution. Semi-apochromats will rend toward compactness for either case be-
cause of the smaller difference in dispersion between crown and flint. On the
other hand, long barrel species one systems are quite usable for moderately
fast Ross systems to f/7 in large diameters or to f/5 in small diameters for
medium to small angular fields, whereas species two systems will usually have
an excessive amount of oblique spherical aberration. A comparison of the data
in Tables I, III, and IV will show that the curvatures of the semiapochromat
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are large numerically, and yet the short barrel offers a distinct advantage.
Thus, a species two semiapochromat in a short barrel probably should not be
fabricated at aperture-ratios any faster than £/15, whereas the species one
systems above are better suited to faster systems with longey barrels but with
restricted wavelength range.

It is obvious that there will be many jntermediate solutions. Quite
possibly a species one system with choice of glass types tending toward semi-
apochromatism will be favorable for system around f/10 for plate sizes up to
14 x 14 inches for a 100-inch focal length. For larger field angles and for
slower aperture-ratios, the choice tends toward the species two system.

Another example of the species one standard Ross lens has been included
in the investigation, this time intended for an aperture-ratio in the vicinity
of £/12 to £/15. In this instance aspherics have been used on surfaces two and
seven for the elimination of chromatic spherical aberration and chromatic coma,
but chromatic distortion has only been minimized by least squares. Such a
system in a 100-inch focal length might be favorable for use at £/12 on an
8 x 10-inch format. The color curve of the system is normal, rather than re-
duced, and the glasses chosen, SK-2 and F-2, are known to be very stable against
atmospheric attack if kept dry.

able V. - Data for Alternate Ross Type Objective System
with Two Aspheric Surfaces.
Surface Curvatures Separations Glass Types
Glass Air
1) 3.2520 0.0080 SK-2
2) -0.5738%* 0.09786
3) -0.8926 0.0050 F-2
4) 3.3168 0.0080
5) -2.9425 0.0050 F-2
6) 1.2522 0.08464
7) 1.0338%* 0.0080 SK-2
8) -3.7700 0.9004
*B, = 3.8995 B; = -3.8999

The Seidel results in three wavelengths are:

5461 480Q 6438
Spherical Aberr. 0.001082 -0.003943 -0.003974
Coma 0.000254 0.000119 0.000111
Astigmatism ~0.000082 0.009839 ~0.009226
Petzval (@ 1/2) 0.020000 0.014884 0.024391
Distortion 0.000012 0.000061 0.000137
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It is clear from these results that the chromatic spherical and chromatic coma
have indeed been eliminated. The distortion chromatically is very small and
amounts to about 0.0001lmm in the corner of an 8 x 10-inch plate for a focal
length of 100 inches. The barrel length from the above data comes out to be
21.650 inches for a focal length of 100 inches. The curvatures are quite
moderate and the surface by surface contriubtions to the aberrations are at

a minimum also.

Similar solutions are at hand for the mean wavelengths of 4358 and 6438 re-
spectively, with approximately the same suppression of aberrations. The barrel
length comes out to be 27.434 inches for the blue lens, and 19.335 inches for
the red lens, the glass types being unchanged. It is obvious that such changes
in the wavelength of the minimum point on the color curve profoundly affect the
lens data.

The next system studied in the investigation is a semiapochromat of the spe—
cies one, standard Ross form, first with all spherical surfaces and then with
aspherics. It is of interest that in both cases the chromatic coma and chro-
matic distortion have been eliminated. The system is intended for use at
about £/12 to £/15, but only in small diameters.

Table VI. - Data for Objective (All Spherical Case).
Surface Curvatures Separations Glass Types
Glass Air

1) 4,8700 {0.0125 SK-2

2) -1.059%6 0.03154

3) ~-3.0239 }0.0075 KzFS-u4

4) 2.5635 0.01250

5) -4.0511 }0.0075 KzFS-i4

6) 3.8031 0.02418

7) 1.8501 |0.0125 SK=-2

8) -5.8595 0.9556

The barrel length for a system scaled to a 100-inch focal length turns out to
be 10.822 inches. The system is therefore a rather compact one with fairly
strong curvatures arising from its semiapochromatic form.

The Seidel results in three wavelengths are:

5461 4800 6438
Spherical Aberr. 0.000034 -0.436772 0.391306
Coma -0.000012 0.000047 0.000047
Astigmatism 0.000000 0.007230 -0.006919
Petzval (@ 1/2) 0.020000 0.016043 0.023569
Distortion 0.000000 0.000006 0.000006
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The chromatic spherical aberration is quite large and is characteristic of the
compact, species one, systems having all spherical surfaces. It is for this
reason that either the f/number must be large, or the diameter small, or both

together.
Table VII. - Data for Objective (Aspheric Case).
Surface Curvatures Separations Glass Types
Glass Air

1 5.6795 0.0215 SK-2
2) ~1.1540% 0.02538

3) -1.5741 0.0075 KzFS-X4
4) 5.6488 0.01250

5) -3.7261 0.0075 KzFS-H4
6) 2.5905 0.02548

7 1.4508% 14,0125 SKE-2
8) -2.4535 0.9485

*aspherics .= 23,441 T, = 9.837

The barrel length for a system scaled to a 100-inch focal length turns out to

be 10.336 inches.

The Seidel results in three wavelengths are:

5461
Spherical Aberr. -0.000066
Coma 0.001219
Astigmatism -0.000074
Petzval (@ 1/2) 0.020000
Distortion -0.009003

4800 6438
~0.174915 0.148823
0.001053 0.001015
0.006260 -0.006162
0.016013 0.023596
0.000005 0.000006

The use of the aspherics has resulted in a substantial reduction of the chro-
matic spherical aberration, which could be further eliminated in a recalcula-
tion if the chromatic distortion were to be allowed to vary from zero. The
aspheric system can thus be built in apertures somewhat larger than for the
all spherical case and to somewhat faster aperture-ratios.

Solutions have been carried through for a combination of the glass types
SK-12 and KzF-2 for blue, yellow, and red correction.
demonstrated but as would be expected, there is a further slight reduction in
the color curve for the yellow system and almost complete three wavelength
correction for the red solution.

The improvement is ob

No new principles are

tained at the expense
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of still stronger curves and a still shorter barrel, which for the yellow sol~
ution is only 4.201-inches for a focal length of 100-inches. The systems would
be suitable for long focus astrometry at aperture-ratios of £/20 and slower.
The two types of optical glass used are readily available at moderate cost up
to quite large diameters. The solutions at hand are for the second species.

Still another solution has been carried through for a system of the second
species in which the glass types SSK-3 and KzFS-N4 have been used. The com-
bination offers very little improvement in the blue over that already obtained
for the combination of SK-11 and KzF-2. Yellow and red solutions have not been
run.

Calculations have been carried through for a combination of PK-50 and
KzF-2 for blue, yellow and red systems. The glass type PK-50 appears to be one
of considerable value in several types of optical designs intended for use in
blue and violet light, but the cost of glass discs of objective quality for
the larger diameters is manyfold that for standard crown types. It was intend-
ed that the solution would be of the second species but the computer came up
with a solution that borders on the fourth species. The second element is sub-
stantially weaker numerically than the third, which is to say, that the solu-
tion physically is somewhat unsymmetrical. More study is certainly warranted
but it will be of interest here to reproduce the results already obtained.

Table VIII. - Data for Objective.
Surface Curvatures Separations Glass Tvpes
Glass Air
1) 5.3989 0.0080 PK~50
2) -1.2481% G.04005
3) -0.0382 0.0050 KzF-2
4) 5.4775 0.00800
5) -4.8593 0.0050 KzF-2
6) 3.1643 0.04070
7) 1.4976% 0.0080 PK-50
8) -5.6732 0.9430
*aspherics 8, = 21.056 67 = 2.486

The barrel length for a system scaled to a 100-inch focal length is 11.475-
inches.

78




The Seidel results in three wavelengths are:

5461 4800 6438
Spherical Aberr. ~0.008246 -0.015819 -0.015682
Coma 0.000315 0.000282 0.000278
Astigmatism -0.000005 0.005866 -0.005753
Petzval (@ 1/2) 0.020000 0.016092 0.023529
Distortion ~-0.000001 -0.000161 0.000189

The system is well corrected for chromatic spherical aberration and for chro-
matic coma. The chromatic distortion is very small, and amounts to a trans-
verse displacement of about 0.0002mm in the corner of an 8 x 10-inch plate
for a system scaled to the 100-inch focal length. This type of system would
be especially good for a blue lens in apertures up to 10 inches and for aper-
ture-ratios of £/15 or slower.

GLASS TYPES AND OTHER CONSIDERATIONS

The examples above have been selected from what could be a very large
number of good to excellent designs, gleaned from various combinations of glass
types. All of the examples employ only two types of glass but it is obvious
that a still larger variety of systems will result if as many as three or even
four types of optical glass are employed.

During the last twenty ., years a considerable number of new glass types,
representing previously unobtainable combinations of index and dispersive
power have become available to the optical designer. For the time being, only
a relatively small number of these are useful for astronomical purposes, i.e.,
will tolerate the atmospheric, thermal, and other conditions to which the op-
tical surfaces of astronomical instruments are typically subjected.

