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Air "Traffic Control Project 
Servomechanisms Laboratory 

Massachusetts Ins t i tu te of Technology 
Cambridge, Massachusetts 

SUBJKCT: MAINTAINING PRIVATE LINE COMMUNICATION (PART I) 

To: 6673 Group 

From; tf. Gordon Velchraan 

Date: April ?7, I9U9 

Object 

1„ The object of this memorandum i s to provide a 
s tart ing point in the study of the problem of maintaining pri ­
vate l ine communications. The program haB been hurriedly pre­
pared, without much attempt at refinement, in order to obtain 
some idea of the magnitude of the job and in order to have some­
thing with which a l ternat ive methods can be compared. The memo­
randum i s in two parts so that the reader can look at the data 
storage on the l a s t page of the f i r s t part while he i e also look­
ing at the program which i s given in the second part . 

The Problem 

2. I assume that private l i n e communication for con­
tro l purposes has been established with a number of a i rcraf t (I 
Bhall use the abbreviation a/c) which w i l l be said to be "in the 
system",. The problem i s to maintain contact with these a/c . In 
th i s note I am not considering how a/c are brought into the system 
or how they leave . 

3- Communication i s by means of a direct ional beam which 
rotates at a constant speed ui which I assume to be 2 seconds per 
revolution. Every time contact i s made with a part i cu lar a/c in 
the system the computer has both to est imate at what azimuth con­
tact can be made again during the next sweep of the beam and aim 
to store any information that may be needed for t h i s future contact. 

General Aesumptions 

L. I t i s assumed that each a / c hPs an i d e n t i t y code by 
which i t can be dist inguished from other a/c that may be in the beam 
at the same time. Pos i t iona l data are assumed to be avai lable in 
the a/c so that the computer can obtain them by interrogation. At 
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each contact therefore the coiaputer obtains positional data for 
an a/c, does the necessary calculations, and sends control sig­
nals to the a/c. We are not at present concerned with the con­
trol computation but only with the computation that is needed to 
maintain contact. 

5. We assume 100 a/c in the system at distances of 
10 to 100 mile's. We must allow for a/c speeds from 100 to *j>QQ 
miles per hour. We can neglect the tangential acceleration of 
an a/c and assume that the rate of turn will not be more than 
5 degrees a second. 

6. We shall assume a beam width of between 2 and 3 
degrees and define within the beam a leading edge and a trailing 
edge separated by 2 degrees. We shall attempt to make contact 
on the leading edge and it will be assumed that this leading 
edge is sufficiently far inside the beam to allow for errors in 
prediction. At 2 seconds per revolution, the leading edge sweeps 
0.18 degrees per millisecond. 

Outline of Method 

7. I h«ve simplified the problem by assuming a blind 
sector of 30 degrees- I assume that no a/c in the system will 

ever have an azimuth between - ~ and + -—. I use 0 to denote 

the measured azimuth of the leading edge of the beam and assume 
that this can be obtained at any time from an analog input de­
vice by giving the order rf 1. 1 use © to denote the azimuth of 
the a/c and J) to denote the predicted azimuth of the leading edge 
of the beam at which it i6 expected to hit the a/c. To save writ­
ing 1 take: 

f)% • 0 « a i , yfi' = J> 4 31 

AB a resul t of the blind sector assumption, 9, 0, and i> w i l l a l l 

l i e between r— a n ^ \?m * n considering any particular contact I 

use subscripts 0 and 1 to indicate data re lat ing to the previous 
(actual) contact and the next (predicted) contact respect ive ly . 

8. The necessary information about the a/c in the system 
i6 stored in four sets of B-c lass r e g i s t e r s which w i l l be called the 

a/c blocks. There are 2 • 128 reg i s ters in each set and they are 
denoted by B(c*x) , B(dHx), B(e+x), and B(f+x) , where x rune from 0 

to 2 7 - l = 127. 
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9. V/e wi l l suppose that the computer i s dealing with 
some main program (MP) and that at convenient intervals in MP, 
at tiraeswhen the content of the accumulator i s not required, a 
teet i s applied by an sp order which leads to subprogram A (SPA). 
V/e assume that the 6p order puts the address of the next order 
of MP in AR and that this address can be read direct ly from AR 
into storage by the order ta . 

