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he rap i ll:i ~ev,’ p 1 t v’shr. i~~’ v’s i i ,  navi gat ion , sensors , target ident i  f t  csr  n sen sors , coranarid
and ~ n t r ~ 1 and ‘srnputa ’ isr .~~ s pat .1 ty S re 5 ’ rus ‘Sri r.~’ a ~‘c srsr t n ‘work tts t demands nsre s::v ’d fur s r i  s r s i
i te gr u r i o r  f crew statisr~~sr.d . rt r r . r ’ i , r s t i ~~r . to uerrrit e f f eet iv a  use of that reshrvi gy. This
teshn l gy , wter , :snbined wi th advancing technologies in guidance and utrol , the d r iv ing  f r ’:ee of

n and life y~~~e . s t u , nee I~, 
‘or per ~~t1 rn l  tsstical flexibility , s u r v i v a b i l i t y ,  vuln erabi l i ty ,

ant rI Isai ss I one snd weight ‘~r,strs ir. ’s . d i  t u te rr the need for Integrated guidance and control at a
higher t’ir c’ti nut level than he ret l’ .r’ idered . This higher functional level involves an effective
blen d of the sensor, voht ic and kilI— rneshur isrn . that can provide a multi -r o le capability for advanced and
present operationa l vehicles.

1
~~The papers presented herein definitely indicate that when one considers the large array of sensors

available and the fundamental comonality of’ functions and control algorithms for different missions , It
appears logical thu ’ these capabilitie s should be utilized to augment each other to achieve flexibility
and growth sspabili ty.



AGARD GUIDANCE AND CONTROL PANEL OFFICERS

Panel (‘hairman Mr M.A.Ostgaard , US

Deputy (‘hairman: ir. P. Kant , NL

Panel Executive (‘olonel J.C. de Chassey, FAF

PROGRAM COMMITFEE FOR 26TH GCP SYMPOSIUM

(‘hairmnan: Mr MAOstgaa rd , US

Memnhers : Mr I) Pichoud . FR
Dr lu g. R. Onken. (,l
Ir. P.Kant , NL
Mr A.Schjetne . NO
Mr N.O.Matthews (EMP), UK
Prof. (‘.T.Leondes. US

Host Coordinator: Mr F.A.Øster n , NO

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I, O’s I t  N IS

f R I  I s, f  ‘II

1’ t \ 1  I %\ I )  l ’Rtis ,R ‘,‘.I ii) I I i i  Hs 0

R~ t I I  , ul ,c

1.1 \ M1I I ~Is l i Rl ‘ 5
1111 IMP ~t I  01 INt l  .R UI!’  ta It ’  ~ st I ~\ L )  ( ON I ROt l i t  ilNOl tit.\
ON 15 1 tIN)\~ ‘s~ “ I f  ‘.1 1) 1 S u N

l’s I I l5 , ’se . ,

5) ‘.sti)\ I I !, Nt I l t iN ‘el l i t  % I t ,\  u, ONt t I ’ I s  RI Qt IRI MI N I S  % \ l f  t R I  Ni ts

f i l l  K1QI fR i  ~Ii \ I s f  ilK I t  I t  Hf t IHHt )R N1 551 ‘il’i)N 55 S I t  Ms IN SIR I t)u.h’Ol NIl
‘i l l  Si K s! tS ” . l&i\

l’s 5. t S f i ,  bin

NI 5% 5%! SINiN toNi I P I s  lii S i t  Oi’I 1 5 1  HOSt SI” . ~‘\t I I) N 5 . 5 k .  5.1 kiN i.t Il l SNi l
SN IS I SHt. i  I INt,  l i t  IINOI t l t . \

l’s if 1 Hi’~s

SN Ss~ I s s S t t N I  01 liii t u f t  t s O i I 1 R R 5.l\ iOI I t ) 5 % t N t , s \ S I l ’ . t lii S I t .NON
SIKt k’ Sf I ~ ( I N 1 R S H 1 I I I S  f O u R t h  \ I ) l ) I f lN i  I ’s

I’S I’ H I .iii ~~f t i,~~i

05 1 t Nt )  1)1 SIu.\ 5 f ) 5  5 . \ f  Si.i S ~ 1 H IS 1 1 ) 1  Kt )Sl 1 111 S t  S \ I ) S R l )  I I )  t I k ’ O ’sI (
‘lolit I i ‘s l’HOt R ‘iSI

l’s I’ i.,.l,l I Sf Ki i i s Iu.iisk i .;i,,l I~ H It.ii,’s 4

Sf SStO\ II 5S f  5.I\)\ 1)1 1 I’. I H’S i t  i t ,t l l  t is N i Rtil IN I I  t . } i  S t I t i N

( .1 t ill SI t’O%l I tO”sINt. s ’S S i )  SI I 5 ( 1  Ii St 511551% I ( t I l l  SNt I
I’S 1 5~ flirsI ’. ,in.f t f t  I )s ’ f ’i i,’~

liii I S !  01 5 1  S S I R R S N .I H 55 S I t i l s  I 1\ I N t .  5 l t ~
l’s I’ K I .iiisi, i on 0

Il l t .I l  SI I t k . I I I  i,t i ’S IR t I I  x \ S I I  St t k’t I l l I t t I t  RI t \ I i IsIrI I s t l N I  S I l O N
l’s t tie ’, t m , ’i P 5 ii ; i mt, ,’II am id 1 51 5, ‘ii

SI SSION Ill t t iStMt NIt S I ION t 05151 SNI1 ON I ROt I, ‘ I S\ lS Si NSOH Ii S t  S IN II CR S I ION

Ill S i  l Oi’Slt NI ill III) I N t l  t iR UI t i l l  ICili IR % J I t l t i K \  t O\ IROI t t )\~ I Pt
I.s SI 5% flint 5% 1 ‘S .1011g. I ~~~~ ~it, ,l I. I I, ,‘mees S

Hi DI NIl SN I SI K 5.I’IltlSs N N 5.5 Ii. S I ION .1 111 5.N( I SNI) s ON I ROI 0) 5. t O N  I ROt
t oNi ~ ;t RI  is 5 h u t  I i

l’s 5’. 1 Kut’ts,t .,ii,t t , S \ .ip,~~ . ‘5

I’RI I ISIiN %R ’ S I i  5 % l B I i I I ’ S  5551 55511 NI Of Sil l l i l t  Nt fli )\ iNt K I l O
Ri f t  Ri Nt 1 ‘ 5S f  Stll t ~ SI1R St

l’s I St I’,’i,t: ~‘.k j u t  H ~ Ilioiis Iii

t ri’t It t i l t )\  01 1’ 1K S t I l l  1 1 1 1 1  KS 10K SI Ut  t \ u llt)N III II kiN SNI) SI II RN UI
51(11)1 I, % t ’ S f l h I I i ’ S  IN %N I N 1 I ( , R 5 . i i I i \ 5 . S I ( . S I I O \ S \ S I I S t

l’s I Sm iest ad si ~5 t,~ peit I I

~ P’uNr.hvr,i ii, IP ‘. ‘ %II ’ ’ICI,I, II Ii t~lSSitN’ ll

-



—V ~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
‘— — ,--- . - -‘  -

~~~~~~~
- ‘- ---.— - - -‘-

~~ 
— - — - —-—

Reference

SI SSION IV ( RI:W SI 5 l ION (ONt IG I R SII ONS S NI ) I) IS PI.5 ’ S (O S ( I P I  S

( ‘O~. I K ( .) L 551) t )ISPI S ’ S (OS,( I P I S  lOR ( 0MB SI AIK ( R %I’ I
b’. Rk I Holuies

SN WV 5N( f l) N S V J G S J 1 O N  DI SPLAY 5.51) irs~ Ft’l(’i ON SY STEM I)l:Sl(,\
by W .I1 McHin Ia~ 1 3

I)t Sk~N CONSIDERATION I’OR SN IN I IRAC MV ! (‘010K GRAPHICS SY S1 151
F OR tHE I) ISPLAY OF SITU ilION ( OMMANI) INIORs1 ’ .rION+

by H.G.Iio~~n , W l.MacKe n,ie and W .Sa~~ehuk 14

5.11 [BOOS FOR till V \ L l l ) ’ti ION OF SYN [HE:SI/EI) 15.1 5.Gt S IN VISU 5.1
I LI(.,Il I SI’.IL L S lION

In G IJôrIeI IS

SESSION V PILOT SYSTEM IN1l RA(’T ION

VI SI(;N (ONS II) IR.5.T IONS FOR IMPLI SIENTING INTI GR STI:I) MISSION-lAILOR L I)
F Lk ;Hi C O N T R O L  StOOLS

by J K  Ramage and F R. Swort,eI lb

‘5. 51W CONCEPT IN PILOT MISSILE: INTERI Si’ EION FOR THE LOW COST LIGHTWEIGHT
MISSILE I LCL5 I~~by J .L.J o hns oii and G Rits) 17

TA RGE1 MARKER PLACE MI NT FOR DIVE .TOSS I)EL IVERIES WIT H WINGS NON-LEVEL
by .1 S.Ausman IS

AN INSTRUSIENTI I) MOCKUP FOR EVALUATING TIlE (‘OCKPIT OF A HIGH
PER FORM ANC E COMB -ST .-SIRCR SFT+

by J W .L~ ons and G.Roe 19

SESSiON Si  1MTt PRO(’ESSE N(; . iN i )  D1STR1HUT?ON SYSTEMS

ril E IMPSCI OF MICROPROCESSORS ON TA(’TI(’AL MISSILE:S*
by HI) I)annenberg 20

EXPENDABLI DIGITA L COMPUTERS IN TACTICAL MISSILES. [RENDS .551)
TRADEOFFS IN SOF 15.5 .-5.RE A ND HARDWARE

In H. S. Maurer and K S.Kongelbeck 21

A RELIA BLE ANI) SURVIVABLE I)ATA tRANSMISSION SYSTEM FOR AVIONICS
PROCESSING

ha J) .R.Pos ’ .eJ I. J .(’ .Laprie , P.Romanul and G.Alc o uff e 22

SESSION V II - I)EVELOPMENT ANt ) SYSTEM TEST EXPERIENCES

I)Y NSMI C SISIULA IION OF A MULTI-SENSOR (‘OMSIUNIC.STION -551) NAVIGATION
SYSTEM

by iNFri s ina. W J  St eel and J .I.Sc hlengc r 23

R.SI) IO FRt : Qt Il: NCY (RI :) HOMING SIISSILI : C;UII)ANCE SNI) CONTROL SIMULST ION
TECHNIQUES. FACILITIES . SNE) EXP ERII NCES

In G. I).Sw et na un and F.M Belros&’ 24

MISSION SISIUL ST ION AS SN .5.11 ) TO I) ISPL SY ASSESSMENT
by P. Becke tt and 1)1 5 . llough Ion 25

PuhIj,h ~d iii (‘P’~ t7 )Supp ienient i (‘tass ifl ed.
Not n iilahk at time o f printing \‘ 1

1I~~~ ~~



n t ; . ’ : ‘y . ’ t  “ 5 ” ’

/ :  ‘
C ‘n ~~.i,’r’

‘ A ,’,- pu’, tm~ .’ . n i : ’ ’ t m .~~~ .~~,,: : ‘ tm ’

I n n  , ; 5 . ’:, ,r.’ tm’ , ‘ I, at’i . v’s ‘ :l.i, , ‘ ‘ ~~, , ‘  : 1~~,- : ’ ’’ ,, Idtm,n. .’,’ sn, . ‘ ‘ m r
Is 

,

1 tn “ e m ’ , l~~ t ,’l.~~ t ‘ , S e  A l ’ S , - :,5~ n i m . .I 1, ’ ; , :- ’ tm ’ :, : 1 . : ‘I tm - - “ ‘ ‘  ‘ ‘ , ~~‘ tm ’, ’C I t s
I , . t m . . . t ’ ’  ‘ ‘ ,‘ ‘ t m t m , , . ‘ up ’ ,‘ 5 ’ tm SI, ’ ,

~~~ ‘ ‘‘ tm ’ , ’, I . 1 5 . .’ ’ s ’ ’
tm ~~~.i’ r.’ 1 tm ,‘,‘l nn ‘5 ,’ :’ ’ : ,  :‘ s t . tm ‘ i , - , n . ’ t ’; ‘ S i I 

- - S t ’ , ! ’ , :  I ‘ s ’. a - vs ‘I ’ ,, ’I,’ ‘ t m , ’ r

I ~ ‘ , ,,‘m’ , i : ’ ,’m’ , ’ . t m - i  1:, ’ i,  ‘i. ’ ~ :‘ ‘ m l , - tm ’ ’’- ’ ’ ’ ’ , , , ’ l t m , ~’ n s ”  *, “,‘ ‘ , ‘ ‘ ‘ ‘ m’ s
‘ I t m ’ Stm . ’’, l . S _ s , _ t m _ , n ’~~ ‘ itm I at 1 .  C ’ S ’ . ‘ ‘ 5 , ’ - ‘‘ s , ’ t ; ’ t m .  ‘— . ::~~ : 1 , _ i :  , ,

_
~~~, i . m ,

- , - tm’ , :  : , . -~. tm~ ’. , ’’.tm tm ~~n ’ i ‘5 1  t m ’ ’ ’ . ’ at I t , ~- . ‘ ‘ ‘ - : :y “‘ ‘ ‘ t m , , . ‘ , ‘~~ : .~~~,-
,stm ,, t m , l m. n , t m l  ‘s. ‘ .,‘m ’ ‘ .,‘m ‘‘ m m . tm’ , ’ . ‘ ,‘ ,n : l S s tm ’ , S , ’ I ’ S ’S . t s r , : , ,  .1 ‘ ‘s : ’ , ’ ’ ” ’’ , , - ‘

tm’ s . ~~
, .,m lr , n t : ’ ~ ’ t m ’ sh,itm :,’,’ I :, tm t, , ’ : ~ : 5 , 5 1 .  5 n I t ’i’ ~ ’ s,’nH ~~~~~~~

t ’ : “ 
- ,

“ :‘ 
‘ i,  ,: i ,. :-. t m  i. ’ ’ .t m , ’ n s ’ .’,.’$ tm ’ ,’ ’ ‘ i ’  t’,,:,.’ ’, I t m, , “ 5 : ’ ’ ,’: , ‘ “ “ ‘ ‘ ‘ ‘  ‘ “ ‘ t ’ ’ 4’ ’  ,

~~~~‘ ‘
tm ‘ i .,’ ’ ,, ‘ ,‘ . ‘. t m ’ . I m , t m ’  h,-~~’:. : : - s S ’ i i ’ : ’ ’,, ’ ., 5’ A ’ , :’ ’ ’ tm ’ s , ’ ’ ’ . - ,

S. 5 :~~~ 
‘ 1’ , ‘ti ’l ,“. ‘ - v , ”. . ‘ a. ,: ’

I , :, : I t l . . tm ’ s’~~~’ m s  ‘ ‘ “ n . ’ ,’’’ ‘ ‘ ‘ ‘ tm -  S ‘ n ’ ’, , ’ ’ 4 5 ’ ’ ’l ’’
m’ s ’ I ‘ ,; a t m  ‘: 1:. ::.,~~~~~~:- ‘ ‘ t m  : e : ’ t m ’, t m ’  . ‘ I: ~~~~~~~ . . , :~~~, I’ . ’

I,, ’: ,  , 5 ’ ‘ ‘ , , ‘ ,tm , ,l I ‘i: , ‘, e d , ’ : ’ ,’ — ‘ S _ t m , .  ‘ ‘ 5 ’  ‘ ‘ ‘ i : ‘ . :. ‘ t m , ,  tm I i ’,, ,‘ ‘ , ,‘‘‘ tm \ , ‘‘ ‘‘‘r . , ’’ - 

‘ . , ‘ m ’ i , ”n : , - ’  I-’ ’- .. “ tm~~n I l ~ v , : ‘ . .‘,. , 
t m :  i~~’ ’ t:, ’ r ’ ~’:. p~ ’n ~~ s t : : t m  ‘ ‘ ‘ ‘,‘ , ,‘ t : , t m — n :s,’: ’: s ’ : ’  . , ‘ . .s,’I ‘ ‘ ‘ :. ‘‘ ‘‘ s ’ . ’’ S _ t m

‘ ‘ 5’s — t i ’:,’ in l n i , i t ’ ‘, ‘ ,‘ ‘‘ : 1 : 5 _ a n t , : ’ . n . ., I ’ . ,’ l , , n , ’ .1— ‘‘,‘ ‘ ‘‘‘_ ‘ i :;— ’’, a ’
t m ’ ’, ,  t t m ’, s t m ’ s ,S’ ’i ‘ t m ,~~’ tm ’ , , , 5 :i , ‘ i S ..I,’ ,’tm’’,’~ ‘ n , : , .: I .i~ , . 5 5 t m ~~ ’ t m  5 ” • , ’ ‘ ‘ t m S S  5•i ‘ . ‘ 0 ’  •,.t,s ‘ n , ’ , . ’

‘ : 5 , 1 , ’ ’ , : , ’ ~~~~~~~~~~~~~~~ tm h. y—:: : . ‘ ‘~~~~~~ 
.~~~~• tm w ’~~,’l: ‘ ‘ nv ,’ 1 , ’,’: Y :’’ .:;,’.I , ‘n ’ , ” ,s I v n - v

tm : .,: :i..’~~. .~~~~ I ’ Y _ tm ’ ’ tm ’’ .,~’ 51., - . -- . tn ’ 8 , ,~~
‘ s: , , n ,’m’ ’ l ’ , ’ , tm .,, ~:‘:~‘ , ‘ s t m ’ ,I~~~ , ’,: I ‘tm : — t I ; ’ :  . . ‘ ‘ , , : t m  

h,,’:’,’.’tm ,, ’, 5’ ‘ — . — at ,’,’ t m , , I s , , tm , t m .  ‘, ‘n .,. S tm ” ’  1,,’,,: , s ‘‘‘ ‘ tm , tm- I’ . ’ ’ t m ~~~
.’ ,” : ,  ‘ ‘h..’,’ w i ’ ,

a , : ’ , ’ ’ s _ ’ ’,\ , I, ’ tm ’ ,’ ’: :tm tm ’ .,’ .:. ’I,,’~~~—: :’, ::,! , , : t m ’ , ’, . i , 5 ’’_ ’ . ’ ’ - . , _.,.1 1,5 .15, _ ’ ’ ’ _ , ., 1’ ., :’ ,
“ m l  tm .:n’ ,i ,’,, t m i ,  t m .  . :‘, , , ‘‘ _ : t m ,  n : o ”’ ,, ’ t m ,t  nr? 1,’ ,,’ tm- i, ’’,: ‘‘ n ’ ’ ’ ’ ’ ’ ‘‘ ‘‘ 5’,’

I ’ , - , ’ ,n ::h n - , m , , v i  , ‘h’ :,, , !  ‘n m ’ ,’ n ’ ,’ 1,’ , : , : : I ,  ,‘ ‘
m’ s ’: tm’ , s : 5 , 15 I t S  n ’ ‘ ‘tm i tm ,tm,,- : t . . m .  , S 5 ’  , ‘~ ~~

- ‘ ‘ :  -
~~~~~- , , :, — ‘ ,‘ tm - , ~ , , :‘~~- : . ~ ,—

‘ t m ’,’.’1tm ,’ v , ’ , ;55,’’, ,’,,, tm .j :‘“ s . t m - tm , , , t m - .! ’ , 5 5 , ’ v I ’ n l t m : , ’ ,. ’’ :’ , , ; ’ .., . ” , .’ .’ , . . , s , .. , ., ‘ s.:
.5 1 , ,, , , ,- m , , : n ’ l t m ’ , a’ ’ t m ’ , ’ t m ’ , ’ ‘ t m  : s ’ : . 5 5,1, ’ ,‘,. tm ’ s, ,-~ , : -  i s ’,:,: ’ .1 I:, ,ttm”,’tmi;’, h : , :’ ‘ , ‘~~ ‘ n ’ s ’

I” : tm’ ‘ v , - ,t . ‘ “ a :‘ : ,~~ ‘ s: ’  i t sIt — _ u t m , , I . : I , , .’.’ .‘ , .  ‘ s ’ . ,  t m , 5 ,  ;,‘hs ’ ‘ t m , tm , ’ ’t : , ’ ,’ , ’, ’ 5 ’ ,  S ’ ’’ ,n , ‘ h s ’ ‘. ‘ ‘ ‘ ‘ , , ‘ S , ’ — ,’ - n’, : : , , ‘tm ’ i , , h — S t . ‘n tm . , i

.!i.tm :t:i :,‘,t .tm :l ; : , , ‘ n , ,.‘ , m : : t m ’ . , : : ,I : m - : ’ , , S . n t t m ’  n ’ , , : :  “tm d~ :’. ’ ’  i,’ ‘ ‘ ‘ s , ’-’ o ’ i , ’ , ii” ’ ’ itm ~ ‘s- t m’ ’ , :1 I s  “‘ “
.1 m ’ ’’ S ’ , s , ’ .tm . ‘i.’ ; : t I I t ’ . , ,tS, , tm’ nt .:’:. n tm ’ ’ ” .’, ,’~~~’’ S , s I ’ , ’ t m  t m — ’,: ~~~tm I:, i : ’ ~ , ’ ,— ‘ n ’ i,’tm ’ tm’ 

~~~~~~~~~~~~‘ i ’ ’ ’  ‘I,. ‘ ‘ I : s . , tm ’ , v - I v — ’w tm ’ , ’ . 0 ’ , ’:’ ,

5 , , , , , ! ‘5 , ’ : : : , ,  tm’ :‘ ii:’ a s m - : ’ : t m ’ ’  . ‘ , ; ‘~~“ ; , 1:, ’ 1- :’, ,  ‘ ‘ : 1’,,, ’ .‘ . — s ’;,m :, t,- : .~ . : l,s’, r ‘ ‘ Is’ v , l :  I.’ S ,‘ sn, I ‘st ’:.’,~ 
: 5 ,, , ’ ,, . . : .  ‘ s ’- ,‘:‘ ‘ s, ’ t m i , ’’n ‘ . . . , , ‘ i ,  ‘ : 5 ,  ‘ , _

s ’s 5 .  ‘ 1 , , ’, ’ s ’, , I , t ; n t m  , ‘ ,‘ t m ’ ,.! ‘ ‘m n  5 ’ ’ . ,l~ tm:’ s ’’ .I, ’n : : ~~‘;‘ ;n H~~~’’ I I  ‘ S n ’ s ’ ; ’ n ’’ , : I ’ , ’ nn : : ’ I n t l i n n ’ , ’ ’  ‘ n — S _ i  ‘‘ :‘ . ‘ ‘ t m : ,
I s ’ S : ’ . ’ .! t m , ’ t m ’ , S i , ’: , , ,  “ ,n n i ’ : i : v , ~1tm , ’ : I ;’ , ’- , :;’ n , , ’ , ’ ‘, ‘ n n i t m i , ’ : : i : :  ,‘ nn’ ,n I ’ i . i t m s

t m ,’ :’  I: : ‘ .1 tm .:’. ,~ ‘1. t S ,’ . , t m ’ , ’ s ’ ~‘n ~: I :  s — t m ’ m~~tm ,r - - . t m :  5,: h’. :, - ,. ,t . ,, tm~~ tm tm. s , ‘ S s ” , n ’ ’ , ’ni .“‘ -h. t m . !  n , i , i
‘ tm’ s ’ ’ ’ ’ . n ’ , ~~ : ~~~~~~~~~~~ :1 :,- l:::5’ s ”: , ’ t m ’ ’ ‘ ‘, , ‘:: :‘ ‘ I :, ’ ’ ”s’ : : ,tm : . i :,,:.I ,’ , ’ ’, : t m : ’ , ’ , tm ’s ; t m : , ’ t m l , ’ m :  ‘ - s ” ,’, : ‘ ,t “ ‘ t m ’ ’ , ’ ,— i,- , : , I ,’~~: ~~ ‘tm ,: ‘iS,,! a , n .’ ’’_ ’m ’,’,’ nn 55 ‘::, ‘ ‘ , t m s :  :‘, . m ’  ,, :‘ s~~t m 5  ‘‘,‘ ,‘ ‘ , , : ‘,I 1 . 1 ’ ’ . .

