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ABSTRACT 

Altitude-azimuth mounts, which are often employed on 
radio telescopes because of their mechanical simplicity, 
complicate the problem of tracking an astronomical body. 
Even the fixed stars require nonlinear tracking motions on 
such a mount, while nearer objects require still more com­
plicated motions. A system has been conceived which, by 
employing a digital computer and a digital servo, is capable 
of properly controlling an altitude-azimuth mount. It has 
been demonstrated that a comparati_vely small digital com­
puter is adequate for off - 1 in e operation by programming 
such a computer to produce tracking coordinates at 6-sec 
data-sampling intervals. Studies are currently being con­
ducted on the theory of a suitable digital servo. 

PROBLEM STATUS 

This is an inter i m report; work on the pr ob 1 e m is 
continuing. 

AUTHORIZATION 

NRL Problem R07-12 

Manuscript submitted March 13, 1958 
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DIGITAL COMPUTER CONTROL OF A RADIO TELESCOPE 
FOR TRACKING THE SUN, MOON, AND PLANETS 

INTRODUCTION 

The majority of astronomical telescopes employ some form of equatorial mounting. 
Since the declination of a star is constant and its local hour angle varies at a constant 
rate, the tracking of a star with an equatorially mounted telescope requires only a con-
stant motion on one telescope axis. For mechanical reasons, large radio telescopes are 
seldom equatorially mounted. It is generally considered that ·the altitude-azimuth mount-
ing system is mechanically simpler and economically more feasible. However, this mount­
ing introduces tracking complications. If the astronomical body passes through the zenith, 
impossible azimuthal tracking rates are required. Even if the latitude of the site is not equal 
to the declination of the body, assuring that the body will not pass through the zenith, both 
the azimuthal and altitudinal motions required for tracking will vary with position. 

A device to convert the motion of a body into azimuthal and altitudinal rates is usually 
called an axis converter. Such devices are essentially analog computers, where the analog 
may be either electrical or mechanical. Unfortunately, it is difficult to obtain an accuracy 
in an electrical analog computer comparable to the resolution of a large radio telescope. 
Furthermore, although m~chanical analog computers are available which can usually supply 
the required accuracy, they tend to be inflexible and have limited usefulness for tracking 
the sun, moon, and planets, whose motions are less regular than a star's. , An apparent 
solution to the problem is to use a digital computer as an axis converter and to produce 
as its output information that forms a suitable input for a digital servo system. One phase 
of this investigation has been to demonstrate the feasibility of using a small general-purpose 
digital computer to control an altitude-azimuth mounted radio telescope. 

GENERAL CONSIDERATIONS 

Attention in this study has been confined primarily to tracking the moon, since the 
moon has the most irregular apparent motion of all astronomical bodies. Any system that 
will successfully track the moon should track any other astronomical body in the same 
range of declinations. 

The elements necessary to establish the desired tracking motions may be enumerated 
as follows. (The connections between these elements are shown in Fig. 1.) 

3 5 6 

Fig. 1 - Tracking elements 

1 
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1. Knowledge of the relative motions of the moon and the earth as expressed in the 
usual ephemeral data as a function of time. 

2. Knowledge of the location of the telescope site. 

3. A device to determine from elements 1 and 2 the altitude and azimuth of the moon 
for a given time. 

4. A knowledge of tiine. 

5. A device to transfer the output of element 3 at the proper time to element 6. 

6. A device to point the telescope to the current position of the moon. 

The precise nature of these elements depends on whether or not the computer operates 
in real time. If it does, elements three and five constitute the computer, and element four 
is a clock which instructs the computer to gather the necessary input data and transfer the 
answers to element six. Although this may be the simplest method in concept, its execution 
requires a fairly fast computer which must always be attached to the system. If the neces ­
sity of real-time operation is eliminated by providing a long-term storage capability between 
elements three and five, the computer can consist of only element three and can be made 
considerably simpler. This scheme is shown in Fig. 2, in which the storage is on punched 
paper tape. The computer output tape contains a series of groups, each of which consist 
of a time code and the altitude and azimuth of the body at this time. The tape can be pre­
computed in advance for any time interval by any computer. When the tape is placed on 
the tape reader, the time servo compares the time punched on the tape with the time on 
the clock and properly advances the tape so that the reader transfers the desired altitude 
and azimuth to the digital servo at the proper time. 

T~ GENERAL PURPOSE T~ 
tA DIGITAL COMPUTER t~ 
E~ ( 3 ) E~ 

R R 

I \ 
INPUT 
TAPE 

-OUTPUT 
TAPE 

(182) 

I 

TAf'E 
READER 

, _____ ...J 

CLOCK 
(4) 

DIGITAL 
SERVO 

(6) 

Fig. 2 - Digital control s y stem - block diagram 

If the above scheme is adopted, the problem logically divides into two tasks: to select 
and program a digital computer, and to develop a reader-servo system that will position 
the telescope in accordance with the computer output tape. The remainder of this report 
will be concerned primarily with the first task. 
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SELECTION AND PROGRAMMING OF THE 
DIGITAL COMPUTER 

General Considerations 

3 

Although a suitable program could be written for almost any general-purpose digital 
computer, it was thought desirable to utilize the simplest computer capable of producing 
ouput data at a rate greater than that at which the data is used in tracking. This rate is 
determined by the number of bits per sample and the sampling interval. It was decided 
to make 19 bits available for both the altitude and azimuth signals to the servo. This 
figure corresponds to the capacity of many analog-digital converters and to a precision 
of 3 sec of arc. A 6-sec sampling interval has been selected. The precision yielded by 
this interval is dependent on the sophistication of the servo system. If the servo supplies 
no smoothing at all, a 3-sec time displacement at a tracking rate of 15 degrees per hour 
corresponds to an error of 45 sec of arc. At high altitudes the azimuthal tracking rate 
is considerably greater in units of azimuth per unit of time, but the actual error due to 
a unit error in azimuth is considerably smaller. It is expected that a servo system could 
provide considerable smoothing and improved system accuracy. 

