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This ~ot~ is intended as a general introduction to 
';11e l"usic pr:l.;rar:1 evolved ty the 5889 Air Defense Group for 
":;he initial 8xFcriment5 and demonstratiuns of the usc of a 
:lic;h-speed digitt\.l co:nputer in an air defense system. The 
Gpecific proGram discussed herein was developed during the latter 
,?f.Lrt .)1' 1:.J50 und V;:J.S successfully operated e~rly in 1951; the 
~)ro:~r'v_'1l haG proved to bc 50 rundwnentul in nature that it 
;U;i.S Lem used as the las is f'or the r.lajor i ty of succeedinr; programs. 
~inco tnis note covers only the developments and concepts of 
;ht! L~sic progr!i!a, it is essentially eo record of the state of 
:~fl'airs as or the early SUI!uner of 1951. 

The r~mainder of this section of the note gives a 
[~6nt!rtl.l introuuction to the first 6889 air defense e:periments 0 

.:i8ction II describes the suurce und tne nature of 'G,he data 
used in the expcrL~ents. Section III discusses the general 
~)hilosophy and logic of various parts of the track-while-scan 
action of the progl"a."Il; Section IV has a. similar discussion regard= 
ing the interception equations" The ma.teria.l of Sections II, 
III, and IV is brought into unity in Section V which includes 
und discusses the flov! diagram for the complete track-while-'scan 
!~~d interception program. A copy of the orders and data for 
;;he program are included as an A.ppendixo 

102 Initial Obiectives of Exp~riments 

The.objective of the first air defense experiments 
~d s. tudies VlUS the use of the \thirlwind Computer to perform the 
necessary conputational and data-processing functions associated 
l:fi th: 

a) automatic track-while-scan (~~); that is, 
the automatic traokine ~d display of selected 
aircraft usine data obtainod from a continuously­
rotating searoh radar, 

,md b) the automatic track-whilc-scan of selected aircraft 
and the computation of the heading instructions 
'necessary to guide one aircraft -- the interceptor -­
on a collision course with a second aircraft -- the 
target 0 These interception computations were to 
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1(; f;UCfl "t:lut tht~:l could be used for the mid-course 
pLus D 01' the interception, le~ding to a clos ing 
p~~USf;l u.rLder -I.:he direction of airborne intercept 
(J'.r) rada.r 0 

In €e~h of those tusks, manual methods were to be used for the 
initial se~ection and designation. of the aircraft to be tracked 
~nd for the transmission of computed heading instructions; all 
;yt;her tasku wore to be performed automatioally. 

1 03 I~quipment and Data 

The computer programs yrritten tor the ta~ks listed above 
'iere to be used with Whirlwind in its initial stages of operations 0 

':'his rostricted the progrems to the initial storage capacity and 
)perating speedso This capacity was 256 16-binar,y digit electro­
rtatic storage regist€rs, 'with an average time per single opera-' 
~ion of t.et~een 50 and 100 Itsecondso Thirty-two registers of 
;est stor~Ge were also available; ot these, 27 werd toggle 
;uitch ree=.sters which were used for reading in programs from 
)unched-paper tape, tho other five were ,flip-flop registers with 
.!:3sociated indicator lights 0 The flip-flop registers und their 
indica tor 1 ir;hts could be us ed for inserting information into 
:;he c<r.lputor or for readinr; particular results or computer compu­

, ~ationsa 

The primary source oftlata for the computer was to be an 
J~VJ search radar opera.ted by the Air }t'orce Cambridge Research 
;ent0r (AFCRC) at the Bedford Airport, same 12 miles northwest 
,);~ Jj,)S ton 0 Inasmuch a.s the radar had no means of al ti tude 
,1Dte::"minat~.on, the track-while-scan and intercoption operations 
\WrE'J to be carried out in only two dimensions. 

As II moons of tr~~mitting this radar data to fihirlwind 
:md presenting it in a digital form, use was to be made oi' a 
j>rototype digital radar relay (DRR) link designed and tested in 
(}onjunct ion wi th the MI:ri radar by lu-'CRC 0 Although not des igned 
::pacifically for extended operational use,' the relay link was 
pressed into service because or its immediate availabilityo 

The transmission of headine; instructions fran iihirlwind to 
the interceptor aircraft was to be by mea.a.ns of a voice radio linko 
i~ircr-art for the. roles of interceptor and tare;et were supplied 
~~ the Instrumentation Laboratory at MIT and by the AFCRC~ 
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~'i aLk Oll "i;!~e fOI''1lulution of the computer progr0Jn3 and the 
eorU? t;ruG-t,ion 0:::' terminal equipment necessary to meet the -byO 
ohj(;,~t;:Lvea of },o2 was 'besun in the summar of 19500 Preliminary 
ceGts of p~"ogl"HlnS with actual and simulated radar data were 
:n,:lc.(; i.r., the late swmner of that year, usin~ only the 32 registers 
';)1: test storagco Extensive operational tusts were first made 
pOGS ilIe when 25~; electrostatic stora:ge rugisters became available 
for \lSO by the computer applications groups in November of 1950. 

DurinG the fall of 1950, testing with actual radar data 
;{as hindered by r:erginal operat ion of the: relay link and the 
'~e.dc·:· set. These troubles were invcstir;r:ced and 'eliminated d.uring 
~he ":inter months~) a.nd ee.rly in the spri'l~ of 1951 a series of 
.lctu·:tl f1 isht tests with radar data were held. These tests 
este. bl ished that the computer ~'lith a ste 'age capacity of 256 regi­
st.er::: could succe~sfully track five airc.'af't* or could track 
1;WO aircraf.t, cu:i.dinc; one on a collis ion·.couree interception with 
br.s othcz'o About ten interc~pt.ion fligh'; tests were attempted 
and completed through June or 1951;the :'inal separations of 
C!.'l6 ':;arget c.ne intercoptor aircraft as t} oir pa.ths crossed averaged 
cot\voen 500 ~d 1500 yards G (These interceptions, being 
.;orr.pletely C!~ a collision course nature j had no provisions for 
)lacing tho intercoptor 1..'1 an advantae;eo'Us p.osition behind or 
;0 ·t;~10 sido of the target aircra.!'to) 

105 ~xtension of Basic ProGrams 

Along with the basic ideas devel<.ped and used for tracking-
~·.fhil~ scanninG.? it has beon possiLle to us~ the computer to perform 
)thc~ related operations 0 Among these havlI been a limited form 
)f autom.'ltic acquisition .... wi th the compui.er selecting a.nd 
Lnitiating tracking of ai rcruft -- and a pr)cessing of radar 
i..nfo:r-r.'15.t..ion to pert:1i-c a direct and immediat 1 typing of position 
::oordinates and velocities clurirlg the a1m1ll'':UIIDou4 tracklng of 
';wo n.il""cratt c:. 

Studies !'el~tinG to the ·use of tho.J3ed!'ord radar have been 
:}ont:nued during 1951 in an attempt to impj·ove tUld extend the 
juantit~r lL!ld qual ity of thtl track-while-scan and interception functions 0 

'''-''!'-----~-~-~~-,-~-~ 
'I': A program to truck nine airc~aft was written arlit operated with 

50::1e success II This prog:.:-am l·equired thai; the t:acked aircraft 
\'10;"0 not grouped together with less than a cert~in minimum angular 
separation 0 l'" pror,ram which eliminated this restriction and 
¥/hich ha.d i.'T.proved operatir.r; characteristics tt.rned out to have 
a -r.racking cnpacity orrivo aircrafto 
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,.T.f.·r: .. ··-::.~: :';~"t.;.:. ~::' r:·.s,.;~L.!.J :;::?irj~ :'!I::..dc at providing heading in3trllc·> 
~icr:::: t:) D~~lr·.1.:_<:; '('he 5_;lt~.:rCf:ptor to make any desired 'typt;;O£ 
;!l)F';:;u,ch to tLr-: t~'.rg;e~.: in the closing a.nd final phaseso A good 
:lc~).l cf' f::~:.:'o:·i: if~ tl.l~h) Leirlg put into an improvement of the methods 
~:::pl()YE'd for ~:r~oot;hiJJ.6 the quantized rada.r da.ta. and. deriving 

··w.J.1.:.23. of s.irerG.i'i.i vclacityo New and improved programs have 
"x~€r: writterl to t~'.l:o advantae;e both of an initia.l increase in the 
:l.vai :.u ble cle{d;rm;tatic storage registers from 256 to 304, and of 
Jxpcctcd further increases to more than 60B registerso 



'ih0 ~Cir.i('.?'Y source of duta. for the computer is the ML~. 
:-t.lC:~.~ ::-et situ::..teil at the Bedford Airporto This radar is operated 
·l:~ tit a s~je\3d or r.otation of 4: rpm and has a vertical f'an~shaped 
l.iel;~: 1,2 0 wide (mcr~s urad between half-power points) and 2.50 in 
Jlev:-.tion (froID tho g.roWld*to the upper half'.-power point) 0 The 
~~ada:" prov ides only rElI16e and azimuth information" having no 
Jrov'.si0!13 fOl' mou8uring the altitude or elevation angle of an 
lire ·~ft Q 

£1-:tcmpts €.t elirr.inating or suppressing radar returns 
~'rci';' statir:mul'Y tu,re;ets 1;y means of' a mercury delay-line type of 

';_nd:1.;..~ltg:.._ novi £ t::lrt;et,i.M'~·!) ~roved unsuccessful, and at the present tine 
:10 1,::1 is used.~ 'j?his results in a situation in which the radar 
ricieq (e~hoes) contains a good deal of ground returns 0 These 
~::'"oui!d !' eturnr>, or ground clutter, mask any aircraft returns at 
"ur.::.:s of les~ thr..n 10 to 20 mil es .** Although the theoretical 
-:J.!lT.i:~un4 rUl1Ee of the radar is upwards or 200 miles, the operational 
.~~ln6·: COS::.3 to 00 lin.ited to between 10 and 80 miles for moderate­
JiZG·.: H.irc::"aft fljrinG at altitudes less than lOjOOO feeto 

Ther(~ has as' yet been no opportunity to make a detailed 
~ezt of 1'" adc.~r coverage ut all 'points of the cocpass or at al titudes 

, .. ' ~!l:O\- c' lO,COOfeetc The visibility or the radar is probably affected 
~-;-l t,l8 relutively poor site at }jeciford, where the radur is located 
in D she..llmy valloyo CoveraGe to the west is a.ffeoted by the 
':O!lt:::anock ranee of hills and llountains at about 40 miles distanceo 
'~Ol' ·.;he :-:lost part:, all flight ·tests have been restricted to the 
lreD north and eaGt of bedfordo 

--,,----------
-;: Ac i~ue.lly tho radar mausures Blunt r&WE;8.. The difference between 

thr:; slant runge Wld projected ranee is sufficiently small, 
eS;lecially in comparison with quant1zlLtion· errors (See ~eotion 20202), 

and is neglected in computer oomputations. 
":·~UnJ.:)ss othervrise stated, in the x-eoainder of this p~per all d13~ce 

mes.:,urements ~re assumed to be ~ na.utical miles. One statute 
~l~ : = e87 n~utic81 mileso 
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The range of an object givinea ro.dur echo 1s determiIl!1ble 
: ~'om a. !'lleasure:nent of tj,e elapsed time Letvleen the transmission 

fa' pulse 'of energy from the radar una the reception of' an echo 
~ro~n !! !"l;;fJ.ecting object; the azimuth of the object giving the 
Jcho can ce determined from the aneular position of the directional 

,.:-a.da~· antennlic Av.xiliary equipment at Bedford converts the analog 
'~nGc; and azimuth quantities to a digital form consisting of a' 

:;roupof p:;>.re.llel binary digits. This digital information is used 
':;0 /:r~y a numcer o'r audio frequency oscillators and the paralleled 
-)utPI.:ts of the oscillators are multiplexed and transmitted over 
.!on '~.·dinar:t telephone line to the Barta I:ui1dine. At the receiving 
~nd '):: the telephone line,tho multiplexod signals are filtered 
Jut) shupedinto binary volta~e pulses, and are introduced into 

'ihi::-lv;ind through one of the flip-flop. registers ot test storageo 

~uant.ization • 

The conversion 6r aru~log measurements to a di~ital 
~O~ requires that the data be restricted to certain ~~screte 
:.o·YC;.l:"s; when t.his is done, the data 'can then be represented in 
.lU.l1et·ic~.:.l form ty a limited number of digits. The effect or restrict-, 
.ng t.he data to dis qrete levols or units is known as quantization 
md ::p.nifosts itsr.lf as tin uncertainty in the data of 1/2 the 
:ill:7..1}.est level or unit or !:leas ur o:nent" • ~uantization is quite 

:i imiJ.ar to round-off effects innumorica.l computl£.tions. 

In converting the analog data to di~ital form at bedford, 
,'9.nc:;s are measured to the closest mile, azimuths to the closest 
./20 ~j oi' a revolut iono The range quantization corresponds to an 

. mco::'"tu.inty of .!. 1/2 m~le, while the azimuth quu.ntization of 1/256 
Jf a rovoluticn or 104 corresponds to a tangential uncertainty 
)f + 1/2 mile nt 40 miles, + 1 mile at 80 miles. A. convenient way 

;)f ~;~sualizingthe ranr;e and a.zimuth quantization 1s to cons'ider a 
.)ola:' grid _u consisting of radial lines :md concentric circles -­
~la.cud on a l'ilI1.p. The effect of the quantization of the data is 
to r ~;port aircraft as ce inc; only at th.e various intersections of 
the ~;rido 

Inasmuch as the aztmuth unit is 1/2S6th of a revolution, 
256 different azimuths are possible and eiGht binary digits are 
reqv~red for complete specification. (Thea%~~th unit of 1/256 
~f' e revolution or 1.40 was choSCfl due to its correspondence to 
the >:;.ntcnna i·oan vridth of 1.20

.) , It was originally planned to 
use (tiGht tinnry <1i(;i ts fo!'" r&.rl[ie and to send ranges up to 255 miles. 



:, ,,' ~,:~i Ptige 10 

'!;ii', ~'J .. 2 t.:) t:1C cnoin(; of ~'. one-mile unit &.s the smallest 
:(.:.'.3'."'2,b.:.l:l~ increrr,e:'1"::' of rC.!lgeo In actual operation, however, 
r,l~r :-c:.::~;6':; up to l2'l mile:;j ara tra.nsmitted; nevertheless, a 

'):1e-:::'lt:; il:1it ;,S us ed und' only seven linary digits are employed 
o \:; 0cj.r:~· a l·u.n::;~ ~ .. 