“is’ , t m s — t , ’tm ’,’, — , ‘ t ’
~~. ’ t m : t m : s — tm ’ tm’ , . , ’ I  : m ’ . , . ’ t m : ’ ,~, ~~~~~~~~~~~~~~ ,‘ .. ‘ ‘- ‘ ‘ ,‘,‘ ‘ ‘ ‘~~~~~~~~ ‘ .‘‘‘ i ’, s

nt ‘ s,’’ i, ’u I n .  ‘. I  5 1 t v  ‘ ,~~: ‘ , v ” ,  l u l l ,‘ t m , ’ : , , ’ n ‘:1 : ,‘ m ’  S l ’ ~’ ’, ‘- so ’.’.’ 1 s i  ‘ ,~~ , ~~~~~~~~~~~~~~~~~~ , , s , , .
S’!u ’ ,n, ’ ’ ’,;. ., I i  Ii ‘ I e,n t~~, , s ’ ,‘ ‘‘ :n,,, ’, s . ’, . , t m ’ ,

, 0 8 t m  I ‘tm ’ S ’ tm :, .! ‘‘ m m ,  , ‘ , ‘ t m : t m ’ ’  S ‘ 1 , _ t m ’ S , ’ ‘ so’ S n ’ ’ :, , ’ , ‘, ‘ - ‘ ‘‘ ‘- - n ’’ ’ n~ S s:’I’’ ’
5 , ’ I s  tm ’ tm’’  I : . , ’ ,n t ,‘:s tm - t m  I , ‘. n t m ! , , n t m  ,‘s tm: s m ’ . v i  I, ’ ‘p tm “s’ :m’ ’,_ ’ s _ t m , ’’,’ e n , n,: I,’ut O S  i , ’: :, ’ ,‘ ‘ ‘ m ’ s ’ n . ’ ’  ns’,’’s’.’ , ’ t m Si,: v, ’ :’v ’s ’ , ’ , , : ’’ s ’ l , - n ’ i n , !  ‘‘ i : : i : : : i . ’, ’~~ ’ i .  ‘i n , ’

5 ’ , sn: I m i , :  s-ms.! ;‘:‘ .‘:, ‘.‘ t m I ’ t m s , , t m . .! s,:’ tn i m ’ 4 ’ :1:,’ ‘:5 I , t n n , : , , ,’ ’s tm : , ’ .‘ . ‘‘: ‘ ‘‘ ‘ _ ! t n ’,’ l~~: I:: ,  ‘ s ’ ’ ’  I’ S
tm’ s ’ u’s,: I S i s , ’ ,’ ’ ’ ,‘l ::n’hs ~v ’,,Iv,,m:, - ,’,n 1:: ‘ 1:, ’ , 5 ’ , ’ , ’’ t : : , t m n  , t m : , ’:’ .11 ’ : .- l~~ : tm :, ’ . : ‘. 5 ’, ‘ ~~ ~~~~~~~~i t  n ‘,‘ :n ’,’, ’ i n ’ :  tm’ :’:’ , . , t m s t m s . ‘, s ’ l , n , ’ ’ t  m ’ s, ,‘ t m ’ t m ’, ,’ ,’ t m ,  ~~~~~~~~ I : : , ’ tm - t m , ’’, tm i ’ n S .’:s’.’mnI— I i  ‘ 1,’,’, 5 : !  ‘ ‘ ,‘ ‘, ‘ . 1  ‘ ‘ s m - i ’ ’

51 1 , , t s  I s ~ ’ ’’,’ ‘ s w  , ‘‘ ‘ ‘ ‘  ‘ n : , tm , ‘ .‘t : t m ’ ’ S , ’:’ i  ,‘ ,: ts , ’ 5:: ‘‘ n i ’ ’  ‘ i — ’ ‘ s ‘ , ‘‘ ‘ i _ n h , ’’ ’ I’ ’ : ‘ ‘ ‘ ‘ ‘. ‘ ‘  ‘ 5
‘5, ’ ,‘n’, ’’’ i tm: , ’, .‘ , ‘‘‘ ‘, ‘ n tm .‘ ‘ s: ’ s l ’L I  t m v , It w,~t S tm’ s ’ . ’ , ’’ ‘ s _ _ i  ‘ 5 ’ ;: ’ n s 5

I :,, ’ : ,‘~ ‘tm ’ s  ‘ ‘“ .1,’ r s , ’: ’ “ , , : t m : !  :o,I,  I t m ’, ,’:’ ,’s , : ,’n n a I :itm :  It’ s ’ ‘ h’ s,!.-’ , “I s n ’ t  1 ,1: ” , -

‘ ‘a”— ~~~~~~~.’,~~’~~~~ ,.L,,,,, ,_ ,S~~~~’’T~--—~~~~’ ‘ . ,., , — -  - 
~~~~~~~~ ~~~ 

. 
~~~~~ ‘~~~t—~~~~ V

,, , m , , ’ n , ’  s i r  
,, , n 5 , s i t !  i t  , ( . ‘ , ‘. ,‘ r’ V 1 5 , , F I ,‘ i s  i t , I tm , it , , ., I~~~,’ , . : i ’s m I I

v i’  I ’ ,,
.I t m , F ”  I’ r ’  r ‘ In ’ V ‘~i i I’  i i  .



r ’~~”” 
‘ -

~~~

— 
‘‘ ‘ : ‘r’ , ‘ s .! S ‘ ‘, . ‘ : - . ‘u ; ,! ’, 1’ . 5 1 ,‘ 1 1  ‘ 5’’ tm’ , ’ - - ; ~~~ tm’ r i ’ ” S

- It ’  ‘ tm , I:’ i n.’ ’ ’ ” m i t m , ’ I ,n ‘ t m ,  s’ ’’ . :‘ ‘ !.. ‘‘‘ s ‘ ‘‘I ‘ ‘ s ’x’ , 1 ‘‘n , s - i ,  1 . 5 . ’ ‘ ‘ , ‘ ,‘ ‘ :, s ’  i , ’ r’ 1
, 1 ‘ tm. r5 stm . I  ; ‘ I  “ , , . - m , ’ ’,’ l ’ s ’ “ n ’ : , ,  - I I ‘ ‘ . ‘‘ t m ’ t . , ’’ s ~~~tm~~~~~~, ‘ a m ’  1’ ‘ S . ’ ‘ v ‘ : , . v i ’ , ,  tm

w i . ,  5 ‘ ‘ s .  ; tm , ‘ i ’ ’ , , l: ,  I s’ ,; . ‘ tm: , . ’ t m . ’ s - ! m. 5’ t’ I . ’ . ‘ t m .  i I tm’ ‘ , , ‘ i m ’,., ’ ‘ t m ’  
, - I t m , , I’ ‘ ‘ s i : : ;  . - , ‘ ‘ ‘ - . ‘ ; t ~ s’

5 t m — i .’ . ‘ I ; - , ‘ a m . :  tm tm , ’ , ‘n ’ S ,‘ -  :. ‘ ‘ ‘ n. ‘‘ s ‘ I ’ ’:, 5 ’ .’ ; a : ’ . i’ tm s ’ s- tm’ ’ , I ’ ’  ‘ . tm ‘u . r n  a ‘ ‘ ‘ ‘ ‘ ‘t m ,”, !’, 5’ -
‘ ni l ; ; . ! n t  m. tm m m : n I t — , ’ s : ’ , sit i ‘- ‘ t m . ‘r  : : ‘ ‘ . ‘ i ’ , S , ’  ‘1, .’ tm I m , ’ a ‘ :. ‘ ‘‘ _ . ‘. !;  5 . ’  s ’ . ’ ’ , !  ‘ ,‘ , , I s’ ’ , t m t m ,  as , ’ tm’ , —

s , .’. ’ ; , ‘ s  tm r nn , ’ .’ ‘ ‘ r I ~~n , t m . I  ‘‘ . ‘ I ;  S ,‘ ‘,‘ -‘ t , I ‘ , ‘ ‘‘ i . .  I m ,  ‘ ‘ 5 ’ ’ ’ ‘ ‘ i S ,  I.’’ 0 , 5  ‘ is ’ I u t  — ‘ ‘ : 55 ’S , ’ tm ‘~~~~~ tm . : - ~. •

I tm’ , tm m tm , i , ’ I ‘ ‘i ;  n t ! i i I ’  5i , I - 5, ,  ‘ ‘ t m ’  I’ ‘ ‘ ‘ ‘ ‘ n .  ‘ ‘ I  tm ‘ ‘ ‘‘ ‘ ‘ ‘ s  ‘‘ ‘ ‘ . 5  5: , ~~~~~~~~~ S m , 1. ’ ; ’ . ’ ’ s. a
‘ t m s ,  .1 , ‘:, : ‘ r : -  I , ’ :, 5 . m ’ :~~’:’ ’s ’ ’ , m I , ‘, ,:  , ‘ t m ’ ’ , ’’ . ,~ t ‘: 1 ‘ n :;’ n’~’i : 11 , ; I ’ ;n ,’i” :. ”, ’ ’ tm - ;uS:

- -‘ i , ‘ ‘‘ t m ’ t m ’ ’ ’ ’ a ’ , ’ ’ ’ t m ’ ’ t m t m ’’ ’’ , ‘ . , 1’., ’ n ’ ’ ’ , . ’ ’’ n m. , ’ n ’ s ’  5 : : ’ : - :’t ’ “‘ ‘ . s .  ‘ i t m .  i. s S tm S , ‘ tm’ ‘i . ’ tm’ ’ ,. h
al !, ‘!,ls ! t m , ’ t m — ’’s, ;.’ I m ,  s- ’ ; . ’ ,

~ t m t  :, ‘ ‘ ‘ ut’ S l ’ s, ‘tm , ’ tm’ ‘‘ 1 ‘‘ I ’’ tm ’m , ‘ ‘ , ‘ ‘.‘ . ‘ t m ,  ‘S m , : ‘‘ ‘ s : , i ’ ’
— ‘ S ’ ’ . ‘on ; ‘‘ ,‘I  m s ; ’  1 1 .1’ ’ . :‘ tm tm :,,, i, , 5 , , _ i s ,  ‘ t m ’ ’ ’ ’ 5’  tm S tm ’ s’ ‘ : - : ‘ ,r ,  I ‘ ‘ :‘ S ‘ ‘ , ‘i ‘‘ ij  :. ‘ i I r ,  ‘ , :

I ’’ ‘ ‘ ‘s .  “., ‘ ‘1. ‘ t m ’ ’, ’’i’,’’ ’. : , ’ tm’ tm , t m ,  ti t m , , , ‘ ,‘.m ‘ tm —’  S ‘ t m ’  ,~ s ,  i: 1. 1 , ’: ‘ t m ’  tm !‘‘r - i . : ‘I S ’ ’ m ’ ‘a: 1 s ‘‘ i s ,
tm ’ ’,, ’ tm ’  - . 1 ’ s ’, ‘ , ‘ ‘ .r” , ’ ‘ “ e ’ , ‘ t m ” ” ’ : ’ tm ’ . ; , ’  fl ‘‘ , ‘  . t m , ’ ’ ’ S ’ n ” , ’’  tm ~~~~~ t m ’  5 ’  ‘ 5  m l .  ‘ t m .  ‘ S . ’ .’

:‘ ir,, ’ tm - ’ j s j  ‘ ‘ ‘ ‘ ‘ 5  ‘ t m . t m ’  ~, ‘ : ,  ‘ - ‘‘ ‘ : ‘ r., t ’ ’  . ! m , ~’ ’ , : , I  ‘ ‘ ‘ ,‘ ‘‘  ‘‘ ‘ 5 ’ ‘ i r s , I t m . ’:’s : s . ’ , ’ I . ‘‘  ‘ ‘ ‘.‘ l .  I t m ,  ‘ t m .  t m ’ s - . ‘a’’

I tm.  l ’s , — ,: ’. , . ‘ :‘ : m .  I ’ tm” , ‘ 1. tm v’ ; , I rs ’ 1 t m .’ ’ ’ , ’ ; I , ‘ tm ‘r . a - ‘‘x s ’ ’ , ’ ’ : ,:,~~ m ,,  j r m ’ , tm , ‘ r
- ‘ ; - ‘t ’ ’, ’ tm” ’ ,, : ‘ ‘ ‘ 

, ‘ : . ‘ s’ ‘ ‘ , ‘:5: ’’. ‘ ‘ ,m , ‘ :,‘ t m ”  !, , ‘ t m ” ’’ t tm , ‘ tm sr tm . u s : !  ,:,. ~~~ ,, ‘ s : . ’ ’’ . 5 ,

i t m n ’ ss I i ” ; S i ’ I  ‘‘ ‘ i s .  :‘ n;:’ ‘ -‘ “ n I , — :, ‘‘ , : ,  I, ’ ‘, ‘t ,i ’ ’,’ ,’ : I v  t I m ,  h . ’

is -, 

1 
,~s 

—

‘ ‘ i s . , ’ tm m , ’ i : . , ’ ’ I  , n t t m , i ~~~
:. ‘~S ‘ ‘ .~~~~~‘ -, :  ‘~ i m,, ’ : 5 ’ ’ , ’ - !  tm’ . ’,” r , ’ ’ S  t m . 5

.’ , ’’ , ” ,tm s m I t , ’ s — , :  r’n ’, : S S ! ’ ’ ,’ , Fur
‘‘x i:’ ; _ s.’ , ‘ t n I ’ t m ,  ‘ t m . ’ t n ’ s ’ - ’ ’ , , 1:. ,‘ ‘ : .  ‘ ‘ i  ,.  ‘‘ ,;:,t i, i’ ,’ ’ s ’ . I  ‘ !,‘ ‘ t m ’ I ’ ’ n s , ‘ ‘ ,‘:- -‘ ‘,r - s’ .: , tm , ,’ . _ : ‘ ‘,‘‘ , s “. ‘ 5  ‘ . ‘ e l

~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~ 

-

‘a’. rk : . ni ‘iv. ! ; ‘ ‘ ‘ ‘ n m .  - 1 , 5  r ’ ‘ I , ‘ ‘ I ‘ 1 : .  n ’ ‘5 n ’

‘ s m ’ ‘ I sv’ ,. ‘ ‘ ‘ ‘ i I  1, ’ ‘ 1,, ‘ ‘ s ’ ,I t m , ,  5 5 .  5 ’ ‘ ‘ ‘ ‘ t m ’  ‘v ’’ .’:, ‘ Si ’ 1 :. 5 5’ ’ ’ I i : ’  ‘ ‘ n i t ! ,  ‘ n , ’ I ’ ,’ .’ . ‘ , ‘, ‘ i’.’I ‘ .‘,‘Is tm , t m , , ’:

I — ‘ n h  r I ’ ’: ’ s I ‘urn.:’ I .  , ‘‘t . ’ n ’ ’  I I —n ‘I:in’ ’,’,’ tm ’’ i~ tm — ‘‘ 5 ’ : ’ ’, ’ ‘ n i  - !tm I .  ‘n’ .’’ . s I ‘ 5 ’  I s : , i  n ’ s, - ,’:,
i : !  t m ,  ~~~~ ‘ r I ’ t m ’ ’ : : ’ ’ ,, , I :  ,— I’:, S ‘ n t  I i  - :,‘ ‘ ! ‘ ‘ ni’ ‘ i x —  I ‘ t m ’ s ’ , ’ — ‘— ‘‘m’ s ‘ ! ‘ ‘ ‘ ‘ ‘ tm’ S

‘ tm —~~j r : 5 : , , ’ . ’ s r’”- I’ ’!, ’ ’ ’ ,v rk tn l’i — ‘s , s . I i ,  I tm’ s ’ ’ ’ ’ n t m ’ ’ t , . ’ ’ s ’ l .  s , ,  ‘ :, ‘u, ’ l , t  ,‘ , ‘ t m , t m ” , “ t m ’ S

‘ ‘ 1 : 1 1 ’ :  1 ’ ,;. ’ .~ ‘ i m  ‘ I , . 1  , ‘ n - ’ s : t , ,’,’ ’, n.I  1, .’ ,‘:‘‘s; ’t, s ‘,‘ ‘‘n: ‘nI ! 11 ‘V . s I , ’i . I , ’ ’’, : .  ‘ . 5 , ’ 191 “ ‘ tm’ ‘5 ’’ t m ’ ’ ’

la ’ s’’ 1 1 5 5  5 ’ r ‘ 5 ‘ Y’’ ’ I , ’ ‘ I n ’ s,s i , I i  I I I V ‘‘‘t tm ,I ’ !  i i ’

~~~~ 

~~~~~~~~~~~ ~~~~~~~~~~ 
,~ ,_j __:,L~~~~~~~~ 

- —

~~~~~

______

I’m 15 ,,,’ , s i t , , ’ ’ t s , ’ . , , . t s ’ ’ i  I , !, ‘ i i , “ I s t i l i  I ! , i , . — , i .  , ‘ t i , ’ ’ ~~~~ — ’ 1 ’ ’ , .

i n s . , . .’ . .1 ‘.‘ I , t s  I , ~~~’ !,  , , t I I ’  1,1 “ ( I t !  t , i , i t , t I ‘ I , ’ , , ’  I s ,  L ‘ S i  . , s  ‘ ,  i

.1 s m  m .  ‘ . 5  ‘i i , ,  m i , ’ ’ i



A;; - ‘ ‘‘ ‘ ‘ - ‘ t m’ ,!. l , ; ,~ m ,  tm ’ ’ 1,n’ ’ ’, 5 ’ ,  ,:, ‘ : t m s ~’i ;  ; 1 ’ ’ ‘ ‘ ‘ ‘ S . ’ 5 ,‘‘ ‘ i t m . t ’ tm . ’’ , ‘ ‘ ‘  , ‘ ‘i’ !, ‘.1 5~’ tm ‘‘ ‘‘ ‘5 ”

a ’ tm!. r — , ,  ‘ — . I ‘ I : i s ,, ‘ ‘ ‘ s ; ; , :  I 11 ‘ : ; ‘ , ‘ — ‘ne: ‘ t m , ’ ’ ’ , : ‘ , : I , I ‘ , I ’ ‘m’ ’’ ’ ’ i s , ’ ’ ’ r ’ i I ; .  S ‘

Ion ’ sI,’ 1: ’’, .  5 - l ’ s I m , ’” , ’ n , ’ ,- .s ‘, - ‘ tm’ . tm r I . ’’ : ‘ ‘ t m ’ , ’ . ‘ I ‘ . ‘ s . ,  i n ’ ’ . .  :‘ ; r ’-nI tm. . a!,