The input data required by the computer consists of the geographical coordinates of 
the site, a measure of the oblateness of the earth at the site, and tabulations of the 
Greenwich hour angle (GHA), declination, and horizontal parallax of the moon. Although 
tabulations of the GHA to an accuracy commensurate with the precision of the other system 
components and data are not generally available, tabulations of the right ascension of the 
moon and sidereal time are available to higher accuracy and yield the required data. 

The output for each sampling interval consists of 15 hexadecimal characters and for­
mat control. The first five characters represent time in hexadecimally coded decimal -
two for hours, two for minutes, and one for tenths of minutes. The next five characters 
are true hexadecimals, the last nineteen bits of which represent the altitude. The last 
five characters similarly represent azimuth. The format control consists of a character 
to stop the reader and a character to execute a carriage return if a Flexowriter is used 
as the reader. 

The LGP- 30 Digital Computer 

After a survey of commercially available general-purpose digital computers, it was 
decided that the LGP- 30 was one of the simplest computers capable of handling the problem. 
This device, manufactured by Librascope and distributed by the Royal-McBee Corporation, 
is in the "under-$50,000" class. It is a fixed-point machine with a 4096-word drum mem­
ory and no fast-access memory. There are 16 instructions in the order code. Multipli­
cation and division times are of the order of 19 and 36 milliseconds for optimally and non­
optimally located operands, respectively. Most other arithmetical operations require 
about 2 and 19 milliseconds for optimal and nonoptimal locations, respectively. Less than 
10 percent of the storage locations are optimal for a given instruction location. 

A Flexowriter operating at a nominal speed of 10 characters/ sec is the normal input­
output device. A 200-character/sec photoelectric reader and a 20-character/sec mechan­
ical punch are also available. One limitation of this machine is that it contains no printing 
or output-buffering registers. Thus the computer itself must be used to synthesize the 
punching signals, and other computations cease during this interval. With the Flexowriter 
as the output unit, it is possible to perform about eight typewriter functions per second. 
The use of the mechanical punch allows the punching of nearly 18 characters/sec. 

c:: 
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Details of Computation 

A separate input tape is prepared for each day. Each tape consists of 32 groups of 
13 words each. Each group contains the data for a single hour. The 32 groups cover the 
24-hour day and 4 hours of the previous and following days. An example of the information 
in each group is shown in Fig. 3. At present, this information is manually punched on the 
input tape, but it is also available on punched cards from the Naval Observatory. It should 
be possible to prepare the input tapes automatically with a card-to-tape converter. 

RA MOON HP MOON DEC MOON SIDEREAL TIME ,........,.,__. ,....---J'-.. 

18 06 58 95 61 33 II 23 19 04 28 II 62 
V V V V V V V V V V ....,., V ....,., 
HRS MINS SECS CENTI 

SECS 
I II 0 II HRS MINS SECS CENTI 

SECS 

Fig. 3 - Standard input group 

After the input tape is read, each of the groups is compressed into four words: 
RA (right ascension), HP (horizontal parallax), s (declination), and ST (sidereal time), 
expressed in degrees. At this time the computer calls for site data. The site latitude, 
longitude, and earth oblateness are entered on the keyboard. The local hour angle (LHA) 
is then computed according to the equation 

LHA (Modulo 360 degrees) = ST - RA - Longitude. 

Subsequently, some of the LHA's are converted to nonprincipal quadrants so that the 
values will monotonically increase over the 32-hour period. 

The computer then requests a selection of a 1-hour interval. This selection is made 
by typing the proper code words onto the keyboard. The LHA, HP, and s are then inter­
polated to 2-min intervals for the selected 1-hour interval and for the preceding and 
following intervals. A fourth-central-difference Bessel interpolation method is employed. 
Computations of altitude and azimuth are then carried out for the 2- min intervals within 
the desired 1-hour interval and for two corresponding intervals immediately preceding 
and following the 1-hour interval, according to the equations 

and 

Alt = sin- 1 [ 

[1 - 2 e 

sin Al tee - € sin HP 

sin HP sin Alt + (e sin HP)2] ec 
v,] 

where€= eccentricity 

and sin Alt = sin Lat sin S + cos Lat cos S cos LHA, 
ec 

[ 
sin LHA ] 

cos LHA sin Lat - tan S cos Lat 

where S = declination. 
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HOUR MIN ALT AZIMlJl'H 

14 56 -005.19161 064.90076 
14 58 -004.84437 065.20804 
15 00 -004.49624 065.51421 
15 02 -004.14722 065.81927 
15 o4 -003.79733 066.12323 
15 06 -003.44661 066.42616 1524700000229g1• 
15 08 -003.09505 066.72806 1524600000229jw' 
15 10 -002,74267 067.02895 1524900000229qq' 
15 12 -002.38948 067.32888 152500000022f0j' 
15 14 -002.03550 067.62783 152510000022f2f' 
15 16 -001.68074 067.92585 152520000022r48' 
15 18 -001.32520 068.22297 152530000022r66 1 

15 20 -000.96891 068.51916 152540000022f84' 
15 22 -000.61187 068.81450 15255000lq22ff2' 
15 24 -000.25409 069.10898 152560004222fj0' 
15 26 000.1041~2 o69.40262 15257ooo6722rkq' 
15 28 000.46364 069.69546 1525800o8j22fwj' 
15 30 000.82356 069.98750 15259000gl22glf' 
15 32 001.18418 070.27879 15260000k522g38' 
15 34 001.54547 070.56933 15261000wr22g56 1 

15 36 001.90744 070.85912 152620011w22g74' 
15 38 002.27006 071.14823 152630014422g92' 
15 40 002.63334 071.43664 152640016822gg0 1 

15 42 002.99725 071.72440 152650018k22gjq' 
15 44 003.36179 072.01152 1526600lg222gqj' 
15 46 003.72695 072.29803 15267001k722j0f' 
15 48 004.09272 072.58395 1526800lwg22j28' 
15 50 004.45909 072.86926 152690022022j46 1 

15 52 004.82604 073.154o6 152700024522j64 ' 
15 54 005.19357 073.43828 152710026f22j82' 
15 56 005.56167 073.72203 152720028w22jfO' 
15 58 005.93032 074.00527 15273002g322jgq' 
16 00 oo6.29953 074.28805 15274002k822jkj' 
16 02 006.66924 074.57042 15275002wk22jwf' 
16 / 04 007.03948 074.85239 152760032222k18 1 

Fig. 4 - Hourly Swnmary Sheet Fig. 5 - Printout 
of control tape 

Words corresponding to the times for which these computations are made are then syn­
thesized and the results are printed on a summary sheet (Fig. 4). 

