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The track-while-scan and interception program used in the

+ initial experiments of the 6889 Air Defense Group is

descrited. The note covers such sutjects as the cource und
nature of the incoming data, the lozical aspects‘of the

- track-while-scan uaction, and the compututions used {'or

computing the interception courss. A flow diagram of

the computer progruem is presented and discussed in detai.;
u coded progran corresponding to the flow diagram is '
included but not analysed.
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1.1 OScopz of tho Note

This rote is intended as & general introduction to
he tasic progrum evolved Ly the 6889 Air Defense Group for
che initial experiments and demonstrations of the use of a
nigh-speed digital computer in an uir defense system. The -
specific program discussed herein was developed during the latter
sart of 1350 und wus successfully operuted early in 1951; the
orosrem has proved to be so fundumentul in nature that it
aus lemused as the tasis f'or the majority of succeeding programs.
since this note covers only tnc developments and concepts of
she luasic progranm, it is essentiully a record of the state of
affairs us of the eurly swmamer of 1951,

The remuinder of this section of the note gives a
seneral introduction to the first 6889 air defense experiments.
mection II describes tiie source und tne nature of the data
used in the experiments. Section IlI discusses the general
nhilosophy and logic of vurious parts of the track-while-scan -
action of the program; Section IV has a similar discussion regard-
ing the interception equations. The material of Sections I1I,
III, and IV is trought into unity in Section V which includes
and discusses the flow diegram for the camplete track-while-scan
und interception program. A copy of the orders and data for
che progranm are included as an Appendix.

1.2 Initial Obvjectives of Experiments

The .objective of the first air defense experiments
and studies wus the use of the Vthirlwind Computer to perform the
necessary computational and data-processing functions associated
withe

a) automatic track-while-scan (TVS); that is,
the automatic trackinz und display of selected
aircraft using data obtained from a continuously-
rotating search radar,

and b) the automatic truck-while-scan of selected aircruft
and the computation of the heading instructions
" ‘necessary to guide one aircruft -- the interceptor -«
on & collision course with a second aircraft -- the
target. These interceptlion computations were to



S capdiun Kelindd ' : , ‘ Pepe §

Le: suecn that they could be used for the mid-course
~ phass or the interception, leuding to a closing
prase under the direction of airtorne 1ntercapt
. ‘ £1 "ﬁd”ro
In eech of these tusks, munual methods were to be used for the
initial selection and desiznation.of the aircraft to be tredcked
and for the trensmission of computed heading instructions; all
other tasks wore to be performed automatically.

1.3 Lquipment and Data

The computer programs written for the tasks listed above
vore to be used with Whirlwind iIn its initial stages of operations.
This restricted the progrems to the initial storage cepacity end
sperating speeds. This capacity was 256 1l6-binary digit electro-
ysatic storage registers, with an average time per single operae
sion of tetweern 50 and 100 |tseconds.  Thirty-two registers of
sest storage were also available; of these, 27 weré toggle
switch registers which were used for reading in programs fraom
sunched-paper tape, “the other five were flip-flop registers with
2ssociated indicator lights. The flip-flop registers und their
Lndicator lights could be used for inserting information into

‘jﬁ_,hc computor or for reading particular results of computer compu-
“sations,

The prlmary source of ‘data for the computer was to be an
i search radar operated by the Air Force Cambridge Research
Jenter (AFCRC) at the Bedford Airport, some 12 miles northwest .
22 Boston. Inasmuch as the radar had no means of altitude
loternination, the track-while-scan and interception operations

viere to be carried out in only two dimensions.

As u means of transmitting this radar dats to Vhirlwind
:nd presenting it in & digital form, use was to be mude of a
orototype cigital radar relay (DRR) link designed and tested in
conjunction with the MEW radar by AFCRC. Although not designed
upecifically for extended operationael use, the relay link was
pressed into service because of its immediate availatility.

: The transmission of heading instructions fram Whirlwind to
ithe interceptor aircraft was to bte by meuns of a voice radio link.
iiircraft for the roles of interceptor and target were supplied
y the Instrumentation Laboratory at MIT and bty the AFCRC.
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1c4  Propress of Worlk and Results

fiork on wne formulation of the computer progrems and the
conttrunvion of torminal equipment nscessary to meet the two
ohjeztives of 1.2 was begun in the summer of 1950. Preliminary
vests of programs with actual and simulated radar data were
made in the lete summer of that year, using only the 32 registers
of test storage. kxtensive operational tusts were first made
possitle when 255 electrostatic storage rogisters tecame available
for usge by the computer applications groups in November of 1950.

During the fall of 1950, testing with actual radar date

was aindered by merzginal operation of the relay link and the

eder set. These troubles were investigrited and ‘eliminated during
the winter months, and eerly in the spriiz of 1951 a series of
2ctual flight tests with radar data were held. These tests
sstablished that the computer with a sto‘age capacity of 256 regi-
sters could successfully track five aircraft* or could track

two aireraft, guiding one on a collision.course inferception with
the other, About ten interception fligh: tests were ettempted

and completed through June of 19513the :'inal separations of

tne target encd intercoptor aircraft as t!oir paths crossed averaged
totween 500 und 1500 yerds. (These interceptions, being
completely ol s collision course nature; had no provisions for
slacing tho interceoptor in an advantageous position behind or

;0 ta0 side of the terget aircraft.)

1.5 Lxtension of Basic Progrems

Along with the basic ideas develcped and used for tracking-

whilo scanning, it has bsen possible to us: the computer to perform

sther related operations. Among these hav: been a limited form
>f automatic acquisition - with the compuier selecting and
initiating trucking of « rcruft -~ and a processing of radar
information to permit a direct and immediat: typlng of position
coordinates und velocities quring the simuliameocus tracking of

WO olrerals.

Studies relating to the use of tho Bedford radar have been
sentinued during 1951 in an attempt to impirove and extend the

quantity uand quality of the track-while-scan and interception functions.

# A program to track nine aircraft was wrilten and operated with
somie success. This program required thal the tracked aircraflt
werre not grouped together with less than a certain minimum anguler
separation. A program which eliminated this restriction and
which had improved operatirg characteristics tirned out to have
a *tracking capacity of five aircraflt.
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e y euently Leins mede et providing heading instruce
icms Yo peralt the interceptor to make any desired type of

erget in the closing end finel phases. A good
icel cf efforit is ulso Leing put into an improvement of the methods
:mployed for smoothing the quantized radar data and deriving
relvzs. of airceraft velocity. New and improved programs have
weer: written to itele advantege btoth of an initial increase in the
availaltle clevtrostatic sterage registers from 256 to 304, and of
srpecbed further increases to more than 608 registers.
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The primery source of duta for the computer is the MET
raCe~ reb situsted at ths Eedford Airport. This radar is operated
7t a snead ol rotation of 4 rpm and has & vertical far-shaped
beur: 1.2° wide (mesasured tetween half-power points)and 2,5° in
slevation (from the ground,to the upper half-power point). The
racder provides only range  end azimuth information, having no

Carevisions for messuring the altitude or elevation angle of an
airc-ufbte

5%tempts &t eliminating or suppressing radar returns
‘row stationory turgets bty means of a mercury delay-line type of
aovi g _tarpet JMII) rroved unsuccessful, and at the present time

i¢ BI1 is used. This results in a situation in which the radar
riden (echoes) contains a good deal of ground returns. These
sround reburns, or ground clutter, mask any aircraft returns et
*an 6 of less than 10 to 20 miles.** Although the theoretical
axium runge of the rader is upwards of 200 miles, the operational
rang st cesns to be linited to between 70 and 80 miles for moderete-
sizel aircraft flyinz at altitudes less than 10,000 feet.

There has ag yet been no opportunity to make a detailed
test of ruder coverage ut all points of the compass or ataltitudes
ztov: 10,00 Teet. The visitility of the radar is probatly affected
ty tae relutively poor site at Bedford, where the radur is located
in o shallow valley. Coverage to the west is affected ty the
Lonz-iwnock range of hills and mountiins at about 40 miles distance.
‘orr che most part, all flight tests have been restricted to the
ires nerth and esst of bedford.

* Actually the radar moasures slunt raunge. The difference between
thv slant runge and projected range is sufficiently small,
ezpecially in comperison with quantization errors (See Section 2.2.2),
and is neglected in computer computatioms.
##Unloss otherwise stated, in the remainder of this puper all distance
mesiurements ure assumed to be ip nautical miles. Une statute
il = .87 nautical miles.
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3.£.1 Generecl Description

The range of en object giving a radur echo is denermlnahle
‘vom a mossurement of tae elapsed time Letween the transmission

- a'pulse of energy from the radar und the reception of an echo
‘rom & reflecting object; the agimuth of the object giving the

scho can te determlned from the angular position of the directional

_~ada antennu. Auvxiliery equipment at Bedford converts the analog
‘ange and azimuth quantities to a digital form consisting of a
sroup of pﬂrallel binary digits. This digital information is used
30 7y a number of sudio frequency oscillators and the paralleled
Jutpouts of the oscillators are multiplexed and transmitted over

an s-dinary telephone line to the Barta Euilding. At the receiving
nd of the telephone line,the multiplexed signals are filtered

sut , shaped into tinary voltage pulses, and are introduced into

whx**w;nd through one of the flip-flop registars of test storage.

« ° . [
2.2.2 wuantization

The conversion of anslog measurements to a digital

“orn requires that the data be restricted to certain Ziscrete

.evels; when this is done, the data can then be represented in
qumericul form ty a limited number of dizits. The effect of restrict--
ng the data to discrete levels or units is known as quantization

ind venifests itself as un uncertainty in the data of 1/2 the

sm2liest level or unit of measurcment. Juantization is quite
similar to round-off ef'fects in numerical compututions.

: In converting the analog data to digital form at Ekedford,
rangs are measured to the closest mile, azimuths to the closest
/253 of a revolution. The range quantization corresponds to an
.ncertuinty of + 1/2 mile, while the azimuth guantization of 1/256
f 2 rovoluticn or 1.4° corrosponds to a tungential uncerteinty
i+ 1/2 mile at 40 miles, + 1 mile at 80 miles. A convenient way .
of ¥isualizing the ranze and azimuth quantization is to comsider a
colar grid - consisting of radial lines und concentric circles --
zslaced on a map. The effect of the quantizution of the duta is
50 report aircraft as teing only at the various intersections of
the zrid.