- ‘ tm . tm , ‘‘ ‘ ‘ I  ‘~ 
- ‘ ‘ ‘ , — ‘;‘ ‘ , ‘,, . ‘‘ - . ., 5 ’ , ’ ’ ~~;sr~~ 1 _ I t , . :’,’ tm’ ’ — r’,l It 5 ’ .,’ s~5 ‘ s ’ , . ’ ~ - ‘ ‘ m ’ s. I

n’s  ‘ It. ’’ ,“ ‘ ‘ ‘ ‘ ‘,‘ ‘ ‘ , ‘ ‘ s ‘ ‘‘ ,‘ tm ‘ ‘‘ ‘ , ‘,S !— a . ‘ , ‘ t m ,,’,’ ’ ’ ,; a, ! S . 1 5 5  a m . 1 ‘ ‘  I I t ,~ a l  ‘ t m ,  ‘ t m . ’ ’ tm ’:: , ’ ’ m . ’: 2 t m ,  r

u S  r” tm ,tm’~~ ’ , ’ t m : ! , . -, s. “ : ,‘‘ ‘ ‘ ‘,,. ‘ 1. 4:,. , ,  ‘‘ ,; ‘ t m  S i ’ ,; s n ’ m. : I m ’’r s,t I ’ m ’’ ‘,, ‘ ‘ ‘  tm ,.‘ ‘~~ ,‘ ‘ ‘ “ ,‘ ‘ . ‘ ‘ ‘‘s’ ; ‘In,” ‘ i

- 
~
. ‘ ‘ ‘ ,,‘‘ S ,,, , ‘ s’ .. ’ ’ - : ‘ I m - ‘ m ’ s ’ ’ , , ‘ S ‘ : 1 ; ’ ‘ - s. ’, ’ . . , ’; ’S ‘ , t m , ’’ ’ ’ . t m ,  I ‘ m ,  ‘ 5’ . - ; ‘ ‘ ‘ ‘ t m ’ ’’ S ‘ ‘‘ ‘ s r _ i ’I

I ‘ ‘,.‘ ‘‘ r’ ‘1’ .,’ s ’ ,s ’ ’ i t m , ,  ‘5’,’. ‘ ‘ a S .  ‘ I ’ , tm ! ,  5 ’’ i i ’:, ‘ t m ,  I ‘ l’’ ’,’’’S ‘‘ ‘ ‘ ‘ . tm s. ‘ ‘‘~1 s ’ ’ ’ . tm . ’ ’ ’’n, s.’ , ,,

s’s I ‘ ‘ t m  ,‘ ‘ ,I : ’ , m ’ ’’ ~:. ‘ tm . ‘ tm’ , ’ , .  I ‘iss tm n ’ ... ‘ ! ‘ ‘, t ‘ ‘ I tm , n .tm s I ‘ ‘ 5 ’ Is ‘ tm , ’ I ::.i t m , is: tm ’ s ‘ ‘ r I tm

‘ ‘1  tm , ’n SSS 1: . ’ e,’”’ , ’ - ‘ t m , . ‘ . e  .~~“5 , , t m , t ’, I t m , ’ ’, “ ; s t m , tm , - t m ’ ’ s t m , ’ ’ t m ’ ’’ vn i ’ ’’,m , . ‘!lt ,s” ‘: ‘ ‘ ‘‘‘ ‘1 tm ,’, ’, ’ at i l l ’ ’ ,’ ,

I :‘ , ; . ‘ t m ” , ’ I tm ,u S ‘ ‘v 1 s, ’ ~~‘ tm’ . ‘ ‘s ; , t m . , -’ a l  - :. i s,  ‘t, ’’ :1 , 1 ’ ,, I h ’ i ’ ” , ’ 1’ , , s , tm. I r’ ‘5 : t m ’  St ‘se ‘:,s,tm, S :;::. 1’ r
I - ‘i s. , ’ ‘ ‘ “tm : ‘55 8 ’

- - _ :‘ ‘ ‘ . ‘ ‘ : m .’ ’ ‘ ‘ ‘1: s ’ ’ t m , ’ ’’; ’ s ’i — I ,,’ ’ ’ tm , 
‘ ‘ tm’ ’’ tm ‘ i ’ , 5 . ,stm . 1:.  ‘ n I , :,, ‘ ‘ tm , ’n t m ’ ’ w tm , i  ‘ s .  h t m l  ‘ ‘ s ,

‘2 i 5 t m ,  ‘ “ 5 5 5 tm ’ ” 2 t m . ’ . ”  ‘, I “ . t m . ’ , t m . ’ tm ,“ Is , ‘ tm , ’ t m _ t m ’s : 1  ‘ tm’, ’ ; r t m t m ., - m ’ ’ n tm’ : ’ , tm ‘ ‘ I
‘ ‘ ‘‘ - 5 - 1 —  5 ‘ s ’ . ’ ‘ ‘ , , _ ‘ ‘ ‘ ~~‘ , ‘ 5 ,  tm -s e. l ’ s , ’’ I ’’ 5, ’m , t m:n , ’ ’!, ,~:: v” : Si - ” : ‘ s t . ’ s , : t I , e  ‘ ‘ tm ’ s —

‘ 5 , ’ — ’. ’ 11 ‘‘ .‘ ‘s, ’,: .I  :“ 1’ — i ‘ ‘ ‘ , t m ’ ’v ‘ tm , ’ ‘ ‘n,  ~~~ ‘ ‘ i v ’ ’ . s, — ‘ ‘ :‘ .5’  ‘, — ‘ ‘ m , , tm Is. ; ,‘ ‘  ‘ , : , I  ‘! , .~ ‘n ’’ !.S
‘s ’ S . S t m ; ’ ’i ’tm , I ‘ ‘ ‘,“ ‘ ‘ ‘ s tm’- ‘I I m t m , , ’’ , ’ - , — a”’ ’ , ’ m , ’’r I v i m ” , v’’ , ; ’ ,I I I ’ ~ n , , : , S , ’ l , ’ : . ,  cai’i s o

tm ,. ’ .; ’ ‘‘, S S v  ‘ ‘ m , ’, ”~ ’s ‘ , S - 5 : n ’ :1, - I  ‘ ‘ , ,  S s .: ’ v’’;, I tm.  ; r ’ ’ ’’ ‘, ‘ I l’, ’ ’, ; . ’,’:’ i’tm’ ,: ’ ’ ,’ ’!J, 5 ‘v 1 ‘ ,: ‘ , ‘  tm ‘‘ ,rS h r .

- 1 s , , , l , I k , ’ ‘ ‘:0, ‘,,‘ ‘ , l t m  ‘ h i ’ S ’ ’  v’ ‘ .,‘ i ’  5 : 5 5 , 5 , , ’ ’ : , ’ r ‘ tm ” ’ 1 s’ 5’’, ‘1 tm,S’ s Ii ’, ‘ tm s,

tm ‘n I  tm ’ s s ‘ - ‘ “,‘ I . ’ ’ ’s S ‘ ‘ ‘ s s . ‘. 5 , ’ . ’,” ” . , ’s’ I ‘ 5 . ’ 5” , 1 a’.,’ ,“ tm’ ,’ It’:,” , ‘ t m  I : ,  , i2tm,” “n-
— ,-“ ,“ ‘,‘ tm’ ~l,, . :., a ’ ‘‘ ms l ’ s  ‘ 1:, ‘ ‘ ‘ ‘ I n  tm l tm ’ ,’ - ‘  ‘‘ ‘ , tm .’; I ’ ’ s ’ ’’,r’’s ,m ’ S I ,  ‘ ,; ‘‘ S ‘ : tm .  tm r ” ’ ’” : 1’:’.

S ,‘ , ‘ ‘ .m’ ’’ ’ : .  :‘‘ ‘ ‘ , S I s ’ ’  ‘ ‘ ,‘ ‘,‘ 1 tm , ’ .’’ ’ ‘ ‘ ,,‘s ’ ’n :n ’!.r ,, :, ‘ tm , i: ’ s-’ ,’ tm . ’’ tm ’ p1 ‘‘s . ’ ’ ,:. i ‘ a S - t m ,  ‘‘ tm - . f ’ ’w  w” rnl ,

C’ ’ ’’ ‘ “ ‘ ‘ t m s ’  ; i ’ ; . s ’A’,’ ’, ” - n ’ ’ ,,” 5 :. ‘ tm , ’ : v : ” s ’  : i , ”~~ ’ ’ S  s , .  I s, t ,:’, ‘ s i :,, s .  a,

a’ I ,:‘ ‘ 1 1 ”  ‘, , ‘: S ’ .,’ ’ , ., I u ’ tm , ‘ ‘ ,v 1 : , ‘ ‘ ‘ , ‘ ‘  ‘ ‘ “ ‘ ‘ t m ,  tm , ’, ’,’ ’’ - n ’ ,”r’,’ : r’ I ’ ,:, : ‘‘C”’ ‘ ‘ ‘ : n e ” ” . ,

xl :- - , - : 1 s t ’  . v sn’ ‘ s, ’ “ , ‘ .“ , a I ’ . , ‘, ‘,“‘ r” ,’ ’ ’ :. ‘,“ , ‘, , “ ‘ ,:, .I ‘ tm- ,’ t m v ’  I , ’’ i ’ ,’ ’ ’ : , ’, ’st s’ : ’ I , : s  ‘.tm , S w i - i n ,

~ 1:~’: E C’ .” c:’;~ :’_ TE~’ ’~ LC~.Y ~ E . S

F F / _ T CO’~’TROL

-‘ I ,  I S  I,’G 
C

i t h ’ I T E .’l 
“ ‘ “ ‘1 “iU~

’t’ “CD
CI ’ S 2”  ,-

~~
. , -  .

~~~
, A UT3 _ A I D  F ’ T t m G U E  C C ’ S 5  C C ’STP. OL

S : - n :C :  ~~~~~~~ ‘ 
, 

, T 1 I 5 E  CC hT R OL
- ‘  ,, ,5 ’ t’i .s ‘ ‘ “  R S A V ’  “‘ l~’ CD’J? LING

~~‘I)A ,C’ f l ULT VSE( ISO R

1~~E3 1~7D 11J75 1C60

Fi GURE 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i—r —
~~~~~~~ . ‘s~~t ~~ . - 

‘ - -
~ *, ~~

I ’ l F i J t n I , I l  C ! ’ I H ! ’ 5 5 ’ , I ’

i , i ,~~~~,~~~~~~:s
.

s : ~~~~,;,::,
4
~~~:,

A
,
yt

; ~ m 
‘ ‘ ‘ i  ‘ - i  i .~~~’. “ , ,  ‘I’ ‘ - I , ’ ‘s s n  , , . . . J



K 4 

‘ . - - ‘ - . —

S 
CONTROL - T E C H N O L O G Y  POTE NTI A L

1 COMPUTATIONAL CAPABILITY ‘ h” 
~~~~~

2 STATE SPACE CONTROL THEORY 
, ,‘ iG~~~

3 OPT t ~ AL CONTROL INFORMATION DESIGN THEORY

4 NEURAL ELEMENTS ‘ ‘ ‘ ‘ “ “ ‘  ‘ ‘ “  
. - ‘

5 SE~ SO~ AUG M ENTATIO N BLENDING h

S ACTIVE CON T ROL TECHNOLOGY

1 T A S ~ MISS IOU ORIENTED CONTROL 
(~ S C ’ :

8 BIO ME C ICAL RESEARCH .
‘

,, 
‘,

~~~~~

9 M U l T I  F U N CT I O N D I S P L A Y  on

10. GRAPH I CS —~ 

, 
0

11 MAPPI~1G 
, , ‘  

,
_ u , L U i . x n , 

‘ ‘,‘ . 0 :  I

12 POSITIONING ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ . ‘ ‘. “5,-

“xml

FIr .UPE 2 ,

CONTROL T EC~~ OLO~ Y POTENTIAL

1. CO~~P UTAT IONA L CAPAB ILITY 
- ‘

o n ” ’ . h o n

s o ’  ‘

2. STATE SPACE CONTROL THEORY ‘ ‘ ‘ “ ‘

3 ’ OPTIMAL CONTROL INFO .~A ut O~i DESIGN THE O RY ~~~~~~~ -~~~~~~
‘

4. NEURAL ELEMENTS ~~‘ ‘ “ ‘ ‘ ‘ ‘ “ ,
~~~~~~~

, ‘.1 ‘ C

‘,‘ u’ L ! S  b . ’~ T L  0 u~ 5T
5. SENSOR A UG ;,~E~ TA T W N CLE~ ’J!I~ ~~‘~~‘ .. ‘,‘ s ” ,

6. A C T I V E  CONTROL TEC H NO LO G Y —
~
--

~
--

~
-————

~~~~~ \‘ I .. T I k O~~ 0~ C~

7 TASK M !SS iO~ O E ~ ”~~) CO NTROL ~~~~~~~~~~~~~~~ Tc . uL:T 
S’~~.. ’ “~~L

8. 810-MED ICAL R ESEAR CH 
~~~~~~~~~~~~~~

-- —‘ . —.
, — .

9 M U L T I  FU f~C’ ION Dt SPLA Y 
~~~~~~~~, 1 ~~~~~~~~ P L D  , — i c

10 GRAPHICS ,H~,” n uT :.i:
-. THE R

11. MAPPING P P L ,~~SV~~S LOC n S 
~~~ /

TS ’ / L SPACE

12. POSITIONING , ‘,J1 .
,~~ “ t m ’ - P O S i T I O N I N G

,t, I”O~~t H l ,,i N

FIGURE 3.

L ~~~~~ 
- —-“- “-— ‘ ,,, S’S~~~~~~ ,

——_p_



FORCING FUNCTIONS

ACC . ’. : I S I T I O ’ ~ C O ST L , C , C ” J S T S

~~~~~~~~~~ C~~,”,’.O~ A LIT y F~ ’ .Cf ~C’ ,~. c ;;5 OT O RE
~‘ S C ~5S ORS C

. . .‘~ 5 . A  Pc~.’:A’r )
I S ~’ .SC~ CC ’ : F )

-- . .T~~x ‘ , ocy 
~~TGuIDA5 ;cE -~ Cb’;T ~ C’L

6 0F
D C C  C~P O A T ~O”A L ‘ .TT DS S 1 n

,n P 5 ” S ’ C A L
‘C’’ 5 . : ,, ’  ‘ n., ’ ’ ‘n’ H ’’

c~ 
L,___nuL,L s ‘ ‘ “ .‘, ‘ ! S S V ~J’~ OPT~ONS

I S ECT AL T,:,. CTI C S HIX I DA, ’.T AG E (~~ .;CE)
C C S I S O R S  G~C :LH C AP ) DEGRADED MODE CAP ( VO LU .’,’ E

FC~ OE S T PJCT URE I C ~‘,E IG HT I

FIGURE 14,

FUTURE TRENDS 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

D I , ~~~~ S 
I/ r, ” .., , ,, . ,  S - ‘ n ” I I

/ 1’ j A t,, Bn ,s t ,  C T.,
— SE\ ’SO~ S IonO ,\ ’,ROL

EX EC UT Iv E ________ _________

P R O C E S S O R  j

_

STATES i——-— 
- ~~ .,

I , ‘,  1~ j C ~~‘ .

~“x 
~~~~~~~~~L I V E~Y

FIGURE 5,

A , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ‘~~~~~~~~~~~~~~~~ ‘~~~~~~~~~~~~~~“

NEW WEAPON COt 4I . EPT~ DEVELOPED FROM A DVA Ss I ED NAVIGATION

GUIDANCE AND TARGETING TE(.IINS ) I. OGY

Ii , E. Brown , GS-14 ‘~~~~ /

Chief , Technology Plann ing Guidance Divi s ion
Sys tin , Concepts Di rn-c tora te
Deputy for Develv ’;ss :nent Plans

Armament Development and Test Center
[gu n AFB , Flor ida 325711

ABSTRACT

Technology advancements over the past few years now snake it possible to develop improved air .la u r nn ,ins ’ d
guided weapon Systems where the man , aircraft, and weapon can be integrated to provide high ly responsive
and effective capabilities against a large portion of the tactical target spectrum from standoff positions
and under adverse weather conditions , These capabilities can greatl y im l ’srove our aircraft and weapon survi-
vabi l ity while increasing sortie effectiveness , This paper is mostly .oncerned with advanced navigation ,
guidance and targeting technologies with emphasis on those system s that can be integrated at a hi gher
functional level to improve tactical strike capabi litj and hopefully reduce life cycl e costs ,

The main threat that the concepts in this paper address is the m assed attack of mobile targets , The
concept of using single launched unitary weapons against single selected target’ in a direct aLtack scenario
is believed to be hi ghly ineffective . Ideally, a weapon system should be capable of multiple target kills
per weapon launched from a Standoff range.

A highly integrated “Smart-Package ” concept is presented in this paper showing how advanced imaging
systems and data processing techniques could be used to develop an automatic system for searching , detecting ,
identif ying and selecting targets , and for controlling the simultaneous attack of a group of weapons , Each
ind ividua l weapon, of the group launched would be directed to a specific target. This approach could lead to
multi ple kills per weapon system launched and greatly reduce the pilot work load,

Several weaponization concepts are presented to illustrate optional applications of the smart-pack.s’p’ .
In each case the smart-package is selecting targets in real time as the weapon system fl i es over the target
area,

There are some technology voids in these concepts ; namely, the data processing algorithms for false
target discrimination are not fully developed , Hopefully, these problems can be solved in the near future
and the concepts presented here can be further pursued,

I, INTRODUCTION:

The current threat indicates that an air-launched guided weapon system capable of defeating a massed
attack of mobile targets is hi ghly desirable , The concept of using single launched unitary weapons against
single selected targets in a direct attack scenario is believed to be highly ineffective since only a small
percentage of the targets could be killed and aircraft attrition might be very high , Ideally, the weapon
system should be capable of multiple target kills per weapon launched from standoff range , A good effective-
ness objective would be to attack and kill on the order of ten targets per weapon launched ; and since some
aircraft might carry several weapons, the sortie effectiveness could be very high ,

This paper describes a technical approach that could be taken for development of a system for automati-
cal ly searching, detecting, identifying ~nd selecting targets ; and for controlling the simultaneous attack
o f a gr oup of guided weapons (miss i les) . ’ The heart of the system would cons is t  of mult ispectral imaging
sensors and real-time imagery processors. Each individual weapon of the group launched would be dire , ted to
a speci f ic  target which was selected from the real-time imagery processor.

II. DISCUSSION OF THE PROBLEM:

Multiple and simul taneous air-to-surface attack of massed mobile targets using guided weapons is
believed to need one of the two fol l owing design approaches to maximize the number of kills: (1) Design
each weapon of a gi’oup to be very smart for target search , detection , identification and acquisition; each
being capable of rejecting false targets and comunicating with all other weapons during the attack to
prevent everal weapons from selecting the same target; or , (2) Design a “Smart Package ” for the delivery
vehicle which can view the target area and collect high resolution data for automatic detection , identifica-
tion and acquisition of many targets and can reject false targets , The smart package would then compute the
l ines-of-sight to selected targets and direct a group of relatively simple weapons to individual targets .

The first of the above design approaches is believed to be a high technical risk and high cost program
because of the weapon complexity . Furthermore , it is probably not achievable to a sat is factory l eve l , due
to the many problems associated with the individual weapons finding and locking-on different targets after
they are launched, Assuming that the individual weapons would have either TV , IR or RF sensors capable of
search , detection and acquisition , the main design problems are due to the following :

a ,  Unpredictable formation of targets - This causes search design problems .

L 

1This paper describes some Ideas of the author , It does not represent a development conm,ittment of
the USAF .
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TI, ,,’ Stn,n d ,t rd El , ’ct roni ,, Modules I’ r ,. 5 ’r ,,m i s v  b i g h t ’ .’
successful desi gn s t a n d a r d i z a t i o n  program t h a t  is command-
in g co i ssiderabl e a t t e n t i o n  s,’i t i ,l n the U .S. iepart m ent of
l),,’f,’,ise as a result o f  its a c h i e v i n g  s i g n i f i c a n t  cost and
r e l i a b i l i t y  r e s u l t s .  This program e s t a b l i s h e s  a rational
d i s c i p l i ne for the d e v e l o p m e n t  process for m i l i t a r y  elec-
tr onic s’,’ ss,’m ,, s by p r o v i d i n g  f a m i l i e s  ,‘f f u n c t i o n a l  ‘lee—
tron i c m odules w h i c h  are already d t ,’veloped , documen ted ,
a n d  q u a l i f i e d , and for w h i c h  a wide  i n d u s t r i a l  base e x i s t s ,
A l t h ough this pr ”is ram has been hea ’ ’ilv oriented at re-
solvin g system m a i n t e n a n c e  and log is tical support problem
ar es t ’,, I t n€’ vert li e less c o n s t i t u t e s  a readily a v a i l a b l e  and
highly s n f f e , ’ t ive  “b~t il d in g block” appr oach for accomplish-
ing r ,’ s e n r s ’I m and development functions.

I NTRODUCT I i’sN

The w,srd “ stand a r d i z a t  Ion ” to the Research and Development s c i e n t i s t  or engineer ,
b r i n g s  fear of the heavy hand of b u r e a u c r a c y  r e s t r i c t i n g  design f l e x i b i l i t y  which is so
ne c e s ,:ir ,’ in fur t h e r i n g  advances in t e c hnology. A d d i t i o n a l l y ,  it can bring concern of
too ra p ist obsole scence ,‘r too great c o n s t r a i n t  upon size , weight , a n d  performance.
The’s ,,’ fac tors must be c a r e f u l l y  c onsidered when s t r u c t u r i n g  and app lying a technology
pr ogram for standard hardware development. The advantages of some standards , h,’w,’vc’ r ,
even in tl,e R&D p hase’ . can he c o n s i d e r a b l e  wt sen cctmp ari’d L i t  ,d,,,s ,’,’,’r l i m i t a t i o n s  they
may imp ose.