The central thirty 2-min intervals are further interpolated to 6-sec intervals. 
Negative altitudes are replaced with zeros, and time groups are synthesized. The com­
puter then punches the output tape. A print-out of a portion of the output tape is shown 
in Fig. 5. 

Figure 6 is a block diagram of the program. It is simply a summary of the processes 
involved in the program and in no respect constitutes a flow diagram. The complete coding 
and flow diagrams are given in the Appendix. Table 1 summarizes the operating times for 
various portions of the program. As can be seen, the program is capable of producing an 
hour of tracking data in less than an hour. 
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READ COMPRESS CALL INSERT CALL 

INPUT INPUT FOR SITE FOR 

DATA DATA <2l SITE DATA DATA(3l HOUR 
AND(I) 

BINARIZE 

I KEYB~ARD I 

I 

I KEYBOARD I 

PUNCH ALT 
8 AZ (8) 

INTERPOLATE 
ALT S AZ (7) 

SET UP (6) 
FOR PUNCHING 

PRINT 
SUMMARY 

SHEET (5) 

NOTE NUMBERS IN PARENTHESES REFER TO 
ENTRIES LISTED IN TABLE 1. 

INTERPOLATE 
DATA AND 
COMPUTE <

4 l 
ALTITUDE AND 

AZIMUTH 

Fig. 6 - Moon track program - block diagram 

TABLE 1 

OP# Time Number of Time/Hour's Data (Ref. Fig. 6) Times/Hour's Data 

1 5:12 <<1 -
2 :48 <<1 -
3 :36 <<1 -
4 5:18 1 5:18 
5 4:01 1 4:01 
6 :41 1 :41 
7 :23 30 11:30 

Flex-8A 1:00 30 30:00 
Fast Punch- 8B :22 30 11:00 

51:30 32:30 
Total Time/Hour's Data ♦ + 

Flex Fast Punch 
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CONCLUSIONS 

7 c:: 
2 
(""') 

r­
> 
V'> ...... 
t-it would appear that an accurate and flexible axis converter for an altitude- azimuth M"l 

mounted radio telescope would consist of a digital computer and a digital servo reading the ~ 
output tape of the computer under the control of a clock. It has been demonstrated that i:::, 
even a small general-purpose digital computer is capable of providing control information. 
A program for tracking the moon, one of the more difficult conversions, can be run on an 
LGP-30 computer at speeds in excess of real-time requirements. Studies on the theory 
of a digital servo are now underway, and no unusual difficulties are anticipated. 
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APPENDIX 

Moon Track Program 

This appendix presents the coding and flow diagrams for the moon track program. 
The order code for the LGP- 30 computer is given below. 

a nnnn 

b nnnn 

c nnnn 

d nnnn 

e nnnn 

h nnnn 

i 0000 

m nnnn 

n nnnn 

p nnnn 

r nnnn 

Add the contents of nnnn to the contents 
of the accumulator and place the sum in 
the accumulator. 

Bring the contents of nnnn to the 
accumulator. 

Place the contents of the accumulator 
in nnnn and clear the accumulator. 

Divide the contents of the accumulator 
by the contents of nnnn and place the 
quotient in the accumulator. 

Extract a portion of the contents of the 
accumulator by performing a Boolean 
multiplication with the contents of nnnn 
and place the result in the accumulator. 

Hold the contents of the accumulator in 
nnnn while also retaining the contents 
of the accumulator. 

Let the output of the Flexowriter feed 
into the accumulator. 

Multiply the contents of the accumulator 
by the contents of nnnn and place the 
high-order product in the accumulator . 

Multiply the contents of the accumulator 
by the contents of nnnn and place the 
low- order product in the accumulator. 

Perform the Flexowriter function 
described by six of the bits of nnnn. 

Place in the address portion of the word 
in location nnnn the location of the r 
order increased by two. 

8 



s nnnn 

t nnnn 

u nnnn 

y nnnn 

z nnnn 

NAVAL RESEARCH LABORATORY 

Subtract the contents of nnnn from the 
contents of the accumulator, placing 
the difference in the accumulator. 

Transfer control to nnnn if and only if 
the quantity in the accumulator is 
negative. 

Transfer control to nnnn. 

Replace the address portion of the 
word in nnnn with the address portion 
of the contents of the accumulator. 

Stop. 

The program utilizes several subroutines. Coding and flow diagrams are given 

9 

below for the interpolation and punching subroutines. The other subroutines are standard 
ones available from the Royal-McBee Corporation. Their initial locations are tabulated 
below. 

SUBROUTINE 

Data Input #3 
Data Output #2 
Sine- Cosine 
Arc Tangent 
Alphanumeric 
Arc Sine 
Square Root 

INITIAL LOCATION 

4000 
4300 
4600 
4700 
4800 
4900 
5000 

Figures A-la through A-3 are flow diagrams for the main program and for the inter­
polation and punching subroutines. Figures A-4 through A-7 are copies of the coding for 
the processes outlined in the flow diagrams. 