‘ : Inasmuch as the azimuth unit is 1/'.‘5'..")6*.'h of a revolution,

. 266 different azimuths are possible and eight tinary digits are
regquired for complete specification. (The azimuth unit of 1/256

of & revolution or 1.4° was chosen due to its correspondence to

the sntenna bteem width of 1.2°,) "It was originally planned to

use e¢ight binary digits for range and to send ranges up to 255 miles.
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to the chelec of o one-mile unit as the smallest
itulle incremeat of ronges In actual operation, however,
rengss up to 127 miles are trunsmitted; nevertheless, a
one-sile unit is used wund only seven tinary digits are employed
o ¢ gcify a runge,. :

2.4.3. Analop and Dizital Storare Tubes

: The pulse repetition frequency of the MLW rudar is
00 ps, and within the spaze of one beamwidth an aircraft should
ive wlout 12 echoes or returns. If the returns from 12 outgoing
culss: rere superimposed, the returns from the actual targets
sn g ¢ :ssive scans would overlap and reinforce at the corresponding
ren;; ¢, wnile the noise and rundom returns would be spread out
ind v.ould heve little correlution. In order to tuke advantage
of .tris fact und to increase the signul-to-noise ratio of the returns,
i'eturns are integrated over one beamwidth ty means of a video
s torize tube at the radur site. The integration is performed
i'ith the raw radar video, before the data is quantized, and in
inis way the integration performs a filtering action and provides
..metas of video enhancement. '

The rate at which information can be transmitted over
“he “2lephene line is limited, and with the techniques used in,
"he yvrezent DRR only one piece of information -- either a range
‘v nuimuth - can te transmitted each- 1/60th of a second. The
reds:, on the other hand, may produce useful information at a
widely verying rate; in the worst case with two alrcraft along
the same azimuth and tut one mile apart in range, video returns
«r echoes ure received 12.3 puseconds apart. After the quantization
;roccss, ground clutter and storm clouds appear as returns at
ruccessive ranges and azimuths, and under such conditions it is
ot tnusual to have echoes along a single azimuth at four or five
- conzczutive one~mile intervals., Although at peak rates the
suantized radar informetion may be produced at 12.3 psecond intervals,
«ver a complete rotation of the radar the averapge rato of infor-
satiun fells telow the 1/50 second rate which can be handled by
+he I'RR,. ’

As & means of properly handling returns at successive
ranges and zzimuths, it wes necessary to install a digital
ctoruge tube at the Bedford ena or une relay link. This storage
iube wes used to store all radar information as rapidly as it
vas roceived and quantized. The tube had a-capucity of 32 pieces
¢f irformstion, und either range apd uzimuth information could
L9 rcad osut from it onto the telephone line at 1/50 second
Latervals, This digital storage tpte waus used in conjuction with
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the DER urll aurewry; 1951, when 14 «us removed due to podr
reliability. OSipe that tins, the date trenemission has been
such that only onc quantized rengc -- that corresponding to the
“earliest or clocest return <= can L4 transmittad at each
‘quentized ezimuih. Under such & s ltustion, ground clutter or

o

learty asircraft would tend to shuads or tlank-out sircruft at
larrer ranzes; in order to prevent this from teing too serious,
& human opcretor at Eedford inspects und gutes out the video
returns from tne ground clutter. “his gate,which may te adjusted
in runge &s the antenne rotates; is ususlly manipulated so as to
tlark out the vidso at ranges of lsss than 15 to 25 miles.

The ucjustable range gale is only & temporary cxpzdient;
and some stordge may be reintrod.ced into the DRR in order

o permit dute w ke transmitted lor two or more aircraft at

the sume wzimuth. Tne computer trograms which have bruen written
are of such a form that “hey will operate satisfactorily under
condisions in which the storage tt Bedford is or is not in use.

) . ¢

2.8.4  Tining,

Information is trunsmitted over the telephone line
eech 1/00 of & second. *henove:r thert is no range or azimuth
inforaesion availatle to te sent at & particular 1/50 second

intorvei, & zero renze or null signal is trunsmitted.

Prior to the removal of tht digital slorege tube at

Fedf'or¢, whenever tnere wus rudar irformetion tu be transmitted,
the seinmuth infornation wes sent at one 1/50 sccond interval
and &t succeading intervuls of 1/50 secord the range op ranges
@l tnat azimuth wero sent, These wire followed bty zero runges
until the noxt sequence of azimuth, ranze, etc. were available
to te sent, If the rudar received ro retwrns during a sector

of the scun, only zero ranies were transmitted in that period.

- Since the removal of the digital storage tute, there
is; of course; only one range per azimuth.* At the present time;
every other 1/50 second transmission is en szimuth =< tne current

ezimuth of the antenna; after each azimuth lither a range or zero
ranze is seat. OSines taerc are 1/2 x 15 x {2 or 375 azinuth

= Actually; tnis is only one range per 1l2-puce integraticn.



: s tiper wrd but 25C different azimuths, about helf
sk Uuths sre trensmitusd ftwice per scan.

Z.sh loding

The trunsmission system from Bedford has 10 parallel
Dinary channels, the information sent in each channel teing either
Jor . 1. {onsider thesa chennels as having outputs at Vhirl-
vind nunbercd from O to 9.+x Output #0 is the timing channel
civd recrives & ¢ each 1/50th of a second. Output #1 is used to
ting. ish between ranges and nzimuths; an azimuth is indicated
e ranze by a 0. Outputs #¢ through 9 receive the parallel
ranr¢ or uzimuth iaformation with thne following conven-

o

Lszinuth:

The digital information is a linary numter .
om O up to 255 representing the numbervof‘l/éss
rts of & complete revolution.,  Output ;9 is
ignted as 1, /i3 a8 &, #7 &8 4, venesoofid as 128.
An czimuth of O corresponds to true morth, 64 is
west, 128 is south, 192 iz cast.

Ranzes:

The digitel inflormation is expressed in nautical
milos, 2na extends froem O through 127. Output 70
i5 ot used for range trunsmission and contains a O,
ouspud #8 is weighted as 1, §17 a8 2, /6 &5 4oscocoos

;;"2 &5 to

The %“ransmission of ranges and azimuths is summarized in
Pimire Do It should be noted that 1's at outputs # 1 through 9
curcesp.né to en ezimuth of 255/256, just eust of north. Zeros
£ cubpy ts #1 throuzh 9 is tho zero range or null indication

monsioned wbtoves

- .

Ine terminology outout is used here in place of chunnel so that
he outpubs can be numtered in accordunce to the numbtering of
ke ¢i3it positions in Vhirlwind to which they ure connected.

¢ crannol numburs, us sssigned ty AFCRC, do not correspond to
tre ot tput numbers. V

t
t
I

i
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WEIGHTING 128 64 32 16 8 4 2 |

REPRESENTATION % F & & F & & & %
CHANNEL # O | 2 3 4 5 6 7 8 9

!
i DIGIT Y Vv VvV Vv Vv 'Yy Y v Vv v
RANGE REPRESENTATION | 0 | © 0

WEIGHTING v 64 32 16 8 4 2 I

DIGITAL CODING OF RANGES AND AZIMUTHS
FOR DATA LINK FROM BEDFORD

Fig. 1



2.5 lotroluction of Deta Into dhirlwind

-

£ piece of information -- azimuth, range, or zero range =--
is received at the ‘Vnirlwind end of the telephone line each 1/50
of & second. The data, in the form of multiplexed signals, is
#iltzred, the pulses arc shaped, and the data is then introduced
into Flip~Flop Register 4 of test storage. The transfer of the
informetion is done with video pulses, and is synchronized so that
the date is not introduced while the computer is reading into or
cut of the flip-flop register.»

The arrival of the data is, in general, non-synchronous
with the program action of the computer, and since there is no
ouffer storage ot the input of the computer to store or save this
data, it bYecomes necessary for the computer to inspect the flip-
flop repister oftener than each 1/50 of a second so that data
is not lost. At these times the computer must remove, operate
upon, and store internally any data discovered duning the inspection.

The computer initially sets all digits of the input flip=
"lop register (FY'¢) to 1%s. This condition represents -0 to the
zomputer, and this nezative condition is used as & no-input indica-
wion, The ten date outputs from the telephone lines are connected
:0 tne correspondingly numbered digits of the input flip-flop. In
addition; the timing channel (output #0) is also connected to digits
L0 tnrough 1l&. The action of an input from the telephone line is
30 reproduce the tinary digit information in digits 1 = 9, wnile
shan;ing digits ©0, 10, 11, 12, 13, 14, 15 to the zero condition.
The changing of digit O to a 0 effectively makes the flip-flop
appesr positive and hence is used as an indication by the computer
that data has beern received,

2.4 Epecialized Cheracteristics of the Wuantized Rader Data

siention has already been made of the large number of
=zchons received from stationary targets such as ground clutter.
Quring inclement weather, returns are received from storm clouds
and Iin genercl there is & certain amount of apparent radar return
~wnich results from noise within the radar receiver or from .
atmospheric conditions. Soms of this noise manages to survive
the integreation procsss und is quantized; other incorrect informe-
tion is trensmitted us a result of encoding errors at bedford or
errors in transmissione.

" For details of the synchronization, see M-2068 and k-387



oy v RS Page 15

e

LAY
!