Mo st e f f o r t s  at hardware standards are i n i t i a t e d  by the h a r d w a r e  users who find that 5
t h e i r  logis tics problems are overwhelming and , conseq uentl y , demand commonality of sup-
por ting components even with r e s t r i c t i o n s  to system c a p a b i l i t y .  Although the purpose of
the Standard E l e c t r o n i c  ‘t,td ules (5PM) Program is to provide a much needed aid to the
hardware user , it nevertheless o f f e r s  the R&D designer a substantial and readily avail-
a b l e  techni l ogy ba se w i t h  only very minor r e s t r i c t i o n s ,

Even w h e n  a major new weapon system is developed , mo st of the s u p p o r t i n g  e l e c t r o n i c s
req uire no new c o n c e p t s — — c o n t r o l  log ic , amp l i f i e r s , and other s i m i l a r  c o m p o n e n t s  can he
drawn from e x i s t i n g  technology. ‘I i,,,’ SEN Pr ogram provides a b r o a d l y  used , high reliabil-
i ty series of f u n c t i o n a l  e l e c t r o n i c  components of great f l e x i b i l i t y  for a p p l i c a tion to
new systems design. This p e r m i t s  the d e s i g n e r  to d e v e l o p  only the components needed to
demons trat e  the new p r i n c i p l e s  and sn,vec the cost in t i m e  and money needlessly spent on
designing elec tronics not e s s e n t i a l  to the proof of the R&D o b j e c t i v e .

BAC K UR imI ’ SD

In following the evolution of ‘n t ’n s iconduc t or el,’ ,t r o n i c s . one fi n d s  that they t y p E —
, a ll y share a common life cycle (see F i g u r e  I).  A developer ,~f a new system , recognizing
that a period of ten years may he r e q u i r e d  b efore s i g n i f i c a n t  use of the system in the
field occurs and that for a following period s f  ? w , ’ s i s v  v,’n,rs l ’ n g i s t i c  support is to he
n e e d e d , mus t make a decision on s e m l , i n d u c t o r  ~i r c u i t s of a technology that i s a  complex
balance be tween too early ob soles,’ i’ss, ’e and tact h1 1,i, a de v e l, tpme nt risk. This de,’islc ’ n ,
while of concern to the R&D developer , I” of parn im otant concern t s ’  t I t u’ f i n a l  ssv st em hard-
ware user. This s i t u a t i o n  u l t i m a t e l y  p r o v i d e d  the i m p e t u s  for l is t ’ ,,’ ‘s t s i h lisht men t ol tt s ,,’
SEN Program and offers a c o m p a t i b l u ’  m e t h o d o l o g y  for f i n a l l y  b r i d g i n g  th e gap t’etwe,’n t t i i’
R&D and system user communities.
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E t c  t r s s n l c  m o du i les c o n s t i t u t e  more than 50% of system proc u rement c o s t s , an d t l n e r e S s v
C ‘t i e r  a I e r t i l e  t r i m for achieving cost reduction w I t h  Si’S’!. Comhs i mi e this wit h ,  t h e  5i ssletl

t i n t  disu’o i,nt th u a t  e;un he realized Ihcosigli la rgt’ p r o d u c t i o n  vss t usm e p r o c u r e m e n t s ’  mu nd dae

r esults ar ’ . is l g n i f i c a n t .  Table I d e p i c t s  t v i s ( c a l  d i s c u s s u si t r a t s ’s is a f u n c t i o n  ss f quan-

t i t y  and a p p l i e s’ to ns i l  e l e c t r o n i c  m o d u l e s  as w e l t  as, mt ist e l e c t r o n I c  cs~mp t in enls.
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Table !. Ty pica l D i scount Rat ,’ ’,

No . of
Item - n 0—5 201) 500 1000 5000

Discount 0% 10—1 5% 15—2 5% 25—35% 35—50%

As i n d i c a t e d , a produc tion volume of 5 ,000 units commands discount rates as hig h as 50’/.
This is s i g n i f i c a n t , for without attempting to standardize ,und ,r s - s,te a pr o d u c t i o n  base
‘f some consequence , we have been tr a d i tionally working a t  th ie  l o w  end  o f  tb , e s’u rvs ’  w i t h
the “one ts f  a k i n d s . ”

To illustrate how the SLIM Program has benefitted a typical development program fi rs
in t e r - s y s t e m  commonality and extended demand , SLIM Pr ogram costing data has been comp i l e d
from the Naval Sea Systems Command AN/BQQ —5 and AN/BQQ— 6 ss,hm; ,rins’ sonar deve l ssp uso’n t
p rop r ,sm s . The ,\NIBQQ— 5 Sonar development program was initiated in 1970 and e x t e n s i v e l y
employed SLIM. A to tal of 16 ,000 modules were required per system and were us s t m p r i s c d  usf

138 module types. Twenty—one standard types accounted for over 12 ,000 of the 16 ,000 mod—
ssIe t o tal. As a result of the subsequent AM /BQQ— 6 Sonar d e v e l o p m e n t  p r o g r a m  a l s o  emp lo y-
i n g  SF51 , this program was able to satisf y sys tem requirements almost e x c l u s i v e l y  w i t h
exis t ing modules which are common to the AN /BQQ—5 and o t h e r  N avy s y s t e m s .  C i s n s t ’ q u e n t i s ’ ,
t h e  A N/ B QQ—6 Program needed to develop only 30 ne w module types to f u l f i l l  its system re-
q uirements. Table 2 presents a brief tabulation of the more obvious life cycle cost sav-
in gs i d e n t i f i e d  on these two sonar programs.

Table 2. Savings Resul ting from S Ell Commonality

Amount
Area of Savings ( T h o u s a n d s )

Deve lopment ’ $2 ,580

V o l u m e  P r o c u r e m e n t / P r o d u c t i o n  3 ,069

Residual BQQ— 5 Modules 330

Supply Administration 150

Spare Support 1 ,500

Total Savings Quantified $7 ,629

Savings shown here were based on calculations for n u l i m i t e d  number  of  A N ’ B S ) i 1 — 5  a n d
.\N / B Q Q — 6  systems. Actual total savings are s i g n i f i c a n t l y g r e a t e r  and r e l a t e  t o  the a c t u a l
number of svstt’ms as well as additiona l savings in  the areas ,sI t r a i n i n g ,  t e s t ing, s u p p o r t
e q u i p m e n t , an d d o c u m e n t a s - i o n .  It s h o u l d  be n o t e d  tha t  t h e s e  f a c t o r s  a r ,. on ly the “ ti p ‘f
the iceberg ” relative to life cycle cost savings achievable through the use of  t I me SEM
Program. Savings should go far beyond what has been identified here and , i f the “obscured”
item s related to logistics and long—term availability can ever be properly quantified , the
true life cycle cost savings for user systems will be tremendous.

SYSTEM APPLICATIONS

To illustrate the systems design flexibility of SEll and that it is applicable to
v i r t u a l l y  all system e n v i r o n m e n tal p la tforms , s e v e r a l  e x a m p l e s  of SEM system a p p lications
wil l  be n o t e d .

A i r b o r n e  R a d a r  Sys tem

The Air Force has r e c e n t l y  sponsored the deve lopmen t  of two s e p a r a t e  r a d a r  systems ,
both of which employed SEN. Developmen t models of an airborne cargo aircraft radar (see
S E M R  — F igure 11), for the Air Force Av ion ics  L a b o r a t o r y ,  W r i g h t — P a t t e r s o n  A i r  F o r c e  B a s e ,
and a Tactical Weather Radar for the Electronics Systems Division , Hanscom Air Force Base ,
have been delivered and are to undergo test and evaluation. In addition to emp loying
a significant number of existing SLIM , both Air Force radar systems use numerous modules
ori ginally developed by the Navy for the “2175 Modular Radar ” (Prime Search Radar) deve l ssp—
ment program.
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p r s t g r a m s , It m d i t s . i t i s s g a h u i g h  dm,’g r  s e ,’ S i tit ,’ r — s v s t u ’ n s  s ’ t s m m s i u , . i l i t  is , s e h m i , ’s ’ ,’ ,i ,

Tab le  b .  R , m t l , t r  S~’ M t ’ s ,mm ,, s ,s u I i t s ’

“ 2 1 7 5 5 ”  ‘ 
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1555’ 51 II’ F , - s 

~
,

Is’ N ,’ . N, ’ , N, ’ . N, ’ ,
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l v ,ps’ s I Mos lt i ls ’s S ,. M iss 5 e v  ‘5< j u n  Sb . ’ s i s s I t ’s

SF.M hh ‘r t’) .N 68 1 9 1  S t  I

Exi s t i n g  SF1.1 19 93 bS ~ “ .‘ 1 7

C , m n s t Islni t s. 55 :~5 . 5 5 7  t O t  Nh) ‘i ’m 5 ’ , S 5
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S , s s s , m r S s e , ’ iv s ’ r S e t

‘t hus ’ F .m v S i s , ’ ,’ n Corn;’ ., isv • Sti lt  n,,, r Ins’  51 ig  sin , I Dl v I s i us,, • Pss r t sa ss  mu I i s  , F I • It ‘ u s  ,m 1 ss 0 ru ’ s’ it t S
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.sspi,’ c t  s s f  lIds p r s s g r . m m  Is t h e  h s u i t , h i n g  o f  t h m s ’  5 i r s t  p r s s t s ’ s v p s ’ t i n i t  I,, .5 5 i r~ ’ t hiit ’ t i siu 5 s’ s ’ t m —
I gui r u t  i ,s,t  in a p~ s ru ’s  i m m m l i ’  I y 1 .‘ ms, n t h u s  . Rn, y S b u s ’ s’ in ‘t t t r ih,, 5 s ’s  I 1, I s m c , ’ ,’ nt is t i shims ’ ,,  t t s ’ l b s

I sic t t h nit S S”  lb w .u s s,su ’.’tt t s ’  imp I ems ’ ii t 5, c si , a i s : s u  mmmi i i  I h t m l  15,,’ ma ,s r I t is ,t  5 1,, ’ s ,  a ss is t tu  I s ’s
we  r s ’ .i 1 r ,‘ ‘ m ~~ ’ is. vet sip u’s! , q s s . s  I I f i ,‘d • , s s s ,i r s . t si i 1 is u s ’s , I I at, I ,‘ 1,’ t Is, ’ u’ u5 mu II’ mu’ miS cmt  5:1 tue s r
Ray  t hus ’ on st . i  t e s t  S h nit I t ws , s S I d hs, i V t ’ its , rm,m I I v S ,u It ’tt 1 8 5 ‘ ‘ 20 attn t h s s Is’ r ‘ u s ’ It .s , r ‘.5 s e t  ii,,,
c o nf i g s i r a ti ot i  i f  new m t s c h u t e  ds’ s i g ns w e r e  its ’.’,!. A f t e r  S s ’ s t  I ng ,  t h i s ’ s y s t e m  w . i u m  s,  s t
t o  st’ . m w h ,ers ’  S t  c o m p l e t e d  m u s m u t c m ’ s’ s s l ’ ,, t s.’v nu t m m . u t t , , n .  Bs.’ s’ , m i t s , ’ lb, SI~M p r s s t u i t ’ s ’ j ’ t ’ m u , i i t  ,,‘ . , s s Iti

p r o t t m i s ’t ion i’oti f lg s i r n i t  ion , t r n s , n s i t i s , n 1st  m a n s s m’ . us ’ t m t r in g  tu sh un ti l l’ ,’qs i i t ’ ,’ nu ,m u ’t bts ’ r s l s ’s i gti
i t e rsu h j im , t h i s t i s  t I  t o w I n g  R n t y t bies’ n Is ’  ri’s ps i nut i t s  a s b u o r t  h s r s t s ! s i c t  i s ’ s ,  si t ’ t t t ’ d t i l s ’ ,
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Figure 13. Airborne Weapon Con trol System
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Fi gure 15 . Grouns ibased Computer System

-‘ ‘ ‘ S 5 ?~~~~~m’ ,“ n’ m: .n : : s  ~ ‘ RI.’ , By s p e c i fy i n g  s s s e  o f  s t m , n d a r t h  f u n c t i o n a l
m o d u l e s  in R& D r e q u e s t s  f o r  p r o p o s a l s  from c o n t r a c t o r s , t h e  t e n d e n c y  for a c o n t r a c t o r
to “b u y i n ” is r e d u c e d  s i n c e  he c a n n o t  be a s s u r e d  of w i n n i n g  t h e  p r o d u c t i o n  f o l l o w — o n  by
b e i n g  l o c k e d  i n  w i t h  p r o p r i e t a r y  or i n s u f f i c i e n t l y d o c u m e n ted h a r d w a r e .

h’ rod u c t i o n  Phase

:55 ‘ , ,~ ,‘ ,“ ,‘ “ ~ ,m 5 ’ e : 5 s T~~ s ’ ’, .  The m o d u l e  t e s t  e q u i p m e n t  r e q u i r e d  to s u p p o r t  the
s y s t e m  ‘ m m h e used s in o t h e r  sy s t e m s  t h a t  use common modules. This r e d u c e s  the n e e d  for
u n i q u e  t e s t e q u i p m e n t  for e a c h  s e p a r a t e  s y s t e m .

S ‘ ‘ ‘ ‘s “ i:u l .‘ , This o c c u r s  t h r o u g h  m u l t i p l e  s o u r c e s  of stand-
ard module s (competition), high volume p r o d u c t i o n , and common quali ty and process proce-
dure s.

‘5:’nS ’m”e rr, ’ ,~~z u ~~~~~~~ Standard m odules are readil y available from m ul-
ti ple sour ces which reduces or eliminates production tooling time and process development
t i m e .

O p e r a t i ons Pbsase

,‘s’,: ,/s ’ ’ -’ !  J ” s ’S” ,Z ’ i’i $ an]  s ’;a / ’zf r n a n a c ’  cocic. By reduc ing  the  n u mbs’ r of d i f f e r e n t  m o d u l e
t y p e s  and i n c r e a s i n g  m o d u l e  c o m m o n a l i t y  among sy s t e m s , s a v i n g s  w i l l  o c c u r  b y a t r a i n i n g
r e q u i r e m e n ts r e d u c t i o n  due to s i m i l a r i t y  of h a r d w a r e , r e d u c t i o n  in t h e  v a r i e t y  of t e s t
e q u i p m en t r e q u i r e d , and s i m p l i f i e d  main t e n a n c e  at a l l  l e v e l s  b e c a u s e  of tIme SEM “d i s c a r d
u p o n  f a i l u r e ” m a i n t e n a n c e  c o n c e p t .

,‘S s ? ! ’ ,,O,- ’ /  l ’ n s s a S z laa  oom ts .  This is p r o b a b l y the g r e a t e s t  a d v a n t a g e  of the SEM P r o g r a m ,
U se of i n t e r c h a n g e a b l e  m o d u l e s  b e t w e e n  sy s t e m s  r e d u c e s  the n u m b e r  of d i f f e r e n t  s p a r s ’
p a r t  ty p e s  r e q u i r e d  to be s u p p o r t e d  in the l o g i s t i c s  s y s t e m .  In a d d i t i s s n , the c o m p l e t e -
ness of the f u n c t i o n a l  s p e c i f i c a t i o n s  and a v a i l a b i l i t y of c o m p e t i t i v e  s o u r c e s  s’a se s s p a r e s
procuremen t problems and lowers module cost.

i’sr nroved 1 y ’ 5 u~ s’ reliabi lit y . T h e  SLIM Prsigr am has demon st r a t e d  that hl ghul v ct ’lia bl ,’
h.urdware can be p r o d u c e d  and s t i l l  be cost co s t s p e t i t i s ’ e .  In m m s h d l t i s ’oi , s I n c e  the s, ss sm e
mod u l e  t y p e s  are u s e d  from s y s t e m  to sy s t e m  (do not b e c o m e  ,,h so lc te t i t e r  one applica-
t i o n ) ,  they can be con t i n u a l l y  i mproved t h r o u g h  f i e l d  use perfs n rmanc e ,,,n d f s m i l u r e  a n m u l y s e s
a n d  a p p r o p r i a t e  c o r r e c t i v e  a c t i o n .

,~
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Tbm ’ 5 ‘‘1 u r is u S  t 1 s t ’ SSsH Sr .’s : r u S : ’  I ‘. i,,! Is . ,  I ,‘ sI t ,, e x t  i, mm d 5 ,ig S t is i s ’ ~~’ 1 1, ’ ,, I’ I I I 5 s’ 5 ii ,i m ’ s  5 ,m 5
n,,rnh,’r ‘s m i l l t . i r y  ss ’ ’ , t t ’ i s s , ,  S s , r , us i t s  .m 1 u ~il I~ ’ ,it I ons  hm ise  i u t ’ ’ ’ , s , h s ’ s s s . , t h is ’  h,, ’ , s , ’I i s s s  d,’ s’ I s’,’d
t.’i lI , i ls ss  i n , ’r, ’ ,m’ .,’ , I” ,’,’ t lm i ,s r,’ ,,s .s ’ n , s’ I S , ’ t ’ t s s .mr s ’ b,’ I t i g s ’ si i t  l,su, , i t t i ’  ,‘ , mr r i, ’ sh u ’ ,s t 1,5 m m ’s,, ’

he 5 ) 5  St 5’ , ug r  ,m m r is ,.55s ’ss 5 iv ,’ t ,‘ t i m , ’ .u i s ’ r 1 5 i’ s’ S sits ,’ r a s i  t Is i t  i t  5’ s u m  Sm , ’  il~ p I i ,‘ ,I S ,i s i ’ s,
5’,’ 1 si is s ue S t  ‘1 ‘‘p r ,i sts si

C s u i  t , ’ t u t ls’ . S F M  6551 ) s ’ h l m s r t s  m r ,  b e i n g d i r , ’ , 5 , 1  t , ’v.i r sl m ’ x t s ’ t t s l l n g 5 5 ,, ’ ,mu im ls ’ .’r S ’ S s u i t s , —
p I ,‘ s d s g i  S , s I 5 s i u ~~s t It’ n S • ,i i i  ls t g  .,iisl s’ ,,mm,, Si I e mi t I, ,t ts I ts m l ’ ’ I I ,‘ Si sS , .m ui d s5 cs  I is p 1 m u g  Is ig u s ’ i ’ s I , s s ’n I 5
Iii, ‘s,. ,s r s .  t hi. ’ t vi 11 5’ , ’ mu i r ,’ t s i t5 i t v mp g I i t’ ni 6 I ,‘ t , m  ., v I ’  si I ‘ ‘n

R515 ’ l iMI t S 5, i’ n\ S ls u l

W e it t I hue R& D s’ s ,mmusi 5 I s Is , ’ it lsh I , u s s 5 ~ I si L ts tI m .’ I s ’ .m s i b  I I i t  v s m I  .sp;i Is’ i s i s ’ , 5 5 , 5 1  ,‘ ss l is t i t s ’

mot hs,  le s ’ m’ S t he SE M I’ r s s g r . i  Is • I, si t  .i I ‘, ,s 1 I ss is , u sn I s ’ ‘~~
, i I m g  Ins’ • I h s  ,i I l’s ’ i s , ,::

S t  iiu ml .s r d I ‘ u ’ sm n ,s 1 I ml t e sI s is s m u~, r si t  I s is mis

Ii,’ m s t m t d.’v ,’ ls ’ p  i t , ’ , , , s  t s r  snsm r g h,s, i t I,,,’ r , ’ , t: . , ’ ’ n  I,, s s m p s i ’ i t  I S v , . u , u s S

l’ s’.’ f , ,n’  S s ’ n , u l s 5 t i ’ t ’ i  5 i,’ , u S  i ,’ t ts  Is ’  ,‘ t s s ’ s, u i r , t 5 :  ,‘ ,‘ s s ’ s 5 s i ’ S  i t I s s ~t ,m nd , sv s , I d  , s h i s s ’ b ,  s,’ ,’ ,

It s,’ ,’ ,’ an ap r s ’ s . on .i 5’ 1~’ s I 6 Ic mit ,  d s , ,  5 1 — ml I ‘ m s  ill I it s, ’ uS f at, ii s I.s t i a ss  tS i r u ’s , gli S I, 5 ’ s , ’m ,’ ,S
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E LE VAT h ON

1”i,:urc 55 . Satellite Ls ,cal E leva tion and Azimuth

The princi pal meass m re of gu idance sys tem per formance is its accs l r acy  in determining the mis-
stIe s position in navigation coordinates. Studies have shown that achieving adeq ss at e navigation ace,,-
rac y is assured by simply mairi t~sining track of th,’ satellite s ignals. If the receis ’er is able to track the
satel l i te signals , regar dless of the si gnal-to-noise ens-i ranment, the navi gation accs s racy  is acce ptab0e

“1’- ’ for mid co ,mrse guidance; therefore , the problem is essentiall y one of maintaining si gnal tracking in a
j a m ming environment. This capabil ity is closel y related to the acc surac y of veloci ty aiding provided to
the r e c e i v e r .  For this reason , pe r formance is measured in rss veloci ty error and is presented here
re lative to nominal performance.