10. Consider the s tate of a f f a i r s at the beginning of 

the sweep, that i s , when 0 - -r^' T h e predicted y&' for a l l a/c 

in the system (suppose the number of a/c i s n) are arranged in 
ascending order in n consecutive B-class reg i s t ers running from 
B(c+x) to B(<r»x^n^T) and the related data are in B(d+x), B(e+x), 
B( f*x) , to B(d+jFn^i), B(e+?H31)> B(f+x+n-l) where the bar de­
notes modulo 2 . 

11. The t e s t cons i s t s in finding out whether i t i s time 
to make contact with the a/c whose ^' i s in B(c+x). When contact 
time i s reached, the computer switches to SFB, the prediction sub­
program. The predicted $% for contact on the next sweep i s put in 
B(c+y) where y • x+n and the related data are put in B(d+y), B(e+y), 
B( f + y) . Both x and y are increased by one modulo 2' to prepare 
for the next a /c . This next a/c i s dealt with at once i f H e con­
tact time has been reached, otherwise the computer returne to MP. 

12. At the end of the sweep when 0 = -*^, the datp re­
quired for the next sweep are again stored in sets of n consecu­
t i ve reg i s t er s in the a/c blocks , the new i n i t i a l value of x be­
ing x "+n where x i6 the old i n i t i a l value. The y6, however, w i l l 

not necessari ly be in ascending order s ince some a/c may have 
changed places Consequently, the computer goes to SPC, the 
shuffl ing subprogram, which rearranges the J) and the related data 
in ascending order for the next sweep before returning to MP 

Method of Prediction 

13. In predicting the J)' for the next sweep, I have ne­

glected the angular accelerat ion of the a / c . Taking: 

t • time from previous contact to current contact 

t . = time from current contact to predicted contact 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



/ 

» 

o •5673 
Memorandum M-200Q 

Page U 

we have the equat ions 

ujt » 4% - 6 
0 0 

0t = 9 - 9 o 0 

9t = y> - 9 = $ - e - an 

which give 
(©+ 8f)(0' - 0 ) - 0 <0 - 9 ) 

/ i = (0. . £o) ! (Q - ©o) ~ 

Method of Shuffling 

lU. In rearranging the predicted yi we can take advantage 
of the fact that they will be almost in ascending order. I have, 
therefore, done the shuffling by running through the consecutive 
pairs of ^r interchanging a pair and the related data when they are 
not in order. The shuffle is complete when a run through all consecu­
tive peirs produces no interchange. Very few runs should be required. 

15. At the beginning of a shuffle, values of x and y will 
be in storage. To deal with the difficulty of working modulo ?' I 
have introduced two new numbers, x' and y*. Of these, y* remains 

fixed during the shuffle and 1B equal to y or y * ? , according as 
y is greater than or less than x. The effect of this is to make 
y' = x+n. The other number, x'» is initially equal to x and varies 
between x and y'- 1 as the shuffle proceeds. When two consecutive 
y6 are being compared, they will be denoted by Ji. and y&1+, > the po­
sition of the former being determined by the current value of x'. 
The snme subscripts j and J+l are used for the data corres-oonding 
to /»j and ̂ J + 1. ' 

Aircraft Data 
• » . - — ^ — i M i l l — — F ^ — 

16. The quantity i that is stored in B(d+x) is something 
that will identify an a/c in the system. It may be the identity code 
that will be used In communicetions or, alternatively, a register ad­
dress that will enable the computer to find information about the a/c. 
in the program the data shown inB(c**x), B(d-*x), B(e+x), B(f+x) were 
put there at the last contact while the data shown in B(e+y), B(d+y), 
B(e+y), B(f+y) are put there during the current contact. 
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Requirements of Storage and Time 

17o The s to rage requirements are as fo l lows ; 