It has been mentioned that recent progress has been made in the hard coat-
ing of sensitive glasses for the purpose of protecting the optically polished
surfaces from tarnish and harsh treatment. The Schott Company, for example,
are now marketing an evaporative glass that can be used for such coatings pre-
ceding the non-reflection coating in the same vacuum set-up. Similarly, much
progress has been made in the electrical sputtering of protective coatings of
quite appreciable thickness which in turn will be usable for protecting sensi-
tive glass types. For example, the Itek Corporation has succeeeded in coating
the very sensitive but desirable glass, KzFS-2. The sample, placed outdoors
for several weeks in rainy and sunny weather, shows no deterioration on the
coated portion of the two polished faces, whereas the uncoated surfaces degrad-
ed into only a whitish, unpolished smear. Further experimental work will be
needed before finished elements can be adequately coated since uniformity
of coating is also needed. Conversely, ultimately the added layers might be
made of variable thickness for the purpose of aspherizing the surface to pre-
scribed form, where needed.
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With respect to the Ross design, only the first element is seriously ex-
posed, and experience would indicate that the rate of deterioration of the
first surface will be manyfold that of the internal surfaces. The Ross designs
benefit from having fairly high indices. for the crown outlying elements which
in current practice are limited to a maximum index of about 1.60 . Mest of
the rare earth glasses in the region of the lanthanum crowns are unsuitable
for use as the first and last elements, even though protectively coated, be-
cause of a common characteristic of having weakened dispersive power in the
blue-violet. A few of these, however, have normal trends of dispersion and
might be incorporated into a more detailed study. The lanthanum glasses,
however, are heavy and therefore would not be suitable for use in large lenses
where flexure becomes a problem.

The restrictions on the glass types used for the inner elements are not
so stringent .and there are a number of more or less equally suitable ones a-
vailable. The so-called short flints and a few others have unusual properties
concerning the compensation or reduction of color aberration and therefore can
be used with caution, as in some of the examples above, for reducing the focal
error with wavelength, increasing the efficiency and generally improving the
astrometric performance. The standard flint glasses normally used for the
inner elements occupy a nearly continuous region in the optical glass diagram
where the V-value is plotted against index of refraction. In several of the
examples above, F-2 has been used, since this type has long been available
at low cost and in large diameters in objective quality. Ross systems making
use of F-2 would have the usual secondary spectrum, however, but monochromat-
ically, at least, can be designed and fabricated with high precision.

The short flints, such as KzF-2, KzF-3, KzF-4, and KzF-5, have long been
available but only KzF-2 has the combined qualities of moderate cost, good
transmission and fairly good resistance to atmostpheric attack. It is for such
reasons that KzF-2 has been used in the examples above for those having some
degree of reduction in color curve. Similarly, such types as KzFS-1, KzFS-2,
and KzFS~4 have been available for a very long time but have been known from
the very beginning to be extremely sensitive to weathering and to reagents.
Recently, Schott has introduced a greatly improved KzFS-N4, which has been used
in several of the solutions in this investigation. Schott has also developed
three additional types, KzFS-5, KzFS-6, and KzFS-7 and soon promises a fourth.
Glasses of the KzFS series have an enhanced ability to reduce the secondary
spectrum of optical systems when combined with the proper crown glass types,
but are not very useful in the blue-violet for large lenses because of reduced
transmission. Only KzFS-N4 has sufficient resistance to weathering when used
in an astronomical system as an internal element. However, when the hard
protective coatings become standard practice, then the entire subject is open-
ed up once more and improved designs will undoubtedly become available.

One of the important considerations for astrometric systems is a match-
ing of the glass elements for coefficient of thermal expansion. In the ex-
amples SK-2 and F-2 are not well matched but represent more or less past prac-
tice. On the other hand, SK-11 and KzF-2 are well matched, as are also SK-12
and KzF-2, SSK-3 and KzFS-N4, and SK-2 and KzFS-N4. The matching will be of
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increased importance for the compact systems with strong internal curvatures.

Similarly, the optical engineer planning the lens cells can select alloys that
have the same mean coefficient of expansion as the lens elements. In this way
it can be expected that the astrometric quality will be preserved over a wide

range of summer and winter temperatures, as long as the lens system is kept

in a reasonable thermal equilibrium.

Some caution must be exercised in the coating of lens elements intended
for precision use in astrometry. The hard, non-abrading coatings of magnesium
flouride normally used are generally applied to lens elements heated to as
much as 450 degrees F. Some glass types have low transformation temperatures
and can be damaged with respect to annealing and homogeneity if so heated.

Such deterioration has been noted with KzFS-4, for example, in 8-inch diameters
wvhere not only was the annealing degraded but the lens element slumped slightly
out of shape. Fortunately, the crowns such as SK-11, SK-12, and SK-2 have
quite high transformation temperatures and are probably immune to damage.
Glasses such as F-2, KzF-2 and the KzFS-series should all be cleaned and coat-
ed with caution at reduced temperatures.

Similar caution must be exercised with respect to the quality of polish
of the soft flints. The work—function of such glasses is low so that iomn
bombardment can result in a pitting of the optical polish that can reach dis-
astrous proportions. Experience on KzFS-4 (not N-4) is a case in point, where
a number of finished elements were too damaged for use and had to be repolished
and refigured, owing to extensive pitting vaused by surface cleaning with a
high voltage discharge. Several of the surfaces seemed almost to be fine-
ground.

Optical glasses of the types discussed in this investigation are almost
all available in large diameters in objective grade but some are far more ex-
pensive than others. The crowns, such as SK-2, SK~11l, and SK-12, can be con-
sidered to be of low to moderate cost, whereas PK-50 would be very expensive.

A flint glass like F~2 would be of low cost. The more exotic short flint,
KzF-2, can still be considered to be of moderate coast, whereas KzFS-N4 would
be much more expensive. Glass types such as SK-2, SK~11, SK-12, F-2 and KzF-2
can be made in diameters much greater than would be of interest in astrometry,
perhaps up to 40 and 50-inch diameters, or greater. To date, at least, KzFS-N4
has been made in diameters in objective grade to perhaps 24 inches, but not re-
liably and in addition, this type of glass absorbs light too much in the violet
to be used for very large elements in blue-corrected systems.

IMPROVEMENT OF COLOR CORRECTION

There are various good ways to present the state of color correction of
a lens system but for comparative purposes here it will suffice simply to give
the calculated longitudinal displacement of the mean focal position of the out-
lying wavelengths from the focal position of the central wavelength. Thus, if
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we have wavelengths 4800, 5461, and 6438, we average the focal positions of
4800 and 6438, and subtract from this mean the focal position of 5461. Simi~
larly, for a system corrected for a central or mean wavelength of 4358, called
here a blue correction (although actually blue-violet), the outlying wave-
lengths will be 4047 and 4800. For a system corrected for a central or mean
wavelength of 6438, called a red correction, the outlying wavelengths will be
5461 and 8521. The state of color correction of the lens systems of the ex-
amples can be summarized in Table IX.

Table IX. - Color Correction for Lens System.
Glass Combinations Blue Corr. Yellow Corr.| Red Corr.
SK-11 & KzF-2 0.000344 0.000381 0.000057
SK-2 & F-2, Case 1 0.000779
" Case 2 0.000779
SK-2 & F-2 (£/15) Case 1 0.000530 0.000791 0.000378
' Case 2 0.000529 0.000795 0.000395
SK~2 & KzFS-N4 Case 1 0.000440
" Case 2 0.000455
PK-50 & KzF-2 0.000332 0.000482 0.00117°%
SSK-3 & KzFS-N& 0.000500
SK-12 & KzF-2 0.000465 0.000330 -0.00001¢

In Table IX the standard color curves for the blue, yellow and red cases are
those associated with the combinations, SK-2 and F~2. The semi-apochromatic
character of the other combinations can then be observed in the table. The
combination of PK-50 and KzF-2 is a special case, where the highly unusual na-
ture of PK-50 as an optical material shows an improvement in the blue and a
marked worsening in the red. Presumably, PK-50 and KzF~2 as a combination
would excel in the near ultraviolet where both glass types remain quite trans-
parent. Table IX shows also the excellent state of correction in the red for
the SK-11 and SK-12 pairings with KzF-2,

No calculations have as yet been made for Ross systems using KzFS-2 for
the negative elements. At the time the examples were calculated, there seemed
to be little hope that KzFS-2 could be adequately protected for many years of
exposed usage. In view of the likely future availability of hard protective
coatings, one should incorporate KzFS-2 in any further study, and possibly
also KzFS~1, at least for yellow and red systems.

Thexre are no general recommendations to be made on the basis of the
examples. Each astrometric requirement should be studied carefully in its own
right in the light of all the information at hand. The full correction for
chromatic coma and in some cases for chromatic distortion should be of interest
to astrometrists. Optical designers may find it of interest also that the
cautious use of aspherics for the first and fourth elements can be very helpful
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for the elimination of chromatic spherical aberration in short barrel semi-
apochromatic systems.

One can always achromatize the spherical aberration in compound systems in
about the same fashion that ordinary achromatism is achieved, but to do so re-
quires the use of aspherics on both crowns and flints. To preserve the symmetry
for astrometric needs in a Ross lens, such an approach might well involve the
introduction of four aspheric surfaces. Instead, it has been shown above that
the chromatic spherical aberration can be eliminated by adding only two, pre-—
serving symmetry, and indeed, because of the distribution of the negative cor-
rections among more surfaces, one can expect some improvement also in the
oblique spherical aberration.
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DISCUSSION
Newcomb : What was your computer program run on?
Raker : Since it is written in Foriron II, it could eaaily be converted to Fortran IV and thus be

run on all machines which accept this progrem. This more elaborate program also includes
the caleulation of the photo-optical path, so that, as the design nears completion, one
can dvop the ray tracing per se and switch to wave front calculations.