2.2,,3. AnaloG and Di~d:tal Storage Tubes 

Tho pulse ,repetition frequency or the LllifJ rudar is 
;;00 :';;5, and vrithin the sp~~e of one beamv/idth an aircraft should 
:;ivc tt 1: :Jui~ 12 echoes or returns. If the returns from 12 oute;oing 
'uls'!cre supuri:nposed,th\3 returns from the actual targets 

;.',n ~;' C ~s~ ive scans Vlould overlap and reinforce at the correspondinr; 
:'an;; ':: ' .... hilc the noise and rundom returns would be spread out 
"nu \. auld have little correlution. In order to tt:\.ke advantage 
:~f .ti' is fa.ct und to increase the signal-to-noise ratio or the returns I 
~'ctu:'ns ~o integratod over onebeamwidth by meuns of ti. video 
:tor;,,~e tube at the rad~r site. The integration ifJ performed 

'~ i th the raw radar video, before the data is quantized, and in 
<,his '.'lay the integration performs a filtering action and provides 
':" meL:".l.S 01.' video enhancementg 

The rate at which information can be transmitted over 
,h e '~:: 1 ephone line is 1 imi ted, and with the, techniques us ed in. 

',11'3 i'::,,€:::~nt DnR only one piece of ini'oloomation -- either a range 
;:- 1:.:: i."71uth ~- can to tra.nsnitted each' l/6(lth or a secondo The 
l'!;l.d~~: ~ 0:1 the other ha.nd, may produce useful 'information at a 
':'ido:,y varying rate; in the worst case with two aircraft along 
:he ~i:1~~; azimuth and but one mile, apart in rarige~ video returns 
~·r er::'loes Bre received 12.3 ~econds aparto After the quantization 
:,rocc3s; sround clutter and storm cluucls appear as returns at 
! ucec,:;s ivc ra.nges and azimuths, and under such conditions it is 
~;ot 1.:,1usuHl to have echoos along a sinele azimuth at four or five 
'{on::f',::utive one-mile intervals. Althoue;h at pealcrates the 
=,uun',: ized radar infurrnation nay be produced at 12.3 ~second intervals, 
~,ver Ii complete rotation of the radar the averap;e rato of infor­
::'~atL}:,1 fulls below the 1/50 second rate which can be handled by 
~,he r1Ho 

As a m~~~s of properly handling returns at successive 
:an;.(',·, ~\""1d azi:nuths, it was neceaaaJ1' to install a digital 
~ tort~6e tube at the Ded1--ord ena ,01' me relay link. This storage 
,"t.u b{l ''IE'.;] u.s cd to s tore all rt1Qar information as rap1dly as it 
';' as received and quantized. The tube had a ·cti.pacity or 32 pieces 
<·r il::~orrt!:.tion, and oi thor range and azimuth inf'ormation could 
~,'3 rC:ld 0ut from i't onto the telcppone line at 1/50 second 
:: ,1tcr ·.'!l.l~:" This diCi tal storage tpbe Wu.s used in conjuction with 
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thl..: .i)2!~ UC"; i"1 (.1:.~r;'l"J.l·'y $ J. 9[, J. li i'" hen iti '.'-LiS re;i1oved due to poor 
l·eJiabilit~''l !:)~.r;.·~::· that t~J:1C~ the oJ:it,ti tranGmission has been 
such Ghat o!lly or.u ~~uuntized l""b.Uf;O .... tru:~.t co~.·re8pondinr; to the 

. earl iest O~ Cl0Ge::'::' return ' ..... "" ca.n llJ tra.nsmitt,·;d tit each 

. qUE,.ntized l'..Z i::1u~r:., . Undf;r such u f, ~tu~tion, ~round clutt~~~ or 
ncurly aircraft i\":;)',.lld t~nd to shuti3 or clank-out ~.1ircrb.r·l; at 
lu!"c,c!'" r~J.n::es; .!.f, o:·a.er -to prE:ven-:; this from t.einf, too seriouB, 
a human 0Ferator ut Eedford ir..spects andgb.tes out the video 
returns from -cne b~ ::>und clutter c ','his gate,which ma.y 'be adjusted 
in rClnGe as the ar.Ltcnn·e, rotates jI i ~ usually manipulatea so as to 
'tIar.,k ~ut the vid~o at ranges of 1 ~ss than 15 to 25 mile~.: 

The ac!.jt;stuble rane:e g~d e is only a temporary c):p~dient.s 
uno 5 ume stu)';'fP ~lay be Tointrotl. ~ced into the DHR in order 

. to per:ait dt\.t~ L~) 1~c trn.nsr.litted .:'or two or more aircraft at 
the SU!:le ;;lzinuth" The computer -;rogrwns which huve bc::en written 
are of' such a. forn: that they will operate satisfactorily under 
conditi0111~ in which the storage tt Bedford is or is not in use" 

T ir.1ir~f~ 

Information is tr~nsrni~ted over the telephone line 
ouch l/~~o of' L'.. seeond 0 :/ihGilOye:·.' therl. is no range or u.z imuth 
infor::;e".-.ion ayaj.lnrle to be sent at n. particula,l- 1/50 second 
ini:.o!'vt:::<j u ~~:.::!.2 or null f!~na~: is tru.nsmjttedo 

.erior to the rcmo"nd of tt: l' digital storace tube at 
l'eo1' 0:;( ~ v;henovar tnerc Vi~S rudar ir forme tion t·) be t!"ansmitted~ 
the D.~ il:1uthinforuation 'Il~~ sent at one 1/50 se; cond interval 
and ut succeedinG intel'"vu.l s of 1/50 secord thf'. range or ranGes 
~;~. t!'l:1 t tiZ imut!l wero sent" These w! I'e followed b~r zero r~ne;es 
until t:1e next sequence of azimuth, l'an~e, etc,. wore ava.ilable 
to l,e sent" If th.e rudc..r received TO ret\.:cns during u SCl~tor 
or the S Ci.l.l1, only zero ran·~;es were tl'unsr.lit tod jn that period" 

~ince t!le removal or the d.ic;ital stora,;e t\lte, there 
iSjl of. coursc; only ono ru.n;e per a~.ir.luth.~ At the present time) 
every other 1/50 !-'econd transmission is l:ln ::izirnuth-- tno current 

azi:llut·h of' the antonnu.; nfter each u,z.imuth -\~tl~r a r6.n;·(; or zerv 
rani~o iss C!1t 0 S iaco t: .. ero arc 1/2 x 15 x !) or 375 az irl,uth 

,-------~~-----------~-~=~ 
~ A.ctuallJ.·} .this is onl:>' one range per l2"",pu l:e integraticn~ 



. I. 'L~L··.~ :.::~1 .. ~~'·1 ·" •. ~.r..I'·:·.::~ ~.:·~l Lut 2~() dif'.!'r:l·Cnt u.zi;nu~Ghs) ubout~, ~1e.lf 
,", !:.:~~. ;; .. "':..J:.:: ... :t't: t~·t..;:~.s:nitt.~d t\':icc r:.c r scan .. 

2 ~: . .;F3 (:odin!.1' . __ . _ ...... _~ ___ u 

Th8 trans:71iss ion system from Bedford has 10 parallel 
. ~.:'! .... t·y ':hH.m:v:::J.2-:. ttlf.3 infor:nat.ion sent in each channel loing either 
;:') Or' 1.; C:ons idor thcs i) chc.unsls u.s having outputs at 1Jhirl .. 
'.: ::.~d n'.r bel'cd from 0 to 9" ** Output jjO is the timing channel 
::~:'.\ ro-:' ives 1;. (' each 1/50th of a second., Output If1 is used to 
c:.~;~;i:1.~;. ish lK~twcen ranGes and uzimuthsj an azimuth i~ indicated 
:<: :.~ 1 ~ a T"ant~c cy n 00 Outputs li2 throue;h 9 receive the parallel 
:_<.:::. tal r8.n~:(; or !.l.Z irr~uth iaformation with the followinG conven-
': ::. L).'lC : 

'rhe digital informa.tion is a 1 inary numler 
fr-om 0 up to 255 repl·e~ onti.nG the number .of il/256 
~ur'ts of Ceo. complet'8 revolution" . Output If"9 is 
y;ei[~hted us 1, if3 as Z) i/=7 as 4, " .... ~ .. 00#=2 as 128 Q 

An ~.Z imuth of 0 cor-res pondf to true f"orth, 64' is 
'j;ost, 128 j.s:,Quth·, IH2 iz (last. 

'rhtJ diS i tal ini'ormo.tion is expressed in nautical 
:~1i:f.OS ~ t?nd extonds rr~I:L 0 through 1270 Output if!) 

5.f.:i Lot us Gel for ranEe t r~nsmiBsion and conta.ins a 0, 
oU'~r;ut 'r/'S is v','eichtud as l~ 1/7 'as 2, If6 as 404r.OOOOU 

;/"2 C.'::1 6'~Q 

The t,rs.nsmiGsion of ranges and aziIr.l.lths is summarizod in 
:.':' [';l.rc I"~ uhauld be noted that l' s at outputs tf 1 through 9 
('~.!·,~e:::;p·.!lc. to an azirr.uth or 255/256, jUtlt custor northo Zeros 
L;~ ,·;u"Gj.J\ ts if} thro'.l:~h 9 is th,) zerl) r£a.n~e or null indication 
:-',l:~n, ion' .. d u.!:..OYG 0 

_L_~_ ,. __ .. ______ ...... 
i. J," 

'l'rlc t.c,::nlinolot;Y outDut ·is used here in place or chtsnnel so that 
t.tlG o'J.tputc can be nUT!1l;~red in u.ccordtLllce to the numb~ring of 
tl:e c::.;i~ pos itions in Whirlwind to which they tLre connectedo 
L::G c[. :.inns 1 numl.urs, u.s t:.ss igncd cy h.t'CHC, do not correspond to 
t:-·.(;; u .. ~put nw~bers 0 . 
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~!,o3 l!l.~;l"O:ll.l.(!tiun' of Dl:.te. Into j"hirlwind _~. _____ ."",._-..01'_~~ ___ _ 

A piE.:oe of' information -- azimuth, range, or zero range 
i:3 r£:ceived at t.he ·,"ji1.irlwind end of the telephone line each 1/50 
of 8. second" The dabis in the form of multiplexed signuls, is 
:'.'ilt'~red, the:: pulses arc shaped, and the data is then in~roduced 
into Flip-Flop Rer;ister 4 of test storage. The transfer of the 
informa.tion is don~ with video pulsus, an\.! is synchronized so t.hat 
the data is not introduced while the computer is reading into or 
out or th6 flip-flop register •• 

The arrival of the data is, in general, non-synchronous 
vii th the proGram action of the computer, and since there is no 
'~ufi'cr s-Gvrage o.t tho input of th.e computer to store or save this 
data;! it becomes necessary for the computer to inspect the flip­
flop reGister oftener than each 1/50 of a second so that data 
is not losto At these ti:r .. es the computer must remove, operate 
~pons and store internally any data discovered du~ing the inspectiono 

The computer initia.lly sets all digits of the input f1ipao 
;~lop ree;ister (FY() to l' s 0 This condition represents -0 to the 
'~onputer, and this neGative condition is used ns a no-input indica­
',~ion, The ten du.ta outputs from the telephone lines are connected 
;0 tw~ correspondint;ly numbered digits of the input flip ... floPQ In 
,d.di·~ion~ the timinG channel (output #0) is also connected to die;its 

L.' .to tr:!"out;h IF., Tr.e action of an input fran the telephone line is 
:;0 roprodu ce the linary digit information in digits 1 - 9, while 
~han[;inG disits 0, 10, 11, 12, 13, 14, 15 to the zero conditiono 
'~he changing; of digit 0 to a 0 effectively makes the flip-flop 
.~.?p~,<:.r PDS itive an.d hence is used as an indication by the computer 
~hat data has been receivedo 

~_.!·PGciali.zed Characteristics of the \rtuantized Radar Date. 

ii';enti on has a.lready been made of the large nwnber of 
(~chOflS received from st!1tionnry targets such as ground clutter 0 

Jurin~ i~clement weather, returns are received from storm clouds 
a:nd :.n eCHE:rC!.l there is a certain amount of' apparent radar retu:-n 
rrhich rcm.:l t:3 frorr.. noise within 'che radar receiver or from, 
atrnoE~pheric conditions II Some of' this noise manages to survive 
°\:ihe ::.nter;rt'.tion process und is quantized; other incorrect informa­
tion is tr~:1srnitted as a result of encoding errors .at lsedford or 
errO?E in transmission. 