~ 
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MAIN ENTRY 

0500 
ENTER DATA 1----~ 
INPUT SUB. 

0501 

0502 
0508 INITIALIZE DATA 

COMPRESSOR a 
r -
1 

I 

I 

COUNTERS 
0540 

0541 
DAH 

COMPR ESSOR 
0609 

0610 

DECREASE a 
TEST COUNTER 

0612 

FINISHED? 

0632 
INITIALIZE 
RESCALER 

0636 

0716 
DECR EASE a 

TEST COUNTER 
071 8 

FINISHED? 

NO 

0637 
RESCALE 
HP a DEC. 

0639 

06 43 
RESTORE COUNTER 

B INCREMENT 
RESCALE INI T IALI ZE 

0649 

0658 
COMPUTE LHA 
IN DEGRE ES 

0663 

0719 
RESTORE CTR a 

0640 
DECREASE 
a TEST 

COUNTER 
0642 

YES 

0650 
INITIALIZE 
COUNTER 

a 
CONVERTER 

0657 

I 

- - __ I 

0655 

YES 

0726 
INCREMENT I NIT !---------+---' 

NO 

0613 
RESTORE COUN TER 

INCREMENT 
INIT IALIZING 

CONSTAN TS 
0620 

0623 
CA LL I 

FOR ___ I 
SITE 
DATA 
0627 

0725 

0630 
INITIALIZ E 
COUNTER 

0631 

Fig. A- l a - Moon track - flow diagram 
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07 26 0816 
INI TIAL IZE INCR E MENT 

SUBTR ACTOR - -7 r-- ~ -- SUBT RACTORS 
07 30 I I 

FINISHED? 

l 
0824 

I I 
Nol I • I YES 

07 31 I 0740 I BR ING FIRST IS IT LESS THAN 08 20 0825 
LHA I - 150°? I IS IT NE GATI VE ? INCREMEN T 

0741 0734 I I SUBTRACTOR 

NOi 
IYES NO 

~ I I 
08 29 

0830 
I • I 

I 0831 
I ~ 

0735 I 0742 0745 
IS IT LESS STORE 180° STOR E 0° I I a:# 

THAN 2 10°? I IN 6363 IN 6363 SUB 
0736 0 744 0746 I I - -,-

NOi 
D:'..sL I 

! • 
I 0832 

I CALL I 
I 

I • I I 
FOR ►- -~ 

I 0147 I HOUR 

07 37 SUBTRACT TWICE THE >- - - - -
__ _ _J 

0839 
STORE 360° I- - t: QUANTITY IN 6363 1 -

IN 6363 I FROM LHA B RESTORE ~,-- J 0840 

073 9 I 0750 I 

I I • : 07 51 
I COMPUT E INCREASE I 
L-c, FROM ONE LHA TO THE 

NEXT 
< J- ..J 

IS IT NEGATIVE? 
0753 

NO !YES 

0754 0760 

IS IT LESS THAN SUB. 180° FROM 

180°? 
THE QUAN IN 

63 63 
0 755 0 7 63 

NO YES 

0756 
ADD I 80°TO 
THE QUAN 

IN 6363 
07 59 

Fig. A-1 b - Moon track - flow diagram continued 
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08 4 0 
STORE 

HOUR SE LE CT ING 
CODE 
WORD 
0 847 

08 48 
SUMMARY 

FORMAT 
0857 0858 

SET UP 
IN TERP SUB 

0 86 1 

0 908 
INITIALIZE INTERP 

r -- -

L_ 

r----

0921 
RESTORE CTRt 

INCR E MENT 
INTERP BLOCK 

0929 

-:.~ 

--C> 

BL OCK 
0911 

0912 
INIT IALI ZE CTR1 

0913 

0914 

INITIALIZE CTR2 
0914 

0915 
IN TERP BLOCK 

0918 

0919 
DE CR EASE CTR2 

HAV E 3 HRS 
B EE N INT ERP 7 

092 1 ' 

NO 

,, 
_,;.~ 

IN T ERP 

SUB 

0933 
RESTORE CTR1 

MODIFY IN TERP 
BLOCK 
0941 

J 
~ 

INT ERP 

SUB 

0930 
DECR EASE CTRt 

HAVE ALL 3 PARAMETERS 
BEEN INTERP? 

09 32 ' 

YES NO 

0942 

Fig. A - le - Moon track - flow diagram continued 



09 42 
INIT IAL IZE 

CTR a TRIG 
09 48 

L_ 

0949 
DECREASE 

8 TEST CTR 
FINISHED? 

0951 

YES 

1224 

0959 
RESTORE CTR 

096 1 

0953 
INC. 

TRIG 
WORK 
0958 
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T-
,--

I 

I 
I 
I 
I 
I 

I 
I 

_1--1 

-c--

-C> 

1000 
COMPUTE 
SINS. COS 

OF LAT 
1007 

1008 
COMPUTE 
SIN a cos 

OF LHA 
1016 

1020 
COMPUTE 
E SIN HP 

1024 

1028 
COMP UTE 
SIN a cos 

OF DEC 
1036 

I 
I 

1037 

10 53 
L_ - ,,--1100--

COMPUTE 

ALT. 
11 10 

111 1 
SET-UP 

111 3 

SIN-COS 

SUB 

SIN-COS 

SUB 

SIN- COS 

SUB 

SIN-COS 

SUB 

SQ, RT. 