SPA 
SPB 
SPC 
B-class 
C-class 

12 
65 
89 

527 
8 

Total 701 

In e s t ima t ing time t h e computer i s assumed to average 20 Useconds 
per ope ra t i on . When no ac t ion fo l lows , SPA takes about one-quar ter 
of a mi l l i second . To deal with p r e d i c t i o n for one a / c SPB takes 
about one and one-half mi l l i seconds which i s equivalent to 0.?7 de­
grees of sweep., In t h e shuff l ing p rocess of SPC, each run through 
takes about 2 mi l l i seconds and each interchange about 1 mil l i second, 
ri'hu8 5 runs and Uo in te rchanges , which i s more than one would n o r -
na l ly expect , would r equ i r e ^Q mi l l i seconds which i s equivalent to 
nbout 9 degrees of sweep. 

The Program 

18. In the program i t should be understood that n, wherever 
I t o c s u r s , and a l l t h e angles 9, 0 , yb, are mul t ip l i ed by a s u i t a b l e 
iscale f a c t o r that i s not shown. 

19> By r e se rv ing BU, Abl, and Acl, I have made i t easy 
*.o change the program so that a f t e r SPB or SPC a r e tu rn i s made to 
iiPA r a t h e r than the MP, However, as the program i s wr i t t en at p r e ­
sent both SPB and SPC lead back to MP. 

20. The cp order le assumed to be made e f f ec t i ve by a nega­
t ive s ign d i g i t . I t seemed reasonable tha t we should use work on the 
Air T ra f f i c problem, which i6 l i k e l y to be somewhat segregated from 
o the r work in Pro jec t Whirlwind, a s a f i e l d in which to t ry out cp-
v i th a view to dec id ing whether i t i s more convenient to use than 
cp*. 

Uueatione for Fur ther Study 

21 . The fol lowing ques t ions seem to a r i s e d i r e c t l y from 
t h i s memorandum: 

(a) What r i s k of los ing contact i s involved in the simple 
method of o r ed i c t i on t h a t I have adopted7 What e r r o r s 
in the measurement of 6 and 0 can be to le ra ted? 
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(b) What r isk in ihere that the clustering of a/c at 
any one azinuth will not give the computer enough 
time to deal with them before the t r a i l i n g edge of 
the beam has passed? 

(c) Does th is code give a reasonable measure of the 
storage and time requirements or could the code 
be considerably shortened? 

(d) How will a/c be brought into the system and taken 
out of i t ? 

(e) In the shuffling process would i t be b e t t e r to take 
each a/c in turn and move i t up the l ine un t i l no 
a/c ahead of i t has a greater predicted y&? ('Phis 
method should simplify the introduction and removal 
of a/c. Further, i t would make i t possible to do 
the shuffling intermittently during the sweep,) 

(f) Could we get rid of the blind sector without lengthen­
ing the orogram unduly? 

(g) Alternatively, would i t be bet ter to use two sectors, 
each of ISO degrees, passing a/c from one sector to 
the other when necessary, and doing the shuffling for 
each sector while the other ia being swept? 

(h) How great an improvement in the speed and f l ex ib i l i ty 
of the system could be achieved if there were 3? f i ­
nal beams each covering 11 l/h degrees instead of one 
rotating beam? I t would then be possible to switch 
from one beam to the next as soon as a l l a/c in the 
f i r s t beam had been dealt with. (This idea may well 
prove to be impractical, but It i s worth finding out 
whether in theory i t would provide a more satisfactory 
system.) 
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Constant Data 

C 1 

? 

3 

U 

Transient Data 

Storage 

2«i 

2'L5 

c x 2 - 1 5 

(d-c) x 2 

Sto ra^e 

•15 

c 5 

6 

7 

s 

( e -d ) x 2 " 1 5 

( f - e ) x 2 " 1 5 

2 7 x 2"X5 

23ii 
12 

' » 

B 1 Hext J> a t which a/c should be in t e r roga ted , 

2 Lates t observed 0, azimuth of leading edge of beam. 

3 Address f o r re turn to MP. 

h Address f o r r e tu rn to SPA. (Not used in p resen t form of code.) 