:11 

1"01' det.:lils of the synchroniz~t~on, soc M-2068 and }:;-S87 
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~\::.:r~.:·l·.:.[:r (l·!~Jr·~~' :~.cl~:i::t:~.c 01-' tho data which must be noted 
.,.~ t!":..,' PC3!:·;.b::lity of f'. lr;'.(:.:r. OJ-: reports on certain aircraft 
,\l!o:i.c;.; Sl'.CO.')ss :.7u : c:~.n:~ of 'i;:l0 antanr.a ~ These misses may be due 
-:,0 tL:) \,.\:!:r~;5.cul po! .. i-tio:l e·f t.h\) aj.l°crar·t with respect to the radar 
7: ~aLl,'f the- (Eoi;nr.c~) Ofl:~i1l' c. ir-craft 1 or the type of reflecting 
r w·f~,.:;G Y:h:~:~h -!;hs cirCl'"8.1't prt3~entB 0 The latter faotor is 
L :;..nif':Jstod '·:~j.r Co hi[;hsr l:::ro-;.:-~bil.ity or miss when an aircraft makes 
;. ttU:::l" 

~r'lO q\~an'::iz[r~ic'n cf the radar returns requires that a 
c cfird.:to cil.oice bo made us ;1;0 whether a particular analog 
f C3.st. I :"6nGIll; should be q~.laIltized to one disorete level or the nexto 
'~l.~ C~;'~,;."~~C·:: ~riGtic'') of the Gllooding equipment at Bedford are suoh 
.~ b?.':. :(~1.(n1 ~1l0 dj.gi:;nl s·cot"l:.·.go '~l1\be is in U5e, targets whoso 
'.ct:.:: J l":".r:;:} 1';.:.113 cla~c to half-way between two suooessive quantized 
·.r.Inc: :m .. y b~ repo:: .. to.d e:; "bo'ch ranges.: This phenomenon of 
; .HI'!:;:: ,-,1" r lr~.o r£,t.l!"IlS is none~istent under the pr~sent mode of 
or. :"\-s·:::~;T. "'~-:;--it--h!"":;T::-:h-;;-GtOl·~ C'.o tube )) :" l. \. '.1""""'':...0 • '"' v.".,.' ,,, _~ tAtt:J""'" 0 

• 
rho ac't.ion of th6 video storage tube together with tho 

\ ':i""d-:;J~ at tho rc.dar beam and the attendant side-lobes tend to 
;~l'·en.·;:·e ~~,~ El.Z ~. rett'.rn~ u:herein a single airoraft will 
:0 :r·t:po:t·:;co nt ·l.;hs 6&.me rango but at more then one oonsecutive 
,,;-; ir1t'""Ghs.. ThiEl ph·3nO!I'.Gl1on is rather 'cammon and may involve more 

··;ha~.'l '!;no cO:lsec'.rti'7o azimuths when the aircraft in question i8 
.~""i; : .. !"olutl:voly 10.3' range aud the radar echo is rair~r strongo 

L·) 

%: See 202.,1 Apparent 1!ul tiple range returns are poss i11e when 
the sums aziouth is transmitted at succesaiv~ azimuth 
trL~.:13mis:;ion intorvals c 
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?O~ convonlence in the remaining sectionE of this note, 
5:;} ':.;.; nc~e~~:;lJry to cnfine two t.erms which ~hall be used in the 

ee,' ::r:.i,: ·V.)n of -=.};o t.rock<='l:hile~,~can activity of the computero 

By the terrn .E£.:F·~lat1.sJL.is intended the means by which 
t h;: ::,[.(;,::.:", data corrE::spond '\ ng ';':'0 a particular aircraft is identified 
c.'I. :n('.c:e~;~:iv~ J..t:·H!~ of t':.e radar antenna" The term smoothing ie 
.= t ; ,t".~.:.escl"2be thp. p!.'~C(),SZ b~r which the radar data pertaining, 
"'. ~ a r~. :.c',ulr r E'.ir::.!re.ft :\ s manipulated and used on success:i ve an"" 
• ~j Y. ~:':.: .J~:3 ff), E'.f. to pGrrni t to determinst10n of the velocity compo-

j~~,~: :~ ,,;f' ';"h~ aircre.i:.<. In ~ he sallse ir.. wl:ich it is used in th1~ 
l!:)'~ , !;Q:,:J~"-1':bj.li..:.f.£FJ] imp]J es beth the correlatior: ~nd smoo'th1ng 

f ;;.~~ r~.(ar dat,e.: ') 

In accordance witt the discussion of Section 202p radar 
c:e ';'" ~U~· r::2C.e cvailablc to l,!hirlw:ind 1 n polar coordinateEin. termE 
:'.f .·:n1>::f. and az1mut::s.· Th\s data. is converted to (x'9 y) coordi-
! ',&'L ~,':<':'i·,;:,";(1 computr;:- both for use in the track~v:hilec>ecan function 
~,.r!',: ::.~ a ','.:2(411= cf Jr.1'pl(:~ent lng suitable displays,.: The . conversion 
f.;~(j;· C.- 3) tr) (-x: y') .tl)()Td:nates is 'accomplished by means of a com= 
i:'·I:-: "~ i;U1:~::CC)g:!'aro '-;t1d1 ~~alcu'J.s.tes the sines and cosines of incoming 
:.::: :'. ~ :.': ,~1 a "l;;J, € ~ 

it prim: ry reason for the coordinate conversion is to en­
~cj.c, ~:.. CO!::~:)ut.cr::(;CJntrolled display of all Ol' part of the rece! ved 
:·ac.~. - catn.. ThE ~copes presently l4vaflable for display FurposelS at 
·itj.r·,rr~r:d perrn~~.1 c, proper ';'; ~ display only when the deflection vol­
:,,3.g,~ .. , !n'(:~ proF·(' ·t.ional to the (x~ :r) coord:tllBtes of the 1nformatlonc 
'he~! (x,) !') :r:r,s1t:t.ons u available ~n the computer in a digital form", 
':I'~ 't:mvex''\ed t:) proportional anal()g voltages for the scope deflec-
. ~,cn" by rrE-an:: of digital=ana1og dBcoders·.) The ,:~:'l presentation 
.~ u jer tr..e c(, \",trol of the comput(~r which displays the incoming 
E t.[.. i n e.~im'Uth :equence IJ but the I:cope is intensified and a spot 

,lil.~: '.Ln2:::'ed .Q...1l1r for each piece of, radar data; this latter fact makes 
11 .. ; ~'i r:p::'e.y C 1,iferent from normal radar; .;:' I displays inasmuch as tr..e 

,'eJ ntl)t 'traced l'otating line siani f:uinr +re rotation of the antenna 
.S rr.:~s:Lng 9.nd Ihere,is but a single int.ensity of dlsplayp with no 
;. ~ 1f" tones" 

For tl.e general purposes of track-while-scan and inter­
:'7=-·t~, 'ins ·\.,:~O C'; mpt:t.er generates two ElJparate displays" either of 
j} ::'i. (.' r.' b,:":h r I~y be presented on lon€'~persistence cathode ray tube:m 0 

l -i or· 'c:iE:;)~~cy!, ,thE'-I2...£~)pe displaY:i all of the incoming rada~' dat.a 
~ . f:;:,\'lT:,! s, seccnd display" 1J:e F sCOPltdisplay~ is used as a means 
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l: ~. ",:-:,:,:~!:~~ DLly [. rL!:Lered '9ietl":1"e contain5.ng only those se­
'~:: •. ",:.::'::'': i"('Y;}::i cJ! tbc: computE)!' =:s tracking" Either display 

\ !' :')~:'(il ·'L'/ ~'C: fhc',~'l'; en [! sinGle oscillo~cope depending on the 
1 -: ~:::!(Ll 0'," ,!.,: fV'itc!l: 

J\ di~-:pla.y sC:}l='c, specially designed and constx',-,cted at 
h.: LC!,1 hL~' al~.) 'been ir;ntalled at the Barta Building where it can· 
1~-; 'I.;~e~ "~,o d irf~ctly d 1 ::play lr~, e) data arri villf over the telee:> 
r:'; rH3 ].J !Ie or data prr:viouely recorded from the telephone line 
or; ,'.Hgn(cClrdsY'Tape... j'his display scope p commonly referred to 
U: ::.he_Xi.d.t.e.l FPI s does not require processing of the data by 

c:"I·.nr-tter and provjr1es$' among other things, n handy means of 
ell :;~: i!"J.~' the incom1 ng j~adardatao However, for tbe purposes of 

"J~9,:!i.1V'E: orfilter<:ci displayptl;e computer-controlled presen~ 
. , ':.;):1 tr.t. the addit.i(.:lo'l scopes and decoders are necessaryo 

L further rI:/lson for the conversion to a~d use of data 
:.i \:(: ~'.i coorc.lnate ::orm is that it permits--simpler progr~mming 
:'. ~btc'.ning (;mooth€t! values of velocities and for calculating 

~:I'i~r:-J1=ticn' f:Ju:,:,seGo:· Tne Simpler programming is5 primarily due to 
; '~, f F'.~:t th{;.':~· an airc'rnf~ flying a straight-course at constant 
::' i .. :n] E ;:5scl r.os const-r,Cl'i,:. x end y velocity componentsc. A straight." 
.t< L : cor1~ Lil71::=speed path does not\) however g produce constant ve= 

" : t.y c':,-r:rr;nente in El radial or tangential directfono Pigher 
,"'( ;':r dC':'j"I::c,JVes in (r~, 8) coordinates p io~~~', acceleratioris~ com'" 

,,:c,·~c '~,:i(, sIr.ooth5.ng :"If veloctties and the computation of the 
; ;:.: .. t!i:[:;2 ,:t:r £~n :1 nt()r.:eption course .. 

I.:ne c"Lisadv8r.t.are r.bi ch enters into the use of (x, y) co= 
'.~:':':: !nE:.te;3 ,;.ris(Jf.:· froml,he effects of the (r, e) quantization" The 
. '", '8 c::un:l't,izcl ~ cn 1 s .~·i,:ed ~ while the azimuth quantization, in 
.;:',.: '.~: c.r di.st.l:Y;Ce rat}.e!' than angle u varies 'With range and above 

.... :.'j, . ::: {. s ~·;h;3 C; \ :.~ntiz,at -lon in azirr:uth j.s effect~_vely worse than 
';.j~,'. -II: :!"nngE'.- The! coordina.t.e conversion proces~ t.ends to mix the 
,r;"~ q\i.[,n·~::.~13.t lOnE: p wi'l.~'1 the resultant quantization in (x, y) co-
(I:C: .:l~te!~ va! :·ing sin~;Eoidally with positiono The mixing of quanti-
2;r"t .on b~~:~ ll~ effect ('n the smoothing of velocities since the 
~'E'::~ !rel1~' SIn( lIar quantization error in range is mixed with the 
lc:" ';~T" e-:~J'or in azirr,uth to produce an intermediate amount of quanti= 
Zet ,:lr. ill 'bo", h Yo and y coordina.tes \) 

Ii r.:econa rr.OCI! of display "is used by the computer to pre"" 
~;e:: tl~'e l'€'r,.:lts of ttt! cornJ:utation of the proper heading anele to 
r:e ~rar;,~rd t'l,~::1 to the l'ilot of the interceptor aircrafto This angle 
:1 i:' :1 Er-l~.yer: in the ir.racator lights associated with one of the flip"" 
fl·:' :::-c:n"c Sf reflsterE::: The angle is initially calculated in bi nary 
;'o~: . 'c.;d. l-.;l"' }Jurposst of display it is converted to binary-coded 
(.;C~· ~'[;.J. 1'.', :;-r '1ljth refnrenc.e to magnetic ,aortho (Each decimal digit 
,f' ]:t;! :i-=~ f ::111:; angle~ i!~:}~ressed in degrees, is represented by its di­

;·r·" bi;;. :''/ eql:i 'lfaleaL() ) Recently a. direct decimal display of the 



',:£:' .,:,'. '"" ~:,-:: ~::',(.: ;:)":~·lb~;,c ~):y mf!J.ne .:-,1' G. rel~::.;y convert~r 

~.,j t'::.; i.~: ... ~::··J-'·:.:·:.:!. :::::. .... .!Ft ... )I'ligbt2. 

~s d~finect in SEc~i0n 3~lol, the correlation function is 
'!,l-;~';:, o:~ {::-t·:;rm·j ning on EUCc(:.::.ive ccen~ which piece of incoming data 
cc:: Y'r f':~.J(I~ .:: ~ '(.0 !.in uircrc.i't '~n:~:1g tracked,. The j ncomj ng data con= 
~:L:: t: of:! s'~.q'J.dnce of uzim::tiJe and ranges p or af~er conversion" a 
r:e:;.' .. H nG(. :::f' (Xi, y) Fosit~.on::', From this data must be extrac,ted 
'LL: ,-:, :-t: T ,.1:'1.,1: ~(11 oh eppsar' ",:.(; (orrespond most closely to an aircraft 
'b~:i Jl t~'t ~:~(e(, The me~,hod of corri-~l£.:t-ion must. be- sufficiently so-
:Z'~';,:, ':' j.::[i.>l •. 0 't.tat til~ comr'c'cr i~ e.~~:}.e to me.ke a proper choice wt-en 
~'':;': ; :>,.~r 'j :('ec'z::,-,re ~ €-choe~ f::'cc:. *~·\\'O or m'::>!'e aircraft closely spacech 

T·.'l;;; : J~l:-l.',el' s~~!nila:-ly rr."J.si:. not he conft'sed when the DRR transmits 
:;".:.:, .... ~:.l ;etnrn:; frcffi ~. ~incle ai:."crai't" On tlle other hands the com~~ 
:: ..... ", .'!: ':'t.:. b(: 2.ble to ,r'cc,)[, ll:~ ~,c and teke proper steps when the radar 
!:':::'·::f·~ r;~r !l'irc:tnf':: cn cne OJ' I!:ore ~car.s .. , 

':'h~: (:nr::-~J_ation pl';,;·cess relies hf:nvily upon predicted values 
.' or '.';:' :::.t.J ;n C~~ ~upplied by tr..E' smoothing ac:~ion of the computero The 
,;~,.:,~ i' ,r:; ::':;;;. H:~e int';Trel~.t .. :'(':;: tthe correlLt.toH process must cUFply 
),~:,,:, :. :"'r'~ '. ar;~'/H for th~ S!i:Oo~,h:.ng9 wh~le t.he sm:nthing process v fn 
'. L.. :' J'~. :?rC-.f fo~' tbe cO:-='.cE.let.ion on t.he ne}',~', scan:- Once started ~ 
·:.L.. :~~:X.:. ,ce iL f;elf""FErr8·~'~.3ti,!1g ~ but proper act:"on is requ~ red for 
~,·l·:\~. i ,::;t 1 .t·lc-!) (}i

t t::'dckins C~ the terg8t CJ ~ 'I'hEt is to says- on SOIPe 
~.'c:: .]~f' ,ompl.tt,r rn:.st be :i. r:formed tbat it is to start trackinr 8 
}~;l:" ~\:)" fj rcraft~. In thl? j ntercertion probJ.em~1 the computer must 
t~l;-::, i' L .fO!';ilE'C: 1n~tiall= .. of the jdentity of the a~.l'craft: target 
(j I.' '':.' .. ~: r ~ y~c;,..:, 

UndGI' ~ptlDulT conditions those iI' whicl: there are few 
t. :.:~( r j't rl th-=: aren l' these Hi rcrE:.ft are fa.ir~~y well sepnrated \' there 
~ :!, :11:: erc~ur.c clutter:. ar.d the eircraft do not travel very far in 
i..?n:: '~'f "lO,Ij+,::t'ine un1t~ :ro:r' sca.n to scan ,.- ~;~,. r:o!";:-I;l~.\·:'~tJr. ~UJ.C.~1:~t·n 
c; i:.:': C'~ :-:}I].J cut vii th:)U:, (:lny kuoY:'ledge of the veloc1t.y 01' 'tne air-=" 
( ~.~!: ·s .., r:~~s16 tion : ~ accorrpll ::he:d by expecting and looking for the 
t. i.·!"·~,' i\ .. , .1:~~nf. one 28E:.n 0:' tJ.i:: recia:.~ at the same 1=0sition or withi.n 
f. ~;:'f: j ,1 ·~~u ub.:u':' i~:-.e pc~~.t.iO:.1 i'lr.ere it was reported on tbe last. 

