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ABSTRACT

The 120-foot-diameter Haystack antenna operates at X-band and is used for satellite
communications, radio astronomy, and radar astronomy. Haystack will be used to study
stars, planets, the sun, the moon, and earth satellites. In order to point the antenna
to within 1/10 beamwidth (22 seconds of arc) and to provide flexible control and data
processing for diverse users, a digital computer has been tightly integrated into the
control system. The parameters of an experiment and computer control are arranged
via simple operator discourse through a keyboard/printer. The computer system can
simultaneously direct the antenna, process receiver signal data, drive convenient op-
erator displays, and permit operator discourse. Thus, processed signal data may be ob-
served in real time, and modifications to the experiment may be rapidly implemented.

The computer control system has been completed and is in full operation.

Accepted for the Air Force
Franklin C. Hudson
Chief, Lincoln Laboratory Office
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Fig. 1. Aerial view of Haystack Microwave Research Facility.
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THE HAYSTACK COMPUTER CONTROL SYSTEM

I. INTRODUCTION

The Haystack Microwave Research Facility in Tyngsboro, Massachusetts, is operated by
Lincoln Laboratory as a ground terminal for military communications, radar astronomy, and
radio astronomy experiments.1 An aerial view of the Facility is shown in Fig.1. The Facility
is centered around a 150-foot-diameter rigid space-frame radome (Fig. 2) which contains a
steerable 120-foot-diameter parabolic antenna with an X-band (8-Gceps) half-power beamwidth
of about 0.06 degree. The half-power beamwidth values at 8, 16, and 32Gcps are shown in
Fig. 3.

For most applications, it is necessary to steer the antenna with a precision on the order of
1/10 beamwidth or 0.006 degree; the system provides this high precision at azimuth and eleva-
tion rates up to about 1 degree per second. In addition, the antenna can be slewed at rates to
about 3 degrees per second with lower precision. To control the antenna, a sophisticated dig-
ital computer system is tightly integrated into the Haystack Facility. While this computer sys-
tem is primarily intended for "pointing" control of the antenna, it is also used for simultaneous
real-time signal processing.

Although computers have been used in numerous instances for antenna control and/or signal
processing,z'6 the Haystack computer control system is unusual in several important respects.
First, the very narrow beamwidth and high angular rates required that careful attention be given
to each of the components of the control system. Moreover, because the system was designed
to be used by many people of varying backgrounds, great flexibility in pointing control was pro-
vided, and special attention was paid to the man-machine interface for convenient control of the
facility by an operator. Control is obtained by interaction between the operator and the computer
through a keyboard/printer, and this interaction employs normal English language and standard
mathematical notation. The system permits real-time parameter and control modification by an
operator while simultaneously directing the antenna, recording data, processing signals, and
providing a multiplicity of display and control functions. The computer system, employing a
Univac 490, is a private, integral, and essential part of the Facility. In many other installa-
tions, a sizable computer has represented too valuable an asset for primary assignment to real-
time control of an antenna facility. The Haystack computer program system involves almost
60,000 locations and represents an unusual investment in computer control capability.

The functional characteristics of the system are described in Sec.II. The equipment con-

figuration-and the approach to man-machine communication are described in Secs. III and IV.




Fig. 2. Placement of antenna within radome. Fig. 3. Half-power beamwidth values
at 8, 16, and 32 Geps.

Finally, the report presents the program organization and a more detailed examination of certain

major program sequences.

II. FUNCTIONAL DESCRIPTION

The Haystack system can direct the antenna at earth satellites; at stars, planets, the moon,
and the sun; and at specific locations in celestial coordinates or azimuth-elevation coordinates.
Around any such chosen point, a wide variety of superposed corrections, excursions, scans, or
search patterns may be generated. Such modifications to the basic object position may be used
for mapping sections of the sky, studying the lunar surface, mapping the energy distribution of
a radio source, acquiring satellites, testing the antenna systems, etc. After such a superposi-
tion generates a desired position for the beam at a specific instant of time, additional bias is
added to correct for refraction and for any known errors due to structural deformation. The re-
sulting angles are further adjusted to compensate for known deficiencies in the analog servo sys-
tem. In the case of planets, the angular computations take into account travel-time considerations.

The computer system furnishes the antenna system with estimates of an object's position in
azimuth and elevation. Similarly, the computer system furnishes radar receiver systems with
computed estimates of range and Doppler. In return, the measured antenna position, range,
and Doppler are fed back into the computer. The phrase "pointing system" is used to imply that
the primary operating mode involves open-loop computer generation of command angles, and
range and Doppler from a priori information (such as orbital elements or planetary ®phemerides).
Measured angles, range, and Doppler are used to "close the loop" within the general-purpose
computer only in certain satellite acquisition modes. Measured data are recorded and used by
signal-processing programs. When the antenna is being pointed by the computer, the command

angles enter a closed-loop digital/analog servo system which produces the actual antenna motion.




A system goal has been to achieve an over-all angular pointing precision of about 1/10 beam-
width, or 22 seconds of arc. In order to contribute as little as possible to this error budget,
the computational angular precision has been held to better than one second of arc for stars,
planets, the moon, and the sun. In the case of earth satellites, the computational precision is
equally good, but the actual output precision is primarily dependent on instantaneous knowledge
of orbit parameters (a black art), and the errors are usually much greater. (In order to per-
mit the use of Haystack for tracking earth satellites, an acquisition search pattern technique
has been included in the pointing program.)

Although the pointing system is intended primarily for real-time control of the antenna, it
is also possible to use the system in a planning mode. The mode is arranged to permit high-
speed generation and printing of complete ephemeris data for past or future times or dates.

Such a mode is important for studying data previously obtained and for planning the details of
future experiments.

The pointing system is normally used with the Haystack 120-foot antenna. However, inter-
site coupling links have been installed to connect the Haystack site to two other nearby antenna
sites operated by Lincoln Laboratory. This arrangement permits the simultaneous direction of
three large antennas at a single target. The coupling links have been so arranged that the pa-
rameters of a given pointing experiment may actually be controlled directly via a teletype link
into the pointing computer from each of the two remote antenna sites.

Although pointing is a primary task, the Haystack facility, as a whole, is intended to obtain
data while pointing. Usually, experimental work requires nontrivial processing of data received
during real time in order to obtain useful results. Also, such processing must usually take into
account the precise position of the antenna when the data were obtained. Thus, the pointing com-
puter is used also to process incoming signal data in real time, to record such data in conjunction
with instantaneous antenna status and position, and to generate computed outputs for operators in
real time while the experiment is in progress. The availability of computer-processed signal
data in real time is a valuable aid to the experimenter: it permits immediate detection of mal-
function as well as experiment modification based on partial results. The computer has been
used for data processing in this manner for analysis of radiometric data and data obtained in
radar astronomy experiments.

In a system as complex as the Haystack facility, trouble shooting and performance charac-
terization are difficult and important aspects of site operations. Since the computer is available,
it may be used for trouble shooting and performance measurements. Programs to measure servo
characteristics by means of suitable forcing functions, along with data analysis and recording,
have been provided. Also, in normal real-time operation a computer-driven strip chart recorder
is used to monitor servo performance.

In case of malfunction, the pointing system also includes a number of alternate backup fa-
cilities (including crude analog controls) for directing the antenna. Moreover, the backup con-

trols are integrated to permit simple control of the system by an operator.

III. EQUIPMENT CONFIGURATION
A. General

The Haystack Facility includes many extensive equipment systems. This report considers

only the antenna pointing control system and those other subsystems that are intimately related




to the Univac 490 control computer. The focal point for this discussion is the computer and its

various connections with the environment. Each subsystem that interacts with the computer is

lightly treated; later, additional attention is paid to (1) the primary pointing control mechaniza-
tion, and (2) the handling of real-time received signal inputs.7

Fig. 4. Computer room and
control console.

The Univac 490 digital computer was chosen in 1961, and is well suited for complex real-
time control operations because of its adequate speed, flexibility, and sophisticated input-output
system. It includes fourteen input channels and fourteen output channels. Each channel per-
mits fully buffered block transfers of data with provisions for internal interrupts upon comple-
tion of the transfers. External interrupts, which can be generated by the peripheral gear, are
also allowed on the standard channels (2 through 13). The primary mode of data transfer con-
trol on the in-out channels is via data input or output requests generated by the peripheral equip-
ment. However, the computer has the option of sampling the data on the standard input channels,
or of forcing an output on the standard output channels even when there is no request. (Channels
0 and 1 were designed for computer-to-computer communications and are somewhat different in
construction and operation. External interrupts are not allowed, and there are no provisions
for sampling the input or for forcing an output when there are no external requests) The ma-
chine is equipped with 32,768 registers of 6-usec cycle time, a 30-bit word length core mem-
ory, and a large instruction repertoire. Input and output data are handled in full 30-bit words.
More detailed characteristics of this computer are summarized in Appendix A. A view of the
computer room with the main antenna control console in the foreground is shown in Fig. 4.

Figure 5 shows a general block diagram of the subsystems connected to the computer, and
special attention is paid to the various pieces of equipment that comprise the pointing system.
Much of the discussion of the equipment will refer to this diagram.

B. Interconnecting Subsystems
1. Standard Peripheral Gear

The standard Univac peripheral units that are connected to the computer are: (a) a magnetic

tape subsystem with four 556-lines-per-inch, 142.5 inches-per-second Uniservo IIIC drives;
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(b) a paper tape subsystem, including a punch and photoelectric reader; (c) a high-speed (600
lines per minute) line printer subsystem; and (d) two type 8009 control consoles, each of which
includes a keyboard and teletype printer. Each subsystem uses both an input and an output

channel ®

2. Antenna Pointing

The major units that are associated with antenna pointing are shown as blocks in Fig. 5.
These include the pointing console, computer consoles, digital controls, digital-to-analog con-
verters, servos, encoders, synchros, monopulse angle estimator, and display translator. The
pointing system is controlled from the pointing console and the computer console, which are lo-
cated together in the main facility control room. Figures 6 and 7 show close-ups of these con-
soles. The pointing console contains mode-selection switches, handwheels for manual control,

a general-purpose oscilloscope, and Nixie displays of time, antenna command angles, actual
antenna position angles, manual bias angles, right ascension (RA), declination (DEC), and local-
hour angle (LHA). The displays of RA, DEC, and LHA are driven directly by the computer
through the output signal interface, and the other displays are driven by the digital control sub-
systems and the real-time clock via the display translator.