Fig,sre ° i l lustrates the effect on performance of losing the overhead satel l i te for a period of
“0 seconds. Surprisin g ly small errors are developed unde r this condition. This is primarily a re s ’ ,S t
of the ability to estimate the dominant clock errors of phase and frequency offset. This per fo rmance
shown is comparable to that resulting from losing any one of the four satellites (on an c’qssival en t period.

‘
~~~~ The loss of two satellites , as co suld be antici pated , is msmch more detrimental to performance.

The effect of losing satellites I an d 2 for a (sQ-second period is shown in Fi gs sre 10. This pe r formance
is representative of that experienced with the loss of any pair of the fo,sr satellites Swing tracked.

‘.nw 0,5 
.I~~

T
~~

I.1TE LOSS ~~~ 0,5 
‘I SATELLITE LOSS

S I 5- -’ - . ‘ J’ S -
0 60 120 180 240 0 60 120 180 240
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Fi gure 9. Effect of Losing One Satellite Figure 10. Effect of Luising Te rm S . , 5 m ’ I l s t i ’ s

on Velocity Estimation Error “‘i “ e l u s c s t y  Est ins,ut i u in Errs,r
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i’s’,’tV ICA’ I’ I(’N,’\ S A( ’ ( ’ I ’ I ( A (’Y

I’h,. m i . t s ’ , g .m lum ,s , . , l is s ’ , s r , s , ’ s s ’s .’ 555 su ms,’ ? S I’S nt’ct ’ is ’ i’ r ’s p t ’ ispt .s ’ t , ’ s S h,i i s , ! , , . , ‘4 Ii’ Iii mit ts ’s’ s5 sI u s’ i s ,

, , s S ,‘ s’ r s s r  sc’ sss ’ I ,Smc ’ i , St ’ . .1 - S I,,,, s’s ,, ‘It t ’ . I .iS,l,’ .1 sSs ’ pu s ’ ts (h, G l ’ ,~ ,‘ r rs,r 5 , , s , S s . , S  wh i,’h I,’,isis to s h i m s  5 5 , : - s r , ’,

S’ ’ s ,r st ’t5,,t ’ntial tna ,— ls i sm g ri’ s ’ ,’ is ’ ,’ s- is , ~s ich mis (hi,’ \ ! —  I( c ’s ’,’iv i’ rs  c u s r r i ’ s s t l s ’  S i ’ s  us c  s h t ’s ’ s ’ Iopt’s S e’~ t I s , s u  h lsi’ I S ’s I’ ’
I i s  ? i s ’.,l (“i i’S (‘isuid.,n’.’,’ I’?t ’suio nst r , s s  Os,, l’ rog r.msi s . t im ,’ r.m nu’ iu ss 1 p s’ r r m ’ r  ms ’ . is ’  5’. ’ sss,,i,’svh,,,t I,ss’ s’ ’’ r , Iss i ’ l l ,

t im,,, , sir Icing Sligh t lime . (“ 1)01’ cos u ld s!m ’ , , r,m s t,’ Sss ’ for ,’  slit ’ t.ir,.’ u ’ t  ‘ is n,’,t , ’ Is , ’ ’I s lO t ’ s . ,, h si,, is ’’,,. i s s r  s s. 5 , ’ —
s ig nes h ,isisl p r s s c ’ ra s ’,usiis’ s S ho cha nge , m , m l , ’ l I i b s ’ s s  ,h imnismst  ilighit (or ,t i’ onst i ’ I l . i tmu ’ n  s i n  5 , ,‘s, ’ 5 is,s,~ !m is,,? ( ‘ IX ’S ’
is smn , ’ ,mnsIra ,ss, ’s! m s la,,n,’h , I,,, b is o pt is iu mss uu at  this’ t . irs~s ’ h 5 . A t , s m , u , , 5 m S s u ’  ri, sl,’ l,i v ‘ m om !,,am,’ .555, ,, ,.‘ruiC’ ,
s lm ’p u’ muting on s us us s i l e  t i smu ,’ 5 , 1 Sli ght armsl ‘S’ ps ’ 5 ’  I prop .ie .slion sl,•l., v s - i’ su ’i,,,’ i is . , t i s m f l .

‘l ’AI ’lt” .5 , (IS ’S NA\ ’SC,A’S’tON FISItOSSS
(‘st ,’t,’rs . Sm , !

l’l rrs ’,r So ,mr s’t’ s I b’S 55 ‘ c , ’ , , ’ , is

S.mt ,’lli t e Fpht’cu ’u,’ isis S .

S’ si’.’orre c’ e,i A tm smos p ht’nic l’)u’l,ss’

\ lsu lt i pat hs 1. s

S.stel l i tes I’ nmi,o,ielu’s I (‘lock I” m o n t  an si Si gn~ml t),’I,,s’ s 5

St ,’ s’ ,’is ’,’p Ii.t ng i,ig \ts ’assmres sss’ sit D t’s ’iat ion I,

loss t . 55

01)01’’ .‘ . .‘. so I

(Sic Si gsna Sp tss ’ni c al F’rr o r , sru ,’(ers 55 lii It

i o u ,,’? ri ,’ I)il u stios, of Precision — ,u fnmc tor which sht” ,s,’ril, ,’s this’ u’5~’gr.sul, m ti on 551 .ms ’ s - s 5 r ,ss ’s’
in th,r,’e (ttsiii ’flsiOfls mIss , ’  to ths’ t iossopt in’ts is iu  gm ’ osst t ’tn ic con(i gsir.m t ion s,1 s .s t s ’ t l i te s .

t”I 1155 1Dit.IT\’ OF’ E M S ’ S  , (SYMF’ N’r

Wt ’ .tpons musing (II’S gs,iml .sncs’ will p n m ’ s ’  u S , ’ uz ism’ ,ut  Ili ’x i ls i l it ’,’ o f s’sss p 1o’~’ sm senh in ses’ s ’ r s t w.ts’ ss . S imm , ’ ,’
Its,’ CI’S i s  ,i r,ust iss nas’ i g.stio sl systen,, the,,,’ e’i’~s posss cc’ill Sme ‘.‘a ps m lulu ’ of .sIt —sc’u ’ ,shlu, ’ r , u h , mt ’ — ni gh t  o5,u’ r,t t ion ,
The N,\ ’s ’S ’ S ’ AlS s.iI,’t li ts ’  cm i i is te l i , tt ioss is s is ’s ig neut (m ’s p r s s s ’ i s l , ’  s ,nj f s t r i i’, s ignal s un’ ,’ ri,’,’’ over  this’ m ’nh i r,’
,‘,m rth, CI’S guiuhancc will thus be usable worldwide. Weapon trajec tories will be usus uim is tr a is ,, ’,I by (c r  is,, is,
(siso sunt ainosus , O u t , or s’,’,’.unb , or S,y cSi,st ,,nce fr o isu f n it ’nt l y forc es . 0~’s’r,sti’.’n,sl fle ’c i 5miiils’ i s  f,,rth,’ ”
,‘nhsmnc,’ d ‘v rapiul ns.sponse to ta rget ing .  \V s ’ .spons w ish  CI’S gsi is t ,s si ce wi ll Isu’ .,I’l,’ Is, a c ce pt S, i r , ’ ,u ’S iss g
comsnanits ts ,’fore launch , s’ ia progr~unu l.ipu’; in— f l u t I s t  Smu ’ t’,mr e l ,ui ,ns’Ss s i,, 5,ilot us r sst ’.mpsmn svsts ’sss smp s ’r absss’

inpu ts m i m e r  the ,ui rer ,mft sSi g it ,,l Ii,,,,; or ec’,’n postt .usuneh vi., st’cs ,re dat., link , s,i m’h a s  th ,’ .1 o i n t  ‘l’ ,,csjs ’al
Info rma tion fist nit i,, tion Sy stem (.1 ‘I’ II)SI.

( ‘ h ’ t ” It  s’s I’ IVN,\ S S I \ I S ’ S  1C1T’u’

t ’ n’St’ r th ,’ dyn. tmsiis ’ scen .tri (i u ’s’ cons’t’n lio su ,uI cosul ,.tt , ssp u ’r .itio n~t l sisi u p licits ’ i s a l ’s’.i I,, is ,’ to Is’
,i es ir e ,i sit .tss v w ea pon ,,s’Stt’ts,. Since sn iss i les with , ( ‘ i S ’ S  gsmi, i,mnce ans i prel aunch targeting ,mre , m s i t s ’ u m s u —
mosms (wit !, sh,’ ,’ x c t ’ption u’f s h e  ss.m!, ’S Ii t,’ ,Sown —l in k l . t hey are isusninently suu it ,’d for stas id o b’f , la , m nc l i—ns ssi l —
lens s’e ?.s s t i cs.  ‘S hip N,\VS’~ Al5 s y s t e m s ,  can s e ns e an minI js ts i t , ’ s l  n,,sss tm e r of uus ,’r,’ simuuIt, t neoiusl~’, s ’ l i sn issas —
in,’, the need for p rt _’s t r ’ih’.e co or , Ii n ati sm n . Finall y. Its,. I,,, i l t  —in t” (’ \S is,’ sis lin e ,’ of a tacti c ’ ,,l C S’S
gs s i s l , m u i  s ’ i’ sv  s l i m  ibi s op t’r.itio u i. sl simp lic i t y  lu y redsu c ing or ,‘lissu inn mt in g r e qsmi rems’nts for ssu ppor t i ng
I’ m ‘ ( ‘S I .  ‘t h e  r t ’S. i t ic ’e sn . tg n i t s s s h , ’  of this t~ ( ‘5 !  rt ’s iS ta rmc e  s - m n  Is,’ seen t’t’ s ’x unisining lh,,~ j .ssnsssi n i’ , ,s ia rm ’ , is s
s,S .t CI’S s’ ,stt ’lance s y s t e s m s .  ‘l’he t ,st., l  i .sisus ning scs .urg in rcs ,ults (noun, si  g ,s,st gain st  thu’ s ,mte l l it s ’  Sc,,, , ,, -

snitter osstpus t . m’,.min of  hmoth thie s itu’ t it le  ,snd n,’,’ , k i n  ,sntermnas . and thu’ pros’essing i’,, in of IS~,. nm’ s ’,’ i s , ’ r,

St ve t’ is’ s’ is processing g u i  us ru’ ~iit ts (ross , time fact th ,tt thu’ (‘I’S employs s prm’aii spes’ l n,iss ’m cou,,s,ss ,ni —
c .ttions . ‘S h e  pr inci p le sif op e r a tion is shown in F’ ig mms ’ e I I. The l ’ tSN rssodmt l ,,t io,s c a u m s e s  a spns’ .isl lssis cii
the tias,’?u ,mn ,l s t g t s a l iii th u’ I re ns tsm i t tt ’,i freq ut e n cy m io snain. The rem’eis’e r th,,’n co ssu pr i ’ssm’ s t h i s  w im I s’ spu’ s’ —
hrsm mn s igna l ‘ ‘ m c i ,  to it,, si n im ’ ,ius., S Isa nci w ish t lu , ts y  correl a ting (lie re ceive r S ms i gn.ul svilhi .u rs ’pt i ca  s,f 5,,’ 5 ‘ S t N
cs’s is ’ . n\t the s,ts,s,’ tim e SI~ is cor r s’l ,mtion m e t , ,  ho spr e a st .s ny isite n e  ring source , suc h as 3, by th , ’., sass,,’
,usnouunt th, ,st the sj,rt’ ,sd si gn.ul w.,s cosuupr s .sss ’sl . N.trrowtiand f i l te r i us , :  is then sus t’ mS to reject t!,,st mit, ’ is-
fe r e nc e u’n ,’rss s’ lying osut si sle the compressed t’ .tn ,Swimith. S ’ Is m’ cons eqsue n t i s s s p r m s s  es i se mit its s i g na l ~?o’ 5 5 5 m m , ’
c , ut im , re su i lts in r ,’c,’ is’ ,’ 5’ prm ss’euus ing gain .

‘ S h e  ~ithu st,,~~ti , m I t ’ i i ’s’ ,’b is’ ,’ s i m ’ S s  of thi s process ing g. misi is I I Ims ~~t r s t l m ’ u S lit’ s ’ ,s t s ’,u l . s t i ’ sg  thu. tr a s ,s s ,s i? t , ’,t
,sis s’ ,’ is t h,it w mms , l , t  hue r equ ii rs ’mS of ,s s ’s mn s’es,tjon,m l cousssnu snjc ’ati ,,n h u h , to ,ss I,it’ s , ’ th i s ’ is sis tit’ tli rt’shu,lml p, r—

for uss. t nc m’ is Its,’ C S ’ S  sp re~im l s pec t r sus lu  link in .5 s’,ir,’ui jass ss’ni ng esss ’ i r o sssu , t ’ umt .  Ls ’ns is h i ’ r  a cs ’c apos u ‘ I ’ —
pro ,t ’hi ng .5 ?u nu ’ ,, ’t m i S  .t Ill) m u , ’ nonmtpread spes ’ t r u im n conunsi mnicat ioss s link ss’ i th t h i s  we .tpon. ‘1 St ’

_ _  .5 . - - ‘ 5- -
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FRE QUENCY LOOP B A N D W I D T H

I”is,’s u r c ’  I t . I ‘ ss’s u, S s ,  l(,mn,I,,n, S i,,,’ — ‘ i sss ’ s ’ s  I S~us ’ch rs i , is

postsig nal pr o cessing si g uia l— t mu —n uais e ratias ne~~su ir esS :s v this is, ’, ’ , ’ is’ ,’r i s ‘ ‘ 5 , ’ stie S is ’ S l i m S  rm ’s~ss i s’,’,~ ‘is’ a
(I1i5 rece iver  for s’m1 suis ’al ent rI,’Iection ansI tracking pe r lum iss ’ss ,un ce. S” sur s ’ i ths’ r rs ’s’s ’i 5 c r

5 - (“ 5’s
N 

- 

( I V ’S  1t~~, 
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C’S ,

for .1 “

when ,’

d = transmitt c ’ n - t o - r e c e i v e r  stistan cu ’

C’ = proportionality constant

P = transunitteri FliP

K TB 1 = nees’ i s’s’r thermal noise

.1 hammer power

and where antenna gains are nm’ s ’ ,t s ’ i ’ i,’u l .

Equating postpr ocessing signal— to—noise is ,u t i o for the Isv,, rs’c,’iv s’ rs m i S  solving sun cour,Iu,u,usi, ’,u -
(ions link transmitted powe r g u is es

P - I~k:\” - &ll.\ 
~
,

ct .  
- 

\d~~~5/ \‘~ cm~~’~~/ 

X

w here the sstbs cr i pts C T,, ansi (IPS denot e conventional (nons pisead spt ’s’ t rsus iu b ansI i tS’S Ii~~k s . i s s ’ s s  s m ’ s t s , , ’ b s ,
The desi gn goal for p rocess ing  gain of the dem ons lra tion (‘PS Class \S ’n ec e is ’e r i s  “St u t t ~~ , s;’hits’ II,, pro-
cess ing gain of a conventional receiver  is (1 dli. A s sstmin g i ,Ient lcal ( ‘ \ V  ja ss ’ss ne n powe r is ssp ius m’,in,: m’s, h,,,th, 
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IS, ’ ncs’ , to ach ieve an eq~uis’a Ient rSegrs’e el jamming r e s i s t a n c e , a co rsv en t iss na l nonspnead spu’ctr  s~ us wea-

pon co unmunication link ha’s’ing 110 mil e rang,’ ,vc,’,lrl re qs sir e 100 times s’,isu’ate r e f f e c t s  s i ”  “ n , dsns ’,’d powe is
(F p I’ S than the Sn’s \‘S’I’A H satel l i te ER I’!

ST F A I ,TH

The final attribute of GPS guidance is stealth. A weapon eqsm i ppe rl with (‘PS guidance is entirel y

passive ;  it does not broadcast its presence to opposing forces . it also does not have any inherent  alti-
tude limitations; it is f ree to take ,‘naxi,num arls ’n un t ns ,.’,’ of low altitude conto ,sr t a c t i c s  and te r rain  mask-
ing. The implications are higher ssurv ivabi i i ty,  increased e f fec t i veness , and , lower cost per s t r i ke .

I’T Ir,ITY FOR TACT ICAl ,  WEAPONS

ho w  do these operational characte nistics impact the candidate t . ,ct ica l weapons ’s Cer ta in ly ,  a
fi rst consuderation is that for C’sPS guidance , accuracy is independent of range to target. This g ,,idance

attribute is more important fur longer range weapons than short. Because of the highs flexibility of em-

ployment , (IPS guidance is ideally suited for weapons responsive to dynamic scenar ios.  Stealth and FC\ i
considenat ions favor low altitusde weapons. Given these considerat ions , weapons that could make n’uasc i-

mum use of (‘,PS capabilitie s would incLude ,‘nedi u,m range and over-the- horizon antishi p mis siles , and

ai r or sea- la ,snche d crs u ise missiles.

An antishi p missile is c,srrently limited in range by either us’uidcourse guidau’sce accuracy or

target position ‘sncertain ty at the end of flight. The total missi l e - t o - t a rge t  position ,,ncentai us t ,’ at the
end of the midcourse phase must he sufficientl y small to allow acqusis i t ion with the terminal sensor .  The
ability to predict a target’ s position is ciurrent l y several times l,ette r than the midco ,srse g u ida nce  accs u-
racy of antishi p missiles using ine rtial navi gation. This guidance inac c n sra cy necessitates a pop- ’ sp  man-
e’,s ’,’e n at considerable distance from the tar g et , to search and acquir e the ta rget and Steer osst errors.

(IFS guidance accuracy could allow clos ing to msmc h shor ter  ranges , great l y i nc reas ing  lsoth weapon
e f fec t i v ene s s  and survivability.

~,PS guidance wo us ld he nearl y as Iseneficial for air-launched cons’entionsal standoff weapons , w i d e -

area , antianmor weapons and ground-launche ct cr,uiss’ missiles; l,,st for these weapons , F C \ I  resistance

appears to me the most important feat ,ure . Sulusonic glide and boost-g l ide ss’eapons ‘a’o,mld also make u,se
of the most prominent GPS cha rac te r i s t i cs , I u s s t  gu inhance s y s t e m  cos t  svoustd r m’ ce i s ’e  a s t r o n g e r  emp has is .

V . S(’ \ I\ IARY

L

A hi gh level of functiona l integrat ion I,etween the del ivery a i r c r a f t  avionics and the missile has
been shown tO be part icularly important  to the des ign of a GPS tac t i ca l  missile g,s idance s’,’stem. Ths’

sys tem desi gn descr ibed ach ieves ECM res is tance  and ssositioning ;scc ’ mrac v  which approaches those of a
GPS aircraft navi gation system . Issst with simplified missile eq smipm ent having Ian less cost. Thesu ’ re-
sults have been achieved by eliminating the performancs’ . in the missile eqs ui pment . of fssnc t iors s which
are performed by a i rc ra f t  equipment and can liu’ ssupp t ied prior to lasunch.

A key element of the sys tem implementation is a S D filte r wh ich mixes the (IFS m e a s s u n e m e n t s  o f

ranges to the satel li tes with inertial measurements of s’ehic le motion , prodsic in g est i cnates of the dosss i-

nant (‘PS and inertial errors and redsuct ion of their e f f ec t s .  T he abi l i ty to estimate receive r clock e r r o r s

is shown to greai ly redsuc e the sens i t i v i t y  to loss of one of the fo ss is sat ell it es . The i i  “s’ct of lo ss ng  two
satellites for a period of 60 seconds is much snore severe , causissg a doubling 01 Ihe e r ro rs  in s ’e lo c i t v
estimation for rece iver  aiding, which is c r i t ica l  to maintaining si gnal t r a c k in g  in an V C\ I  t ’ ns ’ i rons s ’se n?.

The adva ntages in the use of (“PS for midcourse gs uida nce of tactical long range air-to- s m u nface
missiles in comt ,ination with a (IFS-equipped lasunch a i r c ra f t  are clean. These  ad s ’ a n t a g e s  p r o s s d e  a

weapon delivery capa hi i l ity u ,nmatc he d in both pe r formance an si operational fl ex i ls i l it v . Vs’i th inherent high

position accuracy, (‘tPS guided missi les can I,cs deli vered worldwide , in i ns’ w e a t h e r , os’e r an ’,’ t errain.

t is ing (IFS, mu s su les can fl y at ex t reme ly  low a lt i t ,sdes  wi th  a comp letely pn m s s m v e  gst idanc e sys tem,  yield-
ing a maximum of stealth and consequent d iv idends in both weapon e f fe c t i s ’en e ss  and s , m r v i s ’ su l ’ i l m tv .  T ’ te

antiship role provides a g rap hic illustration of the stealth ads’an !ages . cosup led with the po ten l ma t  for opera-

tio n at ranges limited only by targeting sInce r ta int ieS .  
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by 7 /
(I. I ts -ich er ’ , 5’ , A , 5)a ,s ic l l  arid Dr. I’ ’ - \t. Ss’ ’, S t

‘ml au’ s ‘ m c i i  s \ s  iusuics I,irusited , .‘\ i r l ’ o r t  \‘s ’o rks , Hoc hest&’r~ Keus t , I sug lamsd .

SI’ SI \I,\ SlY

S ) i ,’ ita l I’li.~Iit cosutro l  ss ,s ’,. - s m s i .  r suus t It,’ desigmi ~’d to rusa tc h tis€’ ir s5st’ ific.’ s s s m s’ t io t siml r (’quiu’u.-r ume us ts

if thmt ,’v are to sat isfy tl,e :sn t s ’ g r i t ~ , us ,’ r S ’s ,r rrmanc e and cos t  targets, ‘l’he arc hitecture o ust i s , sixs jsle ausd
um mod s u lar so that it car l 5,, rs’adul~ mssa1 ~ sm u t , ‘(bc.’re nsust tie a one to one ,‘ss s ’ res~m u ’ c d csuc& ’  iuc’twee n,
sms ~~tw ar e arid hardware to esu s ur e visii,ilit\ , particularly for tht, I’ ailure ‘dodu.u I’ I S m ’ c t  ausa lt as s ,
\todularit~ enats ies f lexi imil it s to i v  rusais utained during developrnesst and pers i mi ts  s lc. ’vu,’ loprm’sent costs to Sse
shared S,etween projects. A rrsoduular s i s a t e r u s  is descr i ts ed and its associated conunsunication and conitrol

S svs terrs ,whlch uses a standardised issterface , is outlin ed, ‘rhe advent of the dig ital ns icroprocessor has
extended the range of vials le arc Imitecture s asid has r,made rumultiprocessor confi gurations (particularly dual
processor) attract ive. In such cossfigurations , i t s  hs it m icroprocessors perform auxiliary functions smuc h
a s data mana ger snent atsd cur sell ’ test , The degree of self test can exte nd (roism prefli g ht test ing to full
monitoring, in whic h the micro[mrocessor uusdertake s a dissinisilar check of the ns nai ns processor , thereis~
protecting against conimon mode failures whic h cas s occur in a nsultip le , sim ssilar redundant system.

I. INTRODUCTION

A modern automatic fligh t  control systens can vary in sop histication (ron, a simple , single

function device leg a roll or yaw daniper) to a multi-functional system ensbracing 3 /4  axis autostahiil-
isa tion , autopilot functions , thrust management , fl ight envelope protection, and flight nuanagerneot
( navi gation and performance computation). The development of sophisticated automatic flight couitrol
systems has been accelerated by the advent of:-

a) Control Configured Vehicle design in whic h the inherent aerodynamic stability of conilsat
airc raft is reduced to improve manoeuverability and structural efficiencs ,

b) Active control of commercial airc raft which embraces manoeuvre load control (the
redistribution of aerodynamic loads to reduce structural loads). elastic mode suppression
and gust alleviation,

c) Three axis, fu l l  authori ty fly-b y-wire primary control systems.

FIgure 1 DIgital AFCS Equipment
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Operati m s :’. .ml :s:i ’snsions into heavily def ended  t s r s c ’: zones w i t h  the
1 ik1’l iho ,tsb ‘m r  sIs,’s.’i ~ss ions frssm the intended rou tes  and red i rec t  ions f ro m
Command and Contro l c s ,’ n s Or s  wil l  impose  heavy workload demands as po t ’ s  the
p i l l , ‘ asir s’rs,’w , This paper describes the approa ch s e l e c t e d  by the Inte-

r a t t e d  Flight Tra jec tiorv Con trol (Ii”TC) program: 1) combine the funcS , i cit’s s
of  flight rm ’:s~ rm s l  s a ’ s : m , ’os arid navi gsution computers , 2) dev s,’iop techniques
for four mlir.:c:i s iss : : . i l  t r aj u ,’c ts iu rv generation and slisp la s ’ .’ , and 3) devs ,’lop
procedures for ss 5 ~c ’ralt  ing on information rece ived  a ’ i a s  chat :  a link , The
S’.’S l  c ’ s  i s  comp le ms’s:t,’srv so the p ilot and , by i t s l o g i c a l  opera t ion , re-
dtu cs,’ ,, rho potenti ,’ul for pilo t error in hi gh stress situations , The p a s t i e r
m s l s o  describes the operational advantages offered by the system and : hs,’
method of evalua’ing its performance.

1. lIST hO t’Il’C’j’ION

The proliferation of the enemy military fo rces  in n u m b e r s  and in sop his t ica t ion has
been impres sive in the past decade , This growth and the ability to ap~~1v tha t m i l i t ary
force qi.nicklv and anywhere in the world , stresses the importsnce of a demonstrated deter-
rent c-ss : ’sbi l i ty which can react imm ediatel y and app ly the appropria te force in any con-
t i nus ,’nc ’.’ , Strategic power , t .ucti cal power , g lobal  m o b i l i t y and a p r ec i s e , well-ordered
st r i ks ,’ naapssbility will be necessary parts of that required capability .

The next eoss l ros ’st,m~ ion will , in all likelihood , be intense tactically and non-nuclear.
The ba tt le arc’ s w ill be heauv ilv defended by a multitude of defensive weapons (SAI’Is , AAA ,
etc) supported by enemy f i ghter aircraft - Th e airpowe r of the enemy will be formidable ,