Under r.:o!'e re~l i:-:tJc conditions i , n:>w:rver - .. ~ condltions in 
L,"!'~.r; "t:::w:) is a :.~gb cen2ity 0:' alrcraf"'~ w7 •. th crossing·aircraft 
:~. ~ ... ::,,' :} i ~)r} d.su:, 0: f!'o'.2nd c:t::t:.er,) and h::,gh aircraft speeds ",., 
Y:::' ::.' : J';: .. :rt,L)n fllnc~ lon lE: nc~ eo 0aeily p€~fOr!Iled'j In th1 e easel) 
I~ ,.':' •• l ::< ,:, c·f tl~l~ r..: :-cra::'i" I E velo~ity perni'.s a predict10p to be 
i1: I· :'.: e e:rr ected 'Fo:;:i t lon of the e.l=-cra~'.~ and enables the COTP!-,uter 
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':.(:C-'C '>:.!-:;J ~rH_: po:::.: ,: bly the best of a nUi'nber of pieces of 
. (.~;.t/:· ·,,-:-d.c:h .Hight ~Or';os pond to the aircraft <I In f,en€!:"H.l, 
~iH';';':l(~::l~~(~ c:f ,:.n ail'craft· S VElocity components eaSCF3 '~he 

<~t;;.i;if)l1 pl'obl:!fl1 since it presents additional information 
.(h~.c:l'! to) l~al·I"y ml'~ the a.ss igned tasks ':l 

As IJ.ctGC~ a.b~e, the velocity components produced as 
,:ult .);[' a. smoothing process enable a short-range prediction 
~:35.ti);1 to be made, this prediction then simplifying tho 
-: .. l1ti'J:.l process" With reliable velocity information, the 
,·tn~ is able ~:;o prodict positions of an aircraft for some 
-r timJs in tho futuro; this is relia.ble only if tho aircraft 
u.ycllli:~~ E. s;;raight pr .. ~ho Predictions of future positions 

't:?OcB:3.:.lry for the) CO!!lput~tion of a collision course in 
t>.6 i:n\ierCO?tolo is dirscted on a straight ... line path which 

e!lc.bl;3 it to reach 6. point in space at the Sll!1le time as thO 
:c uireraft (see C'lOction 4 :)2) t) 

3 .~2;": ~i -Initial Co!"relation of Data. ... 0 The Time Counter .... _9._ ...... _ 

.au s ur::.o tho. -I; at s orne time du:- ing a soan of the antenna. J 

:,c.nputsr ht~ boen able to predict the probable position of' 
~,'~kod airc:"aft during the next scano The initial step in 
,::~l":",,'eJ.t1tio~ process, then, is to screen the incoming informa ... 

du::-in;; the next sonn and pick out those pieces of data which 
::3;?ond clos~l:r enough to this predicted position to warrant 
~.::"~e!· f:~ f: : .. :;·n v 

07:0 r.lethc..-1 of nttack would be to inspect every' piece 
(1' .. 1co~in; illfcrwe. tion'1 checlting its coordinates with the 
I'·r;', 

• ~: .... i'" . ,~.~ 
_, 4 _ 
... ...;. .. 

:.:-:too cocl'"din!lte .. ~ of the airoraft in question.. Obviously 
.'.::13pe ,?'cioli. of ec.ch piece of incoming information is unncessary 9 
;) !r:~, L sc,d :'nE poet only 1?hos e pieoes of data whose az imuths 
c:~')SG ';9 tho predicted azimuth of the aircrafto That is 

:~y ~ we J:'.0ed only inspect those pieces of data. received wb;)n 
an't:n11jlJ. io pointil1~ approximately in the direotion of the 

fihon the a.1:ove ... mentioned method was first investiga.ted 
:.-.:::.-,: :!0::1::;:i-do:~ed] ,the digital storage tube was still being used as 
F.:. ') ,·J0 of t1:.0 DP~o As noted in Section 20204, the characteristics 
of 1("3 dctr. at that time wer" such tha.t azimuths and ranges were 
i:C:~ ,only when the coordinates of a radar return were being 
'ia' ~ ;H:l5:i;t.e,d tc the coreputor u Thus the 8.% imuth of the antenna 
r:£'.' '~a.do n.vailableto the computer only when a radar return was 
b(;~:. ; trc,r;smi-ttad y e.nd this azimuth value would not necessarily 
GO:: ;;np·~r,'.'j. to the presen'c position of the antenna due to the 
(;0_:., -; cf t,h~} digital storage tube.. A further unfortunate 
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.~, .:. ·.~.:~·C~I~· i~~. tic oj,' ·~;!·le dig i tal storago tube was that if tho informal& 
01 •• ... "C:i t::> SC::lt. uccll!1lule.ted boyond the capacity of the digitnl 

.r;:.! . 8{;e 'i:; ... b~ s the O~\:C038 informntion was written in OVCl." the. previously­
'~;·:~~:(:.d inrcrmntiono '1'his overwriting oaused the stored in.!'.ormation 
~('J :)6 in ·n·rol~:J und orroneoun azimuths and ranges were transmitted 
')";'i . tho ·tolephone 1 ino.., 'rha overloading of the digital otorage 
"~ .. ~.': .:' occu:'red frcque:a.tly enough to make it neoessary that the 
'~0r ...... ·.tcl· :'1ct use the transmitted azimuths or theDRR .a3 an in-
'1:.,( .:.tiou or the present orientation of the antenna 0 

'rhe ovorloading of the digital storage tube was but one 
.)!' ~h.c rei~;on3 why no attempt was made to use angular position of 

;:"llten~f .. directly as a means of data oorrelation;if' it ha.d 
." ... , 'che OI!ly reason:, certa.in changes oould ha.ve been made in the 

·~o.l .s-tors.;e SystJD to eliminate overloadingQ* As discussed 
j.).: ;cction 3nlo2.? th'3 use of (X ,<I y) coordinates was neoessitated 

f •• ',. '. 

,itJ 

.;i- , 

SE';oj,"'3.1 reasona ~ and if correla.tion with azimuths were. to be 
. .'ie;:1 O"..lt thoro would bs a necessity to convert the predicted 
y) P~)':; ition of the airoraft to (r ,e) ooordina.'tes 0 Such a 
·orcio:l. would ha.70 boen fairly costly in oomputer stora.geo In 
~,t i(m J E. compu.ris on 'of the azimuthE of the trf..cked 
"!'~~.,:f'';~ end of the incoming da.ta is nO\i Ii ~.uu~J.~ opers;t;l.on a.na 

j'~' ·::.iE cJ.re j.o necessa.r.:r to h.andlo the disoontinuity in azimuths 
;iL' :ht3 (l.::CCIl!Hl. passes northc Thea e reasons, and others Whioh will 

~:r:0 c:;ident ill succe(Jding seotions I pointed to another method 
;)~ '.~:·:.-:c!'"::niniI1;; whon incoming radar data should be correlatod with 

·1'. 

I;' \.:. 

pl'"C!cii:ted position of a tracked'airoratt o The method a.dopted 
,.:r:,t:.t titlEI (S<;IO b.3lor..;) still appsars to be the most acoeptable 

'!:'Y<.m '".l!ldor the latsGt operating conditions with the digitnl 
'~~G': t·.ll~e removed and th~ DRR sending all azimuths, ·eaoh aziDn.lth 
,,~, -:!';l·:~.,lsmitJ~ed ill close relationship to the e.ntennapositiono 

:n briaf, i'i; was desired to set up a small angular searoh 
:;t~l" CO'ltored on the azimuth of a tracked airoraft, and all 
::1:: '. e.::·l"iving in this sector was to 00 oompared with the position 
·:d' ·::ho.t r.ircraf'ta The bounds and position or th.e seotor were 
,:-=r:·~'J)li8hed. by counting the pieces of information arriving over 
~f.:r DEn 0 As noted, one piece of in!'ormation -- azimuth, range, 
)7.' :~.8~·~) r9.ngs ~'- is received each 1/50 seoondn. Thus 1u 15 seoonds 
J'!' '~-:l0 nr:tOll!J,~ rotc.tior.., 750 pieces of information are received 
al'~ 7['~) C:Junt~ canba registered by the oomputer. If' a storage 
:~(J ~ :i.r.-':;CH" roferred to a.s a. time counter \Vere set to 0 when the 
·:h:; '.:.' eOl'r sf-pending to the tracked airoraf't was reoeived during one 

.~ ~ '~l Chf.:::.lC;6S wore under oons ideration at the period prior to the 
: ·.:~o~;"ul 1):[' the digital storage tube at Bedford., 



,', ;) 

.: .:. '" 
( .. ' . ~ 

~ ••. .I. 

i. .... : .•• ; 

Pc.,ge 21 

~~:;< : .. f: ·~·11~) ,:o:·;f,:l"tol- a(~de,d ont' to this counter on the receipt 
~:.~<; D,;' ?~(:c~ ?f' inc~mi.ng data,th~n the search sector for that 
·;::.:"'i:, .::ur:n·v 1:egm age..~n when the tlmG counter reached a value 
;'::':/1 "!2fi., 1f the time counter reached a value of about 775 
,:",:.t.IlY c('::;a being fCP.lnd \'lhich corresponded viith the tracked 
'!;.;"':; th~n this would serve as an 1ndi~tion of a radar miRS 

\I'~'::' 'pr:~ato actioIl could b9 takono 

The !;.lxact dotails of the use and setting of the time 
c · ... ~u ;Ul" ;ill btl dis cussed rnorq fully in Section 3.2.,6... For 
]:l~' ,1[ 'n-: urpcscs it is only necessary, to note that a method is 
:::;;' i.: ~$.rj ; for- ostablishing a search sector for correlation and 
:;:, ~" tl';t; uso of such fl. sector means that the computer need be 
,~, ", ~t ~! :;.:" " ~5.th a. pD.r.ticular' tracked aircraft only during a 

, .1 ;;:.\" ,Y Bl'!.or--C poriod of time during each antenna Bcano The 
,:,. , L~: : . t~,.me end resulting efficient use of the- computer time 
: :,~, ,l:: (. ;1' '\:;hi~. latt~r fact makes it possible to employ the computer 

" ~ :r~~J' .. pIo fl.:~rcrn.rt~ trad:in~ without any need or utilizing . 
• ''''Y;' "na}, s'l.;or-age or t;, h~ computer as a buffer storage for inooming 
;! '~:!.' "t :':"s ';} Binc~1 ea.ch piece of inoomingdata. need not be 

':·1 ~ "I~;' "it jj.;h nIl u.irc,raft but' only with the few which it fa.l1G 
l: t; -:,;'e'GG :;f~-incoming ttatacan be handled ancr prooessed in less 

, c, t . th 13 t P"· r· D t Th S h A ' :., :;.. .... ~;~2. C h'"l$ 0 ss :taoe 0 a. 11 __ • e earc rea 

T::1C Tx:evioas section has discusoed the establishment of 
. ,.( ; n(;8t;o:~ wi-chin which all incoming pieces of data. are to 

',~;ed :{'or correspondence to the predicted position of the 
.1 ::}( ,ir cra.::t c As will tenoi;ed in Section 3 0 3 , the prodicted 

:' .:, ,: :' cf' an ail" craft will generally be given with greater precis ion 
, '. ',~ L!ilu; the ro.de.r da.ta, on the other hand, describes the 
" ":~:.: ,':'.(::1 points on s. grid whose lines are about one mile apart? 

-" I ,~, c:- 1.1P:,0 Df the situation which might be encountered, cons ider 
'J :: In this figure tha circled dot represents the predicted 

. ',' ,. Jic ':' of tho t~acked eircraft and the crosses represents th5 
':: ,,' ):;~,c eli' the incoming rada.r data. in the search sectoro An 
,! .. ' ')~d:::; "n Df data e., b s 0, and d should lead to the conclusion 

;';b~ pc:.,it:~cnfabcTlod c is probably the quantized data most 
\:' i ',,=,: 'Ot";·f:;:spcnd5.ng to the 'aircraft, that is.p c is the "best" 
', .. , , ~t : ci de:~.;8.,; This c,ecis 1.on is based on the fact that c is the 
'. ", ~;~~::; "il ;\,8 cloe9st to th,G predioted position of the aircraftc 

It; iu des irable to discard e. piece of data as soon as 
,.'i: ~= . ~l( "in view of a. general need to economize on storage space 0 

:~' ',': ]i.\i.;::te.r" could store all the pieces of incoming data falling 
;;' .. ~i ,:~,~ '~f) g0fJ.j'~h ;:;ectoT and then determine which one of these is 

. " l be;: :::; ftw more ~osir£:~ble isa means by vlhich eaoh piece of 
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~S'.t.l'. ,n!J. b~ .. '.nGs. 8.l:.~~, t.hOl~ discarded before thv next piece is 

· l!:? .. d~ ~~7id .. 1E>1 .e r~"():T:, tlw telephone line" Of similar importance 
.S t:l0 noe~~o bo able to determine when the antenna ha.s paasod 
;hrouL~h the ,;earch auctor oi" a tracked aircraft wi'chout finding 

' .. pi~H~13 o~ c..:..tu o.dequatoly corl·esponding to t~e prodicted positiono 

~'1.Ei 0. convenience in explaining the methot:. employed, let 
.t be assume: i th...fl.t the predicted position of a tracked aircraft is 

:: and Y Q' :· .. ·st i"t~ further be assumed that the data falling within 
· ,RfJ sfJ3.rl5h :.; ector corresponds to pas itions % 

xl:.. Y £\.; h b , Yb ; Xc" Y c; x d ' Y d; etco 

I 'h~ ·Ot.~nputer then considers a circle about the point i , Y 0 '!'his 
P P 

:ircll} is ce.·,leo tr.,e soarch area'J* The initial radius of this 
:irc In io e.l: 'ut linrce milac ,this SiZ8 being chosen in consideration 
~r pJz.3ible ;l·rc.!·s in the predioted position, especia.lly a.f'ter 
.nitin.ti':>!l (;ae Sec.tion 303), and the effects of quantizationQ 
Jetb!:is ini ',ia1 radius be designated as rOo 

T1'.:: ac.tion of the con:puter in selecting the "best" pieoe 
I,~ d3.\;.3. 1.8 L: i'ollcI1S: ll'hen the data x ,y is received, the 

(
= )2. (~-, 2 a a 2 

'·.uanc:~ .. 'Cy xr. ...... ~n. + ~"p <;0 Y) is formed; this is denote4 as r C\ 

a . 2 .2 a 
· he :::o;npute:,:' then checks to see if ra is less than rO " If so $ 

,he I~(rnputer selocts x ~ y', ar.·. the probable positi~nor the aircraft 
&. a 2 2 2 2 

.nd ,JUb8titt~':08 the::: value ra in the place of rO ; if ra ;;t.rO ~ the 

.ate. :.::l rejc :te('l When the next piece or data. -- "b' Yb -- is received, 
::0 )2, <:. )2' I· .. -¥:'-:-- f d 
xp :(b -1- \Y

F
. -=- Yb is formed" r thJ.8 quant~tyJ I~~ JoS 2 oun 

,0 1:.;1 113:36 t::Cl.l1 thE pr~viously seleoted minimum r- -rO or l' a .. -

:hen 1:110 pie, 0 cf: data is s elected as the neu minimumc Again~ if 

'b 
2 

ifi founc to be equa.l or greater than the previously seleoted 

· lini~l::n.il the datu is rejeoted and no change is. made in the 
? 