.1ristic of tho deta which must be noted

3 othe : of & lc(' o reports on certain aircraft

ardn EER canz of L,e antenna, These missee may be due
o tho iienl poriticn of tho alrcraft with respect to the radar
Toam, bhr distereo of Hhe ‘rc“aft, or the type of reflecting
surfese which the rircratt precents. The latter factor is
ranifosted oy o higher sro ':" tility of miss when an aircraft makes
¢ Tl ‘

Tao quantizaticn cf the radar returns requires thet a
cefinibo cihoice bz made as to whether & particular analog
f casureners should be quantized to one discrete level or the next.
“rs casractoristics of the encoding equipment at Bedford are such
:Lat thon she digiial storzgze cwube is in use, targets whose
rapgps $£211s closc to half-way between two suocessive quantized
muy e reportod &% both ranges. This phenomenon of
‘wle TANZO Pﬁtl?ho is ncnexistent under the present mode of
rkvaﬁlOa Tithout he storage tube., =

L

Tho action of the video storage tube together with the
~vidth of the radar beam and the attendant side-lobes tend to
sreate maltiole ezimuth returms wherein e single aircraft will
6 reporSed ut bhe same rango but at more than one consecutive
silmrths.  Thic phanomenon is rather common and may involve more
“hen two consecutive azimuths when the aircraft in question is
A% @ relativoly loy range aud the radar echo is fairly strong.

fis)

* See¢ 20.2.4 Apparent Multiple range returns are possitle when
the sams azinmuth is trensmitted at successive azimuth
treasmission intorvals.
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For convenience in the remaining sections of this note,
i 03X% i necessury to define two terms which shall be used in the
der rriciion of the track=vhile~scan activity of the computers

the tern ccrrelaticn is intended the means by which
ihe radar nata Lorrevpcno\ng L0 & particular aircraft is identified

o1 raccessive neenn of thie radar antennac The term smoothing ie

te Ceseribe the precoss by which the radar data pertaining.
o rartiovler eire raft is manipulated and uced on successive an-
£ SR £ ef to permit e determinstfon of the velocity compo-

nen s of ke sircreft. 1In the sense ir wkich it is used in this
wol- | treck=while=scan implies beth the correlatior and smoothing
I rafer datew .
3.1 % QCgordinnte Svet .ms_and Displays
_ In accordance wil}y the discussion of Section 2.2, radar
Gei. hes mece evaileble to Vhirlwind in polar coordinates 1n terms
¢f . znzec and azimutis. This deta 1 converted to (X, y) coordi-

Loow the ﬂomputcr hoth [or use in the track-while=scan function
3 @ wUeans JPpAc“_nuln sultable displays. The conversion

(- 3) 1o (x, ¥} ¢oordinates is accomplished by means of a com=
ity subrregram thich calcujstes the sines and cosines of incoming
nginoih angies

A primiry reason for the coordinate conversion is to en-

itie a computerscontrolled display of all or part of the received

cacy - €atn.  The gcopes presently availlable for display purposes at
inir.wvird permi? e proper V.1 dispiay only when the deflection vol-
JRET re propc-tional to the (x, y) coordinates of the information:
'hez: (x, v) prsitlons, avallable in the computer in a digital form,

TR -nﬂVésied t> preporticnal analog voltages for the scope deflec=
went by reens of digital=anaslog decoders> The .”-i presentation

.£ u der ihe ccutrol of the computer which displays the incoming

ote in asimuth seguence, but the scope 1s intensified and a spot
iivrineted onlyr for each plece of radar data; thies latter fact makes
ha {dspley ¢iiferent from normal radar i1 displays inssmuch as ihe

Jedntliy-traced 1otating line signifving +be rotalion of the antenna

s missing and there is but a single intensity of display, with no

'c1f-tones.

¥or ile general purposes of track-while-ecan and inter=
rptinne  %he computer generates two soparate displaye, efther of
foi or bath rny be presented on long=persistence cathcde ray tubens
v elepley, the D scope displey, all of the incoming radar deta
aiwry o gecend display, ithe I scopw display, is used as & means

.
n, Qo
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Choe e iing only & fiiliered ¢icture containing only those se-
K 't owkich tho computer is trackinge Elther display
vz shoun cn & °lngle occillo=cope depending on the

{0 QUL T v
pooitden o ¢ osviteh:
4 éinlav scope, specially designed and constructed at
her wlso been installed at the Barta Bullding where it can:
w0 directly dinplay (r, 6) data arriving over the tele-
iire or dets previously recorded from the telephone line
nccorder Tape. ihis display scope; commonly referred to
I3pgitel TPI, deecs not require processing of the data by
i chr1ue” and prov*ne among other things, a handy means of
¢l 2iring lhe incoming ‘adar data. However, for tle purposes of
¢ zizctive or filtered display, the cOmputerwconxrolled presen=
v Zon erd the additicaal scopes and decoders are necessarye

,.

b
N

i

a %
«il

L further rveson for the conversion to and use of dats

“+ wx, y) coordinate Jorm is that it permits simpler programming
Po ghiteining rmoothed values of velocities and for calculating

1¢?ti;cn courses- The eimpler programming ie‘primarily due to
ot thet an aireref? flying a straighte=course at constant
ras constaav x end y velocity componentsc. A straight-
:'re“eed path does not, however, produce constant ve-=
TR rnente in & radiel or tangential direction. Figher
R 69. 'wr%vec in f(r, 2) coordinates, i.;:, accelerations, come
B LRSI sroothing of velocitiee and the conputation of the

iingz Jfur en interception course=

i
e
m
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"sadvax\age which enters into the usze of (x, y) co-
3 fron the effects of the (r, €) quantization. The
150 is fixed, while the azimuth quantization, in

18 reiler then engle, vaeries with range and above
tantization in azimuth is effectively worse than

v The, conrdinate conversion process tends to mix the
svo 4uontizations, wiln the resultant quantizetion in (x, y) co-

ori nzter varring sincsoidally with position. The mixing of quanti-
et on has ar effect on the smoothing of velocities since thre
wen:relly smeller quantization error in range is mixed with the
ler-er evror in &zimuth to produce an intermediate amount of quanti-
zgt on in tola % and y coordinatess

lxad

3

0 ® i b H

:.
v
¥
-

L cecond mode of display is used by the computer to pre=
sen  tre rewlis of the computation of the proper heading angle to
Ye ransnitizd to the ;ilot of the interceptor aircraft. This angle
ig depleyed in the indicator lights associated with one of the flip-
£in  storege repisters: The angle is initially calculated in binary
few . kal Tor purposes of display it ie converted to binary-coded

with reference to magnetic worthe (Each decimal digit
. ke i ding angle,xpressed in degrees, is represented by ite di-
cec binoy RuUlV&]E?LL) ftecently a direct decimel displsy of the
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in techioan 3-1-1, the correlation function iz
on succeacive scens which plece of incoming data
girereft “elng tracked: The incoming date con-
ce of azimitins and ranges, or after conversion, a
) positionz. From this data must be extracted
ch eppear w6 correspond most closely to an aircraft
ne e*?od of correlciion must be- eufficiently so-
compu’er ig eble to meke a proper choice when
free wwo or more airceraft closely spaced.
not be confvsed when the DRR trensmits

n;le aircraft- On the other hand, the com~
:c and teke proper =tep= when +he redar
more £Cars.
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cerrelation process relies henvily upon predicted values
& supplied by tre swoothing ecuiorn of the computer. The
are interrel: The correletion process must curply
bta for the smoothing, while the smadthing process, iIn
Tor the correletion on the nex® scan: Once started,
¢ self-rerpetvaeting, but proper action is required for
“JcPin~ cn the terget. "Thet 1s to say, on some
uet be irformed thet it is %o start tracking a

In {he interception probilem, the computer must

itielly of the jdentity of ihe aircraft: target
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timur conditions -+ those ir whiclk there are few

a, these aircreft are fairly well separated, there
ard the sircraft do not travel wery far in
fror scan to scan <~ Hhe. cormnisslon Daetl
any knorledge of the velocity or the air=
accerpliszhed by expecting end looking for the
Lln recar at the same position or within
tion wrere it was reported on the laet
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rore reslistic conditions, Lowaver =- conditicns in
Yagh censily of eircraft with crossing aircraf?

. ¢l ground cittter, and high aircraft speecds =-

”"nﬂ*lon 318 nci so casily performed. In this casze,

ne airerafi's welocity permi.s & prediction to be

:ition of the aircrafy and enables the corputer

‘n



ST NI IRN: , } Page 19

por uitly the best of w number of pieces of
anigihh correspond to the aircraft. In general,
vt oorledge of enoaircraft's VElObluy components eascs the
coriosiebion probtlem since it presents additional informatlon
vit: whlch to carry out the assigned taskss

is ncteu atove, the velocity components produced as

re ult of a smoothing process enable a short-range prediction
#xtion to be made, this prediction then simplifying the
~obich process. #ith reliable velocity information, the
1 Ser 13 able %o prodict positions of an aircraft for some

‘v times in the future; this is reliable only if tho aircraft
avclling & siraight path. Predictions of future positions
‘zozgsary for the computation of a collision course in
. the interceptor is dirscted om a siraight-line path which
encbla it to reach & point in space at the same time as the
% eircraft (see Section 4.2).

IS Inltlal Co”relatlon of Data . The Time Counter

cmim e

Apgsume that al some time during a scan of the antenns,
tiac compuber has been abls to predict the probable position of
» 1 wckod aircraft during the next scan. The initial step in
v sorrelation process, then, is to screen the incoming informa-
20 during the next scan and pick out those pieces of data which
cor, zspond closely enough to this predlcted position to warrant
Sor Lderaiifng

Cne nethed of attack would be to inspect every piece
aconing infermetion, checking its coordinates with the
¢ otod cocrdinates of the aircreft in question. Obviously
; .nspegeion of each piece of incoming information is unncessary,
ot 2 owo poed inspoct only those pieces of date whose azimuths
fo.. cisse to tho prodicted azimuth of the aircraft. That is
g . we need only inspect those pieces of data received when
the antonne i poin*in; approximately in the direction of the

i enlse

%¥hen the atove-mentioned msthod wes first investigated
sousidored, the digital storage tube was still being used as
~% of tho DRR. As noted in Section 2.2.4, the characteristics
10 deta at that €ime were such that azimuths and renges were

only when the coordinates of a radar return were being
amitted tc the computor., Thus the azimuth of the antenna
e nadeo gvallable to the computer only when e radar return wes
Lol 3 tremsmitted, end this azimuth value would not necessarily
ae mpord 4o the present position of the antenna due to the
¢al.; eof tho digitel storege tube. A further unfortunate
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Moooanturistic of the digital storage tube was that if the informae-

sl %o b2 sent aceumuleted beyond the capacity of the digitel

st Jege tibe; the oxcess information was writtem in ovor the previously-
wioced infermation. This overwriting caused the stored information

st be im 9rror, and erroneous azimuths and ranges were transmitted

the telephone line, The overloading of the digital storage
cocurred froegqueatly enough to make it necessary that the

- outeor act use the transmitted azimuths of the DRR as an ine-

~ticn of the present orientation of the antenna.