Eichhorn : From the standpoint of achieving a certain task, would an objective of this type be the
most economical, or might it be that a catadioptric system which achieves the same opti-
cal effect might be cheoper to make?

Baker: : There ave two problems involved. The objective I described would be most useful for wide
angle (astronomically speaking) coverage, for plates of about 17 inches square. Catadiop-
tric systems would be easier to comstruct, would be more temperature stable, and have long-
er effective focal lengths, but they ave better suited for narrow angle fields. As an ex-
ample, T designed a system (with the view of space application at some ‘ater time) of two
mirrors where every component ic used twice. For astrometric purposes in space, cne may
achieve a focal length of 8000 inches with two mirrors only. This instrument itself would
be only 400 inches long, and well corrected.

Gatewood : What is the practical size of a corrector plate?

Discussion continued on the following page.
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Baker : Different optical scientists will give different answers to this question. From the stand-
point of glass technology, the limit is a diameter of well over 100 inches. Schott has
made a disc of 93 inches and is able to make almost objective grade discs of 150 inches
diameter, if required. I think these could be used in a telescope without much danger in
spite of their weight and other technical problems.

K. Strand : What would the cost be for the objective which you described?

Baker : That depends, of course, on the rigidity of the specifications. An eight inch aperture
system for astrometric applications would come to about $30 000.00, I guess.

Dieckvoss : At Hamburg we patd $6000.00 for a standard 20cm Ross objective of 200cm focal Tength,
made by Zeiss in Jena. .

Baker : The cost also depends, of course, on how much testing the manufacturer will have to do.
The Lick Carnegie yellow objective has one aspheric surface which was used to eliminate
some residual coma, which is a monochromatic error. The aspheric surfaces in the system
on which I reported have the purpose of allowing the other component parameters a greater
latitude so that we get a very short system which is still fully corrected for chromatic
spherical aberration. Even over the field with the longitudinal color, the secondary
spectrum accounts for practically everything that is calculated by the ray tracing. The
image radius in red light, for example, is*30 microns, and it is 38 microns for the blue
color. There is hardly any dependence of the spherical correction on color over that
full range. The cost of such a system will be high because of the aspheric work and man-
datory precision.
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COMPARISON OF PHOTOGRAMMETRIC AND ASTROMETRIC
DATA REDUCTION RESULTS FOR THE WILD BC-4 CAMERA
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and
Ivan 1. Mueller

Department of Geodetic Science

The Ohio State University

ABSTRACT

This paper compares the results of astrometric
and photogrammetric plate reduction techniques for
a short focal length camera. Several astrometric
models are tested on entire and limited plate areas
to analyze their ability to remove systematic errors
from interpolated satellite directions using a rigor-
ous photogrammetric reduction as a standard. Residual
plots are employed to graphically illustrate the an-
alysis. Conclusions are made as to what conditions
will permit the astrometric reduction to achieve com-
parable accuracies to those of photogrammetric re-
duction when applied for short focal length ballis-
tic cameras.

INTRODUCTION

We are concerned here with the optical determination of a satellite's po-
sition using wide angle ballistic type cameras in which the satellite is photo-
graphed against a background of stars. Basically, there are two methods of
deriving the necessary information from these photographs, one by the “photo-
grammetric" reduction method and the other by the "astrometric" method. 1In
the photogrammetric approach, the attempt is to describe term by term the phy-
sical nature of the various phenomena which displace the image on the photo-
graphic plate with respect to its true geometric position and to determine the
parameters defining these phenomena in a single least squares solution together
with the elements of exterior and interior orientations. The astrometric tech-
nique is based on the projective equations in which certain effects causing
systematic image displacements are not modeled sufficiently. For this reason
in the case of the large field ballistic cameras, the astrometric technique
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can be successfully used only after the a priori removal of certain systematic
distortions or by limiting the useful area of the plate.

The purpose of this investigation was to find out whether the astrometric
technique could be used for the plates taken by the Wild BC-4 camera (focal
length, 303mm; field, 33° x 33°): what kind of systematic effects need to be re-
moved a priori or how large a portion of the plate can be reduced without a pri-
ori corrections.

Dr. Hellmut Schmid, Director of the Geodetic Laboratory of ESSA,kindly pro-
vided measured star and satellite plate coordinate data from three photographic
plates taken for the USC&GS satellite triangulation project. The plates had
been exposed simultaneously at three stations, the satellite being Echo II.
With these data, the possibility of reducing them with various astrometric mod-
els was investigated. The results were compared to those of the USC&GS highly
sophisticated photogrammetric reduction. Herein, the results of the exercise
for one plate only, representative of all three, will be discussed.

The results support previous knowledge and as such are not startling. How-
ever, they do demonstrate that in the case of such a large field of view, the
photogrammetric method of plate reduction in fact models the significant system—
atic displacement effects successfully while the various astrometric methods,
without the a priori removal of certain systematic errors, are incapable of
doing so.

THEORETICAL. BACKGROUND

The Photogrammetric Reduction

As mentioned above, the photogrammetric approach attempts to identify the
main sources of systematic errors and model them mathematically for the least
squares solution. Without regard to any physical influences on the emulsion,
the systematic errors usually modeled are those contributed by the comparator
which do not cancel after repeating the measurements in different positions, and
the various errors contributed to the distortion of the camera objective. Since
stars provide the reference frame, the apparent stars' positions are corrected
for astronomical refraction and diurnal aberration, before beginning the adjust-
ment.

The formulas used by the USC&GS in the photogrammetric reduction are shown

in Table I. This method of reduction is considered representative of the photo-
grammetric approach in general.
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TABLE T
PHOTOGRAMMETRIC FORMULAS

A. Corrections for Systematic Effects on Image and Object Space

(1) The apparent reference star positions for the epoch and equator

(&3}

3

4

and equinox of observation are corrected for diurnal aberratiom.

Astronomical refraction (Garfinkel model) is applied to the updated star
positions from (1):

B
Z.-Z, = Tiw (nltan E'+ nztanag + ngtansg + nqtan7§] » where

0 "R 2 2
P, T
_k =5 =5 - I
W= TZ, P Po s T To , tan B 8.7137 tan ZR >
n; = 1050.61030, n, = 706.11502, ny = 262.06086, ny = 142.67293.

Nonperpendicularity of the comparator axes 1s considered by

X=ow feyy y =y

Radial lens distortion is modeled as follows:

= AR = AR
k= x = 88 (o * =y - 28 (o
x b d (x xs) , and y y d (y ys) ,» where
A% = K1d7 + K;d“ + K3d6. and

d? = (x=x)? + (y=y,)?

(5) Lens decentering distortion requires the following formulas:

x* = x - AT[DC3sin¢T + DC,cos¢T] N
y* = ; - AT[DC3C05¢T + DCzsin¢T] ,» where
DCp = 2(x-x)2/d? + 1
DCy = 2(y—ys)7/d2 +1
= — — 2
DC3 2(x xs) (y ys)/d

AT = K,d? + Kgd"

8. The Central Projection

(A)X + B Y + C2)

X = C + x .,
X q P
(A,X + BoY + C,2)
= —Mm—— 4 with
y y q Yp s

q = DX + EY + FZ , where

A} = -cosoccosk + sinasinwsing
B) = -cosuwsink

C) = sinacosx + cosasinuwsink
A, = -cosasink -sinasinwcosk

By = coswcosk

C, = sinosink -cosasinwcosk
D = sinacosw

E = sinw

F = cosacosw, and

X = cos a cos A

Y = cos a sin.A

Z = sin A
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The various symbols in the table denote the following:

a) (2) Z0 unrefracted zenith distance

ZR refracted zenith distance
Ts temperature in degrees Kelvin
PS barometric pressure in millimeters
PO, T0 standard pressure and temperature

3 Xgo Vg measured plate coordinates
£ angle of nonperpendicularity (unknown)

(4) X, ¥ undistorted plate coordinates
X, ¥ coordinates of the origin of distortion (unknown)

Ky,Kp,K3 coefficients of radial lens distortion (unknown)

(5) b angle between the y axis and the axis of maxi-
mum tangential lens distortion (unknown)
Ky, Kg coefficients of tangential lens distortion (un-
known)
(B) xp, yp coordinates of the principal point (unknown)
c_, cy principal distances from the projection center
b

to the X and § axes (unknown)

X,Y,2 coordinates of the point in object space

Ay K Eulerian rotation angles to transform from ob-
ject space to the plate coordinate system X, y,C
(unknown)

a,A altitude and azimuth

The parameters to be determined from the least squares adjustment are
designated "(unknown)" above. There are 16 of them.

The Astrometric Reduction

In contrast to the photogrammetric reduction in the astrometric technique
generally no physical interpretation is attempted except the implicit relation-
ship between the plane of the photograph and a plane tangent to the celestial
sphere. The models tested contain six or more plate constants that are coeffi-
cients in linear or higher order equations relating object and image space.
These constants are not arranged to correct for specific systematic errors (ex-
cept in the case of a tramslation term), but they are expected to absorb certain
portions of the combination of various systematic errors, such as astronomical
refraction, annual and diurnal aberration (since astronomers usually work with
mean rather than apparent positions), errors resulting from.unknown orientation
of the tangent plane, and even lens distortions in some cases. The astrometric
technique is simple in concept and is easy to apply. If accuracies comparable
to those from the photogrammetric technique could be obtained, i.e., if the
same systematic errors could be removed, its economical aspects would make it
extremely appealing.