: ~ini::m.L'11 r- e Thin process is continued for all pieoes of data fa.lling 

.. ·ithil'. the o:arch s5ctor; whenever 0. better piece of data. is found) 
~he :liza of ':he search urea is reduced(i When this procedure has 
:een c~rriec out fer all pi~ces of data received within the search 
:ecto;·, the .~ be~t" pieco of data-... tha det1D1t1on ot wbeat" 
~in,~ ~~ ~.::3_eE;"c ....... will have been chosen .. 

· ----~<-----.---
: Th';) ',t'ord [' ea is us ad since in prel iminary programming a square 

lin'..] USf3d r.:~ :d"'c:"'~h()r shnped areas were considoredo Correaponding 
tOi:-r:linolog:' fc-r GTlD log equipment is the gate or 00%0 
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.It should bo noted that if it is found that the final 
radius of the searoh area is still ro after the antenna haa 

passed through the, searoh seotor,then it oan be assumed that the 
radar missed the aircrafto The aotion in oases ota miss is 
further described in detail in Section 8.2.6.. 11' the aircraft 
was not missed, af'ter the oomputer senses that lthas passed 
through the search sector it proc~eds with the smoothing and 
prediction actiono (See Section 5.~ : 

At the present time, two 4iftereatinitial sizes ot 
search area are usedo The]a rger 8ize is uaUf~lll' set at about 
four miles, the smaller at taree miles. Immediately attar initiation 
or on the sucoeeding soan after a miSs, r 0 18 set to the larger 
s iz e '" On any scan a.1'ter the computer. haa . suooessfully traoked 
tho aircrs.1't~ the smaller value of rO 1& usedo 

The initial size ot the search area is aomnhat of a 
critlcal matter, and the values indicated above ~e selected 
only after a oareful stu~ of the etfects at various ~ues ot 
rOo In particular, it is desirable to aelect the rO Small enough 

so that only the quantized data or the tracked a1rcratt falls 
within the area. If the r 0 were larger and several pieces f>t 
da.ta fell within the area, then whenever theradaz- missed the 
traoked air craft and yet reported other echoes (possibq other 
aircraft) nearby,the computer would- not auap8ct a miss an1 would 
tend to commence trackintp ()n the other pieces of data (See 
Section 602 ) 0 On the. other. ham, it 18 DeC8Ssar.r that the search 
area be large enouah to enable the compu.ter to track the aircrart 
despite aw sudden manouvers or turns by the aircra.tt being tracked. 
In more sophisticated verSions ot the tracking program which tna1' 
be written in the near f'utll-e, more thaD two d1tforent sues 
of searoh area ms.y be used and the search area might be varied in 
aocordance with the previous histor" or the tracking of that air­
craf'to In addition, the sise of the search area 18 l1bly to be 
changed from a circle to some other shap., .possibly one whioh 1s 
extended in the direction ot mof.lon or the aircrafttl 

3.205 Initiation and Cessation or Track1ps 

For initiation ot tracking, it 1&' .necessary to indicate 
to the computer which of the inoom1Dg data riFe.ants the present 
position of the aircraft which is to be tabn UDder ocrJSideration. 
l'he method used at the present t 1me tor the •• leot1<'11 ot the 
airoraft to be traoked bas been termed I8JlU&l. 1n1t1&tion or manual 
Muis it ion 0 Manual initiation r8CJuires the 8wvioes ot a bUJZJan 
opera.tor Who must identify the aircraft to be traoked fran a 

I 
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PPI display, either th~ display Which is generated b.Y the computer 
or tha.t "hioh is made t .. vnilable by the AFCRC digital SOOpOa 

Automatio initiation, on the other hand, is a method by whioh the 
oomputer19'ould employ some criteria in se1eoting particular radar 
returns to be trackedo These criteria might be the existenoe c£ 

otherwise untracked returns within the ar~a or radar coverage, 
might be related to the appearance or returns near a peripheral 
boundary about the radar set, or might be concerned with certain 
characteristios of aircraft returns 8uch'as their positions and' 
movements. Except for one preliminar,y programming study of 
automatic initiation9 the Be.dford experimenta have all employed 
manual acquistiono 

As a means of implementing ma.nua.l acquistion, use is 
made of a photoeleotric device te~ed a lig~gun •• This device 
consists or a phototube with a small aper.ture which will receive 
li~ht incident on the end of an attached narrow tube or barrel., 
The end of this barrel or' tube is placed on the PPI di$play 
over the position of the selected aircraft. Vlhen the aircraft 
return is next displayed, the illumination from the spot on the 
faoe of the ca.thode ray tube is used to trigger the light gun 
and form a. pulseo This pulse is immediately used to change the 
sign digit of one of the f'lip-flop registers (FFO)' of' test .. 
stoz:-ageo The aotion is quite similar to the use ot the t1m1ng . 
channel in connection with the input of. radar data. The 8 ign 
digit of the flip-flop is normally a 1, indicating a negative 
oont ellt; and the pulse from the light gun 1s used to reset B ign 
digit to a 0 whi~~ gives the register a pos1tivecontent, ' 
The computer, after displaying ea.ch piece of radar data. by' setting 
up the hor1zontal 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 assooiated with the light 
gun a If the oomputer discovers that this flip-flop has a positive 
content, the n~cessar.y aotion for initiation is undertaken~ 

When performing an interoeption it is also neces~ary to 
specify to the oomputer .. hether the aircraft being initiated is 
the target or the interoeptor. This is performed by adjusting 
the toggle switches associated with the light gun flip-rlop 
register so that it (thO register) will be reset to either ot 
two different negative values b,y the pulse trom the light gun. 
In this way t~e oomputer first investigates the nip-flop to see 
if it is nebative and if so~ a further iDvestigatian is ~e to 
see to whioh of' the two negative values it has' been seto 

* A more detailed discussion ot the light gun is ~vailablo 
in E-2024 
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. In the il1te~'coption pro~ramli the computer is alv/ays 
t,racking, or attempting to track, two aircraft 0 7;h6n the program 
is first inserted into the computer and radar data supplied, 
it attempts to track two imaginary aircra.ft at the origino Since 
no r~dur returns at the origin are ever reoeived, thecamputer 
acta as if the radar is continually missing the ~o airoraft 
and it waits in expeotation of a return from·the imaginary 
aircraft 0 The search sector is set up, but no returns are ever· 
found within the search area. and inasmuch as the smoothing . 
progrwn starts with a zero prediction of velocity (see Seotion ~3)" 
the two aircraft are l"epredicted at eaoh scan as being at the 
origino In a similar manner, the computer will continuo to 
track, O~ attempt to ·crack, the last aircraft initiated as target 
and interceptor until the light gun is used to acquire a new 
target or a new interceptcro 

An evaluation of the action of the program in tracking 
either the target or interceptor oan be made ~ reference to 
the filtered (F scope) display on whioh only the tracked air­
craft are displayedo As noted, the computer checks and 
investigates returns until the radar antenna bas passed through 
the search sector· of a tracked aircraft: at this point the 
sizo of the search area is investigated to determine whether the 
radar saw the aircraft. If so, a display of the position of the 
aircraft is u~de c~the F scope; if the radar missed tho air­
craft or the computer is improperly tracking, no display is 
given cn the F scope. &~ 8uper~iposing·the two scope presanta= 
tiona and noting whether or not a dou~le display (the track~d 
or filtered display appears slightly later in tims) oocurs 51 
itoan be aeon whethar the oomputer is traoking the aircraf'tc: 
Other visual scope diople.ya or presenta.tions inf'lip-flop 
~dic~tor lighto could be made to note the successful tracking 
of 61 thor t.arget or into?ceptor; at present such additiona.l 
displays have not been naededo 

In the. multiple tracking program mentioned in Section 104 
~hich traoks five aircraft but which carries out no interception 
computations, there ie'no need for designation as target or 
intercsptoro The tracking section of this program actually has 
~~O modes of operation; tracking or non-traoking~ Traoking 
of e target is accomplished by use of the light gun on the main 
(D scope) display~ oessation of traoking on a target is 
performed by usa of the light gun on the filtered (F scope) 
displa.y" In this program, fs.ulty tracking or "misses" are 
indicated by the illu.'1lination of two points on the F soope, 
one a.t the position at Yihich the airoraft should be and the 
other B.t the or ig in .. ~ . 

¢ Tho display at the position of tho aircraft is need ed to 
implemont cessatio~o 
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Fer pt:r{i:J~e~ of iceepir.g count of the number 0: aircraft tracked ~ 
a binfLry ind5.cr:.tion ls ~hown in one set of flip=flop lightso 

For toth interception and m\\ltiple tracking programs~ 
the Cictlon folloliing initiation is quite sim11ar and will be 
discussed ~'2l01'€ fully in succ(~eding sectionso In brief p the time 
ccunter~ ~ust be set (s~e'Section 30206), the initial x and y 
velocities se~ to zero (see Section 303 ), the large size of 
search area inEerted, and the x and y positions of the aircraft 
must be transferred from the display section of the program to 
the set of registers allocated to that aircrafto 

30206 ~~tting of the Time Counter 

The imuortant valueE or counts associated with the time 
counter are shorin in Fi.gure 30 The values shown are the values 

used br tbe co lputer multiplied by 215 (They ~ould be stored in 

the computer at: 100 x 2""15, 550 x 2.-:.15 , etco) ~ Assun!e that the 
position of the aircraft is as shown uith the crosso 

Upon initiation the time counter is set to· c 650c This 
count will be increased by 1 each 1/50 secondo The computer be= 
gins correlating the lncoro; ng data with the aircraft when the '. 
time·counter gets to +1.0 Each time a better~fit of data 1s found 
the time counter is reset to+lOO~ Tn time the best "best.1f fit 
of date v.'1ll be found and 100 counts later when the time counter 
reaches 2009 the search sector is ended and the counter is reset 
to =6500 No correlatioLi$ again attempted with that aircraft 
until the time counter again becomes positive o It should be 
no~ed that the resetting of the counter to +100 upon finding a 
better piece of data ensures that the search sector is centered 
on the aircraft regardless of its movementso 

The values presently used are much larger than is necessary; 
satisfactory operation can be achieved under present operation 
of the DFtF. with a sector of about 10 countso 
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As noted, of paramolnt imnortance in the tracki~ and 
interception actions of the c\mputer is the deter.m1nation of the velocity 
of tha aircraft 'Ulder conaide.'9.tiono This velocity must be determined 
from the hea.vily quantized ra:L~e and azimuth indioations which, for ea.ch . 
eircrp.ft rare mp.de nvailable '~:!lly once each 15 seoonds. 

For the initial ~hnleB of the Bedford experiments, the problem 
, of velocity smoothing and tr£(klng was first attacked in ita simplest 

form and only aircraft flyiD6 9\··raight pa.ths, or 'Paths wltb.out violent 
turns. ~ere.assumed, The impo~tance of guCh a restriction is evident 
in ·r1ew of the fa.ct tha.t it is JOBsible for an 8ircraf~ to fly in a 
'small circle in such a way that the quantization of the data makes it 
appear tha.t the a1.rcrA.ft is stu,ionary. Altho~ the methods used were 
deB1gn~ o~ly for straight-lino flight, they have been sufficiently 
successful in prSlcti va to pp.rmi~ trRcking and 8lIlOoth1ng for aircraft 
IIlak1ng 1800 turns. work is no\' being carr1ed out,. bowe'ver, on more 
£.d'\i·anced methode ~h1ch wtll po'mit. successful operation in all types of 
condit1onsc 

In considerir,g the :) .. -oblem and the desired results, it must 
111~ remembered that 90ma metho'.3 of attack were precluded because of 

e.) limi ta1iions of : llternal storage· apace in the computer 
and 

b) requj:ements of ~omputer timeu 

The storage ree.tr/.ction wnf:l b;y far the most stringent and dictated the use 
of Eo method ~hicr. did not re~.l ire the t::torage of a lA.rge number of previous 
pieces of rM.a.r .iats. FortWli~tely the method which wae selected to mini­
mize on storag£ turned out ttl be highly economical of operating time" 

30}: 2 !!~ set e of Quant ~zation and Samn11!!t.a 

A (.Qnvenient (}!letha l of visualizing the e.ffecte of quantization 
and samplinf, (i.e~, taking r,ading~ only at ce~ta1n interTals of time) 
on thA ob6,~rved values of rEHge and aziJIr.lth is sho\iIl in Figure 4.. The 
fligh~ of a conBtant~Bpeod ELrcraft along a'general12ed cvordinate X as 
a. fWlct:!.'Jn of time is deptc1fJd by th'e henvy line, the slope of which is 
the X 7Jloci ty' of the a.irc.i ,ft" On top nf vh:\£. 'Plot 1~ 6'.!.~criJl])06ed 8 
grid 0;,' which the vertiual 1.1nes represoent the sHmpling ti:.ues -- i.e .... 
the t!m2S of Guccessi~e oblorvations by th~ ~tenna· -- and the hori£ontBl 
l-inr:s represent the quantis od values of ~ Rt which the aircraft crm be 
ro·.ortcd .. 

... --------_. 
In ~enera.l, as th.e 6.ircr~ft changes its position the fBlIlp11ng period may 
increase or dacre~Be alii t'~tly 'I This chcmge, hawver, is negligible for 
a.ircraft at Greater than E:. 20 mile range and flying at normal air speeds" 
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Since the qUFllltiz8.tion 1e ::: 1/2 mileY' the horizontal lines have s one- . 
mile Beparation~ At any time, tnf the aircraft would be reported as being 
at thfl quantized value" Y ; "'hich is cloee6t to the truepoe1tiouc-
Perfect quantiza.tion and ttrror-free radar da.ta are 8suumed. . 