Wi
A
M.

s
P D
R A

The overloading of the digital storage tube was tut one
2! "he rezcons why no attempt was made to use angular position of
shy antenan directly as a means of data correlation; if it had
.. the only reason, certain changes could have teen made in the
: 1 storeze systin to eliminate overloading.* As discussed
tion 3.1.2, ths use of (x9 y) coordinates was necessitated

B

g

3ition of the aircraft to (r,®) coordinetes. Such a
would have boen fairly costly in computer storage. In
'4n, & comparison of the azimuthe of the tracked '
and of the incoming data is nov a siwule operation ana
7 care is neccssary to handle the discontinuity in azimuths
¢ antenne passes north. These reasons, and others which will
0 evident in succeeding seotions, pointed to another method
icrmining whon incoming radar data should be correlated with
re edizted position of a tracked airocraft. The method adopted
£ tine (seo balow) still appears to be the most acceptable
en andor the latest oporating conditions with the digital

o]
out thero would be a necessity to convert the predicted
i

pu.
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tabe removed end ths DRR sending all azimuths, -each azimuth
‘.“1em1tted in close relationship to the antenna position.

e n 5] -’y 0,3 'gA x.,

in brief, it was desired to set up & small angular search
Lar ceatored on the azimuth of a tracked aircraft, and all
werriving in this sector was to be compared with the position
:shat ecirerefts. The bounds and position of the sector were
“=blished¢ by counting the pieces of information arriving over
- DER., &s noted, one piece of information -~ azimuth, range,
3 :Ero range -- is received each 1/50 second.. Thus 4. 15 seconds
r une enbonno rotetior, 750 pieces of information are received
ar: 780 counts can bs registered by the computer. If a storage
=o; igtor referred to as a time counter were set to O when the
w corrscponding to the tracked aircraft was received during one

[ & S
: ~

oy oy

L o
o
2

(8]
~

% © -a chaages were under consideration at the period prior to the
=movel of the digital storage tube at Bedford.
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~i thoe conguber added one to this counter on the receipt
8r pices of incomi ng date,then the search sector for that
w.oaipht tegin sgain when the time counter reached a value

. T2h, 1€ the tlme counter reached a value of about 778
%y dela being found which corresponded with the tracked
" then this weuld serve as an indiertion of & rader miss
“priato action could be taken, :

The sxact dotails of the use and setting of the time
cowi sor cili be discussed morq fully in Section 3.2.6. For
*az ik urpuses it is only necessary to note that a method is

ek i

a0 tatl s for ostablishing a search sector for correlation and
vt By uso of such & sector meuns that the computer need be
sy LU with a porticular tracked aircraft only during a

'.!;irf.y short poricd of time during each entenna scan. Ths
inooan 0 time end resulting efficient use of the computer time
Teroae off Shis lettor fact makes it possible to employ the computer
“romd’ opleo eirersft tradiing without any need of utilizing
. o emal sterage or wne computer as a buffer stordge for incoming
S T S (Y I slnce each piece of incoming data need not bo

1 oster with gll sireraft tut only with the few which it falls

¢ . & -ieco of incoming Getacen be handled end processed in less
i : J SbVO,T&\.«o

n.. & Sotecting the Best Piece of Data .- The Search Ares

Tie previous section has discussed the establishment of
ngctor within which all incoming pieces of data are to
»oie bed for correspondence to the predicted position of the
cwomd drera™e  As will be noted in Section 3.8 , the predicted
uier of an alrcraft will generally be given with greater precision
-1 7 2 mile; the rader data, cn the other hand, describes the
i <7zc cien poiunts on & grid whose lines are about one mile apart.
t « ¢ nple of the situation which might be encountered, consider
ot In this figure the circled dot represents the predicted
RN 4% uf tho tracked eircraft and the crosses represents ths
wesl sl ' the inooming radar data in the search sector. An
jooaramtion nf duta &, b; ¢, and d should lead to the conclusion
0 wko opeuition labelled e is Probably the quantized data most
s 4 sly o correspending to the aircraft, that is, ¢ is the "best"
L ol detas This deoision is based on the fact that ¢ is the
@ whi-h is closest to the predicted position of the aircraft.

I% it desireble to discard a piece of data as soon as
< .in view of a general need to economize on storage space.
R rz:ber could store all the pileces of incoming data falling
Wil v oo search cector and then determine which one of these is
v 'hoe My ferr more cesireble is a means by which each piece of
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286c and thon discsrded before the next piece is
.2 from the telephone line. Of similar importeance

:0 ko gbilc to determine when the antenna has passed
search sector of & tracked aircraft without finding
:te. adequately corresponding to the predicted position.

o convenience in explaining the methoc employed, let
that the predicted position of a tracked aircraft is
-3t 1t further be assumed that the data falling within
iector corresponds to positions:

Yes Ty Y3 Tos Y3 Xygs g3 Obco

then considers a circle about the point ;p’ ;po
186 tke scarch area.* The initiel radius of this
ut bnrce milen: ,this Bize being chosen in consideration
irrors in the predicted position, especially after

100 Section 3.3), and the effects of quantization.

:ial redius be designated as rye ¢

action of the computer in selecting the "best" piece
fo?lcws vhen the data X, y is received; the

) + (y “*Ya)

then checls to ses if ﬂf

This

is formed; this is denoted as ﬂf -
is less than ﬁf « If Bog
selocts X s y ar. the probable position of the eircraft
2, the

-~ 1 receivec,

in the place of roz;
“then the noxt piece of data -~ Zys yb

2 ; —

= )" is formed. If this quanti r. -
:an the proviously selected minimum r-.r, or r

;88 the valLe T if r ;gr
e

ted.

is found
2

coam

0

o ¢f data is selected as the new minimum. Again, if

to be equal or greater than the previously selected
data Js rejeoted and no change is made in the
This procbas is continued for all pieces of data falling

:arch ssctor; whenever & better piece of data is found,
he gearch area is reduced. When this procedure has
out fcr all pleces of date received within the search
‘bect” piece of data-- ghe definition of “best” '
:868% -« will heve been chosen.

s 4. - .

- Tha word £ ea
wes used £ .d o
terninolep:

ea is used since in preliminary programming a square
ther shaped arems were considered. Corresponding
for enclog eguipment is the gate or box.
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| It should bo noted that if it is found that the final
radius of the search area is still Ty after the antenna has

passed through the search sector, then it can be assumed that the
radur missed the aircraft. The action in cases of a miss is
further described in detail in Section 3.,2.6 . If the aircraft
was not missed, after the computer senses that it has passed
through the search sector it proceeds with the smoothing and
prediction action. (See Section 5.2 - '

At the present time, two different initial sizes of
search area are used. The Jarger size is usunlly set at about
four miles, the smaller at tirec miles. Immediately after initiation
or on the succeeding scan after a miss, o is set to the larger
size. On any scan after the computer has™ successfully tracked
the aircraft, the smaller value of To is used.

The initial size of the search area is somewhat of a
critical matter, and the values indicated above were selected
only after a careful study of the effects of various values of
Ty In particular, it is desirable to select the T small enough

8o that only the quantized data of the tracked aircraft falls
within the area. If the r, Were larger and several pieces of

data fell within the area, then whenever the radar missed the
tracked aircraft and yet reported other echoss (pogsibly other
aircraft) nearby,the computer would not suspect a miss and would
tend to commence grack:’mo on the other pieces of data (See

Section §o2 ). On the other hand, it is necessary that the search
~area be large enourh to enable the computer to track the aircraft
despite any sudden maneuvers or turns by the aircraft being tracked.
In more sophisticated versions of the tracking program which may
be written in the near future, more than two different sizes

of search area may be used and the search area might be varied in
accordance with the previous history of the tracking of that air-
craft. In addition, the size of the search area is 1ikely to be
changed from a circle to some other shape, possibly one which is
extended in the direction of motion of the aircraft.

'3.2.6 Initiation and Cessatiori of Trackinﬁ |

For initiation of tracking, it is necessary to indicate
to the computer which of the inooming data represents the present
position of the aircraft which is to be taken under camsideration.
The method used at the present time for the seleotion of the
aircraft to te tracked has been termed manual initiation or manusl
aquisition. Manual initiation requires the services of a human
operator wWho must identify the aireraft to be tracked from a
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PPI display, either the display which is generated by the computer
or that which is made evailable by the AFCRC digital scope.
Automatic initiation, on the other hand, is a method by which the
computer would employ soms criteria in selecting particular radar
returns to be tracked. These criteria might be the existence o

otherwise untracked returns within the area of radar coverage,
might be related to the appearance of returns near a peripheral
boundary about the radar set, or might be concerned with certain
characteristics of aircraft returns such as their positions and
movements. Except for one preliminary programming study of
automatic initiation, the Bedford experiments have all employed
manual acquistion.

As a means of implementing manusal acquistion, use is
made of & photoelectric device termed a liplt pun.* This device
consists of a phototube with a small aperture which will receive
light incident on the end of an attached narrow tube or barrel.:
The end of this barrel or tube is placed on the PPI display
over the position of the selected aircraft. When the aircraft
return is next displayed, the illumination from the spot on the
face of the cathode ray tube is used to trigger the light gun
and farm & pulse. This pulse is immediately used to change the
sign digit of onme of the flip-flop registers (FF0) of test
storage. The action is quite similar to the use of the timing
channel in connection with the input of radar data. The sign
digit of the flip-flop is normally & 1, indicating a negative
content; and the pulse from the light gun is used to reset sign
digit to a 0 which gives the register a positive content.

The computer, after displaying each piece of radar data by setting
up the horizontal and vertical decoders to the proper x and y
values, stores the x and y coordinates until it has had a chance
to investigate the flip-flop register associated with the light
gun. If the computer discovers that this flip-flop has a positive
content, the nscessary action for initiation is undertaken;

When performing an interception it is also necessary to
specit‘y to the computer whether the airoraft being initiated is
the target or the interceptor. This is performsd by adjusting
the toggle switches associated with the light gun flip-flop
register so that it (the register) will be reset to either of
two different negative values by the pulse from the light gun.

In this way the computer first investigates the flip-flop to see
if it is negzative and if so, a further investigation is mide to
see to which of the two negative values it has been set.

® A more detailed discussion of the light gun is available -
in E-2024
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In the interception program, the computer is always
tracking, or att tempting to track, two aircraft. 7hen the program
is first inserted into the computer and radar data supplied,
it attempts to track two imaginary aircraft at the origin. Since
no radar returns at the origin are ever received, the computer
wote - &8 if the radar is continually missing the two airoraft
and it waits in expeotation of a return from the imaginary
aircraft. The search sector is set up, but no returns are ever.
found within the search area and inasmuch as the smoothing -
program starts with a zero prediction of velocity (see Section 33),
the two aircraft are repredicted at each scan as belng at the
origin. In a similar manner, the computer will continue to
track, or attempt to track, the last aircraft initiated as target
and interceptor until the light gun is used to acquire a new
target or a new intercepter.

An evaluation. of the action of the program in tracking
either the target or interceptor can be made by reference to
the filtered (F scope) display on which only the tracked aire
craft esre displayed. As noted, the computer checks and
investigates returns until the radar antenna has passed through
the search sector. of a tracked aircraft; at this point the
size of the seerch area is investigated to determine whether the
radar saw the aircreft. If so, a dlsplay of the position of the
aircraft is muade ca the F scops; if the radar missed the air-
craft or the computer is 1mproperly tracking no display is
given on the F scope. By superi-iposing-the two scope presonta-
tions end noting whether or not a double display (the tracked
or filtered display appeart slightly later in tims) occurs,
i% can be seun whether the computer is tracking the aircraft.
Other visual scope displeys or presentations in flip-flop
indicator lights could be made to note the successful tracking
of elther target or interceptor; at present such additional
displeys have not bsen needed.