SUB 

ARC SINE 

SUB 

r-

______ _j 

-:., 

11 14 

1130 
-----

1148 
COMPUTE 

AZ• 
1218 

* SEE NEXT PAGE 

Fig . A- 1 d - Moon track - flo w diagram continued 
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sin LHA a 
Az = tan- 1 

LHA sin Lat - tan s cos cos L t =bwhere if a is+ 360>Az>180 
a if a is - 180>Az> 0 

we also desire to take tan -l x where I xi ~ 1 Const. # 

Case 0 lal~ lbl 

1 1a1~1bl 

2 1al~lbl 

3 la\$.lbl 

4 la1~1bl 

5 lal ~lbl 

6 Jal 21bl 

7 lal .::2:lbl 

1114 
CO MPU TE b 
IS IT NEG? 

11 2 3 

NO YES 

a is - bis -

a is - bis+ 

a is+ bis -

a is+ bis+ 

a is - bis -

a is - bis+ 

a is+ bis -

a is+ bis+ 

Az = tan- 1 a/ b 0 

Az = 180 ° + tan - 1 a/b 1 

Az = 360° + tan- 1 a/ b 2 

Az = 180° + tan- 1 a/b 3 

Az = 90 ° - tan - 1 b/ a 4 

Az = 90° - tan- 1 b/a 5 

Az = 270° - tan- 1 b/ a 6 

Az = 270 ° - tan - 1 b/a 7 

1205 1159 
A DD 4 TO CAS E INSERT CAS E 
C T R 8 INSERT l CT R # IN CONS T. 

IN CONSTANT AD DER ADD RE SS 
BRIN GER ADD. 116 0 

1207 

1161 
1208 COMPUTE 

CO MPUTE 
11 24 

PUT I IN 
CASE CT R 

1126 

1127 
PU T O IN 
CASE CTR 

1128 

ARC TAN 
TAN-I a/ b 

- I 1202 

1129 
1130 

114 8 
BRI N G a 

IS IT NEG? 
1148 

SUB TAN b/ a 
121 4 

I 
I 

...J 

1216 
SU B TAN-I b / a 

1216 

1152 

COMPUTE b
2 

NO 
-a 2 IS IT NEG ? t-------------------__J 

115 8 

Fig. A-1 e - Moon track - flo w diagr a m con tinued 

Value 

0 

180° 

360 ° 

180 ° 

goo 

goo 

270 ° 

270° 

-I 

ARC TAN 

SUB 
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1224 
1232 

1334 1257 

l~~§ EXTRACT FIRST DIGIT OF 
- ---, 

1233 ,- HOUR S PRINT I 

EXTRACT 1263 ---, I 
HOURS I I I FROM I I 

CODE-WORD 
I 1300 

-- ~--: 1234 EXTRACT SECOND DIG. 1-- OF HOUR SPRINT - --, I 1306 
I I 1512 

1235 
INCREMENT 

INITIALIZE 
I I MINUTE S 

COUNTERS A,B SC 1- - - 1-- DATA PRINTER S 
1242 

I I 
1520 

1243 I 1309 I PUT ADDR OF 1 ST _J 
HOUR IN PRINTER EXTRACT FIRST DIGIT OF -l 

1245 I OF MIN. S PRINT 
I 1322 
I I 
I I 

1246 __ _J 

PUT ADDR. OF I ST 1316 I 
MIN. IN PRINTER EXTRACT SECOND DIG. --l 

1248 OF MIN.SPRINT 
1322 

I 
1249 

INITIALIZE ALT. 
S AZ. PRINTERS 

1252 

__ I -------

1253 
PUT EXIT I 

IN 1333 
1254 

--, 
I 
I 
I 

--1 
I 
I 
I 
1---

1 

I 
I 
I __ 

1255 
CARR. RETURN 

1256 

I 
I 

L_ 

1500 
DECREASE S RESTORE 

CTR. A. HAVE 2 
LINES BEEN PRINTED 7 

1503 

YES NO 

1 
I ---- - 1 

I 
I 1528 

INCR EMENT HOUR 
PRINTER. 

CHANGE 1333 
TO EXIT 3 

1534 

I- - j- - _ _j 

: 1521 
,-- - - - - - - - - - CHANGE 1333 TO EXIT 2 

1504 
DECREASE S RESTORE 

CTR. 8. HAVE 32 
LINES BEEN PRINTED 7 

1507 

YES NO 

INCREMENT HOUR 
PRINTER 1527 

1508 
DECREASES RESTORE 

CTR C HAVE 35 
LINES BEEN PRINTED ? 

1511 

YES NO 

Fig. A-1£ - Moon track - flow d iagram continued 
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1537 
NOTE 

TO 
TURN ON 

PUNC H 

1548 

CC# 

SUB 

1549 
SET-UP COUNTER 

INITIALIZE 
CONVERTER 

1553 

r - - - ---c. 

1554 
CONVERT 0 TO 

CIRCLES 
1556 

'- -

1557 
DECREASE S. 

CHECK COUNTER 
FIN ISHED ? 

1559 

1560 1602 
RESTORE CTR INI TIALIZE 

INCR.CONV. I 8 SET UP CTR A 
1601 I 1609 

I 
I 
I 
I 
I 
I 
I 
I 1613 
r< INTERP. ALT. 