The following astrometric models were tested:
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Model 1: Projective Equations

x = At + Bn + C
at + bn + 1
8 (6 independent) plate constants
Dt + En + F
Y T ar +bn+ 1
Model 2:
x = A+ Bf + Cn + Dg2 + Egn + Fn2 + Gg3
g2 2 3
+ HETn + PEn” + Qn 20 plate constants
y=A'"+B'g+C'n +D'g2 + E'en + F'n?
+6G'g3 + H'g2n + P'en?2 + Q'n3 )
Model 3:
x = Af + Bn + C
6 plate constants
y = DE+ En + F

In this exercise the quantities x and y represent the measured (uncor-
rected) plate coordinates; £ and n are the standard coordinates computed
from the apparent positions of the reference stars corrected for diurnal aberra-
tion and astronomical (Garfinkel) refraction.

In all the astrometric reductions the measured plate coordinates were con-
sidered observed quatities and the standard coordinates were regarded as known.
Al1l observed coordinates had equal weights. The same image is used to be the
origin of the plate coordinate system as the origin of the standard coordinate
system.

RESULTS OF THE EXPERIMENT

Photogrammetric Residuals

Figure 1 shows the star (and satellite) image locations on one of the plates
that were used in the reductions. The values of the sixteen photogrammetric
parameters obtained from the USC&GS were applied with the updated star posi-
tions to compute the "adjusted" plate coordinates.
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The residuals between the adjusted and measured coordinates of the stars
were plotted and are shown in Figure 2 . The standard error of unit weight
(mp) as quoted from the original USC&GS reduction was 2.80u. Notice the appar-
ent randomness of the residual plot and the small magnitude of the residuals.

Residuals from Astrometric Model 1

Test 1. 1In this test Model 1 was applied to the entire plate area.
involved 106 reference star images. The standard error of unit weight after
reduction was 7.81uy. TFigure 3 shows the residual plot, systematic errors obvi-
ously remaining and sizeable after reduction.

This

Test 2. It was desired to find out how great the effects of decentering
distortion were in regard to Model 1. Therefore, decentering distortion was
removed from the measured coordinates. Still remaining, then, were radial dis-
tortion effects and the nonperpendicularity of the comparator axes. The reduc—
tions were performed as in Test 1. The change in the plotted residuals compared
to those in Figure 3 appeared to be minimal. The standard error of unit weight
was 7.77n.
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Astrometric Model 1 Residuals: Test 1
Projective equations applied to measured coordinates

m, = 7.81p

Test 3. This time all distortions (including nonperpendicularity of the
comparator axes, although this effect is also almost negligible) were removed
a priori from the measured coordinates. The reductions were performed as in Test
1. The residuals are shown in Figure 4 . These, as expected, are almost identi-
cal to the residuals of the photogrammetric reduction (Figure 2). The standard
error of unit weight was 2.62yu.

Test 4. The question to be answered in this test was how far out from the
origin can the reduction be performed without a priori removing the distortions
and still get satisfactory results.

The photogrammetric model was expanded into polynomials in x and y . The
results are as follows:
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Astrometric Model 1 Residuals: Test 3

Projective equations applied after all distortions were
removed from measured coordinates

m, = 2.62u

x =~ y(e) + x2(3Kycos¢r) + x3(K1) + x*(3Kscosdp) + x5(K,)
x7(K3) + xy(2Kysingp) + xy2(Ky) + xy3(2Kgsingg) + xy"(K,)
xy®(K3) + x°y2(4Kscos¢r) + x3y (2K5singy) + x3y2(2K,)
x3y”(3K3) + x5y2(3K3) + yz(chos¢T) + y”(KScos¢T)

+ + o+

y + y2(3Kysing) + y3(K;) + y*(3Kgsingr) + yo(Ky) + y7(Ky)
+ yx(2K cos¢T) + yx2(K{) + yx3(2Kgscosgy) + yx*(K,) + yx®(K3)
+ y2x2(4Kssin¢T) + y3x(2Kgcos¢r) + yIx2(2K,) + y3x"(3K3)

+ y°%2(3K3) + x2(Rysingp) + x* (Kgsingy)

where x and y are the undistorted coordinates as defined by the projection

equations.
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Astrometric Model 2 Residuals
m. = 3.39

o

For ease of analysis, assume now that an image is projected, without distor-
tions, onto the x axis. In this case the first equation above becomes

X, = X + x2(3K4cos¢T) + x3(K1) + x”(3K5cos¢T) + x5(K2) + x7(K3) .
The error committed by using the projective equations is therefore given by

Xp — X.
After some preliminary investigation, the maximum allowable distortion arising
from the above equations was set to 16p. This limit was found to be reached at
at radius of about 4cm. After applying Model 1 for such a restricted area around
the center of the plate, the residuals were found to be apparently random and the
standard error of unit weight m_ = 3.24u, nearly the same as in Tests 1 and 3.
When the area was decreased to a circle of 3.5cm radius, m, decreased to 2.40yp.
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Residuals from Astrometric Model 2

Figure 5 shows the residual plot when Model 2 is applied to the entire
plate area without a priori corrections for systematic camera or comparator er-
rors. These plots are approaching in randomness and magnitude the residuals of
the photogrammetric reduction. The standard error of unit weight was found to
be 3.40p, slightly higher than that of the photogrammetric reduction.

When the polynomials are carried out to fifth-order terms, it is conjectur-
ed that the error would further decrease by about lu. In this case, however,
the large number of unknown parameters would render the method even less econom-
ical than Model 2 or the photogrammetric method.

Residuals from Astrometric Model 3

To find the area where Model 3 may be applied with acceptable results, the
following empirical approach was taken: Assume that Model 2 is rigorous. If
the significant terms are kept in the polynomials after the adjustment, the fol-
lowing equations define the transformations on the plate:

X

5 = 0.0465 - 0.30n - 0.00019¢2 + 0.00089¢n + 0.0010n2

0.30¢ + 0.046n - 0.0010£2 - 0.0011lgn — 0.00017n2

7B

In a preliminary adjustment in which Model 3 and stars in a circular area of a-
bout 2.5cm radius were employed, the following empirical relationships were
found (disregarding the translation term):

0.046¢ - 0.30n ,

*B

B

0.30¢ + 0.046n

It is evident that the maximum magnitude of the neglected terms is in the order
of 0.0011¢n . If the error committed by using this model is to be less than 3y,
the usable area appears to have a radius of about 2.2cm. Applying Model 3 for
such an area after iterating for the plate center, it was found that the stand-
ard error of unit weight was 2.59.

CONCLUSION

The projective equations cannot be used to reduce the entire area of a
Wild BC-~4 stellar plate. Unmodeled distortion effects are too great toward the
outer edges of the plate. However, if the lens distortion parameters are known
and fairly constant for a given camera, then the projective equations (with two
conditions) could be used after the measured coordinates have been corrected for
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lens distortion effects and the apparent stellar coordinates are corrected for
diurnal aberration and refractiomn. The behavior of the distortion character-
istics of the lens used over a period of time is not known to the authors. How-
ever, if it is not necessary to recalibrate the camera after each exposure, it
appears that the projective equations could be applied by means of the procedure
just described to obtain results practically equal to those which a complete
photogrammetric reduction would provide. If no a priori corrections are made
for lens distortions but still the apparent stellar coordinates are corrected
for diurnal aberration and refraction, then, as the éxperimenf shows at least

in the case of the three plates discussed here, a confined area not greater than
4em (about 8°) in radius from the plate center can still be reduced with good
results. An image as close as possible to the gemometrical plate center should
be selected as the origin, but no iteration technique need be applied to obtain
a better approximation.

It is also obvious from the results of the experiment with Model 2 (poly-
nomial) that if enough higher order terms are included in the equations, the
reduction results can be made comparable to those obtained photogrammetrically
without applying a priori corrections for systematic camera and comparator er-
rors. However, the 20 unknowns (up to third-order terms) of Model 2 already
justify the use of the complete photogrammetric reduction.

Even Model 3 can be applied without a prior corrections with caution under
the following conditions:

(a) The satellite image(s) should be located close to the geometrical plate
center and completely contained in the field of reference stars used in the
reduction.

(b) The area of reduction should be no greater than a circle of 2cm (4°)
radius.

(¢) The choice of the origin should be made with extreme care. After ap-
proximating the geometrical center as closely as possible, an iteration technique
should be used to obtain the best origin for both the plate and standard coordi-
nate systems.
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DISCUSSION

Vasilevskis: I would like to see another term used for what you call the Astrometric Method. Astro-
metrists have known about the rigorous reduction for a long time. The use of the neces-
sary terms in the reduction method requires a computation effort that used to be very
time consuming before the advent of computers. Also, every sophistication requires
new constants. These cannot be reliably determined unless there is a sufficient number
of reference stars available. The large fields of satellite photographs present, of

course, different problems than the smaller, narrow ones in traditional photographic
astrometry.
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Schmid:

Eichhorn:

Mueller:

Veis:

Brown:

Strand:

Rosenfield:

Vasilevskis:

This appears to be a. difference in nomenclature only. From a mathematical standpoint,
the two are in effect identical. The variety in the modeling approaches occurs mostly
because different lens systems require different terms in the reduction model for the
consideration of the imperfections of the lens system's imaging quality. The wider
the field, the more sophisticated the reduction model must be.