The control systems for azimuth and elevation axes are independent in operation, and two
independent sets of mode switches are included on the console. These switches allow for select-
ing one of the following modes for each axis: computer digital, manual scan, manual synchro,
or autotrack. All normal use of the facility employs the computer digital mode or the autotrack
mode; the other modes provide backup and emergency control (or may be used in special situa-
tions). When operating in the computer digital mode, the computer generates the pointing angles
for the antenna and transfers them to the digital control system at a rate of 250 per second.
Manual biases, controlled by console handwheels driving digital incremental encoders, are dig-
itally superimposed upon these computer outputs to produce a digital command angle for the
antenna. This command angle is digitally compared with the actual antenna angle, as measured
by the encoder for that axis, and a digital error angle is produced. This error angle is converted
by the digital-to-analog converter to produce an analog error signal suitable for driving the servo
system. This mode of operation is discussed in greater detail in Sec. III-C. The other two dig-
ital modes of operation are identical, except for the generation of the command angle. When
operating in the manual digital mode, the command angle is entirely controlled by the same con-
sole handwheels as those used for bias control in the computer digital mode. When operating
in the manual scan mode, the command angle is composed of two components: one is the center
of scan angle, which is manually controlled by the console handwheel; the other is an instanta-
neous scan component, which is generated by special-purpose digital circuitry and is based on
manual console selections of amplitude and rate.

The analog modes of control include manual synchro and autotrack.l The manual synchro
mode is primarily an emergency backup for the digital pointing system. For each axis, there
is a synchro on the antenna mount and a corresponding handwheel-controlled synchro in the point-
ing console. These units generate an error signal that is fed directly into the servo. The auto-

track mode allows the monopulse angle estimator to track a radar target automatically once it

* Further information on these standard units may be found in Univac Technical Bulletins: UT3405, "Univac 490
Uniservo IIC Magnetic Tape Subsystem'; UT3413, "Univac 490 Paper Tape Subsystem"; and UT2471, "High-
Speed Printer Subsystem."”

t The autotrack system was not operational as of 1 July 1965,




has been acquired. This system generates azimuth and elevation analog error signals that are
used as inputs to the servos. These error signals are also digitalized and made available to the
computer on spare input bits in two of the computer input channels.

In all modes, the actual azimuth and elevation angles of the antenna as measured by the en-
coders are made available to the computer at a 250-cps rate.

As shown in Fig. 5, two computer consoles are connected to the computer through a switch.
One of these consoles is located in the computer area near the computer maintenance panel and
is employed when the computer is being used for purposes other than for antenna pointing oper-
ations. The other console is located next to the pointing console and is used for pointing program

control during normal experiments. Only one of these consoles can be active at a time.

3. Intersite Coupling

The intersite coupling subsystem provides a connection between the Univac 490 computer
at Haystack and two other nearby antenna sites operated by Lincoln Laboratory (West Ford Com-
munications Sitez'3 and Millstone Hill radare). The link to West Ford transmits azimuth,
elevation, Doppler, and range commands to the pointing equipment at that site. These commands
are contained in three computer words, and the bits are transmitted in serial over telephone
lines at a 2-kcps bit rate, one set of command words being sent every 1/20 of a second. The
output to the Millstone link consists of four computer words that contain azimuth, elevation, range,
and Doppler commands. These commands are transmitted in serial over telephone lines at a
3-kcps rate, one command set being transmitted every 1/20 of a second. The only return-link
computer input from the West Ford site is an external interrupt that indicates a target detection.
There are six computer words of return-link computer input from the Millstone radar. These
words include: target range, target Doppler, target detection bit, elevation, elevation mono-
pulse error, azimuth, azimuth monopulse error, time, and target-return amplitude from the
two receivers. These data are transmitted from Millstone to Haystack in serial over telephone
lines at a 10-keps bit rate. The sets of data words are transmitted at the prf of the Millstone
radar (less than 30cps).

In conjunction with the intersite coupling subsystem, a remote teletype (TTY) console sub-
system was built to allow the pointing program to be controlled from either Millstone or West
Ford.g This subsystem consists of Teletype Model 28 send/receive sets at each of the sites,
and control and interface circuitry at the Haystack site. Each such remote teletype acts as a
remote "computer console.!" The inputs to the computer are 5-bit teletype character codes sent
from the TTY console keyboards via a telephone line. The outputs from the computer are in the
same format and are sent to the TTY console printers via another telephone line. The datatrans-

mission rate in either direction is 10 characters per second.

4. Real-Time Clock

The real-time clock is driven by a crystal oscillator (which is phase-locked to the site
rubidium vapor frequency standard) and can be synchronized to real time to within 100 micro-
seconds by using a WWYV time signal. It produces a binary-coded decimal output that is used
by the display translator to drive digital displays of GMT and EST. It also produces a binary
output, which is made available to the computer on input channel 7. The binary time 1s an un-

signed 30-bit word with a 100-usec least significant bit.




5. Sequential Doppler Processor

The sequential Doppler processor (SDP) shown in Fig. 5 is used with a radar having a 2-msec
pulse width. This subsystem can automatically Doppler track a target, or it can use computer=-
predicted Doppler for tracking. For each detectable target return, it generates a measured
Doppier value for input to the computer and for Doppler correction in the monopulse angle esti-
mator; it also generates a pulse that is used in the range encoder and tracker for range meas~
urement. The SDP requires a 21-bit binary Doppler command from the computer, and it pro-

duces a 21-bit binary measured Doppler value for input to the computer.

6. Range Encoder and Tracker

The range encoder and tracker works in conjunction with the SDP to measure and track the
range of a target. This subsystem can automatically range track, or it can use computer-
predicted range values. It generates a measured 25-bit binary range value for input to the com-
puter, and it also generates a tracking gate and a false-alarm gate for use in the SDP and the

monopulse angle estimator.

7. Output Signal Interface

The output signal interface subsystem is a demultiplexer that produces a 26-bit output data
word on any one of six output subchannels. (The highest-order 4 bits of the 30-bit computer out-
put word are used for subchannel selection) The timing on this channel is determined by the
pointing program because the outputs are not requested by the external equipment but are forced
out by the program using external function commands. Subchannel 1 is used by the program to
generate miscellaneous control or indicator signals for external equipment. Subchannels 2, 3,
and 6 carry outputs of right ascension, declination, and local-hour angle. These outputs are
used to drive Nixie displays located on the pointing console. Subchannel 4 is used to provide
control signals to the radiometer equipment, and subchannel 5 is used to control either a strip-
chart recorder or the CRT display on the pointing console. On this subchannel, four 6-bit digital-
to-analog converters are used to provide analog signals for four channels of the strip-chart re-
corder, or two 8-bit digital-to-analog converters are used to provide x- and y-deflection signals
for the CRT display.

8. Input Signal Interface

The input signal interface is used to accept signal input data from radar or radiometric re-
ceiver subsystems. Such a receiver subsystem may employ a "general-purpose" multiplexer
and an analog-to-digital converter that is associated with the interface equipment, or the re-
ceiver subsystem may provide parallel digital words directly to the interface. The general-
purpose arrangement includes an analog-to-digital converter with 20 addressable analog input
channels. This converter generates 15 bits of input data, which include 9 bits, plus a sign bit,
for the quantized analog input, and 5 bits to identify the analog channel. The remaining 15 com-
puter input bits can be used for input of digital quantities. Input signal handling is discussed

in greater detail in Sec. III-D.

9. Calcomp Digital Plotter

A Calcomp Model 564 digital incremental plotter is connected to the computer on output

channel 6. This plotter has a drum which is incrementally rotated to produce x-direction




plotting, and a carriage with a pen which is incrementally positioned to produce y-direction plot-
ting. The pen can also be raised and lowered on command from the computer. The size of the
increments in both x- and y-direction is 0.005 inch, and the speed is 18,000 steps per minute.

Plots up to 29% inches wide and 120 feet long can be produced.

10. Digital Autocorrelator

A digital autocorrelator is connected to the computer on input channel 6. This subsystem
produces in real time the autocorrelation function of an input signal. The input signal is sampled
at a rate up to 10 Mcps; at every 100 msec, one hundred points of the autocorrelation function
are transmitted to the computer. The computer can then integrate the data and perform a
Fourier transformation to get the power spectrum, which can be displayed on a CRT for use

by an operator.

C. Azimuth Control System

The azimuth and elevation control systems are essentially identical in organization and
operation, except for the limits of travel. The elevation travel is limited to approximately
92.5 degrees, whereas the azimuth travel is limited by the cable-wrap design to approximately
600 degrees (see Fig.8, which shows clockwise and counterclockwise overlap zones). For this
reason, the azimuth control system is slightly more complex in that, in addition to the angle,

a zone must also be defined to specify the position within the 600-degree limit. Figure 9 is a
diagram of that portion of the azimuth control system that is used in the computer control mode.
This system can be separated into the following major functional parts: the digital command
angle generation, the digital antenna angle measuring, and the error signal generation and an-
tenna drive.

The units associated with the pointing command generation are the azimuth interface, the
azimuth control generator, and the azimuth buffer translator (Fig. 9). Nineteen-bit pointing
angles are obtained from the computer through the interface to the control generator at a rate
of 250 angles per second. The format of these angles is binary parts of a circle, with the least
significant bit equal to 2.47 seconds of arc. The primary function of the interface is to match

the signals of the computer to the control generator, which uses a different type of circuitry.

N

CW ZONE 120°

MAIN LOOP 360°

Fig. 8. Azimuth travel zones.
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Fig. 9. Azimuth pointing system.

The control generators were constructed by Computer Control Company of Framingham, Massa-
chusetts and use its S-Pac digital logic modules. (These modules are widely used throughout
the Haystack digital systems*) The function of the control generator is to generate the command
angle by adding to the computer output the bias that has been selected by the operator at the
pointing console. Biases can be added in as little as 2.47 seconds of arc positive, or in negative
increments up to +360 degrees. The resulting command angle is delivered to the buffer trans-
lator, which stores this angle for use by the comparator apd the display translator.

The actual antenna angle is measured by an unusually precise phasolver encoder system,
which was designed and developed for the Haystack program by Telecomputing Corporation,
La Mesa, California. The anglg phasolver uses two electrostatically coupled, 8-inch-diameter
glass discs. One disc is directly coupled to the antenna shaft and rotates with the antenna; the
other disc is fixed to the encoder housing and remains stationary. The rotating disc contains
three sets of conductive patterns, which are paired sine waves displaced 90 degrees, and the
fixed disc contains the exciting and sensing patterns. The phasolver produces electrical phase
vector information from which the antenna angle can be determined by the associated quantizing
electronics. The output from the electronics is a digital 19-bit angle with a least significant
bit corresponding to 2.47 seconds of arc. The encoder system updates the antenna angle at a
rate of approximately 305.2 times per second. Included in the azimuth encoder system is the
zone-sensing circuitry. This circuitry produces a single bit, which indicates that the antenna
is either in the major 360-degree loop or in the clockwise or counterclockwise 120-degree
minor loops.