I 16 16 

1617 
I-< INTERP. AZ . 
I 16 20 
I 
I 
I 

16 21 I COMPUTE '-r, 
HR-MIN 

1623 

1630 
COMPUTE 

~- - - _,, HR-MIN-DECIMIN 

I 16 32 

1716 
DECREASE CTR A 
HAVE30GROUPS 
BEEN PRINTED ? 

1718 • 

I 
I 
I 
I 
I 
I 
I 
I 

1633 
DECREASE 

8TEST 
CTR SHAVE 

20 TIMES SEEN 
SYNTHESIZED ? 

1635 

NO YES 

1719 
RESTORE CTR 
INCREMENT 

INTERPOL ATORS 
S. MINUTES 

17 27 

I 16 36 1644 
INITIALIZE 
PUNCHERS 

1649 

I 

I 
I 
I 
I 
I 

L- RESTORE CTR 
I NC. COMPUTER 

16 43 

--, 
I 
I 

,------ --- -t - _J 
1 

I 
I 
I 
I 

I 
,-7 

I 
I 
I 
I 

>- ...I 

___ _.___ __ ~ I 

16 50 
SET UP COUNTER C 

16 51 

1652 
CARR.RETURN 

1653 

1654 
PUNCH 

TIME-GROUP 
1656 

16 57 
16 58 

17 32 
PUNCH ALT 

I 

I 
~ 

I 
,-t -, 

I I 
I I 
I I 

1707 
RESTORE 

CTR C 
INC 

PUNCHERS 
1715 

'1 I r - - - - _J 
,-L-

I I 
I I 
I I 

,__J _ _j 

I 
_ _, 

1700 
PUNCH AZ 

1702 1703 
STOP CODE 

'-----...i 17 03 1624 

SET-UP f---- ---- - - --- - ------' ~-- -- CTR B 
1625 

Fig. A- lg - Moon track - flow diagram continued 

RE-ENTER 
AT 

0830 

1704 
DECS. TEST 

CTR C 
HAVE 20 

LINES BEEN 
PRINTED 

17 06 

YES 
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1900 

ST ORE WORD 

TO BE PUNCHED 

1901 

EXTRACT S. 
PUNCH FIRST 

DIGIT 
1905 

1906 
EXTRACT a 

PUNCH SECOND 

DIGIT 
1911 

1912 

EXTRACT S. PUNCH 
THIRD DIGI T 

1917 

1918 

EXTRACT S. PUNCH 
FOURTH DIGIT 

1929 

1924 

EXTRACT S. PUNCH 
FIFTH DIGIT 

1929 

Fig. A - 2 
Punching subroutine 

flow diagram 
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I 

NAVAL RESEARCH LABORATOR Y 

SET- UP ENTRY 

R 5700 
a + 1 U 5600 
a. + 2 Z00n 1 n 2 

where the interval is to be 
divided into n1 n 2 parts 

5600 
SET - UP EXIT 

a Pl CK-UP 
5603 

INTERPOLATION ENTRY 

/3 Ba 
/3 + 1 H b 
/3 + 2 R 5800 
/3 + 3 U 56.Go 

5655 
BRING /3 

5832 
STORE INTERR 

VALU E 
5832 

L_ 
5604 

PICK - UP n1n
2 

AND /3 +I 
?§?~ 

5605 

5606 
COMPUTE+ 

5609 

5610 
5611 

5846 

5848 

SET UP CT R 
5612 

5613 5614 r - - - IN ITI ALI Z E 14-----------, 

5620 

5621 
COMPUTE B 

L _ S T OR E BESSELL 
COEFFICIENTS 

5638 

5639 
DECREASE B 
TEST CTR . 
FINISHED? 

5641 

5642 
NO RES TORE CTR 

SET UP INCREM. 
5648 

5709 
SET - UPb 
IN STORAGE 

a- 2, a-1, a 
a+I, at 2, a+3 
IN PI CK UP 

5725 

5726 
PICK-UP 

TABULAR VALUES 
B COMPUT E 

CENTRAL DIFS. 

?~Q§ 
5843 
5845 

5807 
INITIAL IZE 

INTERP. B CTR 
5820 

5821 
COMPUTE 

INTERP. VALU E 
5 8 31 

5833 
DECREASE B 

TES T CTR. 
FINISHED ? 

5835 

NO YES 

5836 
RESTORE CTR. 
INCR. STORAGE 

SET UP INIT. 
FOR NEXT VALUE 

5842 

5814 

Fig, A-3 - Interpolation subroutine - flow diagram 
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0500 ooor4oo8'u4000 1bo700 1h6300 1bo701 1h6301 1bo702 1h6302 1 

05o8 OOOb6300'y0548'a0703'y0546'a0703'y0544 'a0703'y0542' 
0516 oooao703•yo552•ao703•yo55o•ao703•yo560 1ao703•yo557• 
0524 oooao703•y0555•ao703'y06o8 1ao703•yo6o6 1ao703•yo604 1 

0532 oooao703•yo602 1b6301•yo549 1ao7o4•y0554 'a0704 1yo601 1 

054o OOOa07o4'y0609'bOOOO'm08oO'aOOOO'mo8ol'aOOOO'm08ol' 
0548 OOOaOOOO'hOOOO'b0000'1no8ol 1aOOOO'm08ol'hOOOO'b0000 1 

0556 OOOm080l'aOOOO'm08ol 1h6363 1bOOOO't0600 1a6363 1u060l' 
0600 OOOs6363 1hOOOO'bOOOO'm08oO'aOOOO' m08ol 'aOOOO'm08ol' 
o6o8 000aOOOO'hOOOO'b6302's0703'to62l'h6302'b0602'a0703' 
0616 OOOh6300 1b6301 1a0703'h6301 1u0508 1 r48oO'u4800' 
0623 20087f22'5f4f062f'725f7236 10642oj4f'727f4fvq' 
0628 000r40o8 1u4000'b0708 1h6300 1 

0632 000b0701 1ao7o4•yo637'b0709•yo639 1bOOOO'm08o2'hOOOO' 
o64o ooob63oo•s0703•to65o•h63oo•bo637•ao703•yo637•bo639• 
0648 oooao703•uo636 1bo702•h63oo•bo710 1yo662 1b070l'y0659• 
0656 000a0711 1y0658 1bOOOO'sOOOO'd08o3 1so706 1hOOOO'uo716 1 

0700 OOOz3000'z2000 1z003l'zOOOl'z0032'''' 
0708 OOOz0063'z3532'z3632'z0132'z3500 1 z6363'z370l'z0002' 
0716 ooob63oo•so703•to726 1h63oo•bo662 1ao703 1yo662 100659 1 

0724 oooao703•uo655'b07lO'y0747'y0752'a0703'y075l'b0712' 
0732 000yo750 1b,632•to74o's08o4 1to742 1bo805 1h6363•uo747 1 

0740 oooao806 1to745 1bo8o7 1h6363 1uo747 1 c6363 1c6363•boooo• 
0748 OOOs6363 1s6363 1hOOOO'bOOOO's0000 1t0760 1s08o7't0816 1 