Enemy figh ters will be encountered in numbers far greater than in pams t conflicts. In
fact , the number of enemy fighters will probabl y exceed the n umber of f r i e n d l y aircraf t.

hot only will the friendl y p ilot have to be concerned abou t the unfriendly aircraft as a
threa u ’ , l ost the ground defenses , as well , will be numerous and quite lethal. An auccurau t e .
up-t o-date knowled ge of enemy air and groun d defenses and the capability to maneuver
throug h those defenses in a path of minimum exposure will certainly increase the surviv-
ability, and hence effec tiveness , of our friendly aircr aft .

Comtssunication and precise time-space coordination have been hi ghlig hted ,ss key canahi].it ies
required to. successfully handle this conflict, The abili ty to put forth a well-ordered
strike force with capabilities to strike at ni ght ansi in adverse weather and to redirect
to targe t s o f  hi gher priority, help to offset the difference in numbers of asirc raft that
the enemy will Dosses s, However , as the pilot is g iven i n c r e a s i n g ly greater capabilities
(more sophis ticated weapons , aircraf t sund control freedom) and is required to meet more
precise times on target af ser being redirected , the cock pi t w o r k l oa d  may become p r o h i b i-
tively hi gh. Reduc tion of pilot workload , through levels of .‘sutomation and simplificati on
of con trols and tasks in the cockpit , appears necessary to maintain a manageable level of
effor t for the pilot.

The Integrated Fli gh t Trajectory Control (IFTC) pro~ rsm is concerned  wi th these  p r o b l e m s
that the pilot will face in the future , To bettor appreciate the expected problem s , the
projec ted tui c ’:ical environment and operational techni que s need to be examined in more
d e t a i l .

As indicated above , the tactical scenario is characterized by large numbers of enemy air
and ground e lements , s,heavs’ concentra tions of air-to-air and ground-to-air de fense systems
on bo th sides of t h e  battle zone . The enemy ’s superior numbers of land and air elements
requires the friendly air forces to maintain tactical air superi orilv through more eff i-
cient utilization of aircraft. Friendly aircraft will be required to fl y m i s s i o n s  in to
enemy te r r i to ry  under night and adverse weather conditions to neutralize and/or hsunmRer
enemy ground movemen ts. To accomplish this . .s high leve l of command and ,100trol (C’-) will
be utilized for efficient allocation of availab le air inch ground elemen ts , A j a m  resis-
tant , di g i tal  communication link will supp ly, in real time . command and contro l dii ’s’s’: ive s
and tactical in formation from various sources to the cockp it fur the pilot Sc’ assimilate
and act upon .
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s,, l c . s’: s ’ m s s s u t-’ disp lam y , re fer red to tim the S i tua t i on  Dis js l ;my  , t o s reso : l s t he  s ;ls’lic’ .u I s i t u a —: (7_ L
1
( ~~~ A irc ’ ra m ft  present  pos i t ion and t rauck , engage d am nd a s s  S s - r s a a u s  s, t r;s C t - I  ‘ u r ic ’ s , 5 ,,’ s l , ,m l

C covs ’ ra ls ’s, ’  s s rs , ’ su us  o f  t la r s ’ am:  su , and f r iendly and t rnfr is,’ndlv au rc ’ r .a  f ’  b e a u s i s u s a s  are p r o j e c t s , sd
in u ‘a s,’ Inset am blc ’  h,uri , t ms u i  S au S or vs,’ rt I ca l  format

Oper5m t ions USi :s , ’ the i n te ract i ve  c’ su ns. r sd/d i solay  i s ’ s,’ b u s t - s i  ss s ,ruet ure d to minimi to both
the mental and manual s,’ffort required for the p ilot t o communic’au s t-’ wit h the system.
Understandable , So s ’ica ,m l , and reamson;shSv simp le procedures have Ssoeua established for pilot
interaction using am combination of electronic displa ys , ded icased and muStifuruction con-
trot keys , a hand cont rolled crosshair (on the Si t c ss t t i s o  D i s o S a s - ~ ) , ansi computer au to r s s us  ion .

,‘

~ 
Data supp lied via the t a c t i c a l  dig ita S  cm)mnsun icat ion :,- a s 5 t - un is a i r to mat i ca l ly  input i s  she
trajector y generator , the interactiv e con tro l /di sup lau v , smnd the Situ atio sa Display. Ilsudifi-
cation s of the present profile or a new trajectorY are comouted with the tr~~jectorv gener-

‘ astor and disp layed on the Situation Display in re.snsusl .’ss’ S m s  us’s,’ threats or C~ b outs . If
required , the system presents an anticipatory eragamg e profi le present au s ioa s on the inter-
‘u ctive control/disp lay to simplify the pilot ’ s fl ight management task ,

2.2 Opera tional Capabilities

‘ 5 The Uni ted States Air Force flys a large percentage of its peace-time missions in
‘ controlled airspace with a mix of civi l ansi niilis,arv aircraft on prescribed , ~rep lann ed

: I routes , Current cockp it equi pment has sufficient capability to meet the demands of this
,I  t ype mission , However , in time s of conflict when seemingl y well-plann ed missions become

cu”n fused by enemy groun d forces (AAA , SANs) and enemy aircraft , a more flexible system is
required to unburden the pilot during and after these distractions,

_ i J The IFTC system has been desi gned with this volatile operational es,~vironmen t in mind , Thus‘ IFTC trsa5ectorv generator accepts nt-v points from the data link (C’-) and computes a new
trajectory , after considering aircraft performance parameters , threa ts , and  miss ion  con-
straint s , to produce a flyable trajector y, The Situation Display presents the tra je cs,m : r’.’ .
This newly compu ted trajectory is presen ted as a dashed line to distinguish it from the en-
gaged profile. This method of presentation was selected to aid the pilot in recoanizing
that he has been directed to another target or that a threat avoidance zone has been dis-
covered in this engaged fli ght oath , This relieves the pilot of a significant amount of
work such as computing has speed/time profiles and fuel requirements to complete the
mission s ince this dashed prof i le is defined as being a phys ica l ly  f lyable a l ternat ive,
This change need not have been inser ted via data link , hut could have been input by the
p ilot using the keyboard to en ter latitude and longitude or the range and bearing of new
trajectory points , This operation is greatl y simplified by using the hand controlled
crosshair to  desi gnate new point locations on the Situation Display .

The capability for acceptance of  data linked information into the cockpit for disp lay
and automatic input into the tr a j e c tory generator exhibits the potent ia l  for a signifi-
can tly greater amount of pertinent tactical information to be received and evaluated by
the p ilot. This automation is accomp lished while maintaining the necessary feature of
permitting the p ilot to scrutinize the incoming data and have the final decision author i ty,
Without this capabi l i ty ,  t he visual recognition and the manual insertion of incoming data
would saturate  the pi lot in very short order,

The parameters that can be spec i f ied  w i th  each point of the t r aj e c t o ry  are not limited to
lat i tude, long itude , s it itude and time but such parameters  as heading , flight path angle ,
turn radius and speed are accep t ed , These pa rame t ers can be inserted and the t r aj e c t o ry
generator automa t ically computes the pro f i le .  This capabi l i ty  lends i t se l f  to weapon de-
livery missions in low visibili ty conditions where the aircraft s heading, fli ght path
ang le , and speed must be controlled for the desired delivery path , which without a t ra-
,j e c t o r y  generator p laces a significant workload requirement on the p i lot .

It is widely felt that the battle zones of the next conf l ict  wi l l  be highly satura te d s t - j I b
SAM and AAA imp lacements , In t ’ is i s  situation the I~ TC threat avo idance / leas t  exposure com-
putations are o f  significant bene f i t,  Present methods d i c t a t e  that  the mission ’ s pre-
planned route avoids known implaceusuents. The pilo t must perform defensive maneuvers when
warn’-s d by the on-board equipment. It is at these times that the pilot begins to lose t rack
of his position in relation to the target and especia l ly  of his time schedule, Wi th  the
increased capabilities afforded by the IFTC system the pilot will continue to have control
of his aircraft to perform necessary defensive and/or offensive maneuvers , with his best - s
intercept back to the ori ginal path or a new , more direct pa th  being c s a n a : a n : S ’ m’ compcsted
and disp layed. This continuous precise up dating of the a i r c r a f t  parameters , suc h as
position , speed , t ime on target , and fuel remaining, which can be transmitted So C— vial
the secure data link will significantly aid the C2 capa bility to utili.:e the strike forces
to their greatest advantage . Knowing the fuel sit u,ration of each aircraft is beneficial
in the prioritizing of the re fueling operation without a high level of voice consmsunication .

The flight management capabi l i t ies provided by the IFTC system when centralized C’ inputs
are provided by a di gital data l ink have been addressed ahoy,,’, h owever , when the aircraft
is operat ing autonomously,  or with severa l other a i r cra fs  in a local area with ‘m’m aicc s unis’
commands of  a Forward Air Controller , the IFTC sys t em caps~hi lis ies are so ill beneficial in
reducing the computations and data entry (workload) requirements that are imposed by ‘re-
sent data systems . Operating without benefit of d a ta  l inked infmarms m l ion , the a m i r c r a m f :  can
re spond in minimum time and with minimum work s,’ffors , Sm ’ s radio contacLu , with controllers ,

A com parison of :s m ’ v u ’ s ra l  important gimbal ant-I strapdown charac te r i s t i cs  is shown in
—
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In  SUti5fl5~i i ’V , i t is fe l t  thusi t t he opc’rat ionai benef i t a derive d fr,,m t he J FTC :;a’ :.s ens wi I I 
~7. 5uusem .’t t he rm_’qui rement s fo r a qui~ k s c a l e s  ion , p n’c’e 5 su ion t issue— s 5 u ; mi ’c ’ ,,‘o nmt rca I :;v:;t m ’ : s s  whi Is ’

providing the f l exihi l iS  a’ for C’- r e dt r e ct s .  The p i lo t  workloa , I  is l iuns i s  I’mI 5 , ’  .s h a s ’ S  S St ai n
is equuml to msr less than p r e s e n t l y  encountered in eithm ,’r fi gh t e r s  or t r a r u m s n 5 s s ’ r S  a ,

3.0 L rl’C DEtIONSTRA’rION I’ROGRAM

‘l’h~’ ccrrrent I FTC u r ,s 1s r :ms:s . which is n he out grows h s s f  ant c ’smr 1 im ,’r so udv S I~~m s app 1 i esb
the IFTC m ’ss isc ’c’1s5 S o  She terminal smr s ’s r con t rol of in u i lit’m r a ’ ramruspmmr t  a 4 1 ,  I~ I . i s a p p ivi s mu s

he sys t em 10 a I igbs t o r veh ic le  ant -I sisi as ion . The fol, lu awi us 5’, has hc’ent amccou supl i sh n’ sI

• The 4—D t raujectory generaut ion and control law s ’ s 5 s u a s t  ion’u mu Ss,s s ’ s’ heen’u dt-’vc’iu s5s,’ mb
for a represent at lvi’ fi ghs Cu ’ .

• The in te rac t i ve  cont r o l / d i s p l a m v  op e r am t ion , Si I mra l t ion Disp l .s v  p r e s e n t a t i o ns ,
am nd other a’uek j s i S  m u s t , rlmtsm& ’nt outputs hams’s’ b u m ’s’ :s SI rs sc ill-ed fusr  mi ss i  ma n I asks
t y p i c a l  u S SI I’ igbss c r  i suy, s I veal in am i c— t o —  s ’ , s ’u u s m um d s5’s ’ m 5 s m u ss  sk’ 1 l \’ 5 ’ ri

• Methods for auts’tssslt ical lv s mec ep t  ing S .1s t I m a u l  s i  S Us m I i ma n m I a lI as a m n i s l  C ” d i r ect  i s _ s ’ s

supp l i e m l by digi ta l co mnstu nj cslt ion s v s ; S e m s  in liii ’ I rau j m’,,- : m u t ’ a’ m ’s ’sss ’r., Ss s r  amn,h i n t e r —
a u c t  i ‘me ,,‘on t rol / displays bss uve been mI, ’s -e lopesl

• A btvbrid computer simirlation of the ; u l s m s a ’ c ’  cslp .ihi l i t  iu’ : ;  Is ams hc’eti th’ve loped s’iI h
the fo l l o w i n g t’ea tures:

• A coc kpit w i t h  F— l 6  dinsmeuisions , see Fiu ’ s ; u ’ u ’

• An F- 4 a i rc ra f t  model
• Interact ive con t ro l /d i sp lay , sin m’ S c ’ c ’ t r m ,n i c ’ S it u s m t i , s s s  D is pl . ia ’ ,

an electronic AD I , and other indicam t sara art’ inst au led in I he
cockp it.

• The capabili ty for isisert ing tact , ica l d ig i t  ;ml sha l t .1 555u ’sus ,t~~es
as well as voiced command and control  inpcst :a i n t o  the  c o c k p i t ,

Figure  3 shows the s imulator  conf igura ms ion, Ths’ hardwaire elemen ts itt t h e  a i s s s u s l s u s  m ur  ire
as follows :

• Ap p li e d  Dynamics AD-256 Analog Compu te r
• Applied Dynamics AD-4 Analog/H ybrid Computer

• IIIM- 370 Dig i ta l Computer
• Di gital Equipment Corporation Model PDP-ll/20 ant-I PDP-ll/03
• Hug hes L’o nos ’,rsm ph (Iraup hic  Sys tem
• Sing le Sesit Csu c ’k pit

Man-in-t he-loop tes t  ing in the fi ghter cockpi t  wi l l  demonstr .ms m’ and e v a l u a t e  the 1FTC
system.

4,0 FOUR-DIMENSIONAL TRAJECTORY GENERATION

The backbone of the IFTC concept is the ab i l i t y  of the on-bo,urd di gital comp unter So
generate a four -dimensional  t r a j e c t o r y  in space in response to p ilot or data  Sink input’ s ,
The fundamental requirements of the trajectory generator include the abilit y to ,

• constrtnct a curved , three-dimensional pa th between points ml space

• cons t ruc t a “t ime ” profile
• verify a flyable trajectory

Each trajectory is cons t ruc ted  from a sequence of  point is and sjs s ’c i  f i ed  pa rs uus met e rs 51 55 55t-’-
d a ted with these points.

The 4-D trajectory is divided in to, 1) horizon tal curved paths csu nsisl ing of constant radius
turns and strai ght line segments used to join successive points i t t  the mission profile .
2) vertical paths made up of constan t flight pa th angles to changn.’ a l s i s u i h e , and 3) am S ins,,.’
schedule and corresonding speed profile , The ba sic computational blocks u’s’ t h e  trajector y
generator are shown in Figure 4, The threas avoidance equations cheternmi uu e if s ISS y m i ss ion
poin ts lie in she defined lethal airspace volume around each shreat , or if any su ra u ight
pa th between sucem.’s:s ive points intersects the t hreat voln.nmes, If any intersections exist ,
new trajectory points are cr eamt ed thsu define am profile that ,,s’t- ui c b ss the thre sm t s’s ’lll nnm,’,

4,1 Trajec tory Po in t Parame ters

The curved horizon tal paths cosnpurted by the trajector y geuas’r ;mlm ’r s m ffs urd m , rm ’.m S s ’ s ’
flexibili ty for mission synthesis by allowing, hurt not reqm ni r u u g ,  many par .mssss ’s u r i s  a l l ,‘am s’hs
poin t to be speci fled , As a resuil t a complex , cir rved tra jec(s’rv is compm,rt ct-h w ih h ft’ws’r
number of x , y . z (ont 1y) poin ts needed for dc fin it ion t han is  possible wit ii c’m sut  s m ut  S i o n ta m S I  a’
defined profiles . The comp le te point definition may inc’lnrde t bu’ fo l lowing  5’ .m r . mssss ’ s  m r s  i t t
addi tion to the required space coordinates:

• TIME COORDINA’l’E (DESIRED T IME -OF-A RR IVA ( .S)  • V E R T I C A L  Fl,IGIIT PATh ANGI E

• TRACK ANGLE • TURN RADJI SS

• A I R S P E E D  • W I N D  VECTOR

~

‘ ‘ —

4 . 2 . 1  b’m m n m ’t tos m .sl lu’s;, ’, lj s I  i u ’ nm

II II ,, . - - . ‘ .  . . - , ‘
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Ceusc’raily the function of the point in the mission determines which parameters will b~specified. For example , the simple waypoints used to define the enroute navigation pro-
file may onl y require l;mtitude , long itude , and altitude for specification , while weapon
delivery initial points (IPs) may additionally require the specification of track angle ,
amirspet’ d , and t ime-of-arrival,

4.2 Threat Avoidance

As described in the introduction , a dense threat environment will exist in the future
tactical sur,.’na . The trajectories computed by the IFTC system will either avoid the lethal
lirs ;5s 5m5 ’ s’s ,i rocrnd the threats or , if required , penetrate the lethal airspace with flig ht

paths that m i n i m i z e  the aircraft ’s exposure to the threat , The IFTC trajectory generator
models the ground based threats as verticall y oriented cylinders with radii and height
approximating the lethal range of the threats, This threat envelope is adequate to
demonstrate the action of the trajectory generator relative to the threat data present
in the IFTC system,

Currently, the threat avoidance equations use the known threat locations and types and
determines those profile segmen ts which will penetrate the letha l range envelopes. The
equations will add points to the original sequence of points defining the trajectory
that will cause the trajectory to avoid the threat volume (or voln,unes) by stretching the
horizont5u l or vertical paths. Associated with these points’ are the inbound and outbound
turn radii , ground track angles , and flight path angles needed to construct the avoidance
segments. The avoidance segments are generated to minimize the total deviation from the
original trajectory, This strategy reduces the effect on any time-of-arrival constraints
placed on the mission.

Before the IFTC program is completed the threat avoidance equations will be developed
further to purposefull y allow penetration of the threat volume s, There are several rea-
sons to deliberatel y pen .strate a threat volume s

• The extra path length to avoid the threat and the corresponding time delay
may preclude meeting the specified priority time schedule,

• The threat may be unavoidable because of aircraft dynamic limitations,

• The need for weapon delivery on a target within the coverage of one or more
threats ,

The strategy for deliberate penetration , of course , will be to minimize the aircraft ex-
posure to the threat.

4.3 Horizontal Path Generation

To determine the total horizontal path , the sequence of points defining the trajectory
are processed sequentiall y in pairs by the IFTC horizontal path generation equations until
the mission list is exhausted, The horizontal path generator determines the shortest path
between the two points in each pair using an initial turn , a straight segment and a final
turn. This path type is required only if the second point , referred to as the “to” point ,
has a specified ground track angle to be satisfied at the instant of flyover , as might be
the case for weapon delivery or rendezvous initial points (IFs).

If the track angle is not specified , the horizontal path reduces to a simple turn followed
by a straight segment toward the “to” waypoint. Points with no specified track angle are
used as general navigation points , and the trajectory generator does not force “flyover”
of the points. The profile will smoothly and predictably transition from the inbound
course to the outbound course,

The parameters determined by the trajectory generation equations and transmitted to the
Simulation Display, interactive control/display , and control law , when the trajectory is
engaged , are shown in Figure 5. For two successive points , P and P2. defined by lattitude
and longitude and other pertinent parameters , the horizontal bath is generated by com-
puting ,

a. L and ~~, the length and heading of any straight-line segment between points
of tangency with turns at P1 and P2.

b. XTR1 , YTR I and XTR2 , YTR2 , the coordinates of the points of tangency.

c. XCR1 , YCRI and XCR2 , YCR2 , the coordinates of the centers of the turns at
and P2.

d. LCR1 , LCR2 , the length of the curved path segment around the turns.

If a turn radius is not specified , the trajectory algorithm establishes the radius as a
function of the specified , or a predicted airspeed , and a nominal aircraft bank angle.

4,4 Vertical Path Generator