Included in the encoder electronics package are the comparator and the digital-to-analog
converter. The comparator has as its inputs the command angle from the buffer translator,
the antenna angle from the quantizing electronics, and the zone infdrmation; the output is a
signed digital error angle. The digital-to-analog converter transforms this digital error angle
into a 400-cycle analog error signal for driving the analog servo system. The magnitude of

the error is represented by the amplitude, and the direction by the phase as compared with a

*Further information on these modules may be found in Computer Control Company Catalog S-3, "S-Pac Digital
Logic Modules."
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reference 400-cycle signal. A 9-bit digital error input saturates the digital-to-analog converter
and produces the maximum analog error signal. The servo electronics performs phase detec-
tion, demodulation, and compensation, and produces a signal input for the valve amplifier. This
amplifier drives the torque motor, which is used to control the hydraulic valve in the drive system.
Two 20-hp hydraulic servo drive motors, which have extremely smooth low-speed charac-
teristics, are used to move the antenna in azimuth. These motors are connected to the antenna
through gearboxes that have an antibacklash gearing system. A tachometer, which produces a

signal used for rate compensation in the servo, is connected to one of the motors.

D. Signal Inputs

The two uses that are being made of the input signal interface (Fig. 5) are the radiometer
data input and the planetary radar data input. The radiometer data are fed to the computer via
a rather extensive special-purpose digital device, including several multiplexers and an analog-
to-digital converter. The planetary radar connection is simpler and uses the general-purpose

signal input analog-to-digital converter normally on channel 5 of the computer.

1. Radiometer

Figure 10 is a block diagram of the radiometer data-handling system. The input to the com-
puter from this system is asynchronous with other computer activities and consists of a 30-bit
digital word accompanied by an input request signal. The radiometer data-handling system is
used only to sample two radiometric receivers for inputs to the computer. However, the radiom-
eter system was designed to permit considerable expansion, as well as rudimentary operations,
without the use of the computer. It is thus possible to electronically multiplex 16 analog data

sources, to mechanically multiplex 50 analog test points, and to convert from analog to digital.

Toeessiz)_ DIGITAL DATA TO INPUT

[z 7 WORDS SIGNAL INTERFACE
30 30
BITS BITS

25 30
16 ANALOG . | ELECTRONIC [ANALOG a/0 BITS DIGITAL BITS [ peLav-LINE
DATA SOURCES MULTIPLEXER CONVERTER MULTIPLEXER MEMORY
DATA
ANALOG
50 ANALOG .| MECHANICAL CONTROL AU):’IAL‘F:RY
DATA SOURCES MULTIPLEXER UNIT RECORDERS

! ]

Fig. 10. Radiometer data-handling system.

The digital result may be further multiplexed with seven other 30-bit digital data sources. The
delay-line memory is used to store the output words from the digital multiplexer, and any com-
bination of these words can then be transferred to the computer through the input signal inter-
face. The auxiliary data recorders can be used for recording the radiometer data if the com-
puter is not available. The control unit generates the control signals required for proper oper-
ation and for sequencing the other units to produce and interlace two types of scans — data scan
and auxiliary scan. In the data scan, the 16 analog signals multiplexed by the electronic multi-

plexer and the 7 digital data sources are included. Each data scan takes 23 milliseconds, and
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the interval between scan initiations is adjustable for any length of time between 0.1 second and
100 seconds (which corresponds to radiometer integration time). The auxiliary scan includesthe
monitor sources multiplexed by the mechanical multiplexer. This scan can be initiated after
every 1 to 1000 data scans; the interval is dependent on the data-scan rate and the monitor sig-

nals selected.

2. General-Purpose Analog-to-Digital Converter

The planetary radar input uses the analog-to-digital converter that is normally associated
with the input signal interface (Fig.5). The converter is an Adage Voldicon V9AB, which in-
cludes a 20-channel multiplexer with sample-and-hold circuits on the first four channels. The
four channels, which have the addition of the sample-and-hold circuitry, are used for the plane-
tary radar input channels. For targets such as Mercury, which have a low signal-to-noise ratio,
channels 0 and 1 are used. The inputs to these channels are from coherent detectors measuring
the sine and cosine components of the radar return signal. The two analog signals from the co-
herent detectors are sampled simultaneously by the sample-and-hold circuits. The analog-to-
digital converter, operating at twice the sample rate, sequentially converts these signals to a
9-bit digital number, plus a sign bit, for input to the computer. In addition to the digitized sig-
nal, the input includes a 5-bit channel address that identifies the signal source. The rate at
which the channels can be sampled is limited by the maximum conversion rate of the Adage,
which is 2500 conversions per second. For radar signals with higher signal-to-noise ratios,
channels 2 and 3 may be used for input of the sine and cosine components of the orthogonal po-
larization signal. In this case, all four signals are sampled simultaneously, and the multiplexer
is set to cycle through the first four channels rather than only the first two channels. In this

configuration, the converter operates at four times the sample rate.

IV. MAN-MACHINE COMMUNICATION

The Haystack Facility services the needs of a diverse population of users. This population
includes users whose training and experience may be in radar techniques, astronomy, commu-
nication systems, branches of geophysics, etc. These users may be acquainted with digital
computer techniques, but are not normally highly trained in such techniques. Nevertheless, in
order to exploit the narrow beamwidth, control of the antenna with a digital computer is almost
essential. Therefore, it was quite important to implement control techniques that provided the
necessary flexibility without requiring detailed acquaintance with computer techniques on the
part of the normal user.

Several alternate approaches are available in a case such as this. One common arrange-
ment is the complete preplanning of an experiment where trained computer experts are used to
aid in this planning, and in the preparation of control cards, paper tapes, or other such media
in advance of the experiment. This approach has many advantages because it forces an experi-
menter to consider the entire experiment carefully in advance. However, it has the obvious flaw
that it is almost impossible to modify the experiment as a result of data obtained in real time,
or in the face of equipment malfunction or any other eventuality. Another approach is the
attempted prediction of all possible control modes and the design of enough special-purpose con-
sole control buttons, knobs, switches, etc., which are conveniently labeled and which are sam-

pled by the computer to obtain its instantaneous control instructions. This approach breaks down
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Fig. 11. Radiometer test discourse.
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in the face of large multiplicities of experiment types and control requirements; furthermore,
changes or additions require both new console equipment and program modifications. A third
approach, and the one adopted, involves the use of a sophisticated program that can interact with
the experimenter through a general-purpose input/output device and that can translate between
the language of the user and the requirements of the computer system. All control of the Hay-
stack pointing system is arranged through the use of a standard Univac keyboard/printer com-
bination on which an operator engages in a dialogue with the program system in order to specify
his control needs at the moment.

The Univac keyboard/printer (Fig. 7) permits the printing of ten characters per second and
includes upper case letters, numerals, and miscellaneous symbols. The keyboard and printer
are not tied together; rather, a key strike is read by the computer which, in turn, activates the
printer. Normally, the computer prints out the operator responses as well as statements or
questions of its own, thus providing a record of the experiment setup.

If such an approach is to work for a wide population of users, considerable care must be

exercised in designing the litany. A few of the desirable features are:

(a) The discourse should use ordinary English and standard mathematical

notation, which should be unambiguous and succinct.
(b) The units should either be stated or be obvious.

(c) The system should detect format errors or unreasonable numerical

values for parameters,
(d) Mistakes should be gasy to correct.

(e) The system should provide clear directions to the novice user, but
should also permit easy short-cut arrangements for the experienced

user.

(f) The facility should be available without interruption at any time and

should operate at the user's own speed.

(g) The frequently used control combinations should be easily and quickly -
handled.

(h) It should be possible to override controls of parameter size for test

purposes.

(i) Test and debugging procedures should be provided to simplify modi-

fication.

To a considerable extent, the discourse arrangements at the Haystack pointing system pro-
vide all the desirable features included in this list.10 Figures 11 through 13 show examples of
operator-machine discourse. On these figures, machine statements and questions normally
start at the margin, while operator responses are normally indented. Helpful features that are

not shown on the figures include:

(a) Any question may be answered before it has been fully typed. Such
an early answer halts the type-out of the question. Similarly, the

use of a carriage return (alone) to answer a question tells the machine
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Fig. 12. Satellite acquisition discourse.
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Fig. 13. Planet discourse.

to use a standard answer (usually, the last answer stated for that
question). These two abbreviated answering technjques permit a

rapid setup for an experienced user.

(b) The "attention" of the discourse system may be obtained at any time
by an operator striking an "attention symbol," no matter what the
machine may be doing and without interfering with whatever the ma-
chine may be doing. Thus, dialogue can be carried on with the intent
of modifying experiment parameters, even while the pointing system
is proceeding to direct the antenna as previously specified. When
the new parameter has been specified, the system simply adjusts and

uses the new parameter.

(c) Some discourse subsets essentially "stay with the operator" (on the
assumption that further instructions will soon be forthcoming) and
do not require use of the attention procedure. For example, if one

is scanning the antenna, new scan commands can be entered immediately.

(d) Much consideration has been given to uniformity in the design of ques-
tions, the ordering of positive and negative answers, the standard use
of conventions (such as carriage returns), and the layout of multiple-

choice questions.

This type of computer control represented a sizable departure in thinking for many of the
potential users of the system. Nevertheless, numerous users have employed the system with
considerable satisfaction, and the over-all reaction has been positive. As the system has been
used, it has become clear that certain discourse subsets were less convenient than others, and
such imperfections have been rectified whenever possible. It appears that the user's reaction
to such a system is highly dependent on the small details of convenience and flexibility. (A simi-
lar conclusion has been reached by many workers studying time-shared systems. For example,
a major conclusion of the JOSS“ effort relates to the importance of convenience. Of course,
the design of convenient techniques for discourse in the limited field of antenna control is some-
what simpler than the design of convenient discourse for a more generally oriented man-machine
relationship.)

Care was also taken to permit easy use of the computer from a cold start. After power is

turned on, it is only necessary to mount two magnetic tapes and depress one button labeled
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"start pointing program." This results in proper machine clearing and a complex (but automatic)

"bootstrap" procedure that deposits the necessary programs in core storage and starts the system.