In the multiple tracking program mentioned in Section 1.4
which tracks five aircraft but which carries out no interception
computations, there iz no need for designation as target or
interceptor. The tracking section of this program actually has
two modes of operaticn: tracking or non-tracking. Tracking
of e terget is accomplished by use of the light gun on the main
(D scope) display; cessetion of tracking on a target is
performsd by use of the light gun on the filtered (F scope)
displey. In this program, feulty tracking or "misses" are
indicated by the illuminetion of two points on the F soopse,
one at the position at which the aircraft should be and the
other st the origin.=

» Tho display at the position of the aircraft is needed to
‘implement ceszsatioca.
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Fcr purposes of keeping count of the number of alrcraft tracked,
a binary indicztion 1e chown in one set of flip=flop lights.

. For toth interception and multiple tracking programs,
the sction following initiaticn is quite similar and will be
discuszed more fully in succeeding sectionso Tn brief, the time
counters must be set (see Section 20206) the initial x and ¥y
velocities set to zero (see Section 3.3 ), the large size of

search area inserted, and the x and y position= of the aircraft
muet be transferred from the display section of the program to
the =et of regi°ter= allocated to that aircrafte

30 2 6 Letting of the Time Counter

The important values or counts associated with the time
counter are thown in Figure 3. The values shown are the values

used by the cc puter multiplied by 215(They would be stored in

ko
the computer a¢ 100 x 2 15 550 x 2" 5, etco) Assurfe that the
position of the aircraft 1< as shown with the crosso ,

Upon initiation the time counter is set to =650. This
count will be incressed by 1 each 1/50 secondo The computer be=
gine correlating the incoming data with the aircraft when the *
time counter gets to +lo Each time a better .fit of data is found
the time counter is reset to +100. In time the best "besit" fit
of date will be found and 100 counts leter when the time counter
reaches 20C; the search sector is ended and the counter is reset
to =650. No correlatior is again attempted with that aircraft
until the vime counter agein becomes positives It should be
no%ted that the resetting of the counter to +100 upon finding a
beiter piece of data ensures that the seerch sector is centered
on the aireraft regardless of its movementss

#**%  The values presently used are much larger than is necessery;
satisfactory operation can be achieved under present operation
of the DhR with a sector of about 10 countss
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3.3 Smuothing

cemmmapRy TRN raargnae

3.3.1 Fatvre of the Prdplem and Its Restrictions

As noted., of paramoint imnortance in the tracking and
interception actions of the cimputer ig the determination of the velocity
of the sircraft under conside‘ation. This velocity must be determined
from the heavily quantized raige and azimuth indications which, for each .
eircraft, are made availabdle nly once each 15 seconds.

For the initisl vhesas of the Bedford experiments, the problem
. of velocity smoothing and trecking was first attacked in its simplest
form and orly aircraft flying svraight paths, or paths witbout violent
turns. were assumed. The imporiance of such & restriction is evident
in +iew of the fact that it is jossible for an aircraft to fly in a
‘gmall circle in such a way that the quantization of the data makes it
appear that the alrcraft is stu.lonary. Although the methods used were
designed orly for straight-lino flight, they have been sufficiently
successiul in practive to permi; tracking and smoothing for¥ aircraft
meking 180° turns; work is nov being carried out, however, on more
edvenced methods which will peimit successful operation in all types of
conditions.

In considerirng the 1:0blem and the desired results, it must
s remembered that soms metho.s of attack were precluded because of

e) limitatlons of :nternal storage space in the computer
end .
b) requisements of vomputer time,

The sborege reetr’ction was by far the most stringent and dictated the use
of & method whicr did not reciire the storage of a large mumber of previous
pleces of radar dsta., Fortunitely the method which was selected to mini-
mize on storage turned out trn be highly economical of operating time.

3.5.2 Ef’ecte of Quant.zation and Sampling

A convenient qmethol of visualizing the effects of gquentization
end samplir; (i.e., taking riadinge only at certain intervals of time)
on tha oberrved velues of reige and azimuth is shown in Figure 4, The
flighs of a constant-spead zlrcraft along a generaliged coordinate X as
a functisn of time 1s depfcted by th'e heavy line, the slope of which is
the X v:lucity of the aircrift, Op top of vhie plot is scceriiposed a
grid oi which the vertival lines represent the sampling itiwmes -~ i.e.,
the *imz2s of succesulve ob.orvations by the sntenna® -~ and the borigontal
linrs represent the quanti:od velues of ¥ at which the uircraft can be
roortad.

L) [

3

In general, as the aircri{t changes its position the smmpling period may
increase or decreuss slightly, This change, however, is negligible for
aircraft et greater than e 20 mile range and flying at normal air speeds.
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Since the quantization ie % 1/2 mile, the horizontal lines have s one-
nile separatlon. At any time, t,» the alrcraft would be reported as belng
at the quantized value, %5; which ig closest to the true position.

Perfect gquantization and error~free radar data are assumed,

If in Figare U the path of the aircraft were replaced by the
values of Xp at times tp, the plot of Figure 5 is obtalned. Figure 5
is capable of further interpretation if through each quantized and
sampled observation & line indicating the vossibls true positions of
the alrcraft is drawnn By doing this, & plot such as that in Figure
6 is obtained. :

The trve course of the aireraft is such that it intersects wach
of the vartical lines in Figure 6. In view of this fact, the path or the
velocity might be determined by & method of curve-fitting. Such curve-~
‘fitting 135 not particularly easy to mechanize even for a straight line
plot a8 in Figures 4,5, end 6; it becomes considersbly more, complicated
wvhen there cre curved flight paths and changes in the slopes on an X-t
plot, I% should also be noted that for a certain configuration and
limited nuuber of observations; it is possidble to comstruct a number
of different streight linee through the vertical lines of Figure 6, -
thereby permitting a spread in the possible velocities. Methods of .
curve~-fisting vere excluded from use in the smoothing program under the
simplified conuitlons of the initisl Bedford experiments due to the
fact thal these wethods required an excessive .emount of storage space,

33,3 Smogthins Equations

The method and equations to be described below have been
moGeled after the so-called *silded-tracking” method which has been
uged successfully in analog computers. In 1ts' full generality, how-
ever, the method 1e seen to be an spplicetion of a procedure of
"guccessive approximations.®

Let it be aseumed that by some means the computer has a falrly
good knowledge of the position,%;, of an aircraft at time,t;, and that
the computer has been able to secure & rough estimate of the aircraft's
velocity®. Cgl) this estimate S

$

td

4
'® The notation %, for position is used to represent a value which has

more preclsion and more signlficent digits thar & quantized radar
 reading.
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Yrom the twd ocuantities ;; and X, 1t 1s possible to

meke e prediction of the positicn of the eircraft during the next
gecan of the antenns. The new position wvould be given aasa:

oty u-}
Xnt1 xn xnékt >

vhers &4t is the period of tho antenna rotation. If, on the next
scan, it is observed that the aircraft is not at z . but s
: ' ntl
displaced from that point by an amount greater than the rossible
error introduced by quantization, it would be logical to assums that
either o or ; y Or both, were in error. It would then =ppear
n n .

to be proper to increase or decrease the estimate of the sircraft's
velocity by an amount dependent upon the difference of the observed
and predicted velues of position. A modification shbuld also be made
in = or - before the next extrapolation of position 1s

x x

n mwtl
attempted.

It is, of course, possible to accept the most recent’
‘obgervation gs the best-eatimate of the nircraft's position and use
this in the place of = . There are several reasons, howvever,

| E .

- why this might not be too satisfactory: £ irst, the odserved valus
48 likely to» be in error due to ouantization: and second, the radar
might mise the trrcked aircraft dbut might pick up and report an
seircraft flying nearby. In the latter case, the computer might be
led to the erroneous conclueion thet thir observation corresponded .
to the tr-ecked aircraft. As can be sern from the eouations below,
in this situztion 4f the comnuter gives a certain weighting to the
observation, it will tend to hesitote at "locking onto" this second
airéreft and will tend to wait for thetmcked aircraft to reappear.
If, on the other hand, the tracked aircraft had mede & turn and the
radar observation, although eppearing to be in error, actuslly
corresponded to the sircraft which the cnmputer had thought was
travelling in a straight 1ine, the effect of not completely
accepting the new observation will only temporarily delay the
computer in following the aircraft in the turn.

?he form of the smoothing equations are &s follawé, with

©

x, and xn«l being smoothed values of velocity, ;; and xn+1

being smoothad values of position, and' X, being the quantized

observation 2t ¢ = n.
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n o= jy
D= 7, - = Equation 1
X = X + 3 "
% %0 g(x/ At 2
T = x + 4+ x "
T x h(n,) x At 3

The guantity Dx’ the difference between the observed and

predicted values of position, is a measure of the success of the

tracking and smoothing operations. The expressions g(jgxg) and h(Dx)

ere the correction functions, and represent the corrections to be made
in smoothed velocity and position for measured values of D:‘tn

The physical meaning of Jcuations 2 and 3 is quite simple:
s now velocity is derived from the old velocity by adding a correction
%8im which 1s a function, g, of the difference bctween the observed
and smonthed position; & new smoothed or predicted position is
cbtzined by edding a correction term h(1) to the present smoothed
rosition and by adding in the expected amount that the aireraft.will
travel in the next scan.

In ectual application, At = 1 {scan) and velocities are
described in distance per scan. The sbove ecuations are actuzlly
uged for both the x and y coordinates in the form:

x, =% . +v &) Equation 4
o.s - —xo ° n
Xoay = %t h(Dr) + x 5
© - e + “
Yp = Yoy T &(5) 6
v = v <+ + : ‘ 0 4
y’n'\‘l yn h(Dy) yn
vhere D =% - x " 8
. ] /L n n
P =iy~ T, “ o
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In actual operc.tion, initial values of zero ere used
“fur % end ¥, and the cbserved x and y values of position
upor. initiation aro used for " and =* , Vhen the radar migses
- A4 o
the tracked zircrei’'t, U snd D are assumed zero., The functions
g erd h are ciosen 9o that “g(Ci and h(C) are also zero.
Under guch conditions the smoothing ¢ ustiorns can be used even
17 & migs hes occurred, end the computer will merely extrapolate

the x and ¥ positions forwerd with the moat recnntlv determined
valuaes of wvelocity.