5 e 

6 e - 9 
0 

also ( ^ - 0 o ) - ( e -

7 0(e-9Q) 

8 x - 2 ! l 5 

- 1 K 

9 I • 2 3 

10 not used 

B c+x ^ ' 

d+x i 

e+x 9 +2t< 
0 

f+x y6"-0 
(changed 

».> 

to 

12 

-3 

lU 

15 

16 

• 7 

B c+y 

d+y 

e+y 

f*y 

n 
l J 
(G +2il). 0 J 

< / ' " *c>J 

Interchange count ( i n i t i a l l y -0) 

x- 2-X5 

y . , 2 - 1 5 

W 
i 

9+211 

fr* 

x,y • 0 , 1 , 2 , . . . 2 - 1 

1 
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THIS CODS USES cp-. 

Subprogram A. (SPA) The Test Program 

.1 rf 1 
2 ta B3 (Transfer direct from AR) 
3 rd B2 Puts f> in B2. Aal 

Aa2.1 ca C8 AC 

2 su B2 

3 cp Ac2.1 

12 
23" - 0 

12 

Store address for return to MP in B3. 
Call for current reading of 0 and store 
in B2. 

>' 

I* 1>>S?2~1 

no 

To SPC 

* 

and 

ree 

back to MP 
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AaJ.l ca SI <A 
2 «u B? f - 0 
3 cp Ab2.1 

Aa4,l ca B3 Address for return to MP 
2 td AAU.3 

3 »F -

Page 9 

Return to MP 

1 
If 0 ^ next u6 ? 

yes 
V 

To SPB and back tc MP I 
J 

ao j 

i 

Subprogram B. (SPB) The Prediction Program 

Abl . l ta B^ (Transfer direct from AR) 

Ab2.i «u B(f-*x) y&-0-(y£>'-̂  )=0 -0' 
2 t . B(f*x) ^ r ° ° 

Ab3.1 ca B(d*x) i 
Remainder omitted for the present. 

Abl Store address for return to SPA 

From 
SPA 

t £ 

(not used^ 

Change CR B(f+x) from<4'-0 to 

T 

Obtain ident i f i ca t ion of a/c tc be 
interrogated. Do a l l necessary com­
putation. Store G In B5. Send con­
t r o l s ignals to a / c . 

* 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



6673 
Memorandum M-POOO 

AbU.l ca B5 © 
2 ad CI 0 + 2 I J 
3 ta Be+y 

Ab5,l BU Be+x Q - 9 
2 tB B6 o 

Ab6.1 mr B2 f> (9 - 0 ) 
? t 8 B? 

Ab7-1 ce B(f+x) 0» - 0 
2 .u B6 ( 0 ' - 0 ° ) - (9 - 0 ) 
3 ta B6 ° ° 

AbS,l ce B(f+x) 0' - 0 
o 

2 mr B(e+y) (9 * 2n)(0' - 0 Q ) 

^ IU B7 (9 + 2H)(0' - t ) - 0(9 - 9 ) 

U dv B6 ° ° 

6 t s B(c+y) , l 

Ab9.1 eu B2 Ji! - 0 
2 t . B(f+y) ' A 

AblO.l ca B(d+x) i 
2 te B(d+y) 

• 

A 

Ab4 

10 

Page 10 

\ 

Put 9 + 2fi in B(e+y) 

± 
Put 9 - 9 in B6 o 

\ 

i^ut 0 ( 9 - 9 ) in B7 
0 

v 

Put (0« - 0 ) - (0 - © ) in B6 
' 0 0 

> ' 

(©••2n)(0«~0 J-5D19-0 ) 
r u t ft • (0«-0 > - ( e - e ) 

•0 O 

in B(c+y) 

\t 

Put (y6| - 0) in B(f+y) 

I 
Put i in B(d+y) 
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A b l l . l 
2 
J 
k 
5 
6 
7 
6 
9 