V. ORGANIZATION OF REAL-TIME PROGRAM

The pointing program is normally available for use on one of the computer's four magnetic
tape drives. A second drive holds tabular ephemeris data for solar system and celestial targets,
and the two remaining drives are used for recording blanks. Initial loading of the program tape
places most of the pointing program in core storage at the outset. The operator then engages in
the preliminary diseourse necessary to specify an object class (e.g., planet). Based on this
specification, the proper additional "plug-in" packages of program and tabular data are trans-
ferred from tape to core. The program now operates without any further tape transfers, except
for output data recording.12

The program computes new points for the antenna in 2-second increments of time called
frames. During each frame, azimuth and elevation tables are transmitted to the servo system
via buffered block transfers under control of external timing. By using a straightforward alter-
nating buffer technique, the program is computing new tables for the next frame, while the cur-
rent frame's data are going to the antenna servo. The azimuth and elevation tables provide 250
points per second (500 points per frame) in order to ensure smooth antenna motion. This large
number of data points is obtained by employing 4-point interpolation to obtain 250 points per
second based on main computations of new points every 2 seconds. This technique requires
that the system computations lead actual real time by several seconds in order to use a standard
4-point interpolation technique. Figure 14 shows this timing arrangement. On this figure, the
numbered points depict 2-second main-frame time boundaries. The intervals A, B, and C il-

lustrate the time spent in each frame by the main routine. which computes new points for the

3-62-3510 (\‘ﬁ,

Fig. 14. Frame timing.

antenna. Thus, during period A, it is necessary to compute the 500 points labeled P, which
will be needed during the succeeding 2-second interval. In order to do this, the computations
proceeding during period A must have available the main computed points for times 2, 3, 4,

and 5 (the required points for 4-point interpolation over the period P). Thus, during time period

A, the program system first computes a new point (point 5) and then, by using the previously
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available points 2, 3, and 4, the program computes the 500 points for the interval P. Similarly,
during interval B, the program determines new main point 6, and then computes the required
interpolated points to be used during interval Q. When the system is being started, special
arrangements must be made to compute several points ahead in order to obtain four main points
surrounding the required interval at start-up time.

Determining new main points is done in an interrupt routine, initiated every 2 seconds by an
internal interrupt, which is generated when a 500-word azimuth buffer table is emptied by the
in-out system. The external timing, which controls the transfer of data from this buffer table
to the antenna servo, is tightly locked to the facility master clock so that the buffer table is
emptied at precisely the correct times for the transmission of particular words to the servo
system. The last word in the table is taken, and the interrupt is generated at precisely the 2-
second time. Thus, the in-out timing is a convenient way to lock the internal program timing
to real time. The arrival of accurately timed pulses to activate the input-output channels is
adequate to keep the program in step with real time, but a method is also required to provide
an absolute time reference. This is handled by program-controlled reading of a digital time
register (driven by the facility master clock) when the system is started and at periodic intervals

thereafter.

A. Main Pointing Computation

Once the 2-second interrupt has occurred, control is transferred to the main pointing com-
putation routine. This routine has, as its goal, the generation of one new azimuth, elevation,
range, and Doppler data point for the proper future time (6 seconds ahead) and the subsequent
generation of 500 interpolated points for the forthcoming 2-second interval. Previous discourse
with the operator will have selected any one of the available celestial computation programs and
13-19 (1) West Ford belt, (2) satel-

lite, (3) fixed azimuth and elevation, (4) sun, (5) star, (6) planet, (7) moon, and (8) fixed right

one of these programs would operate. These programs are:

ascension and declination. Except for fixed azimuth and elevation, these programs provide as
their output-the distance p, the right ascension «, and declination & of the required point along
with the derivatives p, & cos 6, and 5. In the case of fixed azimuth and elevation, operator-
chosen values of azimuth and elevation are provided directly, and a flag is left to omit a nor-
mally following coordinate conversion. These celestial point computations are handled in three
distinct ways as a function of object class: in the case of the sun, the moon, and planets, the
program starts with tabulated data at hourly or daily intervals, based on magnetic tapes fur-
nished by the Naval Observatory.20 Interpolation in these tabulated data, with appropriate cor-
recting terms, gives rise to points at the "2-second" required time. In the case of stars, pre-
stored (common radio sources) or operator-entered, values of right ascension, declination,

and epoch are properly updated to the required "2-second" time by using enough terms to obtain
an accuracy of better than 1 second of arc. For satellites or belts, operator-entered orbital
.elements are updated in real time by taking into account perturbations due to the second har-
monic of the earth's gravitational field. Such updatings are used directly in the necessary equa-
tions to obtain the celestial coordinates at the required 2-second point.

After computation of a geometric point in celestial coordinates, the following additional

steps occur (Fig. 15).
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Fig. 15. Pointing program outline.

1. Celestial Scan

Depending on operator parameters, the celestial scan pr'ogram21 can:

(a) Scan in right ascension, in declination, or in both simultaneously,

(b) Trace out a raster scan within a box oriented in right ascension or in
declination,

(c) Provide any fixed offset in right ascension, in declination, or in both.
2. Coordinate Conversion

The coordinate conversion pr‘ogram22 takes p, a, and & (as modified by celestial scan) and
computes the corresponding radar coordinates; range R; azimuth A; and elevation E. Using,
in addition, p, & cosd, and 4, it computes the range rate R.

3. Radar Scan

Depending on operator parameters, the radar scan program21 can:

(a) Scan in azimuth, in elevation, or in both simultaneously,

(b) Trace out a raster scan in a box oriented in azimuth or in elevation,
(c) Scan (over a short arc) along or across the orbit of a satellite or belt,
(d) Raster scan in a box oriented along the orbit,

(e) Provide any fixed offsets in azimuth or in elevation, or along or across
an orbit.
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4. Correction

To account for atmospheric refraction and for structural departures of the antenna from the

23

ideal, a correction program<” adds in the appropriate bias to azimuth and elevation so that the

electrical axis of the beam will be directed at the desired point.

5. Interpolation

Having retained the last three points (in radar coordinates) and having just obtained a new

point, the interpolation program24

is set to fill up the 500-point azimuth, elevation, and Doppler
buffers that will be valid for the next 2-second frame. In this interpolation process, compen-
sation terms may be used to improve the performance of the servo system. Range is computed

for the middle of the frame, and Doppler is computed from the range rate.

6. Intersite Coupling

In addition to the foregoing steps, which are directed at providing points for Haystack, other
programs in this main pointing routine properly fill output buffers with appropriate subsets of
the computed interpolated points for transmission to the nearby 60-foot West Ford antenna site
and to the nearby 85-foot Millstone Hill antenna site.15

B. Intercom

The pointing program system12 can be considered as having three major logical control

paths (Fig.16). The first path is an infinite-length loop that may be freely interrupted. This
REAL-TIME INTERRUPT MANY SMALL
EVERY TWO SECONDS INTERRUPT ROUTINES

INFINITE WAITING LOOP | l l

ASYNCHRONOUS MAIN cogsumﬂon
DATA ‘ J
PROCESSING NEWFF(’)(E NTS
FAOSR S ANTENNA SERVO ;

CONSUMES =1/4 sec ‘ l

LT T

Fig. 16. Main control paths.
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loop is either just a "waiting” loop or it may contain any signal-processing programs that are
asynchronous with the other pointing programs. The second path is the main ~1/4-second-long
interrupt routine, initiated once every 2 seconds by external timing, which computes new points
for the antenna servo (and may be interrupted by other interrupt routines). As a third path,
there is a large group of (usually) short interrupt routines, which do everything else, including
servicing the setup and completion of all in-out transfers. When these other interrupt routines
are in control, they usually lock out other interrupts. The requirements for discourse with the
operator can be added to this situation. Because a large number of programs in the pointing
system require operator intervention, the control of such communication is centralized in a
single program called "intercom," which can handle, in a standard way, formats, number con-
version, keyboard and printer mechanics, error control conventions, and other processes. An
alternative would have been to construct multiple (simpler) typing and keyboard input-output
routines by each program that required operator communication. (Although the inclusion of
intercom is still considered desirable, it complicates the control of the system.)

All major computation subprograms consist of a working section and an initialization sec-
tion. Working sections of programs (which usually appear in the main, ~1/4-second, interrupt
routine) are prevented from communicating with the operator. Initialization sections, on the
other hand, operate asynchronously with the pointing computations and essentially steal time
from the waiting loop. Any initialization section may communicate with the operator through
the intermediary of the intercom progr‘am.10 The natural sequence of operator discourse is
such that only one initialization program at a time talks to the operator via intercom. There-
fore, intercom is in a position to accept a "request" from an initialization program and to re-
member the details of that request until it is satisfied. Since the operator may answer questions
at his own convenience or even deliberately delay an answer until such time as an action is re-
quired, this "memory" must operate over many seconds or minutes without any interference to
the system. Initialization sections of programs are entered automatically when a new experi-
ment is started, or they may be entered at the operator's convenience by using an attention
symbol on the input keyboard. The sequence of questions and answers directs the transfer
of control between various initialization routines until the operator has satisfied his control
requirement.

Any program for typing a message to an operator, whether or not an answer is required,
sets up an in-core message, in standard format, addressed to the intercom program. Intercom
then arranges the actual type-out and waits for the operator's answer, if any. When such an-
swers appear, they undergo format checking, limit checking, and number conversion prior to
transmission to the requesting program. This entire process is under the control of the mes-
sage left for the intercom program. Since at no point may the intercom program tie up the sys-
tem or halt any other operations, these actions have to be interleaved and time-shared with the
rest of the system. Considerable complexity is encountered in connection with system start-
up or use of intercom by an asynchronous data-processing program. (These additional com-
plexities will not be discussed in this report) However, the intercom arrangements during
normal real-time system operation are relatively straightforward (Fig. 17). Specifically, the
intercom program has two entries and three exits. Through one entry, a user program leaves
a specification for both the output and the input messages. Intercom then sets up the required

printer output block transfer, after which it relinquishes control — not to the point from which
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it was entered, but into the waiting loop. The second main entry to intercom is a control entry,
wherein intercom is entered periodically (usually very frequently, but at least every 2 seconds).
Upon such a control entry, intercom checks to determine whether or not anything interesting has
happened; i.e.: Has the output transfer been completed? Have any input characters been re-
ceived from the keyboard? Has an input keyboard message been completed (signified by a car-
riage return or a special attention symbol)? If nothing interesting has occurred, intercom again
exits to the waiting loop. If events are proceeding normally, at some time, the question is com-
pleted, or the operator answers the question, and intercom discovers this. At this time, inter-
com exits with the completed question-answer sequence to the return point in the user program
that made the request. Typically, that user program, or another to which control might then

be transferred, might then make another request, etc. Thus, the operation of the two entries
and two of the exits are described. The third exit is the one used when intercom discovers a
special attention symbol. Such an occurrence transfers control to a particular set of operator
discourse routines in order to determine what the operator desired. This is managed by the

user routines when they send requests through intercom to the operator.