If in Fig.~e 4 the path of the aircraft vero replaced by the 
values of Xn at times tn' the plot of Figure 5 1s obtained. Figure 5 
is capa.ble of further interpretation if through each quantized and 
sampled observation a line indicating the possible true positions of 
the aircraft is drawn.. By doing this), a plot 8uch 8S that in Figure 
6 is obta.ined" 

The t ru.e C:lUl'ee of the e.i:r'oraft 1s such that it intersects C:tach 
of the va~t1cal linec in FiGUre 6~ In view of this fact, the path or the 
velocity might be determined by 8 method of curve-fitting. Snch curve­
fitting 1a not particularly easy to mechani2e even for a straight line 
plot .as in Figures 4s-5, end 6; it beoomes considerably more, complicated 
when there ere curved fliGht pa.ths and changes in the slopes on an X-t 
:plot., It ehould a.lso be noted that for a. certain configura.tion and 
lim:i.ted number of obgervationB~ 1 t 1s· possible to construct a. number 
of d.ifferen't strslght linea through the vertical lines of Figure 6~ 
thElreby per~1tting a sprea.d in tho poseibl.e velocities.. Methods of 
~'1lrver-fi·;t1ng \jer'e e~cluded from use in the sl'QOothing program under the 
simplified conditions of the initial Eedford experiments due to the 
fact that thes~' ,:';let~ds required an excessive .lUlhlunt of storage spa.ce" 

The method 2.D.ct equa.tions to be described below have been 
modeled after ths ao-calledtlaided-tracking" Jl\ethod which has been 
used successfully in analog computersc In its\full generality, hov­
everp the method i6 seen to be an applicat10n of 8 procedure of 
n 811cccsai vet approximR.tions. t! 

Let it oe assumed that by Bome means the computer has a fairly 
good knowledge of the poa1t1on t Xn' of an nircra!t at t1me,tn , and that 
the computer has been able to secure a rough estimate ~f the a1rcraft~s 
velocityQr, Call this estimate inQ 

i ,. , 
The notation xn fvr position 1s used to represent a value which has 
more precision and more significant digits than a quantized radar 

: readingo 
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Yr.:)[;1 the t\·~·') aUEtn ti tlp.s xn and Xn it is pORsible to 

~~ke e nredict10n of the positinn of th~ aircraft during the next 
Dean of thp. DntellnE' .. ~ ThP new position "'ould be givena.8~ 

..... 
x ... x At .. n n.., 

"here ~ tis the period of th" an terms: rota. tlon. If, on the next 
scan, Itis obsprved that thp. aircraft iR not at , but 18 

Xn"'l 
displaced fro:m that point by a.n amount grPAtp.r than the foasible 
error in troduced by quan ti za. tion, it liIFould be lor;1cal to assume that 
either -, or ~ , or both, were in p.rror~ It would thAn eppPBr 

Xn Xn 

to be proper to incrp.ase or decrp,s..se thp. estimate of the Elircraft's 
velocity by an amount dependent upon the differp.ncp. of thp. ob~erved 
and predicted. values of position.. A modification shbuld also be made 
in x or before the next extrapolation of position 1s 

n xn+l 
attompted" 

It is, of coursp., l'ossiblp to accept thp. most recent" 
ObeArV?- tion as thp bp9t -p~timate of thp t31rcrs.ft t s po,,1 t10n and use 
t.h19 in thp place of There are.s~vp,ra.l rp-8.eons, hn",pvp.r t 

xn+1 .. -

vhy thiA tr.it;ht not be too sati~factory: r iret, the observed value 
is likel~ tr)'be in error due to qua.ntization: and second, the radar 
might miss thp. trr·cked a.ircra.ft but might pick up and report an 
airc:raft fly1ng nearbyo' In the latter case, the cnmpuier might be 
led to the erroneous conclusion tha.t thi" obsp.rva.tion corresponded. 
to the trccked aircr.afto As can be s~pn from the eouatlons bp,low, 
in thissitu~tion if the comnuter. gives a certain weighting to the 
observation, it will tend to· hesitate at '"loCking onton'this eecond 
aircra.ft and will tend to wait for thptacked aircr,aft to reappear. 
If, on the othnr hand, thp trncke d aircraft bad made a turn and the 
radar obsp.nation, although appearing to be in error., actual17 
corresponded to the aircraft vhich the c~mputer had thnught vas 
travelling in a straight line, thp. effect of not completely 
accepting the new obsp.rvation will only temporarll~ dela7 the 
compute~ in following the aircraft in thp. turn~ 

The form of the smoothing ~qU8tlons are 8S foll\':'A's, with 
o 

:A being smoothed values of veloci ty, i' and x 1 
n~l n n+ 

being smooth~d values of position, ~nd xn being the quantized 

obs~rvation at ~ = no 
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D ::: 7- An F4uation 1 x n 

0 + g(Tt I ~ t) n 2 J~ =- X 
n n ..... l 

xn+1 = x + h(~) .. i at It 3 
n n 

The qlmntity D, the diffp.rp.nce bp.tween the observed and 
x 

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

tracking and smoothing opera.tions .. The expressions and h(D) 
x 

ere the correction functions, and rp.present the corrections to be made 
in smoothed ,elocity and position for measured values of D ~ 

x 

The phyaic&l mpaning of ~uation8 2 and 3 is quite simple: 
c. ne~ velocity 19 derived from the old velocity by adding a correction 
':t~'9:;.r.n \~h1ch 16 a function, €) of the difference b~twep.n the observed 
&nd smonthed p~Bltion; a new smoothed or prp.dicted pORition is 
cbt~ined by adding a correction tprm h(~) to the present smoothed 
position and by ad.cling in th~ expected amount that the aircraft'.will 
trave: in the next seano 

In actual appllcation~ ~t = 1 (scan) and velocities are 
describpd in di~t~nce per scan" Thp abovp. e~uat1ons are actually 
use(l for both the x and y coordina.tes in the form~ 

') . 
+ g(~'t ') Equation 4 x = .,.. 

n ·"n", 1 x 

xn+l = x + h(~.) + x It 5 
n n 

V' - Y + g(D ) n 6 .. n - n-l y 

Y'n+l = Yn 
+ h(D ) + Yn 

.. 7 
y 

,;here l± =x = x n 8 
n n 

~ = ~l =- Y'n 
II 9 

n 



In actu~)~ operLt1on, initial v~_lue~ of zero e.re used 
fijI' ± e.nd y~ nn(l the CJb~prvnd x and y values of po~i tion 
-"'pot.. ~ni tls.t;.on Bro usp.d fOT ;: end -; ~ '·1hen the rade.r misses 

"0 0 

the tr~ckf:d e.irc!'2.ft, D a.nd D a.re a.ssumed zeroo The functions 
g and h a.re c:1osen ·to t"i'..a t Y g(C:; and h(O) are also zeroo 
Under 2uch connitions the smoothing 6~uation8 can be used P,V8n 
i:: e miss has occurred, and thp. computer wl1l merely extrapolate 
t!le x and yo po~i tiona forva.rd wi th thp. mORt recently detprmined 
values of veloc1 ty~, 

~ Actually., ullc:.er certain condi tions it mif,ht ba possible to make 
n fairly good. e~t1ma.te of. thn ma.f!;Ilitude of velocity of the aircraft, 
and in more rpstricted sit~tion~, it would bp. fp8.s1blp. to gaBss 
the initial heeding of the aircraft~ To provide for generality in 
the Bedford exper1Mp.nto, th~ int tial g\lP.S9 of zero x end "7 

··:'eloc5. tycompoDPn ts is usedo 
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If thp. above smonthing e('luationg a.r~ writt~n for ~pv~ral 
conf.l?,cutive vtiluf!s of n and then are combined. it ee.n be ~hown that 
g end h reprpsent wp.ightin~ function~, ann thpir values ar~ of 
erp2. t lm:rorte.nce in n'/Pif:hting'l past val ue~ of smot'\thpd po~i tiona 
and v~locity in thp. currp.nt estimates. 

ThAre ere a numbp.r of fnrm~ that thp. g Bnd h functions 
mt~ht rp.asonnbly tP..ke. If thp. corrp.c~lons arp to be linA9.r (propor­
tional), thp cur~eG of Figure 7 apply. Thi~ tyre of corrp.ctinn function 
if; th~ one currentl~ employen in th~ 9moothlng process, haYing been 
chosen for ini ti~.! use b~causp. of thp. ffl.ct tha. tit epppp.red to be 
sa.tisfactory end ~ s obtplna.bl.· at a relatively low expense of 9to~ge 
Spac!3 .. 

The most· important choice which had to be made in respp.ct 
to the use of this 11ne~r correction vas that of the slbpes g ~ aD~ Q, 

of the veloci ty unc. pos1 tion correction curvt:!G. By making ~ and a 
equal to unit?) on~ essentially makes a full correction, introducing 
the orror in full ;.0 the correc tion. Such a choice of para.meters wou1i 
be sn.tisfactory if thp.re were no ouantization 1n thA radar date.; with 
the ~u~ntizat1on preaent, hovevpr, an c< and a of unity produces 
1~rg'3 oscillations in smoothed velocit~,. ~.nd position') 

An noted above, zero 13 used P,9 'the best··~ priori guess of 
the ;: and '1' veloc1 t~ .. component~ of a trackp.d aircraft. It is 
then desirahle to proceed froe this initial guess to the actual 
veloci ty cOrJponentE of the aircraft A.S rapid!? as possible; once this 
~m,lue is ref:ched, the effpcts n'f oupntizatinn must be minimized .. 
Thes(;) two requirements demand op:oosl tp extremes in thp. values of a 
Bud ~ ; values of a and « cloBe to uni ty \11111 permit a rap1d 
appr()xim..~ t10n to the velo,cl ty (components), while low values of a. 
a.nd 0{ a.ra necessar:v' if the smonthpd ve~ci ty- 1$ to ~ettle down 
to a steady value. (Tho entire probler.t has a. clo~A e.nalogyo to an electrical 
tlPt"'ork reeponne or fil tpr probleme Thp rpquiremp.nt iq for th9 
design of a filter 'Whlc~' in rpsponse to a sa.mpled and Quantized 
Z"c.!r.p function input of posi tion "'ill supnly a veloc1 ty step-function 
output. The RelAction of a end c( can be compared with the 
probj.em of selecting ~uitabl e values of parametprs in an R) L, C 
circuit; dependinr: upon th~ choiceR of parametprs, underdamped, 
o~p.rdemped; or damped outnut !'1~y be ob+Rined.) 

Thus, in u~inf':thp linpar typP. nf corrp.ct1nn, it was 
first neCes~Rr7 to selp.ct valu~s of a and c( which gave a 
RI;;..t13factory cO!iITlrC"·mi~p. bet;tlp.f'n thp timp th?.t it tot'\kto nrocep,<l 
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fr.'Ofj the initinl nfitiJ:1:l.tn of zero to thn trup. velocit;v of thp aircraft 
BP.d tht~ rp.m::.l~tn{~ r~fff'r:.~t~1 of qURntizs.tion fl.itp.r thp ~tP.~.dY"'R';~te 

vnlt1c r_9.d bnE:'n reached. 'rhe ~moothing Poous tiona wi th thp lin~Rr type 
c1' corre~tion are !l.ctll •. o:;ll~, two linear rl1fference AouationR, a.nd as 
f'.".dl B homoeenm .. :3 (trn nsien t) 9011~ ti on ca.n bl? fou.Tld ra thAr eEt~ily 
'b:v' t-~.nal:vti eel r.1~F:ns e Tn? pour", tiona can al eo bp. solved for sampled 
'h·u.t. not. nl1anti~p.d 'trG.1 '1::~~ of x tJ Both solutions depp.nd heavily 

n 
u.pon the val up.~ of a. and C<, and evp.n· wi thout thp effp.cts of 
oU9.ntiz.~l .. tinn it is difficul t to choose value~ for ·s and c( . 

As en a.id in the sel ection of a end 0(, the computer 
h;.ts b~.?en li1~ogmi!-il1ed to simulate qunatlzed datao This dAta. 1s 
f.,11ootheJ by t:'18 cor.rputcr t~nrl. the results are displayed 8long ,,'ith 
t':1P t~lP ve.luc8 of' pasi tion e.nc. veloc1 ty on en oscilloscope.. Va ri OUD 

vt;.lup.s of e. and c{ C.2-it bl? insert~d nmnllE'lly, and. a simulated 
flight tp.st of a.bout 1(\0 mile£.; length can bp. comrl~tad in less . 
than a sc~ond. Pictu:-es of thp r~gult9 for varioua combinations 
0'(' a ani Q{ were ~aken and the piCtUTo 8 'Wore compa.red in an 
8.t.tnmnt to sp.l~ct optinunl '\~lueae The " choice flnp-lly rp.ached ,,-as 
t.~!e~·~ ~f e( = 1/16 , a = 5/16" Thesp. va.lues ca..use the velocity 
1'~~J)On8a to overshoot nlig!:tly; the vp.!..ocity g~ta up to within about 
1 :)<b of th(~ tru'~ -va." ue in abo'l'i~. 10 gCP.ns ann r~mains \cri thin about 

5)~ during th~ atrnd:r stu te, '. 