My, Hormbarger's comparison is not quite valid. The superiority of what he calls the
"photogrammetric method" canmot be demonstrated by reducing certain measurements first
rigovously and then by means of an inadequate reduction model. The radial distortion
terms would have to be included in the so-called astrometric model as well as in the
rigorous so-called photogrammetric model, otherwise there are obviously going to be
significant systematic residuals in the former.

The purpose of Mr. Hormbarger's investigation was not to prove the superiority of the
photogrammetric method. Its point was rather to demonstrate the usefulness of cameras
with focal lengths between 300 and 1000 millimeters for obtaining the coordinates of
satellites, which possibly had been doubted by some of the participants in the Confer-
ence on Star Catalogues at the University of Maryland in 1967, who claimed that high
aceuracy could be obtained only with long focus cameras.

What really determines the approach to use for the proper reduction method is not the
focal length but rather the size of the field. Large fields require sophisticated re-
duction models, but for small fields the application of the same complicated reduction
models with so many parameters would be a waste of effort.

Everyone speaking before me in this discussion has missed the fundamental difference
between photogrammetric and astrometric methods: while the formulas used in the latter
may be regarded as series expansions of the former, the two sets of formulas would be
equivalent only 1f the two existing, but always unenforced relationships between the
eight parameters in the astrometric model (Hormbarger 1970) were enforced. Thus, the
photogrammetric method preserves properties of the central projection while the astro-
metric method typically fails to do this.

In astronomical practice it is usually not necessary to locate the tangential point by
caleulation, and this removes two unknowns from the adjustment. At the 61-inch tele-
scope of the USNO, for instance, the tangential point is found by means of a special
collimation system.

The essential point is not how many parameters are in the reduction model, but rather
how many of these are determined by adjustment rather than previous calibration. Only
parameters determined in the reduction carvy a danger of lowering the all-over accur-
acy of the results.

In astronom 2al work, an affine transformation model is usually adequate for long
foous work. This has been very fully documented by van de Kamp. Zurhellen in his
dissertation and A. Koenig in the "Handbuch der Astrophysik'' have treated the case of
wider angles and used what goes now by the name of "Photogrammetric model'. Beyond
these clussical wide angle applications, there is now a third generation "super wide
angle' astrometry, which is in principle not in any way different from the others,
even if it requires some modification in the technique.
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ASTROMETRIC INVESTIGATIONS AT THE VIENNA OBSERVATORY
AND ASTROMETRIC PLANS FOR THE 60” REFLECTOR
OF THE L. FIGL OBSERVATORY

Joseph Meurers

Universitdts-Sternwarte, Vienna

ABSTRACT

A short discussion of the astrometric instru-
ments at the Viemna Observatory is given. The es-
sential features of design and organization of the
planned 60 inch telescope are described. Further-
more, several points of view concerning modern as-
trometry are discussed, especially the usefulness
of comparing astrometric results based upon differ-
ent imstruments, for instance the comparison be-
tween mirrors and refractor based data. Some ex-
amples are given together with new immediate re-
sults. [Lastly, as far as possible at this moment
astrometric plans for the new telescope are formu-
lated.

THE SITUATION OF THE VIENNA OBSERVATORY

The situation of the Vienna Observatory is typically that of an observatory
founded in the 19th century in connection with a university: dimmediate neigh-~
borhood of large settlements aad towns, and thereby continuously deteriorating
observing conditions. Most instruments were built in the last century.

The Observatory possesses thus the 27 inch, 10 meter focal length, "Large
Refractor", two refractors of 12 inches and 8 inches each, and the 13 inch Norm-
al Astrograph. Beside these, there is a 16 inch mirror, mostly used for photo-
electric measurements.
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Chrétien from the astrometric point of view.



Equipment of this type may still be considered '"valuable for science" as
long as there are problems to be solved with any of it which carnnot be treated
better and much more efficiently by more modern instruments. Such a definition
of "value" is useful for preventing the evaluation of equipment only on the
basis of emotion. Refractors, in our opinion, are generally not obsolete in
the sense of the definition above for the following reason: although practical-
ly all astrophysical problems and questions are the legitimate domain of optical
reflectors and radio telescopes, refractors still have their place for the ex-
act imaging of the sphere onto the photographic plate. Also, the quality of
photographic images intended for measurement of their vositions which one can
achieve with refraction optics illustrates very well the continued usefulness
of large and medium sized refractors. This is demonstrated, for instance, by
the important, and as may be hoped, successful enterprise of the photographic
AGK3 at the Hamburg-Bergedorf Observatory. The most serious limitation of re-
fractors with respect to astrometric problems is probably the faintness of the
stars; one can reach about the 13th photographic magnitude, at least in northern
climates, with normal exposure times. However, modern Schmidt telescopes and
Ritchey-Chrétien mirrors provide excellent measurable images covering larger
fields down to magnitudes, normally out of reach of most refractors. One thus
wonders if in view of this, refractors are not outdated and definitely obsolete
after all. This is the principal problem facing Vienna Observatory and its one-
half to nearly one full century old refractors.

THE L. FIGL OBSERVATORY AND ITS TELESCOPE

In spite of the development of modern astrometric reflectors, the refract- .
ors are still useful instruments in astrometry. This is shown, for instance,
by the work of Jackson (1968), who used the Vienna Large Refractor. van de
Kamp's (1962) ideas must also be noted. But the main problem now is the coordi-
nation of refractors and modern mirrors for astrometric work. Since, however,
reflector plates contain always more information than refractor plates, refrac-
tors, in comparison with mirrors, are useful mainly for those special purposes
that require large focal lengths. Examples for this are astrometric relative
positions of narrow binaries, parallaxes and proper motions of objects of small
angular size, such as individual stars and star clusters.

The new telescope of the L. Figl Observatory in the Vienna Woods has been
designed with an eye on these considerations. It will be housed 880m above sea
level and 50 kilometers southwest of the city. Of course, it may turn out that
this 60 inch telescope will be used chiefly for astrophysical purposes, but it
will also be useful for astrometric work, since it was designed as a multi-pur-
pose telescope. It may be used as an £:8.3 Ritchey-Chrétien, with an £:15 Cas-
segrain and an £:30 Coudé. The astrometric work will be carried out on the Rit-
chey—ChréEien mode. Since it was ‘wupossible to have even a Ritchey—Chrétien
configuration that would have been ideal for astrophysical as well as astrometric
purposes, the adopted optimum design had to be a compromise, shown on the right
hand side of Figure 1 (after B.G.Hooghoudt, Leiden). This so-called Optimized
Ritchey-Chrétien System employs two field lenses. This implies that the mirrors
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will not be figured exactly as in the classical Ritchey—Chrétien design. The
upper part of Figure 1 shows images at several wavelengths for different di-
stances from the center of a flat field. The left hand side shows the images
for the classical, the rights hand side for the optimized Ritchey-Chrétien sy-
stem, which was chosen as the apparent best of several calculated by Dr. Wilson
of the Zeiss Works at Oberkochen in West Germany. The advantage of the opti-
mized design for astrometric puposes is obvious at first sight, especially the
marked compactness of the images up to a field of one degree diameter. Note
the insignificant dependence of the image positions on wavelength. The disad-
vantages of the optimized design are illustrated in the lower part of Figure 1.
For working in the center of the field and without corrector lenses, the class-
ical design is clearly superior to the optimized one. The optimized design for
the telescope was chosen, however, since the telescope will also have a Casse-
grain mode. Besides, for extended fields the Schmidt telescopes are the most
suitable instruments anyway, although they are not very suitable as multipur-

pose telescope.

It is hoped to preserve thus the connection with the astrometric tradition
of the Vienna Observatory and its refractors, without preventing or restricting
the astrophysical work at the new telescope.

POINTS OF VIEW CONCERNING MODERN ASTROMETRIC MEASUREMENTS

The question in which way the telescope of the L. Figl Observatory could be
used for astrometric purposes will have a definitive answer only after an ex-
tensive investigation of the optical system, which cannot be carried out before
the telescope is mounted.

The suitability of reflectors for astrometry has been extensively discuss-
ed and methods towards this purpose have been developed, witness the papers by
van de Kamp (1963), Eichhorn (1963), Vasilevskis (1962), and Strand (1963), to
mention only a few. The results show clearly that the field of each mirror
system has special and individual properties. The aberrations are apparently
generally much larger than those of the refractors. Before specialized plans
may be formulated, it will therefore be necessary to first test the properties
of the field of the new Vienna telescope; and all future astrometric work om it
will have to be suitably connected to former refractor based astrometric work,
if it is to be useful. This is so because all astrometry (including meridian
work) up to the middle of the current century was carried out on refractors.
Perhaps no field in astronomy depends as much on previous work as astrometry.
In the opinion of this author it is indispensable in establishing & connection
between the classical refractor based, and the modern mirror based astrometric
work. Noteworthy in this connection are the investigations by Dieckvoss (1955,
1960), in which he juxtaposed astrometric work on the Hamburg big Schmidt and
on the AG astrograph. There, a direct connection between mirror and refractor
.was established. A similar comparison of performance of the new Vienna system
and that of not only the Vienna, but also other refractors, is planned, to
collect experiences with the new Vienna telescope and establish its individual
properties as they are relevant to astrometric work. The results of Dieckvoss'
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paper demonstrate how very individual the properties of an astrometric mirror
system may be. The importance of comparisons of this type for modern astrome-
tric work is not only restricted to the testing of optical systems; many modern
astrometric problems, for instance expansions of stellar associations, concern
the proper motions and positions of single, relatively isolated objects. Most
suitably, such problems ought to be attacked on several telescopes and measuring
machines to establish their relations to .one another, and to get the final,
definitive values for the objects' positions and proper motions from a combina-
tion of the results obtained on the individual instruments. This practice will
guarantee the highest obtainable astrometric accuracy and will undoubtedly be
effective. Considerations of this type, however, may be valid for astrophysics
as well, and therefore for astronomy as a whole. This may be the deeper hidden
meaning of a comparison between mirrors and refractors for astrometric purposes.