C. Interrupt Routines

In a sense, most of the work in the Haystack system is handled by the interrupt routines.
Except for signal processing and initialization (including communication between man and ma-

chine), all programs are started as the result of some interrupt.

1. Pointing Computation

As previously stated, the routine for providing data to the antenna consists of a series of
programs normally initiated by the periodic emptying of the azimuth buffer with the resultant

internal interrupt.

2. Keyboard and Typewriter

The completion of an output message to the typewriter, or the input of a character from
the keyboard, yields an interrupt. The main function of the interrupt handlers is to leave an
appropriate mark for the main section of intercom. In the case of an input character, the

(usually) necessary output of that character to the typewriter is performed.
3. Line Printer
The completion of an output line to the printer signals the printer interrupt section that the
next line, if any, may be printed.
4. Real-Time Clock
The real-time clock generates an input every second. This interrupt is used to help se-
quence the repetitive console Nixie display of the right ascension and declination.
5. Doppler

In order to provide radar receivers with the most timely estimate of Doppler possible, the
beginning of each main bang of the radar may be used to generate an external interrupt. After
the appropriate Doppler is taken from a table prepared by the main point computation routine,

it is sent to the radar receiver.

24




6. Target

At Haystack (and at the nearby West Ford antenna site), a radar return from a target may
be used to generate an interrupt. This interrupt is used mainly by the satellite acquisition pro-
gram (described in Sec. VI-B-4) to permit automatic search and target location. In a sense,

this interrupt permits closing a tracking loop through the computer.

7. General-Purpose Data Input

A general-purpose channel exists for signal inputs (such as radiometric data). The use of
and handling of an input interrupt is determined by the particular signal processing program in

the system.

D. Data Processing Routines

In Figs. 16 and 17, the box labeled "asynchronous data processing routines" is entered every
2 seconds during the time that may remain after all pointing and initialization handling has been
accomplished. Various types of plug-in program packages may occupy this position. As of
1 August 1965, radiometric analysis programs and planetary radar signal analysis programs
had been successfully employed. Roughly 75 percent of the total computer time, or 17 second
every 2 seconds, is available for such programs. This time may be employed by the data-
processing program in either a synchronous or an asynchronous fashion. Specifically, the rou-
tine can plan to use less than ~13 seconds every 2 seconds, and stay "coupled" to the pointing
timing. Alternately, the routine could be planned to use all available time, with the expectation
that it would be interrupted in the middle by the main 2-second interrupt in an unpredictable way.

Data-processing programs normally set up input data transfers from one or more signal
sources and output data transfers to one or more real-time operator displays. Data-processing
programs also normally leave raw and/or processed data in specified core locations for mag-
netic tape recording (the actual magnetic tape recording output transfers are arranged by a sep-
arate service routine of the system). Data-processing programs typically have working sections,
which are represented logically in the boxes shown in Figs. 16 and 17. However, there usually
are also initialization sections of these data-processing programs that would exist, such as one
of the many initialization routines shown in Fig. 17. There may also be one or more small in-
terrupt routines associated with the data-processing program, and such interrupt routines nor-
mally serve as in-out handlers.

The logical arrangement for including data-processing routines has been provided in a very
general form. It is expected that a large number of routines may eventually be written as the

experimental use of the facility develops and changes.

E. Recording and Logging

One of the four magnetic tape drives is habitually used as a primary system recording tape.
In each frame a recording subroutine collects any records that have been left for it by other
subprograms and sets up output block transfers to the magnetic tape. The pointing system gen-
erates a recording record each frame, and the data-processing programs, which may be run-
ning with the system, generate recording records at their convenience. The main pointing sys-
tem record usually contains, as an option, the command angles that were sent to the antenna

(250 per second), the actual antenna positions as measured by the encoders (also 250 per second),
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TABLE I
PROGRAM SIZE

Resident in-Core

Control

Intercom

Timing

Right Ascension-Declination Display
Recording

Coordinate Conversion

Interpolation

Acquisition

Scan

Intersite Coupling

Correction

Servo Monitor and Strip Chart Recording
High-Speed Printer l.ogging
Debugging Aids

Common Storage Tables

Celestial and Print Plug-in Programs

Print (not used in real time)
Fixed Celestial Coordinates
Fixed Azimuth and Elevation
Moon

Star

Sun

Planet

Belt (West Ford)

Satellite

Data Processing Plug-in Programs

Radiometer I
Radiometer II
Planetary Radar

Utility Programs (not part of real-time system)

Preassembly Routines

Post Assembly Routines

System Tape-Making Routines

Debugging Routines

TOPS (Univac-furnished executive system)

Size
(decimal)

2244
4023
663
783
374
1116
925
1484
1081
226
1167
163
870
489

Total 15608
6656
Total 22264

3915
414
152

2027

3472

1753

1960

4061

3879

2348
3279
5308

2188
1323
2276
1055
3072
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and the output Doppler data (also 250 per second). The record always contains a block of com-
mon storage locations sufficient to determine, in considerable detail, what the system was doing
during that 2-second frame (see Ref. 15).

In addition to the magnetic tape recording, the on-line, high-speed line printer is commonly
used for logging the full computer-operator conversation, as well as all other important changes
in the status of the system. This on-line printer is also used by the data-processing program
for real-time output of processed signal data. The combination of data output and system log
provides a valuable record of site utilization. In a manner similar to magnetic tape recording,
the use of the line printer is provided by a special subroutine, which accepts requests from other

subprograms for output printing and then arranges the details in a standard fashion (sec Ref. 15).

F. Storage and Timing

Table I gives the size of each program in the current system (April 1965). In terms of pro-
gramming effort, the system totals about 60,000 decimal locations. The programs always in
core occupy about 15600 registers. Additional common storage tables of about 6700 registers
also remain in core. The largest plug-in program of the celestial computation class is the
West Ford belt program, which occupies 4061 registers. The planetary radar program (the
largest signal-processing program) occupies 5308 registers.

The time required for pointing computations is alwaysswell less than 3 second every 2 sec-
onds (25 percent). As an example, the timing of the main computation routine with the planet

program as the celestial computation choice is given in Table II.

G. Planning Mode

A system that can generate real-time pointing data can, with a few m'odifications, also gen-
erate non-real-time data. At Haystack, this generation of non-real time data has been imple-
mented as a simulated run. When the simulated-run option is chosen, the antenna would nor-
mally be disconnected and several parameters would become available. One can enter a fic-

titious time instead of the real time. The program, still operating at a 2-second cycle time,

TABLE II

PROGRAM TIMING
Time
Program (msec)
Right Ascension-Declination Display 15.4
Planet 10.0
Right Ascension-Declination Scan 0.4
Coordinate Conversion 27.8
Azimuth-Elevation Scan 0.8
Correction 0.8
Acquisition 0.8
Interpolation 152.0
Intersite Coupling 15.4
Recording 0.8
Total 224.2
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8¢

LES Il FRIDAY MAY 21+ 1965 SATELLITE SYSTM
HH MM 5SS RA(DEG) DEC(DEG) DISTANCE DIsToOOT RADOT AZ2IM ELEV CAZIM TRUERANGE RA(HMS) DEC(DMS)
19 26 55 42,7534 10.4070 2083677363 =N,80338 1.8777370 254.2753 11.1016 254.2753 2446931207 2 S1 0.83 10 24 25.3

SRA SDEC CRANGE RANGEDOT DeCODOT SAZIM SELEV CELEV SIDERTIME
42,7534 10,4070 525105 =0¢77816 =1.1089678 254,2753 11,1016 11,2020 99,4627

TIME INCOMING INCOMING COMMAND COMMAND RECVD R/a RECVD DECLN (COMNQ Rva COMND DECLN COMND DOPLR MODES
SECS AZIMUTH ELEVATION AZIMUTH ELEVATION HWH MM SS,S5 DDO MM SS.S HH MM SS5,5S5S DDD MM SS.S CYCLES/SEC. ABCDE

0+.000%25442751 1142019 25442751 112019 2 S1 15425 10 27 49.7 2 51 15425 10 27 43.7 74567

0.400%254,2710 11.2012 25442710 11.2012 2 51 16.15 10 27 39,2 2 51 16,15 10 27 39.2 74572

0¢B00%25U4¢2669 11.2006 25442609 112006 2 51 17, 5 10 27 28.6 2 51 17. 5 10 27 28.6 74578

1.200%25402623 11.2006 254.2621 11.2005 2 51 18, 4 10 27 19.5% 2 51 18414 10 27 18.0 74583

1:600%254.2580 111999 2542580 111999 2 51 19. 4 10 27 7.5 2 51 19, 4 10 27 7.5 74588
LES 11 FRIVAY MAY 21¢ 1965 SATELLITE SYSTM
HH MM 55 RA(DEG) DECI(DEG) DISTANCE 01sTDOT RADOT AZIM cLEV CaZIM TRUERANGE RA (HMS) DEC (DMS)

19 26 57 42,7753 1043343 2.83630705 -0,30377 1.8782773 254,2538 11,0986 254,2538 2.4686687 2 51 6. 8 10 23 39.5

SRA SDEC CRANGE RANGEDOT DECOOT SAZIM SELEV CELEV SIDERTIME
42,7753 10.3343 545009 =0.77R43 -1,109U0618 254,.,2538 11.0986 11.199] 69.4711

TIME INCOMING INCOMING COMMANU COMMAND RECVD R/A RECvVD DECLN COMND R/a COMND DECLN COMND DOPLR MOCES
SECS AZIMUTH ELEVATION AZIMUTH ELEVATION HH MM SS5,SS DDD MM SS5S,S HH MM SS5,SS DDD MM SS.S CYCLES/SEC. ABCDE

04000%254,2538 1141992 256¢2538 1101992 2 51 20449 10 27 4.R 2 51 20.49 10 27 4.8 74593
0.400%254,2497 11,1985 25042097 11.1985 2 51 21.39 10 26 54s3 2 51 21439 10 26 5443 74598
0+800%25U.2456 11.1978 256.2449 1101978 2 51 22.29 10 26 43.8 2 51 22.39 10 26 42.2 74604
14200%254.2408 1101971 25442408 1141971 2 51 23.28 10 26 31.7 2 51 23.28 10 26 31.7 74609
1.600%254,2367 11,1964 25402367 11,1964 2 51 24.18 10 26 21.2 2 51 24,18 10 26 21,2 74614

Fig. 18. Output of print program.




produces data for the selected body. These data can be seen in the right ascension-declination
console Nixie lights and in the azimuth-elevation console Nixie lights.