® Actuslly, under certain conditions it might be pnssidle to make
a falrly good estimate of the magnitude of velocity of the eircraft,
and in more restricted situations, it would be femsidble to guess
the 1nitilal hesding of the aircraft. To provide for generality in

the Bedford experiments, the initial guess of zero x and y
“elocity components is used.,
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3.%.1% fhe Correctiocn Functiong

If the above amonthing ecruations are written for several
consacutive values of n and then are combined, it can be shown that
g &ad h repregent weighting functions, and their values are of
great imrortence in "weighting" past values of smonthed po=itions
and velocity in the current estimates.

There ere 2 number of forms that the g and h functions
might reasonably take. If the corrections are to be linear (propor-
tional), the curves of Figure 7 apply. This tyre of correctinn function
is the one currently employed in the smonthing process, having been
chogen for initirl use because of the fact that it sppenared to be
setiafactory and wag obterinebl .. at a relatively low expense of storage
SPAC3.

The most important choice which had to be mede in respect
to the use of this linear correction was thet of the slbpes;, of ama a,
of tne velocity u&ncé position correction curves. By meking &{ and a
ecual ic unity, one essentially makes a full correction, introducing
the error in 1l :zg the correction. Such a choice of parameters woull
be satisfactory if there were no cuantization in the rader date; with
the quantization present, however, an ©{ and a of unity produces
lerge oscilletions in smcothed velocltr and position.

Ap noted sbova, zero iz used 28 ‘the best a priori guegs of
the = and y velocitr components of a tracked aircraft. It 1s
then desirable to proceed from thig initial guess to the actual
velocity components of the alrcraft as rapidlyr as possible: once this
velue is resched, the effects of auentization must be minimlzed.
These two reguirements demand opvosite extremes in the values of a
erd «! § valuss cf a and g{ close to unity will permit a rapid
approximation {to the velocity (components), while low values of &
end e{ aro necessary if the smonthed velgcity is to settle down
to a stez2dy value. (Tha entire prodlem has a close snalogy to an electrical
network regponsz or filter problem. The rpcuirenent ia for the
design of a filter whic* in regponse to a aampled and ouantized
remp function input of positicn will gupnly & velocity step~function
cutput. The selection of a e&and e/ cen be compared with the
proviem of selecting auitadle values of parameters inan R, L, C
circult; depending upon the choices of parameters, underdamped,

. overdamped, or damped outout nsy be ob*ained.)

Thug, in using the linear type of correctinn, it was
first necessery to gelect values of & and which gave a
setizfactory compremise between the time that it tonk tn nroceed
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from the inltial estlnate of zero to the true veloclty of the aircraft
and the restlsing effeeta of ousntization after the steady-stiate
vialue had been reached. The smonthing eoustions with the linear type
cf correction are actuslly two linear difference ecuations, and as
gach 2 homogenous (transient) solntion cen be found rather easily

v enalviical mesng. The eouiitionsg can also be solved for sampled
it not ousntized valmnas of xn. Both solutions depend heavily

. upon the values of 2 &and ©%, and even without the effects of
cuzntizaiinon it is difficult to choose values for a and o .

Ag en &id in the selection of a end 0{, the computer .
has been yrogrammed to simulate qunatized date. This date 1s
gucothed by thae computer and the results are displayed slong with
tha true velues of vosition eand velocity on en oscilloscope. Verious
velues of & and ©f czn be inserted manuslly, and a simulated
flight test of ehout 100 miles length can be completed in less
than & second. Pictures of the resulis for various combinatione
of & and ©{ were uicen and the pictureg were compared in an
ettempt to geisct optimum values. The choice finelly reached was |
that of @ = 1/16, a = 5/16. These values ceuse the velocity
rasponsa to overshoot alightly: the velocity gete up to within about
19€ of the trus va ue in aboul 10 scens and remeins within about
- 5: daring the zteadr stote.

-

Ag an aid in analysing the performance of the smonthing
vader aciual dzta, & progrem has also been written which prints out,
cnce each shen, the veijocity end position informetion for a tracked
eircraft. An axarple of this nrinted data is given in Table I.

The studr of a rurber of such printed results of smoothing actuwal
radar d~tza hes shown a close similarity to the results obtained
vith gimulated data-

3.5.5 ¥on=Linear Correction

Ag noted, the linear type of correction wes initially
concidered znd used beczuse of its simplicity and economy. Experiencs
of %he pzst months and closer investigntisng of the smoothing prodlem
tave now indicatod thet zrest improvemsnis can be made if non-linear
correction were emploved. It isalso feirly obvious that the
gnocthing prodbiem conasists of two main parts: &) the transient state,
exigting after initiasion or after an eircraft turns or changes
valocity, and b) the steady-state situation when the aircraft is
continuing with constant welocity components. Work is now progressing

1 she gtudy ané implementstion of nnn-linear correction. It appeares
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“3:¥3“, PR OHRSERVED DATA
S TR DEVIATION  CONSIDERED

{hmeves b {Mautical

' ¥iies)

3 iy Y b b4
Abe X 2 202754 ~000,7 +000.5 1
To-0nELhE 0186 +000.3 ~000.4 1
5ARZ.7 -026.€ ~000,3 4+000.4 %
s & =014 & 000,33 +000.3 1
GeasiL6 -01.0 «000,0 £000.0 C
5ol & -0 +0002.5 +-000.0 2
3 ooa & il 000,08 ~000.3
SR ~000.3 =000.3 1

3o TET ~000,3 -000.1 i )

& 2 <0CHD.0 =000,.2 %
G 432 «000.0 +000.5 O
5 G35 <DOD.2 -000.3 1
7 35,5 +000.0 +003.0 1
= D205 0000 ~000.5 1
’3 ’ . "OOO@O ‘.’JOOQOO O
% 030.0 -000.0 +000.6 1
L7 1 SO0D 8 +00G.5 1
'.;‘ "‘,\-. 2 "OOO:\O ";"OOOaI }.
5 COT 4 000,73 000,11 2
f 3 : »3 ‘3‘00006 “"00102 1
- :.’ o 0 "00002 "\:‘OOQe@ i?’
w7 5 <0ED.Z 2000.0 <000.7 1
'O ,;.: . i:) \? = ).i, ""00003 “OOOcS ‘ 1
0156 2 1ot +000.0 4+0600.0 ©
=G50 £ «-081.8 +000.0 4+G00.0 ©
~0iG .2 £ =00k +000.3 +000.0 1
“g:’ "l ‘: n ‘S ":‘OQQ"O +00000 D
DAGLT £ -080.8 <0005 -000,0 2
037.0 ¢ -065.8 «000.0 +000.0 O
LT e x i ~-05..8 ~000.2 +000.3% 1}
~QLELE g .055.0 +000.0 +000.0 O
~0RT LG 8 «050.0 £000.0 +000.0 O
Tsble I Printod Record of Truck-While-Scen

. The above cate wus produced end printed out by the computer
during am uctusl flight test on Mey 25, 1951. Each line of date
sorrespcads %o a scan of the antenna. The printed data represents
& perioc of time after tracking had been initiated; for this reason
the 3rd and ¢th columns dc not show the initial zero velocity
cztimotes. “he right-hand column represents the number of returns
falling within the search area; a O indicates & radar miss.
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tiact 1% ie advantmgecus %5 make the correction non-linesr with the
size cf the currently-cbserved D, As noted, at the present ¢ime
xeand ¥y mnositions z2nd velocity components ere smoothed indecendently.

A {urther step m2y be to amploy 2 technigue which effectively ties

together the two velocity components, and the smoothing of velocity
mzgnifude and hezding could be attempted.
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4.) _Ganernl Consideratiors snd Agsumptiong

The gecond major function of the computer in the program at
hené is to compute the neading instructions necessery to guide one
aircrafi =- the interceptor -- on an interception enurse with the
second azircraft - the target. As noted, these interception
instructions are intended zolely for the mid-course guldance #nd in
the ultimate state ar intended only to position the interceptor such
that the finel phases of the attack cen be cerried out under the
¢irection of an zirborne radar and fire control syvetem. In the
czparimentg, howevsr, due to the lack of the appropriate eguipment
for directing the finml phages, collieion course heading instructions
ere given to the rilot until 4the aircraft paths cross.

The radar system at Bedford provides no height 4information
2nd the experiments are necessarily of a two dimension®kl nature. For
safety in the flight tests, the target and th~ interceptor fly at
elti{udes differing by 500 feet. Other restrictions are made necessary
because of insufficient computer storage capacity. At the present time,
no gpecific programming provisions are made to handle the effects of
wvind and although the computer tracks bnth aircraft and derives a
smoothed velocity for each, the smoothed velocity of the interceptor

ig used only in the tracking and not in the interception comrutations.
The velocity of the interceptor is pre-arranged with the pilot of that
eireraft and its velve sinserted manuelly into the machine through a
£lip-£flon register. In order to compensate for some of the effects
of %he wind, the inserted veloclty is ususlly altrred to account

for head-winds or tail-wvinds slong the general intercention course.

In dealing with the interception rouations it is convenient
to describe three types of interception courses. A pursuilt course
is that In which the interceptor is elways directed towards the present
- positicn of the target. The determination of the instruttions for
such a cocurse invelves only & knowledge of thr terget's present positlon
end not ites velocity. The pursuit course is genemally curved in naturs,
A lend-purguit course i1s thrt in which the interceptor is directed
toward some point on the extrgpolated path of the target. Instructlons
for this course reguire & knowledge of the target's velocity and heading,
- The collicsion course 1s a2 full lead~pursuit course in which the
interceptor is éirected to cross the extrapolated path of the target
2t & point where it will collide with the target. A collision course
requires a knowledge of the t=rget's velocity and heading, and if the
target is flying 2 straight path, a collision course entails a
straight minimm-distance path for the interceptor.
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4.2 In@ercention Jouvations

. The following notation will be used in deriving the
interception enuations. The quantities defined are listed in
Figure 8: N

VI = magnitude of wvelocity of interceptor

v‘*‘x = target's velocity along x coordinste

v'.i‘y = target's velocitv along y coordinate

b
H
n

x coordinate diffprence in positions of terget and
: interceptor

b
"

¥y coordinate difference in positions of target and
. interceptor

t'- time to interception .

(éﬂ = heading angle (with respect to positive x a.xis)
‘ to be given to the interceptor.

The equations defining the colligion course are those
which state that the aircraft and interceptor will be at the:same
point in space at the same time. For the two coordinates these
equations are:

(\‘,, cos ?J)Z’ = Ax + V . 2‘ | Equation 10

(V, sin g}l) T =4Ovt VTY LI ot | Fquation 11

4.3 Solution of Ejumtions .

Although a number of methods for solving the abdbove
equations might be used, the particular requirements invoked by
the computer ere such that an iterztive procedure is Cesirable.
The foll~.ing procedure hes been found to be the most satisfactory
uvnder these conditions and is presently used!