As n~ ~id in analYF.in6 th~ pprf~rmancp. of the smoothing 
t.ndor actual dat.a, a prOgTcm 1". . .:1.s also been written which :prints O\1.t~ 

c~~o each n=!s.!l1 tbe velo~i ty end -posi tion lnformetion for a. tracked 
c.ircraft" An exarr,ple of thi~ pTint.ed data 19 given in Table l~ 
lJ.'he 2tud;.~ of ?. ~u.,.;bm: of such printed rp.sul ts of smoothing ElctU9.1 
!',?d£lr dr, ta hs~ !=:ho".'l'l. a clone similari ty to th~ resu1 ts obtained 
\:'i th Aimule.tf!d data.~ 

As n~ted, the linp.er typP. of correction w~s initially 
cJn~1dered ~nd used becausp. of its simplicity and economyD Experience 
of i~hn pagt moatfl3 and cloR0.r inv!>stlgnt1~n5 of the smoothing problem 
l:avo nO'tI1 indic.."'ttod tl:...t:!.t grp.r .. t 1mprovempn~R can be made if non-linear 
Ct)!'l'ection \I."i-!1·8 ~mplo;~red~ It is also fairly ob'.riou~ that the 
s:noGthincr problem conRi r. ts nf t\r.70 main parts: a) thp. transient sta. iie, 
€xiutinr, R;fto!, initia~ion or aftpr an aircraft. ",urns or changes 
v'31ocity) lUld b) the stetldy .... stA.te situation when the a.ircraft 1s 
continuing wi th constant '7elC'ci ty componentso \'{ork 1~ nov progressing 
0::1 ~jhf..' study nne irnplemen"t9.tion of nf)n=linps.r cor~ectiono It appea.rs 
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C«': . ':: ] ~{::. ~ '7 .- 0:26 c 2 .. ··000 0 3 +000 n 4 1 

~::5(';::,~:, .. Ol~"J 6 ..:.000 0 3 -}OOOo3 3, 
~~. 5J 'J f:j ~ \) ,t,,'· ':. (I .;~ooo" 0 -r 000 0 0 C 
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-O:23~1~ ~·,OOOuO =OOOo~ 1 
"',(X~tL 1. .:,-000 '0 0 +00000 0 
-o28~1 +00001 =OOO~2 1 
.. ··o~r~.~ g ·,OOOo~ ~OOOo3 i 
~·03:..:)~5 .;··00000 +001':10 l 
<r 02;) c '=) .;,.00000 ... 000 c 5 ], 
,.··D.30 ~ 0 .:;·00000 ·~OOQ 0 0 0 

"~);;f·~:- ;\- .... ·030~ 0 ...,OOOc 0 +00006 1 
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':~2~ftF =060,8 +OOOeO +00000 0 
-12Ln( ~06D~8 -OOOc5 -00000 1 

·":~:,33 :,:~ ... ·05~~"g ·,;;-00000 +OOO,,() 0 
~,2~.33c:L. -OS.;!'o8 ~·OOOv2 +OOO"J:, 1 
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"~13(, .. g ... 059.,0 -rOOOoO +00000 0 
1 

Table I Frintod He'cord of Tru.ck-fJhile-Soan 

The' above da:Gl:. Wl1.S produced and printed out by the computer 
c.h.:r-i:c.g a:l actual 1'1 ight test on. May 25, 1951. Each line of data' 
oorrespc.:;tdn ~~O a Hcan or the antennao The printed data. represents 
(1 pe~io(~ 0:" tine aftor -tra'}king had been initiated; for this reason 
t'~e 3rd and 11th colurr.nG do not ShOll the initial zero velocity 
c~timct()3 ~ '.:'he riGht~hand colunm. represents the number of returns 
f8.11ing within the scarch area; a 0 indicates a radar misBo 
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tllI..· ... ;, it i ~ ar:ven tHgeC'\lr; 1~'J Ir.ske thp. correction non.-l in~p. r wi th tbe 
s~.zr;; cf the eu!'rpntJ.y~,obsr.>r7ed D~ As noted) at thp. fJres~nt tlrno 
~ c.j".cl ~r no ~ it i on f; 8nr. vel oei t;o.r cornponf~n ts are' ~moothed inCi.nppnden tl.v 0 

!'a. furth(~r stP.p r.'/.l.y bp. to GIil}')lo:'1 a technioup. which Poffee ti vAly ties 
tOf;ethpr thp. t\o!O vp.loci t.y componpnts, and the ~rnoothing of veloei ty 
m.~gnitucl~ and hp;';.dinl; could bp. attp.mpted" 
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Tho geco:'ld major function of thp. computp.r in thp 'Program at 
l~nd is to compute thr- np?ding 'instructions nece9~er.r to ~uide one 
Cl.ircraft -- thp. in tprceptor -- on a.n interception c"urse wi th the 
r:pcond aircraft ~ the ~~rgp.tn As notAd, thesp. interception 
instructions are intended ~olely for the mid-course guidance pnd in 
th~ ulti~te ~tate ar~ lntendp.d onl~ to position th~ intprceptor Ruch 
that thp finrl phases of th~ ~tta.c} can bl?! cp.rried out under thA 
direction of tin e.irborne rflda~ ~nd fire control SY'steJTI. In the 
QXJ)9ri!l1onts, ho~'e'\'"ar, d~ ... e to thp lack of the Fl.ppraprlatp. eouipmp.nt 
:f'or dirp.ctlrlG thfl f1npl proseR, co11 i~ion coursp. hMcUng instructions 
(!ore ~1'IiGll to the ri10t until thp aircraft pn.ths crOSSD 

The radar r,ystpm at Bedford provides no height information 
and thp. e:l:per1i~fm ts are nece~so ri1y of a two dlmp.nsionhl nn ture 0 For 
5a.fe~liY i;t tte flil;ht tentB, th~ tarp,et and tht'\ intArceptor fly at 
altitudes dlfferil".~ by 500 feet" OthAr restrictions are made necessary 
be·::nu~e of insuff5.cie:''lt computAr storage capacltyo At the present time, 
no Gpecif1c proeramming provisions arp. made to handle the effects of 
'A'ind and although the computp,r tracks both a.ircraft and derives 0. 
smoothed vf~l oci ty for each, the smoothed velocity of thp. intorceptor 
is used only' 1'1 the track1n~ ~.nd not in th~ 1nt~rception cotnjiutat1onso 

The velo~lty of the interceptor 1s pre-arranged with the pilot of that 
a.irl~~~ft and its val-''',,:; jsins~rted manually into thp. machine throueh a 
!lip~flop reeister., In order to compE'nsate for some of thp p.ffp.cts 
of '~he "'ind, thr> lnspzotec. ·.,eloclty ie usually alt"red to account 
f~r head-w5.ncl8 or tail .... vinds a.long thp een~rB.l lnt"rce'Ption couree .. 

In oef.ling tli th the in tp.rc~ption "OUEl tiona it is convenien t 
t::> del3crlbi~ throe typeG of int~rception cour~es. A ~ursuit course 
if; th~.t In which the interceptor is e.1W9·YB dir~cted towards thp -present 
JJCJsit;.cn of the target 0 The dotermination of thp instructions for 
such a c~U!"sc invol vas only- e knol~·led~e of th~ tB.r~p.t' s present posi tion 
e no no t i tF. veloci ty ~' The pur sui t cours~ 1 ~ r,F:'np~11y curved in nature " 
A l~~d~~~oui~ course 1s t~t in which thp intprc~ptor i8 directed 
to~ .. i~ I'd some T>oin t on thp extrapola ted JlP. th of the tp..r~~t <) Instructions 
for thi s coursp. rpouire a kno\\·ledgp. of thp. target I R velo~l ty and heading. 
Th~ ~Q].11~ion. SlQurss. is a full lead-pursul t course in which the 
in terceptol' iA c.ir~ct~d to cross thp. eT.trapola ted 'Path of thp. target 
at n po1nt whp.,rp. it wil' collide with thp targpt~ A colligion course 
~equ1re9 a knowledge of the tprgAtl~ velocity and heading, and if the 
tSTeet is flying a straight path, a collision course p.ntails a 
s.traiGht minimum-di st.."1nce pn tl: for the intercp.ptol"l1 
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The follo",'ini~ notation will be used in deriving the 
int~rception eouations~ The ouantlti~9 d~finpd are listed in 
Figure 8: 

iT I = mgni tude of veloci t:v of in t~rceptor 

V = target's velocity along x coordinate 
~L'x 

VTy = target's velocit~ along y coordinate 

~x ::: X coordinate dlffp,rencp. in ~o~it1ons of targp.t And 
interceptor 

~y = ~ coordinate difference in positions of targ~t and 
interceptor 

17::: time to interception • 
~ = heading angle (with respect to positive x axis) 

to be given to the lnterceptoro 

~ne equations defining the collision course are those 
which state that the aircraft and interceptor will be at the'.same 
point in space at the same timeo For the two coordinates thp.se 
equations are~ 

( toO coe VI)?: =.l,)x-t-V • t 'Equa. tion 10 
~;. Tx 

(Vx sin ~)7: = 6'1' -r V T.1 0 C' 'F-'Q.ua. tion 11 

403 Solution of E~uation9 

Although a number of methoda for 901ving the above 
equa tions night be used, the particular rt:'quirer.'lpnts invoked b~" 
the computer ar~ such that an ltp.rative procedure 1R des1rable4 
T'lle foll ~ .. ring procedu.re MS bp.pn found to be the most satisfactory 
under these conditions and is present17 used! 

If Equa. tiona 10 and 11 are' di vided bY' 1:', soua.red, and 
addod to each other: . 

~ cos2 {tI+ vi e1n
2 1/J = ('¥ of vrrx)2 ... ('¥ ... v'l7)2 

or 
Equation 12 
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INTERCEPTION NOTATIOr~ 
j.. ,I' FIG 9 
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11': aH heG been the:- case in thp. 'Bp.dford expp.!'1mfonts~ 
t,hp. int~>rp~ptorfe "leloclt:v is grpater the.n th~ .. t of th(' tp..re;pt, 
then for .L = C, EQ.'UB.tion 12 ,-"111 be an ineouall ty w1 th the 

-.t 
l~ft~hnnd side grpatp.r thau the righto This ineQualit~ will hold 
r:.G -1 is inc!,PEtsed, until..l reaches the proper values for the 

1: 't' 
solution of the eq'U2.t1onD The 1 tp.rative method of solution, then, 
is to B ta.rt vi th J. c 0 e.nd to ~ncrease ...l b7 small lncremen te un til: "2 ~ 't (/;'i + V

Tx
) ~ (i 9 VTy: - vI

2 ;;;: 0 

Actually, the procedure used corresponds to assuming at 
firet trAt the time to interception 18 ver,r large (infinite) and 
then decrpssing this time until the proper value 1s foundc It i9 
mOTe convenient in practice to incrpase 1 in small incrementa 

. ~ ~ 
I'at·hor tha.n decreasing '" itself; in this way, the time estimate 
1s quickly c.:ropped from infinity to rra,eonable va.lueeand to values 
~r.·hich h£.ve successively sr.'.aller increments ~ 

Lft~r the proper value of 1 is rPRched, Equation 11 

~ ~.rJ c5.vide:i b:l Equation 10, .:;irrlng~ 

Eount1o~ 13 

Seve!'Sl method.s nre a~s.ile.ble for finding the inverse tangen tc 
One ".rtlieh 16 oui te convenient employs the approximation: 

[1 he,S Ig I ... Ihl ) 
- 2 2 

h + 1~2 jh gj + g 
] Equat10n 14 

This npPl'o:::iIra tion permi te the dot .. rmina tion of ~ ao a part of a 
revol.ution between -1/2 and "'1/20 The maximum error is 1/1800 
revclut1o:.1 or ,,2 dcgreeso Follovine: thp. eva.luation of 'P l.n this 
fOrIn, t1:r: o.ngln iR trf'.nAformed to a clockwi~e sense rela. tive to 

.magnetic north &nd 1e then convertp.d to a bin~ry-coded form for 
. display in e. flip-flop .. 
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5- J. Gen~.J. sl Conuid0rntio!1s 

The genEral principles and'the logic behind.the track­
~hile~~cp~ function has been explained in Section III and the 
importc.nt factors r€gn~ding the. interception computations were 
dp.scribe1. in Section IY., This section describes how these vari'Ous 
piecos go togethel to gi \"'e the complete intercention prograrn .. 

T:t.(3 track~ while-scan function must be ca.rried out both 
~~(J:r the t.~.irget. a.r.d the intercepto r.. To track one aircraft requires 
both the ne~essa!~ progr&~ orders and a small number of storage . 
registers ccnt~ining datu pertinent to the tracked aircraft. For 
tra.cking t",'C aircraft). it is possible to 'Use essentially the same 
program orders and s second Bet of data stora.se registers,~ it is 
uocessnry) however~ to provide that proper steps be taken so that 
tho progrf';:.ffi orc.ers "iill opera.te with this second set of dat a. " One 
method of h~dlin6 Duch n problem ·would be to modify the pertinent 
f~ldresaes :. the progrso -~ that io v those orders whose addresses 
refer to the 8ircraf~ .data" This method was rejected becallse of 
space conoi&erntionB~ and the method presently used does no~ alter 
t.:le addre~s:::;~ in the programw but rather interchane;es the po 6i'c ions 
of t:n.~ two set s of da.ta EO that the program opera.tes first upon one 
89t l , and a.ft.cr 'the interchanse .. on t"hr.)S6COnd set .. After tW\l such 
j.nte~'che.n6e6 each set of da.te. ~8 back in its in1tial position. 

The nu..mbersbeside the descriptive materiel on Figure 9 
:t..~:f.~~ to the add·resses tlf the ordera used to perf~rm each of the 
dellcribr:d fune-tions. Fo!' ease in reference t the various parte of 
tlw flov diHgrrun will be described by these register addresses .. 
For ~x~plep the notatior. {285-287) refers to the "Form and Store 
f[ ~ ~ at the to~) c.enter of F1gut."S 9. 

~fter the program has been read into the computer, the 
first funct.ion carried out is that of extracting the msnually­
iUC'if!!'tea. velocity of t~e interceptor, Vl ... from one of the FF ll 8 M 

squ.a.ring it to form Vl"'~\ and storing this for future use bytbe 
interceptio::l :",ro~ra.mll See (285-287)· This section of the program 
is performed. only onc(;o, this being immediately after the program 
ha.s been read into the computer, 
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~'ho beso~ place for inve€tignting the o genera.l action of the 
06mput:~r it at (3~-36~\ ,. The three orders in these rpgisters inspect 
~::he inmit FF for data, ThesF. three orclere are continuously cycled 
throu.;;il until datcJ isfuu.'1d, thh.t is, Wltil FF~ has received 80me input 
data Wilich makes its contentf pos1t1veo When no data i8 found, the 
cyclinG a.ction tf: iD.dlcBted b;)' the Uno" output from <34-36)" 

lYben ds.~s. i~; found it may either be an azimuth .. e. rangep or 
a zero t'~Jlge. Theso t.hree ce.seE. will now be discussed ind1 vi due.l 1y ~ 

a) Azimuth 
At (37-38) en inspection 1s made of the ap~ro­
priat e digi t. -(dig! t posl tion 1) to .determine 
if the data is an azimuth~ If so, the program 
proceeds to (39~63) where the sine and cosine 
of the azimuth are found~ Following this f a 
return is made to (32-33) where the time counters 
for each of thetwo aircraft are incpeased by unity~ 

b) Zero Ranse 

If the data is not an azimuth, it must be either 
II ren~c or e. zero range., Zero ranges are che.cked 
fo r ot (64-65)'. If a. zero range 1 s discovered s· 
the progrsru proceeds t,·, (144-149 j at the rlght­
hand :.iidc.· of ]'igure 9.. Thi s section of the program 
~elforms ths interception computationa and will be 
iiecusoed b~low following a description of the 
·crscklng section,. 

c) B.a:age 

If a r~~~e is found at (64-65) this range is asso­
cip-ted with the azimuth moet recently received o A 
conversion is made to (x~y) coordinates and the 
(;x."y) coordinate of the point is dis!'leyed· on the 
D-sco:pf.!~ 

lr~IJ8ilat eJy ;:;f'l: r-.1" F~ !'c.: .. ~.; ..i. B rece1 ved and a point di8pl~eas a check 
iE ne~:t m~·ld~~. at (71~-75~ to deto erI?ille. i~ initiation of trackin& on this dia­
plByea.~pC\ t nad been. deoired ~ 1.1 inl tl8,tion had been desired$> a pulse from 
the lie::]lt ·:6'LlD. would hc.ve returned end set the content s of FFO to a ne~ati ve 
lralue" Conaider.~ for the pre6e!J:~ r that initia.tion was not desired; tlie pro-
~ram th!jn proceed.s fron the; "no ft ~ut:JUt Oat (74oa75) to (76). . 
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J .. t (76) thll tiree counter i~ increa.sed by unit.y.. At (17) 
i> che'.}k i3 made to see if tha ne~l vs.lue of the time coLi.nter is poei­
t).V(i 0:: nega.tive; if negative~ it is not time to attempt any cor .... 
=e:Ltloc (Section 3~·2,6)l' and the computer proceeds to (109-116)" 
At thie point, the set of reGieterscont8ini~ the tar~et and inter­
cepto:- are interchrulged.: Following' this interchange, the interchange 
proe;ram 1s reset a.t (117-121).. A oheck 1s then made to see if tw 
interchanges hRve been carried out t if not, the computer returns via 
(1'::?5) and (126-l2B) .. -sce explanation below--to '(76) t,,, perform the 
above=mentionedchecks against the other aircraft. If at(1?2-124) 
the indication 1s that tb~ interchanges have been made, ·the computer 
ba.s teE.tGd the mo st recent piece of incoming dat.a aga.inst both sir­
craft ancl 'the 'Pro&rem should leo.ve (122-124) on the uyes II output and 
return to <34-36) . 