The frame size can be made any integral number of seconds from 0 to about 3 hours. Now,
every 2 seconds the internal time in the computer is indexed by the frame size. Thus, one may
obtain a speeding up of the (simulated) movement of the antenna in tracking the selected object.
The 0, or stationary case, has been used in generating drift scans for radiometer work (in a drift
scan, earth motion moves the beam from a fixed antenna through a target). The cycle time of
the system can also be speeded up in the simulated mode, so that a complete set of data for each
frame can be generated in approximately 3 second, instead of 2 seconds. In this fast mode,
ephemerides for the moon for every hour for a year may be generated in less than an hour (see
Ref. 15).

H. Printing Mode

The generation of data in real-time operations, and especially in simulated runs, would
not be very worth while if some means did not exist for recovering the data. At Haystack,

normally all data are recorded — or at least all data, except the 4-msec interpolated data. At
the end of an experiment or of a planning run, or at one's leisure, the recording may be printed.

Figure 18 is an example of printed output. (See Ref. 25 for a description of a general printer
utility program.)

The print program may be selected via the familiar attention route and it operates in that
portion of core storage normally allotted for celestial computation programs. For selected

time intervals, the system will print for each frame:

(1) Time (real or simulated as the case may be),

(2) Geometric celestial coordinates and rates of change,

(3) Celestial coordinates with scan added,

(4) Radar coordinates and range rate,

(5) Radar coordinates with scan added,

(6) Radar coordinates corrected for refraction and other errors,

(7) Sidereal time.

In addition, every nth interpolated azimuth and elevation command and actual (shaft encoder)
azimuth and elevation, as well as the right ascension and declination corresponding to the actual

antenna position, may be printed.

I. Mechanics of Program Construction
1. Coding

All the Haystack programs are written in machine language. SPURT III, the Univac assembly
system, ultimately provides a binary object program. During the period of initial program con-
struction, most of the programmers were located at the main buildings of Lincoln Laboratory,
which is some 25 miles from the Haystack site. Because a complete card punching and com-
putational facility was available at the Laboratory, it was decided to use Hollerith cards as the
symbolic program medium rather than paper tape, the usual input to SPURT. Lincoln Labo-
ratory printed its own programming pads, which have a format quite different from that of

Univac. The cards punched from these forms are loaded onto magnetic tape by an IBM 1401.

29




KEYl ON=NO LOG. KEY2 ON= DUP INPUT... ENTER DATE ETC.

NEW SYSTEM TAPE ....APRIL 28, 1965
I1/CC1) B/S(2) CCP(3) DPP(4)

1
B/ACUNLESS 6000)

SYSTEM
NAME

MCPGM
KYBRD
CORCT
INTER
AESCN
RECRD
PRLOG
RADEC
DYDMP
CHCOR
ADSCN
COCON
CHPAR
ACQUI
PLANP
WFORD
TIMEP
PLOTP

PROGRAM PROGRAMMER+DATE
NAME
MCP JDD*26APRES
NTERCOM ADAMS~ASSB O SDEC64
CBRCT CLARK*9 JUNES 4
INTER TEBSTE*11/10/64

FIRST
LOCTN.

oco00
12163
220853
24273

DUMSCAN ¥W.R.CROWTHER® JAN.28%26131

RECBRDING JDD+AAM*@4/28/65
LBGGING  S.J.WHITE+@21/04/65
RADEC PSTYLB S28APRILES
DYDMPPGM S. J. WHITE®06/23/64
CHANGECO RES. J. WHITE* MAR.25%64
SCAN PCROWTHER*26 JANG 5
CBCaN PSTYLD S%28 APRILES

PARAMETER MATHIASEMN®3/26/65
ACQUI R. TEBSTE*#4/9/65
PLANNER JDD*6/26764
VESTFORD JDD*1/29/65
TIMING JDD* 421765

PLATP R.TE@STE*4/9/65

EOF
I7CC1) BrS(2) CCP(3) DPP(4)

2
FVA

LvA

B/S DONE
I7ccl)

B/S(2) CCPC3) DPPC4)

3
B/A OTHER THAN 44412

PRINT PRINTBUT SATTEST+]1/28/65
FRADC FXRADEC MATHIASEN®2/17/65
MOONP MIONTRACK HJF+DMHe11/38/64
STARP STARTRACK FRACTMAN®]/26/65
SUNPG SUNTRACK HJF+DMH*11/30/64
PLNET PLANETRACKHJF+DMH*11/38/64
F XANE FXAZEL MATHIASEN*04/208/65
BELTP BELTP PONTON®2508CTE4
SATEL SATEL MCQUILKIN®*5FEB65
EOF

EOFC1)

CCPGMS DONE...

/CC(1) B/S(2) CCP(3) DPP(4)

4

B/ OTHER THAN 54350

RDMTR RADIGMETERP.STYLBS#3/18/65
POMTR RDMTRSCAN PCRO VT HER* 3@ MARSS
EOF

EOFC1)

1

DPPGMS DONE. ..

Fig. 19. Log of tape-making procedure.
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26145
26734
Jase3
32123
32545
32653
34732
37867
37313
2238
2353
2716

44146

44412
44412
44412
44412
44412
44412
44412
44412
44412

5435¢
54350

LAST
LOCTN.

12161
22851
24271
261217
26143
26732
38501
Jeiz1
32543
32651
34730
37865
37311
42226
42351
42714
44144

44410

54124
45247
58364
53231
1142
58261
A4641
54346
54060

61023
62666

RUN
ENTRY

06002
12165
241086
25564
26135
26237
26743
38653
32125
32547
33680
35442
37071
37645
42236
A2402
43265
44364

44414
44414
44646
44473
44613
44645
44414
45256
52333

54616
54616

INIT
ENTR

96002
12167
22055
24275
26133
26147
26736
38585
32387
32547
32656
34734
37073
37315
232
42355
Q728

44158

42414
44417
44414
44414
44414
44414
44417
44414
52384

54352
54352




At Haystack, a program takes this tape and writes another tape in the SPURT format for
input to the assembly system. (It also has the small, but advantageous, capability of handling a
decimal fraction pseudo operation that SPURT does not have) The assembly output at Haystack
is a relocatable binary tape and a listing. The listing is either made directly on the local high-
speed printer or indirectly on magnetic tape (with some added niceties, such as page numbering)

for printing via the 1401.

2. Symbolic Assignments

A set of registers, known as common storage, has been set aside for certain quantities that
are used by more than one program, or that are convenient to have in a central location. Ex-
amples of such quantities include the celestial coordinates of the point to which the antenna is
directed, the radar coordinates of that point, the interpolated values of azimuth, elevation, and
Doppler, and many program control switches. These registers have symbolic names which,
together with their absolute locations, are typed on an allocation paper tape, which is then com-
piled with each system program. The use of these symbolic names in programs is therefore
restricted to an actual reference to common storage.

References to other absolute locations, such as input and output channels, and interrupt
entrance registers, are also made symbolically. Equivalence statements at the beginning of

the program establish the numerical values.

3. Making a System Tape

It was indicated earlier that the entire program system is stored on a single "bootstrap"
magnetic tape for easy system start. Since such a program system is continually changing
and growing, a procedure was needed for systematically producing such master bootstrap tapes
(see Ref. 26).

The individual programs are stored on the following three types of master program tapes: one
type contains those programs that are always in core; the second, all the celestial coordinate
computation programs and the general print program; and the third, all the signal-processing
programs. If a program is to be replaced on or added to one of these tapes, the master pro-
gram tape and the tape containing the new program are both mounted. An "updater" program
then makes a new tape containing the revised set of programs. Also, a program may be deleted
from the master program tape.

The system "loader" program operates next. It reads into core the programs from the
master in-core tape. (These programs are in relocatable binary.) In reading, starting at some
chosen base location, they are put into absolute binary with all addresses suitably modified.
When all the in-core programs are loaded, the first record of the new bootstrap tape is written
with the core image. (For later use by the real-time system control program, a table of names
and entries of the in-core programs is made up and put in common storage as part of this first
record.) The celestial computation master tape is next read in. Each celestial program is as-
signed the same starting address — the next address after the last in-core program. After each
new program is read in, it is also added as a separate record on the core image record on the
new bootstrap tape. Finally, the data-processing programs are handled similarly. For rec-
ord keeping, a log of the system programs on the bootstrap tape is also printed on the console

typewriter. Extracts from such a log are shown in Fig. 19.
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VI. STARS AND SATELLITES

To illustrate the detailed workings of a few programs in the system, in this section two typ-
ical experiments will be followed through several programs. These experiments include radio-

metric study of a star and satellite acquisition.

A. Radiometric Study of a Star
1. Experiment Setup

Suppose that a radio astronomer wishes to make radiometric measurements of the radio
star Cassiopeia A. He selects a right ascension scan, centered on the star of, say, 0°25 with
a period of 8 minutes. Lastly, he brings in the radiometer program and sets the parameters

it requests (see Fig. 11).

2. Star Program
The star program17 finds in its tables that for Cassiopeia A,

a =230 24™ 365

(o]

n

6
o

n

58° 35' 48''0

Epoch = 1960.0

Suppose that the experiment is being run on 19 May 1965. The mean coordinates are then
corrected for precession to 1965.0 (no correction is made for proper motion). A reduction from
mean to apparent place, correcting for precession, nutation, and annual aberration is then made
to 19 May to find the right ascension and declination of date, @, and 6, See Appendix B and

Refs. 17 and 27 for mathematical details.

3. Scan Program

The quantities a¢ and 6, are modified by the scan program. In particular, the scanned

right ascension is

ag = e + fS, p(t — to)

In this example, the amplitude S is 0°25, and the period p is 8 minutes. Since no scan has

been requested in declination,

The function fS, p is triangular with rounded vertices (Fig. 20). The exact shape is deter-
mined by considerations of the antenna. The maximum velocity is 3° per second, and the maxi-
mum acceleration is 1° per sec?. This combination leads to a turn-around time of 6 seconds
when the antenna is going at maximum velocity. Thus, 6 seconds was chosen as standard at
every velocity (up to 3° per second), and the acceleration is taken as 1/3 the velocity in mag-

nitude. If the period is p and the amplitude is S, the acceleration may be written as

S

|accel| = % p-6 degrees/sec2
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4 s 2
A BB v it S
ACCELERATION T 56 deg/sec

4s

VELOCITY = e deg /sec
4 S 2

ACCELERATION = Soe d.q/sec

Fig. 20. Scan pattern, fS =

’

during the 6 seconds allowed for antenna reversal. The velocity is

| veloc| = p4——56 degrees/sec

In this example, the magnitude of the velocity is 1/474° per second and of the acceleration
during reversal is 1/1322° per sec2 (or approximately 0%5 in right ascension per second and

06 per second per second).