If Equations 10 and 11 are'divided by T, sousred, snd
added to each other:

Vz coazq/ + 72 #in” ‘[J = (% + V.k)z + (%Z' + va)2

or : o :
)2+ (-2X +va)2 Equation 12

T

o
i

f\,
o

Tx
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VI = AIRSPEED OF INTERCEPTOR

VTX:TARGET'S GROUND VELOCITY ALONG X COORDINATE

'VTy.—.TARGET'S GROUND VELOCITY ALONG Y COORDINATE

CEPTOR

W, = WIND COMPONENT ALONG X COORDINATE
Wy = WIND COMPONENT ALONG Y COORDINATE

AXx = X COORDINATE DIFFERENCE OF TARGET & INTER

Ay =Y COORDINATE DIFFERENCE OF TARGET 8& lN‘f’ERCEPTOR

T=TIME TO INTERCEPTION

4/=HEADING ANGLE (SHOWN WITH RESPECT TO
POSITIVE X AXIS)

INTERCEPTION NOTATION

F1G. § 4
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if, ay heo been the case in the Bedford experiments,
the interceptor's velocity is greater then that of the target,
then for Y= 0O, Equation 12 will be an ineauality with the

>

left-hand sidée greater than the right. This inequality will hold
&8 _1 it increagsed, until _1 reaches the proper values for the

[

solution of the equetion. The iterstive method of solution, then,
is to start with _1= O end to increase _1 by small increments until:

7, T %
Lx Ay - il 2
( = ‘+ vTx) > ( ? = vT,v' - VI =20

Actually, the procedure uged corresponds to assuming at
firet that the time to interception is very large (infinite) end
then decreaging this time until the proper value is found. It ig
more convenient in practice to increase _1_ in small incrementeg

rather than decreasing‘?f itself; in thlig way, the time egtimots
le guickly dropped from infinity to reasonable values and to values
whlch heve successively smzller increments.

Lftar the proper velue of _1_ is reached, Eguation 11

1z divided by Eguation 10, GiTing:

A})e R
ein & = tan gfl = Mﬁ' Equatior 13
oy APt

Severzl methods are a7silable for finding the inverse tangent.
One which ie ouite convenient employs the approximation:

We tont 8- = B _b(.6 [ef * [b]) Egustion 14
] h 4553 2

h° + 1.2 g + &

Thie approxication permits the determinstion of qu as & part of a
revolution between =-1/2 and +1/2. The maximum error is 1/1800
revclution cr .2 degrees. Following the evaluation of QJ in this
form, th~ ongle is trensformed to a clockwlise sense relative to
.magnetic north &nd e then converted to 2 binery-coded form for
display in & flip=flop.
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5-1 General Corsiderations

' The generel principles and the logic behind .the track-
while~ncen function has been expleined in Section 1II and the
inportent factors regarding the interception computations were
descrived in Sectior IV. This section describes how these various
vieces go togeiher to give the complete intercention progran.

Tts track- while-scan function must be carried out both
for the target ard the interceptor. To track one aircraft requires
both the ne:iessary program orders and a small number of storage
registers conteining date pertinent to the tracked aircraft. For
tracking twe sircreft; it is possible to use essentially the same
progren orderg and & second set of deta storage registers; it is
nocessary, bowever, to provide that proper steps be taken so that
the program orders will operate with this second set of data. One
method of handling such & problem would be to modify the pertinent
addresges = I-the program -~ that is, those orders whose addresses
refer to the aircrafi datas. This method was rejected because of

_space considerations, and the method presently used does not alter
the addressss in the program, but rather interchanges the positions
o7 the two sete of dastm so that the program operates first upon oce
got, and sfier the interchange, on the’gecond set, After two such
interchenges each get of datas 1s back in its initial position.

%.2 Explaasstion of Flow Disgran

Ths numbersbesgide the descriptive materiel on Figure 9
wefer %o the addresses of the orders uged to perform each of the
descrived functiong. For emse in reference, the wvarious parts of
the flow disgrem wlll be described by these reglster eddresgses.
For example, the notatior (285-287) refers to the "Form and Store
¥iT at the top center of Figurs 9 : -

Liter the program has been reed into the computer, the
firet function carried out is thet of extracting the menually-
inserted velocity of the intercebtor, Vy, from ome of the FF's;
squaring it to form Vi3, and storing this for future use by the
interception mrogram., See (285-287). This section ofthe program
is performed only once, this being immediately after the program
has been read into the computer,
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283 FORM AND
287

STORE V!

l

i

33

32 INCREASE TIME COUNTERS

T3

|

Ilz.’a RESET FFO TO A POSITIVE QUANTITY

34 IS THERE ANY NEW DATA?
36 IS FF4 pOSITIVE ?)

33 FIND SINE AND COSINE OF INPUT AZIMUTH
63 .

66 CONVERT TO X,Y COORDINATES
73 AND DISPLAY ON D SCOPE

|

74 DO WE WISH TO INITIATE TRACKING ?
75 (1S FFO NEGATIVE ?)

T l . v:sl E LT
126 IS AIRCRAFT UNDER CONSIDERATION .
128 THE ONE ON WHICH WE WISH TO . .
INITIATE ?
ves) n0

L 2

129 RESET TIME COUNTER
130 .

131 SET INITIAL VALUES OF VELOGITY
133 COMPONENTS TO ZERO; DISPLAY
A POINT AT CENTER OF 0 SCOPE

[

}

134 STORE X AND Y POSITION COMPONENTS
I37 OF INITIATED AIRCRAFT

!

138 SET UP LARGE SIZE OF SEARCH AREA

14t

.

I 76 INCREASE THE TIME COUNTER |

ITI IS IT TIME TO LOOK FOR THE AIRCRAFT? ]

YES

L NO

78 HAS SEARCH SECTOR BEEN COVERED ?

79

vzsl

g? RESET THE TIME COUNTER

]

o

82 WAS THE AIRCRAFT FOUND OURING
84 THIS SCAN OF THE ANTENNA ?

vzsl o

85 DISPLAY TRACKED AIRCRAFT .
88 ON F SCOPE

]

89 PREPARE TO SET UP SMALL SIZE
OF SEARCH AREA

it ]

OF THE AIRCRAFT?

216 DOES LATEST PIECE OF DATA
229 CORRESPOND MORE CLOSELY
TO THE PREDICTED POSITION

vtsl NO

230 RESET THE TIME COUNTER
233

142
143

PREPARE TO SET up
LARGE SIZE OF
SEARCH AREA

: g

[90 SET UP SIZE OF SEARCH AREA
Si

!

92 SMOOTH VELOCITIES AND
105 PREDICT POSITIONS

}

234 REPLACE OLD DATA
239 WITH NEW DATA

¥ ¥
106 RESET DEVIATIONS (D, AND Dy}

108 ‘ 1 — p

AIRCRAFT

109 INTERCHANGE POSITIONS IN
116 STORAGE OF THE T\'IO TRAGKED

!

117 RESET INTERCHANGE PROGRAM
121 .

]

124 CARRIED OUT?

122 HAVE TwO INTERCNANGES BEEN

NOJ

. 1’(!3

144 FIND AND STORE x AND y DISTANCES
ll49'(Az Ay) BETWEEN INTERCEPTOR AND TARGET

}

150 DO WE WISK TO COMPUTE HEADING
151 ANGLE INSTRUCTIONS?

191

' , 152 ronu(-%’-w,,)f

158

T
L4

163

- ) 153 FORM (-"’t—'- +v,)

I

tes roam4[(-°—:-+ Vi)' + (-‘1-:!4- v“)']_vx

}

[m IS THIS QUANTITY POSITIVE ,’J

usl B

e

169 FIND ¢ BY USE OF

191 ARCTANGENT APPROXIMATION

]

192 CONVERT ¢ TO DEGREES WITH

212 REFERENCE TO MAGNETIC NORTH
AND DISPLAY IN INODICATOR LIGHTS
OF FF3 IN BINARY<-CODED DECIMAL FORM

!

213 RESET 1/1 YO ZERO
219

| A—

.
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4
The; best place for investigating the general action of the
computar i€ at (3L-26).  The three orders in these registers inspect
the ipput FF for dats. These three orders are continuously cycleé
through until data isfound, that is, until FFL has received some input
data which makes its contente positive, When no data 1s found, the
cycling action is indiceted by the "no" output from (34-36).

¥hen daia is found it mey elther be an azimuth, & range, or
a zero renge. These three cesec will pow be discussed individually,

a) Azimuth
At (37-78) en inspection is made of the aporo-
priate digit {digit position 1) to determine
if the date is an azimuth. If so, the program
proceeds to (39-63) where the sine and cosine
of the ezimuth are found. Following this; a
return ig made to (32-33) where the time counters
for each of thetwo aircraft are increased by unity.

®) Zero Range

If the date is not an azimuth, it must dbe either

& range or e zere renge, Zero ranges are checked
for at (64-55). I1If a zero range 1s discovered;

the program proceede to (144-149) at the right-
hard sidz of Figure 9., This section of the program
performs the interception computations and will de
discussed below following a description of the
trecking section.

) Eaage

If a revge is found at (64-65) this range is asso-
cieted with the azimuth most recently received. A
conversicn is made to (x;y) coordinates and the
(x,¥) coordinate of the point is displayed on the
D-gcorpe,

immediately after a ronge is received and a point displayed; a check
ir mext mads at (7H-75) to determine if initiation of tracking on this dis-
played spot had been desired. 12X initiation had been desired, a pulse from
the light-gun would heve returned end set the contents of FFO to a nezative
value. Consider, for the preeseni; that initiation was not desired; the pro-

gram then proceeds from the "no® subput ot (74<75) to (76). -
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Lt (76) tho tire counter is increaged by uwaity. At (77)
ix check 1y mads te ege if the new volue of the time counter is poei-
Live or nogative; 1f negative, 1t 'is not time %o attempt any cor-
relevion {Section 3.2.6), and the computer proceeds to (109-116).
At thie point, the set of reglsters containing the tarzet and inter-
ceptor are interchanged. Following this interchange, the interchange
program is reset at (117-121). A check is thea made o see if two
interchanges have been carrled out; if not, the computer returns via
(125) epd (126-128)--see explanation below--to (76) Lo perform the
above-mentioned checks ageinst the other aircraft. If at(1P2-124)
the indication is that two interchenges have been made, -the computer
has tected the most recent piece of incoming data against both air-
craft and the program should leave (122-12k) on the “yes' output and
return to {34-36).