A COMPARISON OF ASTROMETRIC MEASUREMENTS WITH SEVERAL TELESCOPES

A few examples may illustrate our point. Dieckvoss (1955) was the first to
find a relative motion of the clusters h and x Persei. In order to check
this result, Meurers and Aksoy (1960) investigated the relative proper motions
with the 5m f.1. Large Refractor of the Bonn Observatory. The results compare
as follows with Dieckvoss', whose results are based on a combination of several
different instruments:

Aua Au6
Bonn I -0V34 +0%04 +0%05
Hamburg -0%V19 +0%10 £0V04

(Apy and A“G in this and all following tables, are in units of seconds of arc
on the great circle per century.)

The agreement is reasonably good and confirms the relative motion of the two
clusters to one another by two completely independent sets of data. Another
example of the idea to confirm astrometric results concerning isolated objects
and to establish connections is this: there is a star in the neighborhood of h
and x Persei with a very large proper motion, whose exact magnitude is of spe-
cial interest, for reasons conerning galactic kinematics, etc. In this case,
there were two independent investigations. The proper motion of the star has
been determined by Meurers and Askoy (1960) and then, in another investigation,
by Meurers and Voosholz (1968). In each case the plate material is different,
but the telescope was the same. The results are:

ua Hs
M &A +17%09 -2"19
M&YV +17%60 =2V44
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FIGURE 2

Proper motions of bright M stars around h and
Persei according to two independent series of measure-
ments (different plates and observers). The double
arrow is the motion of x Persei.

On the basis of these two independent measurements, the motion of this star
seems to be very well established. The results from these two independent in-
vestigations concerning the whole field around the double cluster and the indi-
vidual motions of the clusters also agree rather well.

M & A M &V
Ha Hs Ha Hs
Field -0"05 ~0%03 ~0"01 -0"03
h -0"08 -0"03 +0107 -0%08
y -0"42 +0101 ~0"42 -0"'19

This is another example in which the results from independent investigations
are in good agreement and thus confirm their reliability. Some of the M stars
around h and yx Persei were also measured in both of these investigations,
and the results agree well, as shown in Figure 2. The arrows represent rela-
tive proper motions of the M stars which apparently is the same as that of
Persei. These independent measurements demonstrate thus that these M stars be-
long to y Persei, confirming thereby (through the distance of y Persei) the
luminosity, which had been predicted for them from astrophysical investigations.
The agreement between the absolute proper motions of h and y Persei, based
on the investigations by Dieckvoss (1955) on_the one hand, and Meurers and
Voosholz on the other, is equally impressive since in those investigations ob-
_servers, plates, telescope , and measuring machines were all different.
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Proper motion (velocity diagrams) of NGC 6838 according to two independent series of
measurements (different refractors and plates).

h - Persei

D -0'02 +0%709 +0%51 +0V07

M&vV -0%V04 +0V16 +0%20 +0%V08
X — Persei

D -0v21 *0V09 +0V61 +0V08

M &V -0%v22 +0V01 +0\58 +0V05

One final example: NGC 6838 may be either a globular or an open cluster.
Its absolute proper motions were investigated on the basis of two independent
sets of measurements by Meurers and Prochazka (1969), made at the Large Refrac-
tors at Bonn and Vienna respectively. Absolute proper motions of the cluster
were determined first with the Bonn refractor alone from two old and two new
plates, then with the Bonn and Vienna refractor from two old Bonn and two new
Vienna plates. The results agree well within their errors:

Bonn alone Bonn and Vienna
H, +0%28 +0%19 +0V34 +0%V19
M -0"78 +0V26 -0'%91 +0%26
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They also show that the Vienna Large Refractor, previously not used for photo-
graphic astrometric work, yields the same results as Bonn and was in this way
(and also on the basis of other comparisons) shown to be suitable for photograph-
ic astrometric work. These two independent measurements of the absolute proper
motions of NGC 6838 demonstrate also that .the cluster's motion is directed to-
ward the antapex, and therefore it is extremely probable that the cluster is a
galactic one. (See Figure 3)

CONCLUSION

The reliability of, and confidence in astrometric results is, in the au-
thor's opinion, greatly strengthened by the comparison of measurements which are
based on independent instruments and observers which should become more prevalent
in the future. It is moreover necessary to test each new mirror system for a-
strometric work, whenever possible, by comparison of results obtained with it,
with those obtained from preferably several independent measurements of single
objects. This is planned for the new Ritchey-Chrétien telescope of the L. Figl
Observatory, whose performance will be tested at first by comparing it with other
instruments, mirrors and refractors, especially with the Large Refractors at
Vienna and Bonn, as well as with the excellent astrometric mirrors in the USA.
Results obtained on new systems must be compared with those obtained on other al-
ready existing modern astrometric telescopes, in order to minimize systematic er-
rors in future work. The author would thus propose that the modern astrometric
mirror systems should be "harmonized" one to another, i.e., that the relation-
ships of their field properties should be established very carefully. We suggest
the concept of a world wide net of large astrometric mirrors. The relationships
between the properties of their fields should be known as accurately as possible
so that on any one of these instruments the same problems may be attacked on the
basis of highly reliable, independent measurements.

This world wide net of astrometric mirrors, '"harmonized" on to another re-
quires, and this idea is not a new one, a system of calibrating fields on the
sphere, something of the type of, but not as numerous as the Selected Areas. In
these fields the positions of stars as faint as possible should be determined as
exactly as possible for calibrating the mirrors of the network. This would also
be the fastest and most efficient method to investigate the field properties of
the individual mirror systems.

The author also suggest that today, astrometric work on the basis of modern
mirrors, in order to achieve optimum results, should be organized on a world
wide basis, including the observations of artificial satellites. The establish-
ment of the new Vienna telescope will be attempted with these considerations in
mind. However, not everybody will agree with the author's propositions and sug-
gestions.

The special long range scientific plans for the Ritchey-Chrétien reflector
of the L. Figl Observatory essentially are geared to the above mentioned concepts
Other things can be done even now: the small field of the Ritchey-Chrétien re-
quires the determinations of the positions of faint reference stars from, for
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instance, the AGK3 or the Yale Catalogues. An example for this is the investi-
gation of M56 by Kustner (1920). Measurements of proper motions, especially of

faint objects, are the '"natural" domain for such systems.

The establishment of plate archives for the future, especially of the Milk-
v Way clouds, is also worth mentioning. Note, however, that the establishment
of plate archives for astrometric work is always overshadowed by the uncertain-
ty of which objects' proper motions will eventually be needed. One telescope
alone, after all, cannot cover the whole sky, or even the Milky Way. However,
this could perhaps be realized. Only in this way will astrometry maintain its
position within astronomy at large, especially within astrophysics which, after
all, is traditiomally the "proper domain" of the mirrors.
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DISCUSSION

Murray : I agree with the speaker that the results from refractors and reflectors should be com-
pared to obtain information about the color and magnitude equations of the two systems.
Also, how do the proper motions of h and x Persei differ with regard to different
reference frames?

Meurers i Two different, but numerous sets of reference stars were used for the two sets of com-

putations, but there are so many reference stars that there should not be any signifi-
cant differences. For the absolute motions we took Dieckvoss' reference stars.
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Dieckvoss : The reference stars used at Hamburg are on the FK3 system.

Strand : About six or seven years ago I compared the parallaxes obtained from plates taken at the
Cassegrain focus by van Maarnen with the 60 inch Mt. Wilson reflector (whose configura-
tion s well known for its stability) with the parallaxes obtained at various refrac-
tors. The agreement between the values from the two sets was excellent, and the errors
also were about the same.

Murray :  (Asking Str:zmd): Several years ago, some cluster plates were taken on the 40 inch Rit-
chey-Chrétien of the USNO. Are these going to be used to proper motion studies?

Strand : Probably not. Tests have shown that the plates taken at the Ritchey-Chrétien are not
very well suited for astrometry of this kind. Moreover, the present glass mirrors
will be replaced with new opties made of ultra-low expansion silica by Corning.

Fredrick : Would the Vienna Observatory be willing to furnish a set of overlapping plates of the
Praesepe, both with and without grating, for the purpose of establishing a calibration
field?