4. Coordinate Conversion22

The apparent sidereal time at OhU. T. for every day of the year is recorded on the Ephem-
eris Tape. The apparent sidereal time ST at time t of the day is found by linear interpolation.
The local hour angle of the site is

Qp=ST+2A,

where A, is the (East) longitude of the site.

E
For a site at geodetic latitude P the azimuth is

1 cos 6s sm(o:S — QE)

A = tan”

sin (SS COS ¢ — cos 6S sin ¢, cos (ozS - QE)

and the elevation is

=4 . :
E =sin ~ [cos6_ cos ¢ cos (ats - QE) + sin 65 sin ¢ ]

5. Radiometer

As the antenna moves back and forth across the star, the received energy rises and falls.
It is the function of the radiometer program to process the data received and to provide a suitable
print and plot of them.28

For a radiometer receiver, threé different modes are used: calibrate, base, and observe.
With the antenna offset from the star, a calibrate noise signal is fed into the antenna waveguide
for some period, typically a minute. The average signal Rc is computed. The receiver is
next put in the base mode (the calibrate signal is turned off) and the average signal RB over the
base period (again typically a minute) is computed. The receiver is next put in the observe

mode, and the antenna scans back and forth across the star. The averaged signals Ro over
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ROMTR 05719765
TIME RIGHTA DECLIN T(1) T(2) DEL (1) DEL(2) =) [o] 2 4 6
20 31 12 23 21 58 58 48 53 0001¢33  0001+21 00.196 00,121 1 1
20 31 16 23 20 38 S8 40 32 0001.78 0001.73 00,172 00,150 1 1
20 31 22 23 20 42 58 40 31 0001.97  0001.90 00.084 00,089 1 1
20 31 26 23 20 46 58 40 4u 0001.76 0001.73 00,090 00,131 I 1
20 31 32 23 20 49 58 u0 SO 0001.81  0001.62 00.125 00.132 1 ox
RA SCAN
20 31 38 23 20 50 58 40 43 0002,06 0001.,77 00.161 00,026 1 0 x
20 31 42 23 20 54 58 4O 43 0002:00 0001.:90 004099 00.081 1 ox
20 31 48 23 20 56 58 40 43 0001.84  0001.92 00.027 00.123 1 1
20 31 52 23 20 59 58 40 43 0002.18  0001.93 004131 00+150 1 ox
20 31 58 23 21 01 58 40 46 0002,02 0001.,88 00.189 00,130 1 ox
20 32 02 23 21 O4 58 40 42 0001,47  0001.75 00157 00,055 1 1
20 32 08 23 21 07 58 40 4u 0001.80 0001.79 00.096 00,098 1 0x
20 32 12 23 21 10 58 40 42 0001.97 00U1.80 00.076 00.058 I 1
20 32 18 23 21 12 58 40 42 0001.73 0001.71 00.051 00,101 1 1
20 32 22 23 21 15 58 40 41 0001.76 0001.86 00.101 00,079 1 X0
20 3< 28 23 21 17 58 40 43 0001,97 0001 « 64 00.079 00,097 1 ox
20 32 32 23 21 20 58 40 u1 0001.62 0001.71 00163 00,128 1 1
20 32 38 23 21 23 58 40 47 0001.65 0001.8]7 00,062 00,074 1 X0
20 32 42 23 21 26 58 40 42 0001.,57 0001,52 00.131 00,151 1 1
20 32 48 23 21 28 58 40 42 0001.,74  00U1.86 004115 00,109 I X0
20 32 52 23 21 31 58 40 uu 0001.93  0001.75 00.133 00,086 1 ox
20 32 58 23 21 33 S8 40 40 0002.,02 00U1.82 00.087 00.185 I ox
20 33 02 23 21 36 58 40 43 0002.26 0002.12 00,143 00s111 1 ox
20 33 08 23 21 38 58 40 43 0002.53 0002.36 00.128 00,096 1 0x
20 33 12 23 21 40 58 4O ub 0003.,31 0002.89 00,073 00.104 I 0 X
g 20 33 18 23 21 43 58 40 4u 0003.83  0003.77 00.182 00,220 1 0x
S 20 33 22 23 21 47 58 40 46 0004.98  0004.50 00,054 00,098 1 0 x
20 33 28 23 21 49 53 <40 4u 0005.,59 0005.33 00,080 00.167 1 ox
20 33 32 23 21 51 58 40 uu 0006,46  0005.89  00.199 00.178 1 0 X
20 33 38 23 21 54 58 40 45 0006.85 0006.19  00+109 00.077 1 o x
20 33 42 23 21 57 58 40 45 0007.06 0006.38 00.066 00+105 1 0o X
20 33 48 23 22 00 58 40 47 0007,06 0006.62 00.107 00,100 1 0 x |
20 33 52 23 22 02 58 40 45 0006.92 0006.45 00,115 004129 1 0 x \
20 33 58 23 22 05 58 40 42 0006.,67 00G6.13  00.097 00,113 1 0 x
20 34 02 23 22 08 58 40 49 0005.,84  0005.49  00.147 00.189 1 0 x
20 34 08 23 22 11 58 40 43 0005.,45 0005.08 00206 00s113 1 0 X
20 34 12 23 22 13 58 40 43 0004.96  00V4.70 00,220 00.129 I 0x
20 34 18 23 22 16 58 40 45 0004.20 0003.96 004156 00,113 1 0 x
20 34 22 23 22 19 58 40 41 0003.93  0003.48 00.163 00.125 1 0 x
20 34 28 23 22 21 58 40 u6 0003.24  0003.,05 00.176 00,153 1 ox
20 34 32 23 22 23 58 40 47 0002.96  0002.70 00.179 00,169 1 ox
20 34 38 23 22 26 58 U0 48 0002.63 0002.68 00.123 00,097 1 1
20 34 42 23 22 29 58 40 45 0002.55 0002.73 00.149 00,174 1 X0
20 34 48 23 22 32 58 40 45 0002.58 0002.33 00.131 00,084 1 ox
20 34 52 23 22 34 58 40 44 0002.31  0002.41 00.105 00,219 1 X0
20 34 58 23 22 37 58 40 45 0002,47  0002.15 00,102 00,074 1 0 x
20 35 02 23 22 39 58 40 35 0002.28 0002.30 00.116 00,058 1 1
20 35 08 23 22 42 58 40 42 0002.30 0002.42 00.045 00,100 I X0
20 35 12 23 22 45 58 40 50 0002.35 0002.37 00.090 00.071 1 1
20 35 18 23 22 47 58 40 42 0002.,22 0001.83  00.193 00,077 1 0 x
20 35 22 23 22 50 58 40 43 0002.11 0002.20 00.072 00,069 1 X0
20 35 28 23 22 52 58 40 uS 0002.13 0002.21 00.112 00,080 1 X0
20 35 32 23 22 54 58 40 45 0002.36 0002.15 00.146 00,086 1 ox

Fig. 21. Radiometer output.




each interval of a length set by a knob on the receiver are computed. The estimated standard
deviations S are also found in all three modes.*

The quantities RC and RB give the slope of antenna temperature vs signal amplitude r seen
by the computer. This is essentially linear. The calibration and base temperatures TC and TB

have been determined previously and entered into the radiometer program.
The quantities

Tc
Ve R_+T, ,
RC—RB B B
Tc
AV = —S s,
RC—RB B
T
c
AC=5g——— S .
RC—RB c

are computed to give the observed base temperature and standard deviations of base and cali-
brate temperatures.

For the observed average signal Ro, the quantity

TC
T=g —r, B, Rp
G B

.

which is seen to be actually the temperature above the base temperature, is found. The standard
deviation of the temperature is also found as

TC
AT = =—S-—'5

Rc = RB o
The printout not only gives the base and calibrate temperatures and standard deviations of
each of two receivers, but also at the end of each averaging period a printout time, right ascen-
sion, declination, temperature (above the base) and standard deviations for each receiver, plus
a plot of temperature. In Fig. 21, receiver 1 is denoted by X, receiver 2 by 0, and a coinci-
dence of both by 1.

B. Satellite Acquisition
1. Experiment Setup

In this example of satellite acquisition, the satellite LES-2 is tracked. After bringing in
the satellite program, the latest known orbit parameters are entered. Since these are not yet
known exactly, the acquisition program is also activated and told to scan in a box 2° by 075,
where the longer dimension is parallel to the nominal orbit, because of the belief that the major

orbital parameter error is in time (Fig. 12).

N
z

N
N _ /= N
&0 =+ NN=—T) " N=1  N2T
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2. Satellite Program

For its orbit parameters, the satellite program uses mean elements of the type the Smith-
sonian Astrophysical Observatory (SAO) first published and which are now coming into more
universal use. (See Refs. 14, 29, 30, and 31) The parameters are:

n = anomalistic mean motion,

e = eccentricity,

w = argument of perigee,

i = inclination,

Q = right ascension of ascending mode,
To = epoch of parameters,

o = mean anomaly at To’

and such derivatives as are known. Actually, all the parameters are of the form

k
5 _ i
/n Ci(t To) ’

i=o

Y(t)

n

where

i
e =% Y]
1 1. dt o

All parameters are first updated to the beginning of the current day in order to avoid round-
off problems necessitated by carrying a large number of bits for the integral part of time (see
Appendix C). The semi-major axis is calculated from the other parameters. Osculating ele-
ments are derived from the mean elements, and from these are obtained the radius p, right

ascension «, and declination 6, for each frame, as well as the rates of change p, & cos 6, andé.

3. Coordinate Conversion Program

The simplified expressions for azimuth and elevation that may be used when the distance
to the object is infinite cannot be used for satellites. The radar Cartesian coordinates of the
satellite x, y, and z are found by appropriate coordinate axis rotations and translations (see

Appendix D). The range is then simply
R = 'sz + y2 + z2 s

the azimuth is

AZ = tan"

<%

and the elevation is
'L = sin~ 12
EL = sin R

Differentiating R leads to an expression for range rate.
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4. Acquisition

The acquisition program,?’2 which works hand in hand with the interpolation program, takes
the values of azimuth and elevation (after correction) and suitably modifies these to obtain a
search pattern (Figs. 22 and 23).

The antenna first moves along the nominal satellite trajectory a length specified during
initialization (in this example, 2°). It next moves normal to the trajectory 0.9 beamwidth, then

moves back parallel to the nominal trajectory

the specified length, next moves normal to the
trajectory until it is 0.9 beamwidth on the
other side of the trajectory, and finally moves
up parallel to the trajectory. The width of
the box keeps getting larger by 0.9 beamwidth sﬁ?é‘ﬂ&“#s

POSITION NOMINAL

each time a reversal occurs until the specified TRAJECTORY
width (in this example, 0.°5) is reached. The
box, of course, stays centeredon the satellite.