After thefirat interchange has been carried out, the computer
returns te (76) through (125) end (126-128). At (125) the light-gun
flip-flor 1s reset %o m positive quantity, so that another initiation
can be detected at s future time and at (126-128) a check is made upon
initiation. &t should be noted that extreme care mmst be taken in
order thet initiation by the light-gun 2lso properly identifies the
aircraft sz a terget or interceptor; this action is undertaken at
(126-128). :

&% some poinv within the scan of the radar, the computer,
bavipg coms through (76}, will find at (77) that the “time counter is
positive. The computer proceeds to (78 - 79) where it ig first neces-
gary t¢ determine whether the search sector hag just deen completed --
tha% lc, wasther the time counter has a reading greater than 200. 1If
the gesrch secior has not been covered; the computer will proceed from
thero® cutput to (236-229). At this point a check is made to see ir
~this mcst recent piece of incoming data corresponds any more closely

to the predicted posltion of the tracked alrcraft (aircraft or inter-

ceptor ag the crae may be) than a previously recelved piece of data

(see Soctionl,2.U)If this letest pince of date is mot better, the
—~cozmputor.-procesds-from the output of (216 ~ 229) t~ (159 ~118) for the inter-
- change program. When & new piece 1 dain does appear to be better

than ary previous plece, the time counter is reset to 100 at (230-233)

the previously selected plece of radar dete is discarded in favor of

tbe most recent plece at (234-239), and the computer proceeds to the
-interchacge (109-116), resetting I. and D; to their new value,

At gome later time, upon passing through (76). (77),and(78-79)
1t.w1ll be found that the time counter has reached a value greater than
200. It ghould be noted thet elthougsh the time counters are increased
on eech erimuth and zero range -- this increase being made at (32-33)--
the cortents of ths time counter are only investigated by that part of )
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the program sbarting at (76). "For thils reapon, it is possible for the
ma counter to have reached a value greater than 200 before the %ime
scunter is investigated et (78 -~ 79) and thus it must be preperily recet
at (80-8L). A check is then made to see if the aircrasv had uvesn
ovservad during the preceeding scan of the antenna. This check, at
(82-84), is performed, ses mection }.Z.4by an investigation of the

sum of the squares of the {x,y) coordinate differences between the
predicted (smoothed) aircraft position and the best observed radar

position. .

o V.
F¥y
:
vl

s CF O

If the aircraft was missed during the preceeding scan of the
redar, a lerger slze of search aree is set up for the next scan through
the .combination of (1L42-143) and (90-91). If the aircraft was seen
during the scsn, & spot is displeyed on the F-scope by the actlion of
(85-88" and the smsll size of snarch area is ~stablighed ag & result
of (89) and {90 ~ 91). Regardless of whether the alrcraft was or was
not sean duriuggghe scan, coordinate velocities are smoothed and :
positlons are predicted at (92~105)A Ag noted in Section 3.3 , if
the aircraft has deen migsed during the scan, the effect of the
smocthing and prediction ssctlion is to retain the same coordinate
velocitiee end use them to extrapolate position one more scan. At
{106-2198}, the deviations (D Dy) are reset to gero in anticipation
of possibly miselng the aircraft during the next scan. .

If initihtion of tracking is desired, the -computer will havs
been dlrected to (129 - 130). As noted above, this is done only :after
the proper comparisor is made at (126 - 128) which provides the vorrect
actior depending upon the ‘results of the interchange program. At (129~
130) thae time counter is reget to & megative value of-550xz2~"". At
(131 - 133 the initis) values of the velocity components are set to
zero, and in the process of doing so, & spot is displayed at the centor
of the D-srcope as en ald to the humen observer., The x and y position
componzn 8 jorresponding to the received piece of rader data are then
stored as the initiesl position of the initiated aircraft. This is
dods at (134 ~ 137). At (138 - 1h41l) the large size of the search arca
is get up and the program then proceeds to (106 - 108) where Dy and D,
are eebt to zero.

Une step in the rolution of the interception equations(i.s.
an incremental increase of 1/} is performed each time the computer
detect: a zery renge. After the detection of & zero range, the program
procee’s from the "yes" output of (64=65) to (144~149), These orders
store/ir and dly, the coordinate distences between the target and“zhe
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iabuerceplor. £t (150-1£1) a check is made to see if the human
oserator desires the iatorcepiion equetions to te solved; this
is indicuted by the algebraic sign of un externally reset {lipe
fioy register. If the computations are to be made, lyﬁﬁis
incressed at (150-161), (Ay/7+ V, )2 is formed et (152-158),
AX + VTx)O is formed at (1§§a165)u The difference

—

Y\:-E:.?& '”,"':«px)z + (Q% + VTV)ZJ =VIZ is formed at (166-167), and

the sign of the difference is checked at (168). If the computation
w2s completed at this step, the computer proceeds on the "yes"
output of (168) to (169-191) and (192-212). These two parts of
tae program find the heeding angle bty means of the arctangent
eoproximation and then convert the angle to degrees measured
with rezpect to magnetic nortn. Ths heading angle is {inally

- converted to binary -~ coded decimel form and displayed in the
lightt of FF3. After the angle has been set up in the flip-
flop register, 1/%:is reset to zero at (213-215) in preparation
for the next computation. As shown, the computer always per-
forms the interception computations provided that the flip-flop
is set Bo as to give the proper result et (150-151); once the
computation is performed, it will be repeated, giving the same
result unless a £cen has passed and the smoothed positions of
the eircraft result in a different{x or Ay at (144-149).
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7 L 50645 36
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9 D 485383 45
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APPENLIX
Location of Flip-=Flop Registers, 6 "Universal" Constants, and Data Storage

+0

1/4

FF3 angle display flir=flop

FFO 1light gun flip-flop

Fr, data input flip-flop

FF1 1/

FF2 VI

1/2 - 2713

260) time counter

261) x.smoothed position

262) y smoothed position

263) y velocity

264) x velocity

265) x difference between observed and predicted position, (Dx)
266) y difference between observed and predicted position, (Dy)
267) search area size = initial .

268)

gearch aree size = running



6869
Memorandum 11343
b) Complete Coded Program

32 ao 250 84 cp 142 136 ca 272 188 qe 276 240 ri (o}
332 mo 260 85 ca 251 137 +ts 252 189 op 704s 241 =3/16
3 e O 8 gh O 138 ca 243 190 os 275 242 +7/24

36 qe 28 BT ca.252 139 ts8 267 191 ts 276 243 ri 32
36 ¢ 34 88 gf 252 140 +ts 258 192 a0 Ox+ 244 ri 18
37 su . 31 89 ca 244 141 sp 106 195 dv 29 246 ri 0

38 cp 64 90 ts 257 142 ca 243 194 s1 6 246 ri 650
39 su 1 91 ts 268 143 sp 90 195 ts8 30 247 ri 100
40 sl 1 92 ca 266 144 o8 261 196 os .242 248 ri 200
41 ts 272 93 mr 271 146 ad 251 197 ad 275 249 ri 650

42 cm 272 94 ad 254 146 ts 281 198 sa 106 260 ri O
43 ts 273 95 ts 264 147 os 262 199 mh 276 261 ri O
44 mr 189 96 s8a 255 148 ad 252 200 sr 302 262 ri 0
45 su 189 97 sa 251 - 149 ts 282 201 ts 8 e63 ri O
* 46 mh 273 98 ¢s 251 150 ao 29 202 sl 4 264 ri O
AT 81 2 99 oa 256 161 op 32 205 mh 277 66 ri Q
48 ad 279 100 mr 271 152 mh 282 204 ts 278 266 ri 0
49 mr 275 101 ed 263 163 sl 7 206 sl 16 267 ri O
50 ad 270 102 ts 253 154 ad 253 206 mh 277 268 ri O
51 mh 272 103 s8a 266 155 81 6 207 ts 29 29 ri O
52 ts 273 104 sa 252 156 . ts 275 208 oa 278 260 ri 0
53 cs 241 1056 ts 252 157 mr 275 209 sl 6 261 ri O
54 ts 241 106 ca 0 158 +ts 283 210 ad 29 262 ri 0
65 cp 32 107 ts 255 159 ca 29 211 sl 1 265 ri 0
66 ca 275 108 ts 256 160 mh 281 212 td 8 264 ri O
57 ts 240 109 oca 260 161 8 7 213 eca O 26 ri 0
56 oe 272 110 qe 260 162 ad 254 214 ts 29 266 ri O
69 su 1 111 ts 250 163 81 5 215 ep 32 267 ri 0
60 cp 62 112 ao 109 164 .ts 278 216 os 274 268 ri O
61 ad 106 113 aoc 110 165 mr 278 217 sa 251 2689 ri O

62 ad 31 114 eo 111 166 su 280 218 ts 269 270  +.3879
63 sp 41 116 su 91 167 ad 283 219 mr 269 271 +.3333
64 ad 31 116 op 109 168 ocp 32 220 ts 246 272 ri
65 cp 144 117 oa 82 169 om 276 221 os 272 273 ri
66 ts 272 118 td 109 170 mr 284 222 8a 262 274 ri
67 mh 24C 119 t4 11 170 mr 278 223 ¢s 259 275 ri
68 sl & 120 ca 33 172 qo 283 224 mr 259 276  -.9000

COO00O0

69 gh 274 121  td 110 173  sr 2 225 sa 245 277 ri-° 10 °
70 o8 272 122 ¢s 241 174 +ts 281 226 ts 245 278 ri O
71 mh 273 123 ts 241 176 om 278 227 oa 268 279  +.1208

72 81 5 124 op 34 176 wmr 278 228 su 246 280 ri O
73 qd 272 126 qe 23 177 ser 2 229 op 109 281 ri 0
74 ca 23 126 mr 106 178 ad 283 230 oa 247 %82 ri O
75 cp 127 127 eu 241 179 qe 283 231 ts 250 285 ri O

76 ao 250 128 76 180 ad 283 284 +.1500

77 op 109 125 oo 249 181 ts 278  su o a0 285 oa 50

78 .su 248 130 ¢s 250 182 cm 278 234 o8 269 286 mr 30
79 ‘op 216 133 os O 183 ad 281 235 mr g6 287 ts 280
80 su 246 132 qn 265 184 qe 283 236 ts 266

8l ts 260 133 qd 254 185 dv 285 237 o8 269

82 ca 257 134 ca 274 186 8l 13 238 mr 86 ,

85 su 268 135 ts. 261 187 su 1 239 sp 108 *+Ordors 192-195

' should be disre-
*(+.8965) garded.