Meurers : Yes.
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AUTOMATIC PLATE MENSURATION AND REDUCTION
AT AERONAUTICAL CHART AND INFORMATION CENTER

Thomas 0. Seppelin

Aeronautical Chart and Information Center

ABSTRACT

The use of optical satellite observation data for
geodetic purposes depends on the ability to extract
pertinent information from photographic plates by i-
dentifying points on the plates and correlating them
with known star positions for use in geodetic posi-
tioning. At the Aeronautical Chart and Information
Center (ACIC), this procedure is accomplished with
a new semi-automatic measuring system, an advanced
analytical plate reduction program for the IBM 7094
computer, and a triangulation qdjustment. The ad-
vantages gained with the measuring system, a brief
discussion of the system itself, and the plate re-
duction and triangulation adjustment are described.

The successful launching of the ANNA geodetic satellite into orbit in 1962
created a need for ballistic camera plate measurement, and for the reduction of
satellite observation data for geodetic purposes. The ACIC is responsible for
a major portion of the geodetic plate reduction supporting U.S. Air Force (USAF)
programs.

Ballistic camera plates are developed and forwarded with reduced timing in-
formation to the Center where they undergo a series of evaluation and reduction
processes. During the preliminary phase, the plate is plotted on a star chart;
images (star and satellite) are selected for reduction and coded to correlate
image measurements with exposure times; and four "index stars' are selected for
general plate orientation. The coordinates of the images are then measured.

From the very beginning of the operation, the ACIC staff was aware of the
several well known significant error sources or excessive cost, especially in
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terms of time: the setting error, operator fatigue, environmental control, and
the requirement for always approaching an image from the same direction to a-
void "backlash'". Therefore, they were comstantly looking for ways and means of
minimizing or eliminating these factors.

FIGURE 1

Type 1205 Semi-automatic Stellar Comparator

Eventually, a set of specifications was developed for the "Stellar Compara-
tor" - a semi-automatic measuring instrument designed to satisfy the requirements
of ACIC. The specifications were submitted to manufacturers, and the David Mann
Company was finally selected to fabricate the equipment which was delivered in
December, 1965.

Basically, the Stellar Comparator comnsists of an air-bearing measuring en-
gine, environmental control, an optical system, and an electronic image sensing
system with servomechanisms to control motions. The 10 x 10 inch measuring
area accepts both positive or negative glass plates and film as large as 10 1/2

x 10 1/2 inches ranging from .0025 to 1/2 inches in thickness.

The output consists of x and y Cartesian coordinates in microns for the
images measured, 18 additional digits for identification and recovery, and a 6
digit frame count. Output is automatically recorded on standard 80 column cards
with an IBM 526 keypunch. Although the comparator is designed for semi-automatic
operation, it may be manually operated at the measurer's discretion.

The measuring engine is similar to a standard two-coordinate screw compara-
tor. However, air bearings support both the x and y plate stages for maxi-
mum stability without detrimental load shifting. Since the location and config-
uration of the machine make direct dial reading impractical, the dial presenta-
tions are relayed optically to the operator's position at the console.
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The screws, whose pitches are one millimeter, are mounted in high preci-
sion bearings and equipped at one end with the optical dial reading system and
a servo drive mechanism.

The illumination system provides a field of light of uniform intemnsity for
the projection systems. A built-in spherical reflecting mirror directs the
light from an air-cooled 500 watt projection lamp through a set of condenser
lenses. The infrared portions of the spectrum are removed by a filter and de-
flected to a heat sink to minimize the heat at the film gate. Only the blue
and green portions of the light beam are used for the photoelectric and projec-
tion systems. The remainder of visible light is removed by a system of filters
to further reduce the heat generated within the system.

The photoelectric setting system which consists of an optical and an elec-
tric sub-system automatically sets the film stage so that the center of an im-
age -~ 20 to 450 microns large - is located in the center of the optical system.
This is done as follows: the optical system automatically scans an area, mea-
sures the displacement of the image from the optical axes, and generates an e-
lectric signal proportional to the size and displacement of the image. The e-
lectronic system converts this signal into a display on the scope and another
signal to drive the servomotors which center the image.

In the semi-automatic mode, thestage movement is controlled by a joy stick.
The selected image is brought into any of the three scan areas - concentric
circles 500, 250 and 125 microns in diameter - the operator presses a button on
the comnsole to automatically lock on the image center and activate the digitiz-
ing device to read out the coordinates and any related special purpose data in-
dicated by the operator. Coordinated axis curves, displayed on an oscilloscope,
permit the operator to verify that the image center has been recorded. Unless
the equipment is properly centered, the curves will not coincide.

In the manual mode, the image is centered by manipulating x and y axis
hand dials to set the image center on a projected reticle. The oscilloscope
display is then used to accomplish the final image centering.

The viewing screen is approximately 25 x 25 inches in size. A clear line
reticule, adjusted to coincide with the photoelectric center position, is pro-
jected on the viewing screen., The image on the film plane is projected on the
screen through a system of mirrors reflecting the green portion of the illumin-
ation.

A climate controlling system is linked to the instrument housing to pro-
vide a steady flow of dust and lint free air of constant temperature and humid-
ity for the measuring engine area, the photoelectric system, and the plate stor-
age area. This also furnishes an '"air wash" which insures against any foreign
particles settling on the plate being measured. A variety of safety devices,
built into the equipment, guard it against damage from extreme external heat or

humidity.
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The Stellar Comparator described above has .been in operation at ACIC for
more than four years. The experiences with it exceeded by far the expectationms.
The automatic centering device measures coordinates with an accuracy of one mi-
cron and cuts reading time from the five to six hours required with a manual
system to less than one hour, and fatigue is no longer a problem. Even when
operated in the manual mode, the Stellar Comparator is free of "backlash" to
the extent that it is no longer necessary to always approach the image from the
same direction. The control and viewing system provide convenient and easy
operation. And the internal climate control permits a flexibility in machine
location not possible before and makes the machine more easily accessible.

The measured x and y plate coordinates then become major input for the
Plate Reduction Program, whose features are described below:

Camera calibration.— Periodically each camera is calibrated to determine
distortion coefficients and focal length. For this purpose, the measured coor-
dinates of about 200 star images from a plate exposed in the camera to be cali-
brated are used to determine the coefficients of radial lens distortion, decen-
tering distortion, and the focal length of the camera.

Computing the Astronomical Refraction According to Garfinkel.- It has been

known for a long time that the elements of orientation resulting from a stellar
calibration can readily compensate for moderate errors in the refraction cor-

rections applied to the stellar directions. 1In view of these compensatory ca-
pabilities, the computed refraction coefficients are adequate for zenith di-
stances as great as 70°.

During this phase, the measurements are also freed from the effects of ra-
dial and decentering distortion.

Automatic star identification (ID). - Essentially the star ID program ac-
complishes the following:

(1) Calculates preliminary values of azimuth (AZ), altitude (EL), and roll,
based on four index stars identified manually before plate measurement.

(2) Computes from these the direction cosines of the camera axis.

(3) Converts the measured plate coordinates of the remaining reference
stars to the right ascensions (RA) and declinations (DEC), using the direction
cosines for the camera axis calculated in (2)

(4) Determines the maximum and minimum limits for RA and DEC to define the
search area.

(5) Performs the star identification.

(6) Calculates apparent star coordinates for the epoch of observation.

(7) Computes weights for the catalogued reference star positions from in-
formation in the star catalogue which is on tape and accessible to the opera-
tion.

(8) When the catalogue based apparent coordinates of the reference stars
and those computed in (3) from the measurements exceed a pre-determined limit,
the star concerned is rejected.

Data preparation. — A routine which prepares data for the orientation ad-.
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justment to follow. Previously determined Garfinkel refraction terms are used
to convert the apparent star positions to the observed positions.

Preliminary orientation adjustment. - In this phase, very good approxima-
tions for AZ, EL, roll and principal point coordinates, and focal length are com—
puted. All of the corrected star coordinates which were not lost in star ID (8)
are used in the adjustment. Editing of the measurement data (X and Y coordi-
nates) is accomplished by eliminating the X and Y coordinates having the greatest
residual errors at the end of each iteration.

General analytical plate reduction. - Final orientation parameters are next
determined, together iwth corrections to the refraction coefficients and to the
catalogued positions of the stars. 1In this adjustment, the catalogue values of
the RA and DEC are not regarded as known input parameters, as they are in the
preliminary orientation. The adjustment rather treats both plate measurements
and catalogue positions as observations and thus affected by random errors.

For each of the above described iterations, unweighted errors in each X
and Y measurement, their mean value, unweighted errors in each star RA and DEC,
and their mean value are computed. Finally, the weighted mean error of mea-
surements and star coordinates are obtained.

Computation of the azimuth, altitude, right ascension and declination of the
satellite. — With the direction cosines of the camera axis obtained by the final
adjusted orientation parameters, azimuth and altitude of each satellite image
are calculated from the measured plate coordinates of the satellite images and
converted to right ascension and declination.

Also performed is the error propagation for azimuth, altitude, right ascen-—
sion and declination. The celestial coordinates determined for the satellite
points are topocentric right ascensions and declinations referred to the epoch
reckoned in UT1 of the satellite observation. The correction for parallactic re-
fraction is applied before the final horizon system coordinates are computed.

Phase angle. — Images of a passive satellite must be corrected for phase
angle effect, to refer the observation to the satellite's center, and the epoch
must be corrected for the light time from satellite to statiom.

The phase angle program furthermore fits an overlapping interval of obser-
vations from two or more stations to polynomials and produces simultaneous data
at a specified number of equal intervals of time. Two polynomials are formed
for the reduced data from each plate - one for the RA and one for the DEC.