All these antenna movements are made at its
LENGTH

0.9 BEAM-
WIDTH

Fig. 22. Raster scan.

maximum speed and acceleration consonant
with precision.

if a return is found, the antenna is held
at the point of return for 6 seconds. If re-

turns continue, this procedure is repeated
(noting that one continues to move with the

NOMINAL
nominal position with biases added in azimuth  3§g fron-

and elevation). Thus, if the interval between
. . 0.9 BEAMWIDTH
hits does not at any time exceed 6 seconds,

the antenna effectively stays with the satellite

FIRST
RETURN

SECOND RETURN
without any additional scan imposed.

If the satellite is not found, a series of
concentric search circles of radii 0.9, 1.8, Fig. 23. Circular scan.
and 2.7 beamwidths is generated until the
satellite is found, at which point it is again held for .6 seconds. If the satellite is not found again
in the search circles, a false alarm is presumed, and the raster search is continued.

When the satellite is definitely found (the criterion is three more hits during the circular
scan), a time correction is given to the satellite program, and appropriate corrections to eleva-

tion and azimuth biases are made to account for errors normal to the trajectory.

VII. COMMENT

Early efforts on the Haystack computer control system began in late 1960, and the system
was operated for the first time in late 1964. The pointing system itself and the subsystems,
which are closely connected with the Univac 490 computer, probably involved a hardware effort
of eight man-years and a software effort of nine man-years. Projects of such size and time span
must typically cope with complex administrative, economic, and personnel problems. As one
result, the pointing system is somewhat more complicated than it might otherwise have been, and

it contains redundancies and elaborations that might have been avoided in a shorter, more tightly
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controlled project. However, the pointing system works well, and can be expected to serve the
Haystack facility for many years.

Despite the fact that the computer provides about 75 percent of its total time as an available
asset for signal-processing programs, the site will undoubtedly need additional computer capac-
ity at some future time. The real-time signal processing needs of such a facility increase ex-
tremely rapidly in the face of improvements in radar and radiometric techniques. If such ad-
ditional computer capacity is obtained, it could be connected to the Univac 490 in an intimate
fashion. The pointing system programs will, in general form, remain quite stable. Additions
may be expected along the lines of automatic "over-all" procedures. For example, a program
is now being designed to use a box scan in right ascension and declination, and to determine the
point in that box of maximum received radiometric energy. Such a program addition simply
makes use of existing program subroutines of the system and adds a small control program.
Similar additions may be expected in satellite handling and in radar astronomy.

Perhaps the single, most obvious change to be incorporated, if this system should be up-
dated, would be to close the servo loops within the computer and thereby eliminate most of the
special-purpose digital hardware in the azimuth and elevation systems. Such a change would
have been difficult to incorporate in the present system in view of the computer speeds available
in 1961, but it would be relatively straightforward in 1965.
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APPENDIX A
CHARACTERISTICS OF UNIVAC 490 COMPUTER

The Univac 490 computer is a binary arithmetic, parallel transfer, solid state machine.
The word length is 30 bits including sign. Arithmetic is one's complement, single precision,
fixed point. There are 7 hardware index registers and 32,768 registers of core memory, the
first 16 registers of which may be replaced by a wired-in bootstrap program. The memory
is random access with a 6-psec cycle time. There are 62 basic instructions, including arith-
metic, logical, jump, index, and in-out commands. With modifiers which enable instructions
to refer to whole or half words, or to the arithmetic registers, and to skip on various conditions,
the repertoire may be said truly to consist of over 25,000 instructions. The average instruction
time is 10 usec.

There is a priority structure of 14 input and 14 output channels, fully buffered, and each
with internal interrupt capability to signal the end of a block transfer. In addition, there is an
external interrupt on each channel which may be used for any purpose (not necessarily connected
with the input or output on that channel). An in-out transfer takes two memory cycles. The

maximum rate of transfer is one every 18 usec.
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APPENDIX B
STAR POSITION CORRECTION

The correction for precession in reducing mean positions from one epoch to another is made
17,27

by the standard formulas:
siné = cos © siné_+ sin©® cosé _cos(a_+ ¢ ) s
o o o o

cos 6 sin(a —z) = cosé_ sin(a  + go) 5

where

£, = (230411250 + 111396T ) T + 0.302T%
2
z=¢t +0.791T°
o
© = (20041682 — 0''853T ) T — 0r426T>

where To is the number of tropical centuries from 1900.0 to the initial epoch and To + T is the
number of tropical centuries from 1900.0 to the final epoch, the beginning of the current tropical
year.

The apparent positions corrected for precession, nutation, and annual aberration are found

from
o =a+Aa+Bb+Cc+Dd+Jtan26 )

6

- 6 + Aa' + Bb' +Cc' +Dd' + J' tané h

where the star constants are computed from

a=m/n+ sinwo tans, a' = cosa,
b = cosa tans, b' = —sin a,
c = cosa secd, c¢' = tane€ cosé — sina sind,
d = sina secH, d' = cosa sin 6,
and

tan € = 0.43365269 — ,00000270t,
t = present year — 1963,

m/n = 2.29887 + 0.0000237Y,
Y = present year — 1900.

A, B, C, and D are Besselian day numbers. J and J' are second-order day numbers. These
numbers, together with other astronomical data such as planetary ephemerides and sidereal
time, are available on punched cards from the Nautical Almanac Office of the United States Naval
Observatory. These data are stored on magnetic tape by an Ephemeris Tape program written for
the IBM 7094. In particular, the Besselian day numbers are recorded for each day of the year

and the second-order day numbers are recorded for every tenth day and every hour of right

ascension.







APPENDIX C
SATELLITE COORDINATE COMPUTATION

With mean elements of the form

)i

k
Y(t) = ) cft—T,

1=

[e]

the updating is done by changing the polynomial expression to
k

! J
Lb.‘r s

Y
(1) ]

I

j=o

where

o
]
o=

n

i=]

with T the beginning of the current day. Thus, t = 7 mod T.
If the equinox is not of date, but of 1950.0, Q is corrected by adding 39508 X 10—5 (MJD-
33281), where MJD is the modified Julian Day corresponding to T.*

The semilatus rectum is first approximated by
GM\1/3 2
= ()2 -
n

The semimajor axis is then taken as

- A —11/3
. EM)1/3 1——2(1—2 gin®i)n1—e’
2 2 2
n p
Here, G is the gravitational constant and M is the mass of the earth. For a in earth radii
and n in revolutions per day, GM is 290.4788. The second harmonic of the earth potential AZ
is 0.001624.
The eccentric anomaly E is found by solving Kepler's equation2
M =E—esinkE
This is done iteratively,

M. = E. —e sinE, )
i i i

M — M,
AE, - L

i1 —ocosEi

>

Ei+1 = Iui + AE‘i
When IAEi| < €, the iteration stops. This is extremely rapid, one or two iterations sufficing

when Eo is a good guess. In the steady state, Eo at time t is expressed as

*MJD = Julian Day —2, 400,000. 5.
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E_(t) = E(t — At) + [E(t — At) — E(t — 241))

’

where E(t — At) and E(t — 2At) are the final values of E found in the two previous frames. At

the beginning of a run, E is found from

3

- e\ 1.2, 3.3
},,07M+(L 8)smM+2L stM+8 e” sin3M
The true anomaly v is found from
sinv J:_ CZ»— sinE
1 —e cosE T
with
G o A=
1 —-ecosE
helping to decide the quadrant.
The argument of latitude is
u=w+v |,
The radius is
p =a(l —e coskE)
. - . 31 .
Short period perturbations”  are now added in:
I/\ 1
AQ *-72 cosi[v—M+ e SinV*E sin 2(v + w)
p
; sin (v + 2w) — £ sin(3v + 2w)]
1 A, e
Al i 2 sin 2i [cos 2(v + w) + e cos (v + 2w) + 3 cos (3v + 2w}] s
p
A 2
2 5 .2, . 3 . 2.]z2 e
Au 5 12— 5 sin i)(v—M + e sinv) + (1 — > sin i) [3(‘ (1 -5
p
[ 1 >
BNV sinv) t (1 A«[1 & sinZv)] (% = -2 sinzi) e sin (v + 2w)
17 2. e 2. . s
(2_12 sin 1)sm2(v+.u)76 cos i sin(3v + Zw)l s
A =
Ap::1 2 1*3'Sinzi —1-1-<1—«/1_ ea cosv*f» e .
3 2 2 e a >
p \[1 —e
A
1 . 2.
+ & p sin 1 cos 2(v + w)
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Then, replace

Q by Q+aQ ,
i by i+Ai )
u by u+Au
p by p+4ip
The right ascension « and declination § are found from
sinéd = sini sinu
and

cosSa cosd = cos 2 cosu — cosisinf sinu

sina cosé = sin cosu + cosi cos  sinu
The program also computes g, &, & cosé from
_ aensiny
\/1 cz

sini cosu

= cos 6 ’
and
& cosé = cosd @ + 25L )
cos &
where
na’ ~/ - e®
Z ’
p
and

U=w+v

Note that = Qi and w = w, are inputs to the program.
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APPENDIX D
CONVERSION FROM GEOCENTRIC TO RADAR COORDINATES

Let T be the distance from the geocenter to the radar plane at height hE above the earth,

and dE the distance from the geocenter to the vertical through the site (Fig. 24), then,

rp = hE + RE Cos(wE—éE) s

and
dE = RE s1n(goE—6E) S
where RE is the earth's equatorial radius, YR is the geodetic latitude of the site, and 6F is

the geocentric latitude.

SITE

Fig. 24. Figure of earth.
The right ascension of the site Q_, is found as in Sec. VI-A-4. The satellite is at position

E
p, a, 6. The combined effect of rotations and translations is shown in the following equations

for the radar Cartesian coordinates of the satellite:

)

X = p cos 6 sin(a — QI“

~<

= p [sind cos g sin ¢, cos 6 cos (@ — Q}‘,)] + dF )

N

p [cos 6 cos ¢ cos (o — QE) + siné sin cpE] - rp

Range is

R \/xz' + y‘2 + 1,2
Azimuth is

A = tan’

<
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Elevation is

E = gin~ 1 %

If R is differentiated with respect to time,

1
P P

p

n _ P
R=3r

[2 . K, siné K2 cos 6 cos (a — QE)]

+ [K1 cosé + KZ siné cos (a — QE)]vS

+ K2 cos 6 sin{a — QE) (a — QE)

where
K1 = Z(dE coS¢L—TI'p smcpE) )
KZ = Z(dE sin dE - rE cos wE) ,

and

S'ZE is the earth's rotation rate.
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