. A{ter the first inte!'change has been carried out, the computer 
returnr; to (76) through (125) end (126-128). At (125) the light-gun 
flip=flo);.ie reset to a positive quantity? so that another initiation 
can be d(·tected a.t a future time a.nc~ at (~.26-12g) a check is made upon 
initiat.ion., Xt should be no"ted tha.t extreme care mu.st be taken in 
order thE.t initiation by the light .... g-un also properly 1dentifies the 
airc:n:l.ft e.3 8 target or intez-ceptor; th1 e a.ction 113 undortAken at 
(126~lcS) , 

At some point· w~thin the Bcan of the radar. the computer~ 
h8V1,D-5 CQiIl'Z, throu5h (76)~, will find at (77) that the ·<time counter 113 
positiv-G.. The computer proceeds to (78 - 79) wherelt 1s first ne06S-
611rt t(~ cie'cermine -1!hether the search sect.or has just been completed -­
thn.'i. 1r-~~ W:1.ather the tine counter has a. reading 6I'eater than 200. If 
tho ecr.rch sector haa not been covered r the computer will proceed from 
~!1et?r..or, cutpu.t to (216-229) .. At th~\.a point a check is made to Bee if 
this meat recent piece of incoming data. corresponds any' more closely 
to the pre··!jcted ?oei.tlon of the tracked ai;z.c:raft (a1rcraft or inter­
cautor ae thp GA~f3 may he) than a. pl"cviously received piece of data. ... , 
(see Section3,,2, l~t'lf this latest piGce of data. is not better~ the 

--.COIilpu.tnr.-pl"oceeJ.s-fr'om th~ out-put of ~216 .. 229) t~. (1(j9 -116) for -~h~ inter-
- change program.. When a. ne'~ piect?: .t da.t,a does appea.r to be better 

than ru;~ previous pieces the time counter 'is reset to 100 at (230-233) 
the previously selected :piece of radar data is disca.rded. in favor of ' 
the ntoE.t recent piece at(234~239)f' end the computer proceeds to the 
·interch.ange (109-116) .. resetting I~. and D"r to their newve.lue~ 
. . . A ~ 

At BOrne later t1mejlupon passing through (76)~, (77),e.fld.(78-79) 
it:wl11 be found that the time coUnter has reBched a value greater than 
200.. It should be noted that althouGh the time counters are increased 
en ee·:;h. e.z:imut·h and zero rang~ ..... this increase being made at (32-33)--, 
the contcn·t.e of the time counter aTe only investigated by that pa.rt of 
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·1i;·4~· pl~,jg;;-p..m Ei'tar~inb at C-(6) .', 'J.'or thi~ reac()n1' it is possible for thn 
t5.TUO c,)'untor t~ have reach6(1 a value greater than 200 before the time 
ecunte-r' is invGstige:Ged at (78 .... 79) and thus it ,L1U~~, be :p:rcpc!"'l~ ~~'£flt 
at (SO-En.). A check iEl then made. to see if th~ dl,rCLtu \i hal1 LJt:)~U 
o)serv3d during the preceedin6 scan of the antenna, This Check, at 
(82-B4-):. i8 p~rfo rmed t aee· Bection .3 •. 2)1. by an 1n~est1gBtlon of the 
e~ of the squares of the (~,y) coordinate differenoes between the 
l'redic·ted (smoothed) aircraft position and the best observed. radar 
po sit iou;, 

If the aircraft was missed during the preoeed1ng Bcan of the 
r£dar ~~ a ll!.T~or 01 ze of searcb aree. is set up for the next Bcan through 
the ,c~m.bj.nat1on of (142-143) ana. (90-91), If the aircraft was seen 
during the Bcan, a. spat io di splayed on the F-scope by the action of 
(85-g~, nnd the small size of eoaruh area is ·~'ata.blished as s. reBUlt 
of (39) nnd (90 ~ 91). Regardloss of whether the aircraft was orwaa 
not sean duri~ the scan~ coordinate velocities are smoothed and 

-'" 
positions are predicted at (92~105)~ As noted in Section ln3 ~ if 
the aircraft has been missed during the scan. the effec~ of the 
smoothing ann prediction section is to retain the Bame coordinate 
veloc1'ciee and use them to extrapolate position one more se8IL At 
(106-1'J8) p the de\'iations (Dx Dy) are reset to zero in anticipa.tion 
of possibly misuing the aircraft during the ne:xt scan .. 

J..f initia.tion of tracldnc:; is desired~ 'the -computer will have 
been d1.rG.cted to (129 ~ 130)" As noted a.bove·~th1s is done only:af~e~ 
the proper compariGon 1s made at (126 - 128) wh1Ch nrov1des the oorrect 
action. depf..nding uI;on the 'results of the 1nterchang~ program~ At (129~r 
1.30) t:l.e t:~.m6 caunte!' 10 roset to a negati va value of-550z2-,I.r; At 
(13l ... 133:-' the in: ticl values of the velo oi ty componen,ta 8l"e Bot to 
zero ( .3.D.c1 ~.n the process of doinG so i' a spot is displayed at the center.­
of the D~Acepe BE an aid to the human observer? The x and y position 
compenen', " :orreapondin~ to the rece1 ved p'leoe of radar da.ta are then 
stored ao the 1nitial position of the 1n~t1ated aircra.ft. This 16 
dorie at; (134 "" 137)" At (138 ~ 141) the la.rge size of the search p..Te'a. 

i B set. up and the program then proceeds to (106 - lOS) where Dx and Dy 
are Bet te zer\)e 

One step in the ~olution of the interception equa.tions(i~ eo 
an inc:'-emental increase of 1/'(,1 is performed each time the computez' 
detect!~ a zer\) range. li-ft er the detection of a. zero range, the program 
procef,(l~ from the "yes" output of (64-65) to (144-149)y These orders 
storeL'\,[ and fjl~ the. coordinate distances between the target end the 

..s 
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i:~J.t;~I'ceptor t J:.t (150 .... 151) f:L check in made to see if tho humr",n 
o:?e::'o..to:r dec ires the intor{wpt:'on equt!tiono to 'te solved; this 
i:, :"ndicti'ti0d by the a.lgobraic sign of un externally reset .rlip ... 
r:~or register" If ttte computations are to be made, 1/'(.. ia 
i!.lc!"oased Ilt (15g .... 151), (b, y/-t + VT~)2 is formed at (152-158), 
a~:ld (~ + VT,)" is formed at (159=165) u The difference 

r -f' ..,. '2 AY... 2 ] 2 " 
\ \~~ .~ 't,!,n) + ( .. -=- + VT ) =Vr is formed at (166-167), and 
\-.-~ l-X ... c; Y -
t~e sign of the difference is checked at-(168)o If the computation 
wr~ .. s completed o.t this step II the computer proceeds on the "yes" 
ou"~put of (168) to (169 ..... 191) and (192-212) ... These two rarts of 
t':1V pl·ogram find the heading angle ty means of the arctangent 
E..?pi4 oximation and then convert the a.ngle to degrees measured 
with rc£pect to magnetic north.. Ths heading angle is finally 
cOllverted to bina.ry -~. coded decimal form and displayed in the 
1 ightG of Fr'S (l After the anglo has been set up in the flip- -
flop register, 1/e; is reset to zero at (213=-215) in preparation­
for the next computation 0 As shown, the computer always per­
forms the interception computations provided that the flip=flop 
·is sot so as to give the proper res~lt at (150-151); once tha 
computation iv performed, it will be repeated, giving the same 
result unless a scan has passed and the smoothed positions of 
th"s aircraft re~ul t in e different Ax or Ay at (144 ... 149) c 

David R. Israel 

Approved 

Co Ro Wieser 

Figure 1 A 50640 Par;e 13 
2 A 50641 22 
3 A 50586 28 

4,5,6 A 50652 30 
7 A 50645 36 
8 J.. 50638 42 
9 D 45383 45 

Table I 38 
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APPENLIX 

a ) b2£ .... ~ !.91l. . ..2f Flip<:-F).op Registers D "Universal" Constants. and Data Storage 

0) +0 

1) 1/4 

8) FF.3 angle display f1ir=flop 

23) FFO light gun flip~flop 

28) FF4 data input flip=flop 

2S') FF'l 1/1:: 

30) FF2 \1 
'I 

31) 1/2 - 2=15 

250) I- 260) 

251)v 261) 

25~) j 262) 

253)~ 263) 

254) , 264) 

255)~ 265) 

25&) w 266) 

257)~ 267) 

258)~ 268) 

time counter 

x ~oothed position 

y smoothed position 

yvelocity 

x velocity 

'X difference between observed and predicted position. (Dx) 

y difference between observed and predicted position, (Dy) 

search area size - initial 

~earch area size = running 
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b) Com~let6 Coded Pro~ram 

32 ao 250 84 cp 142 138 ca 272 188 qe 276 240 ri 0 
33 8.0 2£iQ 85 ca 251 137 ts 252 189 op 704. 241 -3/16 
34 08 0 86 qh Q 138 ca 243 190 os 276 242 +7/24 
'Z's: qe 28 87 ca.. 252 139 to 267 191 ts 276 243 ri 32 &.'''' 

36 cp 34- 88 qf 252 140 ts 268 192 &0 0** 244 ri 18 
37 au 31 89 ca 244 141 sp 106 193 dv 29 246 r1 0 
38 cp 64 90 ts 257 142 ca ~43 194 81 6 246 r1 660 
39 su 1 91 ts 258 143 sp 90 195 to 30 247 rl 100, 
40 sl 1 92 ca i!66 144 os 261 196 C8 ,242 248 ri 200 
41 ts 272- 93 !Dr 271 146 ad 251 197 ad 275 249 ri 650 
42 em 272 94 ad 254 146 ts 281 198 sa 106 260 ri 0 
43 ts 273 95 ts 254 147 os 262 199 mil 276 .251 ri 0 
44 mr 189 96 sa 266' 148 ad 252 200 ar W2 262 r1 0 

. 45 au 189 91 sa 251 149 ts 282 201 ts 8 263 ri 0 
46 mh 273 98 ts 251 150 &0 29 202 a1 4 264 ri 0 

\~7 sl ,2 99 0& 256 161 cp 32 203 mh 277 256 ri 0 
48 ad 219 100 mr 211 152 mh 282 204 ts 278 256 ri o· 
49 mr 213 101 ad 263 153 81 7 206 a1 16 257 ri O· 
50 ad 270 102 ts 253 154 ad 253 206 mh 277 258 ri 0 
51 mh 272 103 sa 256 155 81 6 207 ts 29 259 ri 0 
52 ts 273 104 sa 262 156 ts 275 208 oa 278 260 ri 0 
5~ cs 241 105 ts 252 157 mr 275 209 81 6 261 ri 0 
54 ts 2~1 106 ca 0 158 t8 283 210 ad 29 262 ri 0 
55 op 32 107 ts 255 159 ca 29 211 81 1 263 ri 0 
56 cs. 273 108 ts 256 160 mh 281 212 td 8 264 ri 0 
57 ts 240 109 0& 260 161 81 7 213 os. 0 265 ri 0 
56 08. 272 110 qe 260 162 ad 264 214 ts 29 266 ri 0 
59 au 1 111 ts 250 163 al 5 .215 sp 32 267 ri 0 
60 op 62 112 ao 109 164 . ta 218 216 C8 274 268 r1 '0 
81 ad 106 113 ao 110 165 mr 218 217 a& 251 269 ri 0 
62 ad 31 114 8.0 111 166 su 280 218 ts 269 270 +03879 
63 sp 41 115 au 91' 161 ad 283 219 mr 269 271 +03333 
64 ad Sl 116 cp 109 168 op 32 220 ts 2'6 272 ri 0 
65 op 144 117 oa 32 169 om 276 221 08 272 273 r1 0 
66 ta 272 118 td 109 170 mr 284 222 sa 262 274 ri Q 
67 mh 240 119 td 111 171 lOr 278 223 ts 269 275 r1 0 
68 81 6 120 ca 33 172 qo 283 224 mr 259 276 -o~ 
69 qh 274 121 td 110 173 ar 2 225 sa 246 277 ri· 10 
70 os 272 122 os 241 174 ts 281 226 ts 245 278 ri 0 
71 mh 273 123 ts 241 176 em 218 227 oa 268 279 +.1206 

'72 81 6 124 op 34 176 mr 278 228 au 246 280 ri 0 
73 qd 272 125 qe 23 177 sr 2 229 op 109 2&1 . ri. 0 
74 ca 23 126 mr lOS 178 ad 283 230 oa 247 282 ri 0 
75 op 127 127 su 241 179 qe 283 231 ts 260 28'3 ri 0 

. 76 ao ,250 128 cp 76 lUO ad 283 232 ca 246 284 +,,1500 
77 cp 109 129 08 249 181 ts 278 233 ts 268 286 oa 30 
78 :su 248 130 ts 250 182 em 278 234 cs 269 286 !Dr 30 
79 "cp ,216 131 os 0 183 s.d ' 281 235 mr 86 287 ts 280 
80 . au .246 132 qh 26S 184 qe 283 236 ts 266 
81 ts 250 133 qd 254 186 dv 283 237 cs 259 
82 ca 251 13'4 os. 274 166 a1 13 238 !Dr 86 
83 au 258 135 ts, 251 187 su 1 239 sp 108 •• Orders 192-196 

should be d1sre-
• (+08965) garded • 