The adjusted information from the Plate Reduction Program is then used in
the Method of Intersecting Planes to derive station positioms.

113



In the diagram, Mi and are camera stations which have observed the
satellite flash 8§, simultaneously. The unit vectors a and b represent the
observed direction® from M, to . and M; to Sj s, respectively. Vector c¢
points in the direction of the chor& from statlon M; to Mg and is a functidén
of the station coordinates.

The apparent topocentric tight ascension (o) and declination (8) are the
observed directions used by ACIC. The observation time (UT1) is converted to
apparent Greenwich sidereal time (y) and all observations are referred to the
Greenwich meridian through the angle G = o - y , which is the negative Green-
wich hour angle of the object.

Basic condition and Equation. - Development of the mathematical formulation
for the method of intersecting planes starts with the basic condition that a ,
b, and c¢ , are coplanar; we have

a x b +« ¢ =20 (D

The components of the ¢ are:

The a and b are transformed from the equator system to which they are
originally referred, to the geocentric system that refers to the mean geocentric

north pole of 1903.0 . After that, a x b +« ¢ = 0 becomes equivalent to
AX; - Xk) + B(Y; - Yk) + C(Z; - Zy) = 0. (2)
where:
= tr - un
= um - ST
= sn - tm
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with

m = cosd, cosG, + R,
i i i

n = cosd. sinG. + S,
i i i

r = sind., + T.
i i

s = cosék cosGk + Rk

t = coscSk sinGk + Sk

u sinGk + Tk

where i refers to unknown and k to either known or unknown quantities.

Furthermore
R = x sind
p
S = - siné
yP
T = —xp cos§ cosG + yp cos$ sinG

where X5 and yp Trepresent the polar motion (in radians).

Observation equations. - For the actual least squares adjustment, the ba-
sic equation (2) is expanded into two first order series expressions so that
two different observational situations or cases can be utilized.

Case 1: Simultaneous observation of a flash from two unknown stations, i
and k .

- - - | -
AMX, + BAY,i + CAzi AAxk BAYk CAzk + 1 0 (3)

where:

1= - - -
1" = A(X;-X) + B(Y,-Y) + C(2,-2))
The approximate latitude, longtitude, and height of the unknown stations
are used to compute X, , Yi ’ Zi and X, , Y. , Z . Approximate coordi-
nates should be known to the neareSt minute of arc or better with respect to the

datum of the known stations.

Case 2: Simultaneous observations from one unknown (i) and one known (k)
station.

AAX, + BAY, + CAZ, + 12 = 0 %)
1 1 1
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where:

12 = A(Xi-Xk) + B(Yi_—Yk) + c(zi-zk)

The adjustment, as presently programmed at ACIC for the IBM 7094, will
handle a maximum of twenty unknowns and ten knowns. However, there is no prac-
tical limit to the number of observations which can be included in a solution
because the satellite positions are not computed and, therefore, the matrix to
be inverted remains at the sixty by sixty size for the maximum of twenty un-
known stations.

Results from the ACIC reduction have proven to be geodetically sound. The
entire procedure has been used successfully not only with data from the USAF
PC-1000 ballistic camera but also with combined data from the PC~1000 and BC-4
camera used by the U.S. Coast and Geodetic Survey.

DISCUSSION

Strand Are the images ever so densely distributed that they interfere with the image on

whicn you are centering?

Seppelin ! Yes, in the sense that sometimes double stars are not sufficiently widely separated
and thus are not measurable. The satellite images are, however, more widely spaced
and present no problem.

Strand P What is the increase in accuracy as compared to that of manual measurement?

Seppelin ! The r.m.s. error of one measurement is about 1.1u or less. This represents an im-
provement of about 30% to 40% as compared to the manual mode in a normal production
operation. The automatic comparator is operative 95% of the time, the balance goes
mostly to preventative maintenance.

Brown ' I would recommend the direct computation of the coordinates of the flash points in
the reduction above the intersecting plane method. The computing labor in cownection
with it grows only linearly with the number of flash points, while the reduction by
means of the intersecting plane method becomes involved, cumbersome and mistake prone
whenever more than two observing stations are involved.

Rosenfield P Who made the grid used with the ACIC machine, and who calibrated it?

Seppelin ! David Mann Co. made it, and it was calibrated by them against a National Bureau of
Standards bar.

Dieckvoss : You chop the satellite trail into several images in order to guard against the in-
fluence of scintillation. Would the influence of the chopping shutter delay produce
an apparent shift of the chopped satellite images in the direction of motion?

Seppelin * Scintillation affects both azimuth and altitude randomly. The normal exposures used
for recording stellar control point images are exposed sufficiently long to (.3° to
25) average out scintillation effects which produce only somewhat enlarged images of
the stellar points. On the other hand, flashes or chops of extremely short duration
(a few milliseconds), are frozen in their displaced "scintillated" position and hence
do not average out in time. This may result in position errors of about 1.5 microns.
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Are the measuring machines used at the Avmy Map Service and the ACIC identical?
Yes, except for minor differences.

How do you achieve the reduction of the measuring time from one plate from about five
hours to a half hour? Furthermore, does the machine measuve the interruptions in a
star trail, or only round images?

The machine measures round images, and we select, for the sake of consistency, images
whose size is the same as that of the satellite trail. The saving in measuring time
is achieved by measuring the plate in one position only, by using only one measurer,
and due to the fact that on our machine the travel time from one gstar to the next is
greatly reduced. On one plate we measure between 200 and 300 images. Even consider-
ing the preparation of the plate for measuring, the automatic machine mode is alto-
gether 10 times as fast as the manual mode.

Do you control the temperature in the measuring room?

Yes, the measuring engine enclosure is controlled to within about one degree around
70° F.

Do you get any noticeable effect from the cooling of the plate when it is imserted
into the machine directly?

No, because we store the plates inside the measuring engine enclosure for one hour
before starting to measure them.

Have you compared the measurements of the same stars after the plate was rotated in
its plane by 180° ?

Yes, exhaustively. We found no significant differences.

: Do you express the coordinates of the optical center in temns of altitude and azimuth

or in terms of right ascension and declination? If you use the former, you need ap-

proximate station coordinates to compute them.

: We use approxzimate station coordinates for the computation of the three so-called ex-

tertor elements, namely azimuth, altitude and parallactic angle.

: I wonder if the thus necessitated use of inaccurate station coordinates is signifi-

cantly propagated into the results.

: Not as fa» as I can judge.
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THE REDUCTION OF THE NATIONAL AERONAUTICS AND SPACE
ADMINISTRATION PLATES AT THE NEW MEXICO STATE UNIVERSITY

Walter H. Haas

New Mexico State University

ABSTRACT

The method of reducing GEOS satellite plates at
New Mexico State University is described. The cata-
logue positions of stars, whose images were measured,
are updated to the time of the photographic observa-
tion. This process requires the customary corrections
for precession, proper motion, nutation, annual aber-
ration and diurnal aberration. The apparent star
places are corrected for astronomical refraction.
Plate constants are developed from a procedure descri-
bed by Duane C. Brown. The plate measures are cor-
rected for symmetric radial lens distortion and for
the decentering distortion. The projective equations
are solved by an iterative procedure for eight parame-
ters defining the interior and exterior orientations.

The plate constants are then used to compute the
positions of the seven (or fewer) flashing light i-
mages which were measured. These are corrected for
refraction, parallax, and radial and decentering lens
distortions. With sidereally tracking cameras, the
exterior ovientation 1s further corrected to the time
of the particular flash, and the change of refraction
with time is allowed for. First and second differ-
ences and standard deviations and covariances for the
Flashing light images are developed as a measure of
aceuracy.

The procedures adopted for the reduction of the GEOS satellite plates fol-
low closely those developed over the last years by D. Brown. We had, previously
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to the adoption of the present methods, used an "astrometric" reduction, which
originally had been developed for the reduction of the plates taken in connection
with the minitrack program. When the GEOS program started, we made several
tests on these sidereally driven plates, comparing the results obtained by re-
ducing them with "astrometric" and "photogrammetric' procedures. These test
plates used were taken over a considerable range in angular elevation, and also
in high declinations. The "photogrammetric" reductions produced results of

about 207 better accuracy than the "astrometric" ones, and were therefore a-
dopted as standard procedure. The computer presently used is an IBM 360/30.

Our source of reference star positions is the SAO Star Catalog stored on a disc.
This proved to be a very effective saver of search time.

The reduction procedure works essentially as follows:

First, the reference stars whose images were measured on a particular plate
are identified. The catalogue is searched for their positions. TFrom the cata-
logued positions, the observed positions for the epoch of the observations must
be calculated. This is done in several steps that will be described below.
These catalogue derived reference star data are merged with the stars' measured
positions (about 40 to 50 on each plate), and from all this, the reduction par-
ameters for the particular plate are calculated by a least squares adjustment
with a number of iterations. The final reduction parameters (plate constants)
are then used to derive the positions of the satellite at the time of the
flashes as final results of this operation.

In detail, then, the stars are identified by placing the plates over BD
charts. For the convenience of the measurers, the star images are circled,
while those of the satellite images which were selected for measurement are
enclosed in triangles. (The location of the satellite images on these sider-
eally driven plates is often difficult.) The plates are measured manually on a
Mann two-screw measuring machine (pitch lmm., screw length 265 and 250mm., re-
spectively) with a binocular eyepiece. 