0756 OOOb6363 1a08o7 1h6363 1uo816 1b6363's08o7'h6,63 1u0816 1 

o8oo Ol47fql4 102222222 120000000•22222222 1 

0804 34800000•5roooooo•258ooooo 12koooooo 1 

o808 40000000'0o800000'0wwOOOOO'lOOOOOOO' 
o812 000w-w000 100100000'00000ww0'00001000 1 

o816 OOObo747•a0703•yo747'yo752•ao703•y0751•eo713•so714 1 

0824 oooto826 1uo830 1b0750'ao703•y075o•uo747 1r4800 1u4800 1 

0832 20087f4f'Oj4f6f5f'o62f4f7f'22lf4f2f' 
o836 06624652•1ro62232 1 066f462f'4f2a20vq ' 
o84o OOOpOOOO'iOOOO'c0900'pOOOO'iOOOO'c090l'r4800'u4800' 
0848 2oo85f62 172326jo6 11246522a•20202020 110624652 • 
o853 lf303f22'3230720J'5f307202'223f525f'62o820vq' 
o858 ooor57oo•u56oo•zoo3o•uo9o8' 1

'
1

' 

0902 OOOz0104 1 z00,4'z2028'z2700'z0200'z0100 1 

09o8 000b090l'y0915'b070l'y0916'b0715'ho862 1ho863'bOOOO' 
0916 OOOhOOOO'r5800 1u5650 1bo863 1 s0703•to93o•ho863 1b0915' 
0924 oooao703•y0915 1bo916 1ao860 1yo916 1uo915 1b0862 1 s0703 1 

0932 oooto942'ho862 1b0915'ao860 1y0915•bo916 1ao902•yo916 1 

0940 OOOb0715'u0914'b0903'h0863 1b09o4'ylOo8 'b0905'ylllO' 
0948 OOOulOOO'bo863 1s0703'tl224'u0959'a0703'yl008 1blll0 1 

0956 OOOa0703'ylllO'ul008 1h0863 1bl008 1u0953 11
' 

Fig. A-4 - Moon track coding 
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1000 OOOb0705'r4649 1u4600 1hl063 1b0705'r4649 1u46o4 1hl062 1 

10o8 OOOb0000 1h1060 1r4649 1u4600'hl061 1bl060 1r4649 1u46o4 1 

1016 OOOhl060 1blOo8 1a0906 1h1020 1b0000 1r4649 1u4600 1m0707' 
1024 000hl059 1bl020'a0906 1hl028'b0000 1hl057'r4649 1u4600 1 

1032 000hl058'bl057'r4649 1u4604 1h1057'ml062 1ml060 1hl056' 
1040 OOObl058 1m1063 1ul044 1z0000 1al056 1a1056 1hl055'al055' 
1048 000cl054's1054 1sl054 1al059'm1059'ullOO' 

1100 OOOa0802'r5050'u5000'cll32's1059'm08o8'al055'dll32' 
1108 OOOr492l 1u4900 1h0000 1blllO'a0907'yl217'bl058'dl057' 
1116 OOOmlo62 1h1132 1blo60 1mlo63 1d08o8 1sll32'hll32'tll27' 
1124 OOObll34 1hll33'ull29'bll35'hll33'blo61 1ull48 1z0000 1 

1132 OOOz0000 1 z0000 1 zll4l'zll40 1zOOOO'zOOo4'zl361 1 zl400' 
1140 00000000'2k000000'5f000000'2kOOOOOO' 
1144 16800000 116800000 143800000 143800000 1 

1148 000tll52'bll33'a0715'hll33'bl061 1mlo6l 1hll36'bll32' 
1156 000mll32's1136'tl205'bll33'yl203'blo61 1m0808 1dll32' 
1200 OOOm0809 1r475l'u4700'aOOOO'ul217'bll33'all37'yl215 1 

1208 OOObll32'm08o8 1dl061 1mo809 1r4751 1u4700 1hll32'b0~)0 1 

1216 000s1132'h0000 1u0949 111111 

1224 OOOb0900'e0810 1d0811 1hl3()l'b0900'e0812'do813'hl3()2 1 

1232 000ul334'd0815 1hl363'b0903'b0903'hl360 1s0715'sC703' 
124~ 000hl359'b0703'hl358 1bll38 1yl258'yl30l'bll39'yl310' 
1248 000yl317'b0905'yl325'a0907'yl329'bl348 1yl333 'pl600 1 

1256 OOOzOOOO'bl435 1e0000 1m1436 1al349'hl262'zOOOO'z0000 1 

1300 OOObl437'eOOOO'm1438'al349'hl305'zOOOO'zOOOO'p2400' 
1308 OOOzOOOO'bl439'eOOOO'ml440'al349'hl314 1 zOOOO'z0000 1 

1316 OOObl44l'eOOOO'm1442'al349'hl321'zOOOO'zOOOO'p2400' 
1324 OOOz0000 1b0000 1r4305 1u4300 1z0109 1bOOOO'r4305'u4300' 
1332 OOOz0109'uOOOO'b0900'e0814'ul233' 

1348 OOOzl500'p0200'zl5o4'zl508'z2702'z0029'z0019'zl8oO' 

1400 002g0000'2jOOOO'OOOOOO'Ol0000 1020000 1030000' 
1406 ooo4oooo 108oooo 1090000 1oroooo 1og0000•0joOOO' 
1412 00100000'110000'120000'130000 114oOOO'l8oOOO' 
1418 00190000 11fOOOO'lg0000 1lj0000 1200000'2lOOOO' 
1424 00220000•230000 1240000•280000•290000 12roooo• 
1430 002g0000'2jOOOO'OOOOOO'Ol0000'020000' 
1435 78oOOOOO'Oooo4000'078oOOOO'Ooo40000'00780000' 
144o oo4ooooo•ooo78000•04000000•5go5g05g' 