~~~ For an altitude change between point pairs the vertical path generator uses either
one flight path angle (FPA) for the entire path between the two points , when a flight path
angle has not been specified , or two FPA5 consisting of a segment with a specified FPA and 
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a ::erO FPA segment , Wh c’ne”,’s’r ;ue rodynamic constraints or a p il o t - s p e c i f i e d  FPA prs ’ \su ’ n t ts  the
airer,i f t  from s’ lmstn ” , i u t m ’  a l t i tude w i th  only FPA changes , a sp ira l descent  or ascent is gen- s

crated t~ u indicate to the pilot , via the Situation Display, how the :mltitude change can be
made .

Whe n unspecified , the FPA for the ~
th point pairs is computed as

tan ((lh~~~l~ H~ ) / i th segment length)

For this type of altitude change the aircraft flies with a constant y .  , for the tetal seg-
ment , If the FPA is outside the allowable range of fli ght path angle~ , which is esstab-
lished by drag, available thrust and wei ght , a spiral profile is generated using the
tec hnique descr ibed below.

The two~~PA type is used for situations involving altitude increases or decreases with
specified FPAs. The generator determines the position along the horizontal profile at
which commencing an ascen t or descent at the specified FPA will also satisfy the specified
altitude at the “to” poin t.

A spiral maneuver , is computed whenever: I) the alt i tude change for the point pair cannot
be achieved wi th  the spec i f ied  fli ght path angle , or 2) the altitude change cannot be
accompl ished with a ve r t i ca l  flight path between the maximum and mi nimu m f l ight path ang le
cons traints of the aircraft , The spiral maneuve r consists of circular turns with an
acceptable FPA either following the first point in the point pair or preceding the “to ”
point.

4.5 Speed/Time Profile Generation

The speed/ t ime profile generator computes both a speed profile and a time schedule
for the 4-D trajectory. The speed profile , which is an airspeed profile , and time sched-
ule are both functions of the distance along the horizonta l, trajectory. The speed profile
agrees with any specified airspeeds , while the time schedule , which is calculated using
available wind information , is computed to minimize the differences between specified
time of arrivals (TOA5) and computed TOAs. The speed profile is generated with a minimum
number of speed changes to achieve a profile that is logical and understandable from the
pilot ’ s po int of view.

The technique used in generating the speed profile and time schedule involves computing
an accelera tion profile for the aircraft , This profile , which is al so a function of dis-
tance along the horizontal pa th , consists of constant m ue celc ’rsst Ion (s’r . m c’c u ’ l s ’ r ’ u s  ion) a ce-

ments positioned along the horizontal path. Integration of the acceleration profile
establ ishes the speed profile. The speed and wind prof i les are used to determine the time
schedule.

Fi gure  6 shows the primary computation blocks of the speed/time profile genera~m .’r , which
i teratively adjusts the acceleration profile to minimize the difference between the com-
puted time schedule and the specified TOA5 . This  p r o c e s s i n g  te c h n i q cre accounts for the
specified speeds , limi ts the speed profile so it doe s not exceed the aircraft ’s mixiusuuln
and minimum airspeeds , and constrains the acceleration profile so that at any point san

the trajectory the computed acceleration (or deceleration) does not exceed the s’vail:mhle
aircraft acceleration or deceleration. The available acceleration and dec elerati ass are
computed in terms of flight path angle , drag, t,’eit ~ht and available thrust.

For initialization the speed/time profile generator ignores the specified TOAs and deter-
mines an acceleration profile that integrates into a speed profile satisf y ing all speci-
fied speeds , The initial point on the speed profile is the Current aircraft airspeed .
since the first poin t on all 4-D trajectories computed by the IFT C system is the current

a aircraft state. The initial acceleration profile has a minimum number of non-s t - r e .uc~ eI-eration segments - only the number required to change the speed to agrce with the speci-
fied speeds.

The first step in the iteration process , see Figure (s , is to calculate the speed profi le
and time schedule over all the point pairs up to and including the point with the first
specified TOA. Then the difference between the specified TCA and computed TOA for this
last point is computed. If the TOA error is sufficiently small , this part of the pro-
file is complete. (The procm ’ss is also complete if the trajectory dcs’s not have a
specified TOA.) Otherwise , the acceleration profile is perturbed to reduce the TOA
error. (The techni que for perturbing the acceleration profile is discussed below ,)
The itm .’ras ion process cont issues with the sps ’c’ ,l profile and t ime schm. ’dtsle being computed ,
the TOA error determined , and .mcce leration profile perturbed until either the TOA error
is nulled , or has converged to a steady state value , Analysis and simulation runs per-
formed during this program indicate this iterative technique is convergent.

A non-zero stead y state TOA error means the aircraft speed and acceleration constraints
have been reached and the acceleration segments have been positioned to minimize the
magnitude of the t ime error, In this situation , the trajectory generam sor is indicating
the aircraft will not meet the assi gned TOA . This information is displayed on the
Situation Display for tie pilot , in case he wants to modify the 3-D trajectory or speci-
fled speeds to  achieve ‘.he TOA .

I
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hm.’ I~mm 1 5  .s w s sm ’, m ’ m si i s 5 u : s S . t ’ . ions a the re fert -’nu,’e s ;5 u t  e ~~ (t “‘I ,und suomina 1 c o u u t  r o t  comn sassds

t he S n , m  s u e t  ,s rv  s u s ’s ing t-’ rr sa r \ ‘e ct or ~ X(  t ) . a mn d t h~ e, s ut S rus I cosssiui;mnd , 5,1 t ) , The sum o f
S s u c k  i t t ’, ,.‘n’ n’ssr t’s’ m ’ m I S s . u u .’k amn d n us sss u iss a m l ,.‘ ,sss s s s s s i ss s l,a nt ;mke up the t o t ’~~l conu l, rol comnsusrnd. Feed—
b u c k  ,sf the S r , m s ’ k l s s u ’, s ’ s ’ r,’rs ; nu its i s s s i : e s  l ime ste,isl v so a m t e  s p amt  ia~l and t ime d i f fc ’renc,.’s
hu,~t we,.’n the s — D t r.m ,‘,‘ t , un ’ v smtss b t he  su re r5i S’ s . Fem,’mI S ’,s rwa m n’ sh of 5 1st-’ nomina l I cssusunuam nds
frosts I he re S s’s ’s ’ S mm ’u’ n ’ c m  j c ’s’t  ,s s ’a’ , sum ins i :s ’ a  I he t n’ a in ms i  e’ ns t  S ramm .’k ins e’s’r,’u’s t hail c ams’s occur
slurring turns . chs s m nsm ’ ,t-’s m u  m l  is m c , : m u m s l pe’ r iesh ss ,sf , m e c e l e r s m t  ion ,

The s hef it s i t  ion us esh f,’r I Sue re ferenuc,.’ s t , i S c ’ , X0 (t ) , which ’s  is d i f f s ’r,.’ s ss ’ ,.’d w i t h  the ui
cram f t  at sit,.’ to con npt stm .’ I he t rack ing e rs’sir , has sm pronounced s’f ft’ s’ t on the cons t ro 1 1m w
per formance. For the IFTC s sv s ; u  eta time rel’s ’ re smce S t a i t e  ‘ a x , a’ conuponelut 5 Irs ’ s hef i ned by
the l s a c a m t i , ’m ss on the m iesi rem i S u m s r i . ’ m s s s t  all pa th ’ s  t hat is the eI , ’ sm .’sI point ( s ’ s  t he a m i rc ra f t  -

The ti me s ~ is I hue t i me S he am i rc ram f t  shomi S mh hav e  been’s alt t he’ re fe re tsee s S a m t  e - When’s the
rac king error a-es ’s s sr  i s s’ am l cu Ian t e s S  wish s lii is rt -’ fs’ rs’ss m’s’ a s It e , I he cross t rauck di st ance

error aind t ime ,.‘ r rs m r ca in he nuamde sep i r su t t-’ cestuponsens a . ‘l’Ssi is separat  j est  prevenl a c r o s s
.uxis c ms c sp l ing between  t issue error  and  lat e raml e r r o r  being iss t roshuced by the S racking
error f’ee db amck thnr sn u g h s t h u e  contro l lsIw s i .e . , t mm.’ errors do not m’,tt rse m’I’,s s s  t rac k
errors  am sud c ross s S rauck e r ro rs  do u s m ul  c ;mm rse S ime e r ro rs .  Figure S represenu t 5 She di a-
t inct ions heS wu’,.’ ss the currens t a i r c r a f t  l oca t  ions ( x ( t )  , v ( l ) )  , She desired sm j rc n ’ ,uf t
locat ion on the re ference t r a j e c t o ry  (x 0 ( t ) ,  y

0 ( t ) ) ,  and the re ference s t s m S e  ( x 0 (t * ) .
y (t * ) ) ,  The c ross  t rs ick d i s tance  error is Sx and the time error is at = t ’a~~t .  Th is
r~ ference s t a m s  0 shef ini t  ion is consistent with ~hsat O S Suer in ive s S ‘a l t a rs  I~~,7I  I hail sire’ cots—
cerned w i t h  t rack ing am t ime la s nsc s l  t r a j e c t o r y  have used in their contro l law mechani: .mS im a ss .

Expresse d In terms of the tr;~c k i n g e r ro r  componen t s and the  nominal con t ro l  cotmnansds ,
t he equations for the’ ai lercan , e t ev . ms or , ats d th ro t t l e  change commands are is fu s S  lm sw s

5 = G 11
m x c + G 12 V1,h + K ( a

0 
— . ‘ )  (1)

= G,~ ~~~ 
+ C 24Vçii (2)