10 
11 
12 
13 
14 

A b l 2 . 1 
2 
3 
U 
5 
6 
7 
8 

9 
10 
11 
12 
13 
lU 

15 
16 
17 

c a 
ad 
8 l 
er 
ta 
ad 
td 
ad 
td 
ad 
td 
td 
ad 
td 

ca 
ad 
s i 
er 
t s 
ad 
td 
sd 
td 
td 
ad 
td 
ad 
td 
td 
td 
td 

B9 
C2 

8 
8 

33 
C3 
Ab8 6 
Ck 
AblO.2 
C5 
AbU,3 
Ab8.2 
C6 
Ab9.2 

B8 
C2 

8 
8 

B8 
C3 
A b l J . l 
CU 
Ab3.1 
AblO, l 
C5 
Ab5.1 
C6 
A b ? , l 
Ab2-2 
Ab7.1 
Ab8.1 

y x 2 J . _ 
( y + l ) x 2 ~ 1 5 

yTT x 2 ' 1 5 

(c+FI) x 2"15 

(d+yTT) x 2 ' 1 5 

(e+y+1) x 2 " 1 5 

(f+fTL) x 2 " 1 5 

- ' 2 " 1 5 15 

F l x 2"1 5 

( c + x * l ) x 2~^ 

(d+xTT) x 2 ' 1 5 

(e+FI) x 2~15 

( f + F l ) x 2 " 1 5 

A b l l 

12 

Page XI 

Obtain ( y + l ) mod 2 ' and modify 
y and ordere i n v o l v i n g y f o r 
next a / c 

\f 

Obtain (x+1) mod 2 and modify 
x and orders i n v o l v i n g x f o r 
next a / c 

V 
A 
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AMJ.l ca — Next ^ ' 
? IU CI 
3 U Bl ' t 

AblU.l rf 1 
? rd B2 B? contain* new 0 

Abl^.l ca Bl Mewy6 
? m B? Hew (J> - 0) 
3 cp Ab2.1 

Abl6.1 ca B3 Addreae for return to MP 
2 td Abl6-3 
3 «P — 

Abl3 

in 

15 

16 

Page I S 

Obtain next value of u& from 
r-,iir, I n 7<i 

I 
Cal l f o r current reading of 
0 and s to re in B2 

I 
I« 0 ^ next u6 T 

I no 
L 

Return to MP! 

ysej - ^ 

Subprogram C. (SPC) The Shuffling Program 

A c l . l ta BU 

Acl Store address fo r re turn to SPA 

Ac2.1 ca B9 y x 2 
2 t« B17 
3 iu B8 (y -x)2 
U cp Ac3.1 
5 sp AcH,l 

-15 From 
STA 

,-15 

I * ee 

Put y ' x ?~1^- y x ? " 1 5 i n B17 
I s y > x ? I 

\/ 

l i O 

(not used) 
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Ac3.1 
2 
3 

Acfc.l 
2 

Ac5.1 
2 
3 
k 

Ac6. l 
2 
3 
k 
5 
6 
7 
8 
9 

10 
11 
l ? 
13 

15 

ca 
ad 
t« 

ca 
M 

ca 
8 U 

8U 

cp 

ca 
•1 
•r 
ad 
td 
ca 
ad 
ta 
•1 
• r 
ad 
td 
ca 

8U 

cp 

B9 
C7 
B17 

B8 
Bl6 

B17 
C2 
Bl6 
Ac9.1 

Bib 
8 
8 

C3 
Ac6.13 
Bl6 
C2 
BIG 

8 
8 

C3 
Ac6.lU 
- -

Ac8.1 

(y+27)i 2 ' 1 5 

x - 2-15 

f * 2"15 15 ( y ' - l ) x 2 " 1 5 . . 
( y ' - l - x ' ) x 2 D 

x ' . 2-X5 

7 - 2 ~ 1 5 

(c+x») x 2 " 1 5 

» ^ " 1 5 -15 
( x ' + l ) x 2 ° 

(c+x'Tl) x 2 " 1 5 

« 

«-/jn=/j"^i 

Page U 

t 
Put y* x 2~15= (y+27) x 2~ 1 5 

In B17 

Put x •• ?~15= x • 2~ 1 5 i n Bl6 

-v 
1s x ' < y « - 1 ? 

no >1 
y e s 

no 

Obtain lA* corresponding to x* 
and u6' ." 'corresponding to x '+ l 
Add one to x ' by adding 2" * 
to CR Bl6 . 

yeg 

V 
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