Fig . A-5 - Moon track coding continued 
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1500 000bl358's0703'hl358'tl52l'bl359's0703'hl359'tl528 ' 
15o8 000bl360's0703'hl:;60'tl535'bl310'a0703'yl310'yl317' 
1516 000all39'yl329's0907'yl325'ul255'bl350'yl333'bl258' 
1524 000a0703'yl258'yl30l'u1504'bl258'a0703'yl258 1yl301' 
1532 000bl35l'yl333'ul5o8'r48o0'u4800' 
1537 20202020 110187r7J 1225r6r62 1065r4606 1 

1541 4252326r 162065r4r 132o67f4r 16t46322f 1 

1545 7f0654lf 1463f0618 132467j08 1202020vq' 
1549 0OOb0905'yl554'yl556'b0906 1h6300 1b0000 1ml443 1 

1556 0OOh0000 1b6300 1s0703 1t1602 1h6300 1bl554'a0703'yl554' 
1600 000y1556•u1554'bl352'y1613•ao907•y1617 1s1139•y1621 1

. 

16o8 000bl353'hl356'r5700 1u5600'z0020 1b0000'h2920'r5800' 
i616 OOOu5650'b0000'h294o'r5800'u5650'b0O00'al362'hl357' 
1624 000bl354 1h6300 1bl355'yl630 1bl663 1yl632 1b0OO0'al357' 
1632 000h0000 1b6300 1s0703 1t1644 1h6300 1bl630 1ao703 1h1630 1 

1640 000b1632 1ao703 1h1632 1u1630 1bl663 1yl654 1a1662 1y1657• 
1648 oooa1662 1yl700'bl354'hl661 1pl631 1 zOO00'b0OOO'r1930• 
1656 000ul900'bOO00'ul732'zOO00'z0OO0'z0000'z0020'z2900' 
1700 OOOb00OO'r193o•u1900 1p3246 1bl661 1s0703 1t1716 1h1661 1 

17o8 ooob1654 1ao703 1y1654 1a1662 1y1657 1a1662 1y1700 1u1652• 
1716 000bl356's0703'tl728'hl356'bl613'a0703'yl613'a0907' 
1724 00Oyl617's1139'yl62l'ul613'z0000'uo830 11 1 

1732 ooot1736•r193o•u190o•u1700 1b1958'ul733' 

1800 00000000'o800 11000 11800 12000 12800 13000 1 3800 14000 148oo' 
1810 oooo8ooo 18800 19000 19800 1rooo 1r800 1g000 1g8oo 1 jooo 1J800 1 

1900 000hl959'el937'ml938'al939'hl905'z0OO0'bl959'el943' 
19o8 000rnl944'al945'hl9ll'z0000'bl959'el949'ml950'al951' 
1916 00:::Jhl917'zOOOO'bl959'el955'ml956'al957'hl923'zOOO0' 
1924 000bl959'el961 1m1962•a1963 1hl929'z0OOO'u0OO0' 

1937 78000000 100004000 1p0241 1 

1943 078ooooo•ooc4oooo•po247' 

1949 0078oooo 1oo400000 1po253• 

1955 00078000 1o4000000 1po259• 

1961 00007800 140000000 1p0201 1 

Fig. A-6 - Moon track coding continued 
and punching subroutine coding 
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0000 000b0l00' y00o4' a0l0l' y0049 1 bOO00' h0063 1 b0l0l' d0063 1 

ooo8 000h0o62' h0o6l' b0063 1 u0246' h0o60' b0102' y0038 1 a0l0l' 
0016 000y0029 1 aOl0l' y0025' a0l0l' y0022' b0o6l' h0000' m0103' 
0024 000s0103' h0000' b006l 1 s0103' m0104' hOOOO' b0o6l' m0105' 
0032 000s0103 1xh6300' b0o6l' m0104' a0104 1xm6300 1 h0000' b0060 1 

oo4o 000s0101 1 too49 1 h0o60 1 b006l' aoo62 1 h0o61 1 b0022' a0101 1 

0048 000u0014' u0000' b0200' s0106 1 y0057' s0101' y0055' b0OO0' 
0056 000h0107' b0000' h0108' u0109''''' 
0100 000z0000'xz000l' z0300'40000000'2f'ffffff'20000000'xz0003'' 
0lo8 000z0000' b0107' a.0106 1 yOl26 1 s0101' y0127' y0129' s0101' 
0116 000y0130' y0132' s0l0l' y0133' y0135' s0101' y0137' y0139' 
0124 000s0101 1 y0140' bOO00' s0000 1xh6300' b00OO' s0000 1xh6301 1 

0132 OO0b0000' s0000'xh6315' b0000 1.xh6317• s0000'xh6302' b0OO0' 
0140 0OOs0000 1xh6303 1xb6300'xs630l 1xh63o4 1xb6301 1xs6315 1.xh6305• 
0148 0Oxb6315 1xs6302 1xh6306 1xb6302 1xs6303 1xh6307 1xb63o4 1xs6305 1 

0156 OOxh6308'xb6305 1xs6306 1xh6360 1xb63o6 1xs6307 1xh6309 1 u020l' 
0200 0OOu0OO0'xb6308 1xs6309 1xh6357 1xb6305 1xa6306 1 u0243' b0o63 1 

0208 000s0l0l' h0060' b0108' a0101 1 y0232' b0102' y0222' a0l0l' 
0216 000y0225• a0l0l' y0228' a0l0l' y0230 1xb6357• m0000 1xh6359• 
0224 OOxb6360• moooo•xa6359•xa6313• moooo•xa6315• m0000 1xa6317• 
0232 000h00OO' b0o60 1 s0l0l' t0200' h0o60' b0232' a0101 1 y0232' 
0240 000b0230' a0101 1 u0214' m0103'xh6313' u0207' s0l0l' s0101 1 

0248 000u0012' 

NCY.l'E: When this subroutine is used with the moon-track program, 
the addresses of al.l. orders not preceded by an "x" a.re increased 
by 5600. 

Fig. A- 7 - Interpolation subroutine 