(S , ‘\ (  + G V 
- 

‘ tV + K....A (1)I 36 G i 0

wi th u S ~ the t rack single error , S’i, the a i lS itude errm sr , uS the f l ight paths angle error ,
uSV t he ground speed error , V~. the cos’uuputed ground speed , 

~~~ 
t he nominal hank command ,

A 0 th ie nomina l amcc e l e ra t i on  ~otmnand , and ,c the ctlrrent air~ raf t roll angle. Eachi t ra-
j~~c t o ry  t racking error is the d i f ference between the  value on u s e  r e l’erevmcs’ t raml ector y
at time (r *) antI the  current am ircr .aft measurement, The nomina l commands , which include
S h e  fli ght path ang le ‘t~ t hat is part of the S ’ 1 er ror, are valid at l ime 5 ” wi t h ali t id -

pation time s added when the re ference I r ;ijei ’s ,s rv has an abrupt change in roll , fli ght
path angle , or acce lerat ion ,

The re ferenc e at ate and control  law have beets at ructured sss a that e ’ smc ls  csa mn’m.inud w i l l  hiairudl e
su sing le dimension of the t racking problem , wi th propor t i Onal 

~ 
itris n.m S c ’ f eeshhamc k p n m ’ -

vided in each command - The propom’ t loyal f,’edback nulls , s s m t  I he di sp I , l m ’ t-’mt ’nt e r ror  ansi
rs m u e feedback proviules p,’it h damping. In t hi m ’ TFTC s rmamS r .nn s whi’re I he s - m us t  ccl l;uw i s

F imp lemented in am hybrid simulator , a i rcrsu ft SI smh i l i t  a’ i s  alugmenul ccl w i s  It cs ’ S  I r , r S  e

u . , , ,, ,  
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damp ing added to the aileron command , a blend of pitch rate and norm ssam l au m.’ee leration ‘ a5m dded to the e leva to r  consnnsand , and yaw n.u t e feedback for Dutch rol 1 d s u s s s 5 u  i ss~’ and S a t s  c ’ r at l  /- ~
.tCCi ’ S t -  rsi t ion feedback for t urn coordin sa u t iouu . TIre feedback ga ins h ave Ss e ,. ’ s s Se l ec t cd
using classical analysis techni qu es . The gains will be verified during tue testing wit h
an F-4  aircr suft model in the simulator,

To be con sistent with the trarjectorv generator ’ s me thod for computing turns , the n o m i n a l
roll command 

~~ 
will be time vary ing during i’.uch turn , The trajector y generaum ur m s sc ’s

,

a 

cons tant radiug turn s with am c’s n s l,l su L airspeed in generating curved trajectories , Con-
sequently, the desired ground speed and bank ang le are functions of th se predicted winch

: magn itude and direction au-sd the current aircraft location nn the turn .

In the s i m u l a t or the p il ot will be alsle to override t h e  control law ’s automatic auile rou s
and elevator commands by app lying force to his flight con t ro l s t i c k , or he can override
the throttle command by disengag ing the throttle servo , This is an operational advan-
tage because it allows the pilot , with a minimum of effort , to deviat e from the engaged
profil e for such things as evasive’ maneuvers and terrain shadowing.

However , af ter the manual override has been removed it is difficult for the lin eau r feed- a
back con trol law given b y Eqns . (1) , (2) and (3) to return the aircraft to the engaged
4-D trajec tory if there sure large position , spe ed or time tracking errors present. To
handle these errors the control law operation has been integrated with the trajector y
generator. When a large posi t ion tracking error e x i s t s , t he’ t r a j e c t o r y  ges us ’ r as o r  cons-
putes a 3-D capture segment from the current aircraft locati m n S t ’ s  the next point on the
engaged trajectory and computes a revised speed and time schedule for the complete t r,u-
jectory, including cap ture segment, When’s ar large speed or time error exists , only a
revised speed and time schedule are calculated. The control law then uses this new
trajectory as its reference , and since the tracking errors are now sma l l , a stable’ con-
trol system operation results.

6.0 CONTROL DISPLAY INT E GRA T IC N

Real- t ime , in-flig h t managemen t b y the p i lo t of comp lex four-dimensional traijec-
tories imposes new and stringent requirements on the disp lay system.

Pilo ts presently spend approximately 2-3 hours preplannin g for each hour of mission fli ght
time . During the p lanning process they consider tIse wavpoints . a r r i v a l  t ime s , f l i ght
routes and aircraft fuel and performance limitatiouss to arrive at a combination of f l i u ’ S s t
segments (a trajectory) that will accomp lish the mission . The p ilo t is assisted in th i s
planning process by prin ted material that hel ps b’sim visualize the aircraft potential
pa th in space during such’s complex maneuvers as steep curved descents. As a result of
this mission preplan n ’sing, the pilot acquires a thorough unders tanding of the mission pro-
file and the information requirements and constraints on which it is based ,

The IFTC trajectory generator generates a comp lex trajectory that is a function uS’ time-
space position coordinates, This mission profile is new to the pilot and it may have
to be modi f i ed  in f l i ght to nseet chang ing m i s s i o n  r equ i r emen t s , or even to achieve the
ori ginal mission requiremen ts after unforeseen disruptions of the origi n a l  p r o f i l e ,

Thus an analysis of con trol display system requirements for a system containing an’s on’s-
board trajectory generator reveals two significant differences from current systems.
These new requiremen ts are found in the area ofa

I. Providing sufficien t information to the pilot to understand the newl y
genera ted trajectory in preparation for acceptance/engagenuent.

2. Providing in-fli gh t confidence building information of aircraft situation
wi th respect to command situation .

Research programs (STOLAN D 1 6 1 , Terminal Configured Vehicle - TCV) have demonstrated the
usefulness of elec tronic horizontal map displays to provide the pilot with a readily
unders tood grap hic view of the aircraft with respect to the trajectory and sig n i f i c a n t
terrain features.

The STOLAND and TCV also demonstrated the desirability of electronic disp lays of atti-
tude and flight director command information and the need for an electronic al ph a mn cr m e r i c
disp lay for chats entry. The initial feasibility sttrdv of the IFTC application in am
transport aircraft utilized a display system containing electronic at t it inc h e assd flight
direc tor information , horizontal map informa tion and alp hanumeric sy stem inforrnatios ’s
14 1 .  It demonstrated the use of a special crosshair svssmbol on the Si’ s nsm t ion Display ass
a graphic means of creat ing new or nuodi fving old waypoint and t r a j e c t  cry in fm srmam l is’sss .

a The transport program also demonstrsuted the usefulness of providing a Is’vc ’S m s f compe r te r /
pilot interaction,

The con trol display implementation for the fighter dentonst.rsms ion is built on the kuu m ’u~’-
ledge gained in the transport program . Elect ronsic disp lays prov iche a lt t itude infonntt,is ion
(wi th rol l , p i tch , and throttle commands), situ at ion (horizontal and a’ers b ail) ins forns,u-
t ion , and system alphanumeric informa tion . Thse conscept of computer/pilot inter Im ’s ioss
was developed to a higher leve l during the figh ter demonss t r,tS ion satudy by providin g
mission oriented mode controls and expanded unnan/mach ine interaction (thromig hu d iu ’ , i t, m S
processing) for mission and data management,

I

Thue Ilyro t or qu  Inuj current is u s e d  l u  develop a vol taqm.’ across I’nt ’e ’ is a  m u s s  nu ts i s a t  umi  ss . A solid
S t _ i t , ’ uaw s l’ Th Is s ’ s i s I u I  v, ’ I to ~u n ’ usv r s h s .  two r’ ,mns4e s us !  , u } u s ’m .11 l u s t , I l s s s m ;  u ’x l  , ‘ssI s s n q  time ul ysua nsic’
n , m t u u t , , I the u ’ S s ’ u ’I u ’ u s s m t m ’ s .  to I Ss , u t  u n ’ ,, ’,’ ss I,’ m t  by the ’ m s y u m u u a u ’ u m  5 ’ s . . A ‘‘ w, us. ts ’’ , su n’ 5 ’ u S . i s  m l  ~‘ l u a u ’ s  sa l ,
t s ’ m ’5~ s ms ~~ s~’ ’ iS jus , ’u s u ~, u u u . u t u ’ m l  S m u e f h e s ’I svs ’I y e l im ina te ’ s ’  n S , m s s , i f l , u l  u m u s a  of t i m , ’  m i m I  .m imy s um s vo l—
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S’ S s s , nseed I’or addit ions I s o r t  lcam i it ’ sf o rs um amt isint fsa r ins — S S ight Ss s .mmm.us ’ e ’ l s s m ’ s ss  of  s I as ’ ’ s ’ uu , ’ s ’ . s S  s m i

,.1 I [‘ ~ 1 i gh t p 1 an wa m 5 I’m.’ u. s ’ gu’s s .‘ ~‘,I mh ssr s us u ’, t Is e’ i 5 5 i t b au 1 t n’a ms u s mp ,s t’ 5 a i stir S . u I I m ‘us ;s cm S ,‘ s’ ins s ’ s , s m ’ m us s ‘ I s ’ ‘a
~ 

— I sp i ram 1 d C * s ’ s ‘ 5 5 5  5 were’ m ’ t ’nc’ s’slt s,’ ,I I cm mh e ’su m ss ns s t s’. m 5 s ’ t Sic’ S \ ’ s .  5 m ’ s !a  e’ . i; ’si hm i 1 i s a’ S m’ I i uk t m ’ s ’ s ’ S Is, ’
lwe) pt - mint S S S s , u t  m r , .  m ’ S m ’ s s s ’ S ms s ’ u’t hue r in la m t  iS  ut-he’ s m nmh I u s s s m ’ , i S trm h,.’ bust w i  ml , I a’ a s ’ s ’ . ,  n u t  t- ’d in
a lt it ms m lu ’ . ‘rhs us a ‘,‘e’I’S ica l pro i i  Is ’ shj , ’~s I.u’t’ ,,‘ m s s t s  i St ins ’ , ,‘f . m  ‘s i  s ’S ‘ u s  11 i m I s s  p I .sss a S s i 5 ude
,ms .1 t mss is ’ tj O t s  o f .t long t raick d i s s , u s s c ’e is pt’ m.’s es m t s ’ mS ism t hu,. f i gh t e r  s’m’ s.’i’ 5 u b t  as ‘ s l i t - ’ \‘,‘ r S  is ’ , , S
5; i s ss .u s i smt m D isp 1 5mv ( VSD) mc’ de cm f t h’se S i tu5r t i on P i sp 1 aa’ . ‘rh u i a p rc ’ s c um t .s S i u s s s  s,’ .t a sh e st -u
becsm c rs e ut  i t s  s imila r is  a’ t o  the  a r l t  i t u d e / s h i s t a m n s c m ,’ a’i,.’w p ic ’ S s s r is m l i u u l’s ’ r us s . i t  is a ts c u l t s - ram s C’ sl
dur ing mi as s 5555 p latus u m u g  ss r hr i c’ fs so’, ma s ’ SsS 5 mum us . 1 5 5 5 5 5 5’ sttt - ,cIt-’ e’ m ’ um ~ ro 1 o S r Sum ’  p 5 1 s ’ S  , t i s o ,
t he’ S it , ua t ion Di sp l5m v sh ows s’ S t Ss e ’r am simp Ie’ hsori . a m u u m s  ml  s s s. u 5 s ‘u’ .t vt -’ ru i ~‘.u I nusamp . Th u a
consbinamtion o f  S s m s t ’ j . ’ ,u,s s u t , t S  and v,.’rt im ’ , t S  is i’m ’ S ’ i Ic ’ ns : I 5 m p i ssm ’ i s i f , ’ s ’s s a . s I  i m ’ s t  is  h m t - ’ i s u u ’ ,  ina’ , ’ s . s j , ’ .m s m , ’d
.15 Si me5un’ss msI  pi’ m m a ’ i c h iumm ’ , t l’se pi lot  ‘.~‘ i th u .u s a s s’ s ’ t’aup i sI , s.’ m uss ’s ’ S e ’ S e’ s s s m m S s ’ s ’ s s sm n mdi t i1’, s ’ S t is ’
generate d p r o f i l e’ .

Re quire’me’ntt 2 . t he s’seed s s s ‘ t m ’’.’ j mIs ’ t h e  pi lu ’ S  ss ’ i  S hi sa i  t ~ss m5 ~ m ’ t i  in t ’, u s ’ ss a , i t  iot m w i  S Is s ’ ,’’ s ’ ,‘s ’ ,’ t  S
connasmauneled situal t it-in’s, is ,‘i m l m ls ’s ’ a’ ‘ ms s ’ m I it i t Sue fighite r stt-’m (snmsl r ,m S lots isrm sm ’u ’ .uss l ha’

I . I’rsav ish is mu ~ t he a’ e’u’ t i c m l  a i t msa m t  it - s um sst sudm ,’ oh S ss ’ Si 5 i s i s  i t-its Di sa p I . s ’ ~’ , .mu ud

2 . Mod i f’s’ u. s’s ,‘ t S’s e a’,.’ r s s s’ .i S a s’ .i S c’ si 5 1’ cIa S am ml I sp 1 mv a s S m ’ p I’m ’ \‘ 5 mIs ’ m ’m’ssssp s ss m ’ t’ sI r i a m a
s’ e’, im t , ’s r S  5 s’f  connma mss d sil I i S us ,S, ’ , cs t nums rnic h S’S, ’ u s ’ Ss  , sm as h cm ’mm.ruisl .m i rspu’c’sh ; s u . m s s t  b t i vu’) a’
alt iml W I t h respec t. t u s m e t  mras l f I i u’ ht var 1 tue’s

An add i t ionsal requi remeust impo ss t-h for t he f igl’st e’ r shes su on ’sst rat i on a t s.su,hv w as t he s’ s ’ ~ 
u I s ’m ’ s ’ s s ’ s u

to deusuetist ram S e’ the’ inS  ei ’,raml i m us s f  di u’ , i  S .t  S da t am 1 I tsk e’s’snuma mn d ,tssd con’s t r,al :mn smh S sit - u I s O  I
S i t uat  ion informa t ion w i t h  t h e  l F’rC sy s t e m .  This comh uinat ion is a’ s’ ry conu plc ’sss t - ’ s mS ‘ t ry !
Da t a 1 inked conumaund as’seh cosut, m’ s ’ S in fc mrmaut i on con’s s i a’. 5 iu’sg o f waypo in t , t hream 5 . ss u’ t .m u’ s ’’,
loc5u t ions .ISSmS TOAs is readi ly  succespt Os1 .~ s i n m ps nt 55 5 0 the t ra Oct  ory ‘,esss’ r .t I o r .  A r,t S s m ’ —

tory is u’ ,e’ u ’se’s’,it esl b ,ise’mI m u ss the  5’onsliuslnsl .usu ,I cos i t  ccl rs’q u,siremess s a a t s s m l  msu’s .1 rcn’ si f t  coa-
st taint a ,iuud is comput e’d t’m s r 5 he p i 1,51 . With S hue I FTC sys t e m  s h’se’ P i lus t s t  * t b’st -’ smmSv.ms ~ mdc ’
of being ab le ’ to rev iew t h e  mh a i t a ~ I in ’m k,.’ mh i t ifo rm.mt ion is amu ’ s i n t e t ’ , r s m t e t - h  who le ons am fam uisi 1 i sur
fm ’ rsus.it - 1k’ ksuss ws t hau t t bse t r,u s c  S m5 ~~y u’,c’s’se’ rar tea r hisu s Cs s s ’ s  S i  s e’ n-ed speech . fere I , masmeurve t m —
hiS is  V and stored sic t i c a u  1 inl’ms rms ut it-sn is- i S h the slam S am 1 iuske’ d consntm at ’s d smnd co ust to I re’ u ;ss i  to —

ment s t s s  arrive ’ art the s r . u j e c t m ’ ry  shown .

The control display s y s t e m  is shown instaml led in the f ighter  cockp it in  Figure m) wish
the following major features:

• It  i s desi gs’sed for one-man op ers u s ion .

• It consi ders the is’sformation require me’nts s s f  the IFTC sy s t e m  and ssdv sm n’sced
comman d and control  operat ion’s .

• It provide s mission sur iente d mode se lec t i on ,

• It extends  the use of ins e rac t  ive cont rs ’ S :~hisp 1av s o f t w a r e  s o  m in isss i ‘c’ t h e
pilo t ’ s informamtion msutuageme u’st tasks,

• It exp lore s the use of trajector y genc r. uS sr s’as r t p u t  s ms .m meal’ss of sruvi stint ’,
t he pi lot w i t h  am hi ’,her leve l of  de’c’ i sion ssmaking S nfs ’s rnsau s i sass t haun is a puss ible ’
without t he’ s t r a j e c t o r y  ge nserat or.

The basic flight s d isp lai~’s u S ’ it’sd i,ca’,teuA am i rspeed , i t  t is t ush,.’ , a l t  it sit-I,.’ , sms ’s el Suol’ i ‘,osst a il
sit’ s nat ion in forma mt ion’s ‘u re’ arrange d in’s t Ise faussu i liar ‘‘T’’ sc , ms u p .m S I cr11 s rsed mu’s maul’s ’,’ A i r
Force .i i rcrsm It , The m t  erauct (\‘ s’ control “ mh i s~a I ama ’  and a u s s , ’c i mt  s m S  mache’ csa n’st rs sl a a rt’s’
located on 51 ’s,.’ l o S ’S s ide of t S’ s s’ frous S pamn e I . T Ise’ s r I phsa m u ’ ss r stu e n’i c kevl o,m s ’ sl am s ’ ss h dt-,si (ca m S’s1
dsn t am mansmgement keys sure loc uS 5’d man he’ Se f t  c,s s t s s ’ Ic he’us eamt l’s S Sue’ t hirs a t  s Ic’

The Situa t ion D i s p l a m v  . siuos,s u iu’s Fi gure  10 , t s s ’m ’a ’ i  mIs’s hsa n’i Sons ml s i t usm t (s’sti infs ss ’ss:. s t lo ss ,
e . , am s imp Ii fi ed mamp cmi’ S hue w avps ’ s ins s , s h ure’at s aunt-I t hit -’ S ram ject orv sd isl Ii n’s , .’ Sse i ts ’,

flown be sws’e’us sc’ a my p t s  iot a . In amdd i s  (Os ’s , .u cotssput c’m S . Ias nt ts OS enus ’ ,. Iu ’ m’mS - t r.m Is ’cI sara’ is
s hown as su se r ies  ‘1 slashed iln i e ’s. ‘l’hreant tsu fon ’msmt im sus . su s5 ’hm m a sm srf si ce ’— t s ’— s m i t’ mi s a s i  Is ’
enve lopes and m rs ’s f t  s smmS lv at is - c s’.m ft . aure di  api ii’s’t-’ cS 1 s t silaprs spr s . m  e l s a cs mS (ma ns east ( S ue ’ Si S a s s-
t ion D i s p l ay .  ‘I’Suere ,ut e ’ t w ,s mo ck s m ’s ’ Suos ’i. :s s u ss am l s i t s r a u t  i o s u  i n t m ’u ’: ss , t s  iou’s : ‘l’n’ a m c k sup .msm d
i’4or th  up. In srdsh i t ion , 5 Ste hISI mod e ml i isp lam vs am csssss5sal sss rmssc’ w i t h ’ s  t lie m l tm t i  S t  i ts t hu e ’
cen te r  much in t he same m a n n e r  m s an s ’ S  s’c t  rsassu echs nu u i c m  S Hot’i ‘us su (al l ~ i t mi st S 15 515 Itici i cam Sc a r
(hiSS). The Vert S e m i  Si tuati e sn tIt-ushe (VSD) of t h e  S i t s s , i t  iou ’s Disp l.m v ‘ r m s’,’ i m S e ’s alt ’s s u l l  l t t s m h s ’
vs along t rack diss l s u s u c s ’ f,a n’nsamt of vers  ic . t l pt’ m s f i l e’ inf t a rsts sut  ion . TS u i s s \‘ s’ rt  is ’.m I  ‘s ’s i lc ’
disp lay was spec if i s’ l  I 1’.’ m’,c’tt s ’ u’ ,m t ec h S m ’ s  essaub I e’ s lit-’ p i lot I s ’s s ’,u’t  am S u e ’ S S t- ’n’ i suu d en ’st amn,l i sic’, u ’
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The evaluation w iL l  compare the IFTC performance wi th the baseline performance under two
operat ional condit ions. The f i rst  condition will supply the information via simulated
s l i t s  link to the alp hanumeric d isp la y s , in the case of the basel ine system , an d auto-
mat ica l lv  into the t r a j e c t o r y  generator and displays in the IFTC sys ’esn , Information
for the s econd condi t ion wi l l  come into the cockpit  from a control ler  via the p ilot ’s
headphone for both the IFTC and the baseline sys tem.  Each subject will then be required
to uti li .e  the capabi l i t ies available to complete the mission requirements.

The experimenter will act  as a command and control element to set up the various diver-
sions via either voice link or dig ita l data.  The pilot ’ s data management task will be
to review t he incoming data , inp u t t i n-  it sus necessary to sa t i s f y the requirements of
either the IFTC system or the baseline system. His primary tasks will be to fly the
a i rcraf t  so as to make good the various required arrival time s and comp lete the required
weapon del iveries auccura te ly  and on time , He wi ll be expected to perform the navigation
functions required by each sys tem to complete the mission .

The sy s t e m s  w i l l  be assessed  qua l i t a t i ve l y  wi th questionnaires administered before and
u fter the t e s t s  smnd quantita tive ’ly by analys ing tracking error and man/machine in ter-
action time and dat u entry errors.

CONCLUSION

In conc lusion , t he Integrated Flight Trajectory Control concept , when app l i ed  to
t he t ac t i ca l  fighter and t ranspor ts , will result in more ef f ic ient , t imely operation in
the tac t i ca l  environment , IFTC is the synergist ic culmination of flight control , navi-
gation management and display technologies combined with today ’ s hi ghly efficien t
di gita l computers , which can and will result in a more efficient air warfare system
with reduced pilot workload.

Althoug h the pilot-in-the-loop testing for the IFTC system , as applied to the tactical
fighter scenario , is still approximately one month away (June 1978), sufficient testing
has been done in the analyt ical  e f fo r t  and in the transport cock pit using tact ical
transport scenarios to promote a high confidence level that the same eff icient operation
will resul t in the fighter,

The control functions and the sophisticated trajectory generator alone serve to relieve
the p ilo t of many time consuming, burdening tasks, This allows him the proper time to
utilize the sophisticated strike systems with the net result of a higher mission success
probability. This is especially true when considering the emphasis on command and
control which will result in vast quantities of informa tion being transmitted to and
from the cockp i t .  This information will be of great benefit when managed properly in
t he cock pit.
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REDUNDANT STRA PD OWN NAV IGAT ISmN , GUIDANCE , AND CONTROL

OF A CONTROL CONFIGURED VEHICLE
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Messerschmitt-t3Olkow-Blohm Cssublt Teled yne Systems Company
0—8 München 80 Northridqe , Cal if o r n ia

Germany  U.S.A.

1 . ABSTRACT

The paper starts with design considerations and a brief description of the CCV—F104 pro-
ject. A detailed part is devoted to the strapdown subsystem design consideration arid
real isation. The hardware and software mechanization of the integrated guidance and con-
trol system of the CCV—F 104— G is exp la ined with spec ial focussing on the stra pdown part.
This includes the solution to the redundancy problem.

Finally the next feasible steps in’s system improvement and minimization of the inertial
part are outlined.

2. DATA REQUIREMENTS FOR GUIDANCE AND CONTROL

The basic signals needed to augment the aircraft are rates. However , if the requirements
are tougher , angle of attack and sideslip angle as well as attitudes and flight path
ang le are requested .

These requ irements increase , as more as the aircraft performance requirements are increa-
sing, leading to the Control Configured Vehicle (CCV) concepts. Since navigation and
guidance and con trol are us ing the same i n f o r m a t ion the na tu r a l  question ar ises , if their
needs can not be sa tisf ied us ing a commo n signal source.

They obv iously  can as the f o l l o wing table shows .

FUNCTION CONVENTIONAL INTEGRAT ED
ME C H A N I Z A T I O N  M E C H A N I Z A T I ON

NAVIGA TION Gimbal INS S/ D INS

Position “

Veloc ity “

Attitude “

CONTROL

Attitude Gimbal INS or AHRS S/ D INS
At t .  Rate Rate Gyros

Body—Axis Acceleration Accolerometerss *

a 
Al titude Air Data Sensors Air Data Sensors

Ang le of Attack Incidence Sensors Derived from S/D

Angle  of S idesl ip  “ “ “ “ “ **

Airspeed Air Data Sensors Air Data Sensors

GUIDANCE (Required data available f rom above i tems)

* Or computationally derived from Gimbal INS
a 

A s H  Feasible ‘practicality ’ ye t to be proven

Figure 1. Information requirements for navigation , guidance , and con trol .

As the above table expresses , there are two candidates for the heart of the sensor system

Gimbaled pla tforms Strapdown
plus Navigation

Rate Sensors
plus eventually Systems
Accelerometers
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reducing the computations and data entry (workload) requireuusents t hat are i mposea Dy pre-
sent data systems , Operating without benefit stf data linked informat ion , the’ am ircrasf t c r,’
respond in minimum t ime and with minimum work u,’Ifort , tm ’ radio contac m s u .iith ceuru s rolles’s .
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A comparison of several important gimbal and strapdown characteristics is shown in
Fi gure 4 .

ITEM GIMBAL SYSTEM STRAPDOWN SYSTEM

RELIABILITY LOWER: MORE TOTAL PARTS HIGHER: FEWER TOTAL PARTS

COST OF OWNERSHIP HIGHER: LOWER RELIAB ILITY . LOWER: HIGHER RELIAB ILITY ,
MORE DIFFICULT TO MAINTAIN EASIER TO MAINTAIN

IMU/COMPUTER INTERFACE TWO WAY DATA TRANS FER ONE WAY DATA TRANSFER

ATTITUDE ACCURACY LOWER: CONTAMINAT ED BY HIGHER: DIRECT DIGITAL
SYNCHRO ERRORS ATTITUDE DATA AVAILABLE

ATTITUDE RATE DATA NOT AVAILABLE DIRECTLY AVAILABLE

BODY~AX IS ACCELERATION NOT AVAILABLE DIRECTLY AVAILABLE

ATTITUDE OPERATING LIMITS SPECIAL PROVISIONS TO AVOID NO SINGULARITIES
“ GIMBAL LOCK ”

Figure 4.  Characteristics comparison of gimbaled system vs strapdown systems

4. AN EXPERIMENTAL IMPLEMENTATION

4 . 1  Project description

In 1974 MBB received a con tract from the German Ministry of Defence (GMOD ) to des ign ,
develop and flight test a Control Configured Vehicle using an F—104—G as a test bed .

Since this experimental aircraft offered a good possibility to implement ohter than
Only the basic CCV—technology , it was decided to develop a full digital redundant inte-
grated guidance and constrol system for the CCV—F104-G.

Strapdown sensors have been selected to form the heart of the CCV—sensor—system.

— -

S Figure 5. CCV—F 10 4—G in flight

4 ,2  CCV— F 104— G Guidance and Control System Descriptio n

The CCV-F104—G integrated guidance and control system provides, within a set of four re-
dundant computers:

Stabilization and Control Auto Navigation
Autopilot Redundancy Management

Air—Data Computation Preflight Checkout

Strapdown Navigation
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Fi g u r e  6. CCV—F 10 4—G guidance and control s y s t e m
(one  channel)

4 . 2 . 2  Subsystem Description

The strapdown subsystem consists of two basic units , .‘i TDS— 3D inertial measurement unit
(1MW and a TDY-43 diqita l computer. A simp l i f i e d  block diagram of the subsys tem is
shown in Figure 8.

The primary system sensors are two Teledyne SDG-5 two—degree—of—freedom strapdown
s lyroscopes and three Systron Donner Model 48 4 1  linear accelerometers. Both the qyros
and accelerometers employ analog rebalanuce techniques. The torqeming currents required
to rebalance the gyros , which are directly proportionual to the vehicle angular rates
about the sensing axes , provide the basic system angular motions. measurements. Tran ussla-
tional motion measurements are providing as voltaqes s l i r ’ s.’ct l y proportional to linear
acceleration along the accelerometer sensing axes.

These analoq sensor outputs are converted to digital format using Iu i m ~h accerracy volt.aqe—
to—frequency (V/F )  converters and buffered tot ’ trans umsissionu to the , i i m t i t , i l  compmrter.
Auxi l iary data , including sensor temperatures and s e l f — t e s t  si g n a l s , is cou sver t ,’d by a
sepan’,s.t,’, m u l t i plexed , whole—number analog—to—dig it  uI co5’sv~~t’ tei ’ .

Measurement d,’iI.a r c ’(’c’sv esJ by time computer is f i rs t  compensated for various e’ n n o i  c ’ t I , ’m ’ t , . ,
The compensated angular ; ~i l s ’ measuru’mennts sin’ ,’ used to compute veiuicle attitude. r’s:nsp,’nu—
sated acceleration data , ,s.I b r  appropriate coordinate tra nsfor mtsatum on , is used t o  CoDs l’titu’
nuav iqat Ion data • Ans~u lar rsite , ,m c ’a’,’ Iu ’ r at  loss. , ,‘it t i tuu(e and um,iv i m t , s I  ion (‘.51 altseten S ‘I I  5 ’ t lmc ’nm
s,rsc’ el ,ms time data base for im~’ Iementat Ion s ’ S qs ridans.em,s ,iuu,I c o n t ro l  5 snIu, ’t to nI; .

F is(ure 7. Cont ro I ,‘inel dis1’ lay Inn It , s ’s”1155’ int ,‘n ,inti m lIen t l a s  me ,msurem,’n t sItu It
of t i me e\’V— I”104.
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4. 4 Vert ica l  Path Generat or

For an altitude change between point pairs the vertical path generator uses either
one flig ht path angle (FPA) for the entire path between the two points , when a flig ht path

angle has hot been specified , or two FPAs consisting of a segment with a specified FPA and
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the aircraft wil l  not nt~~et the assi gne d TOA . This information is  disp layed on the
Situatiort Display for t~ e pilot , in case he wants to modify the 3- D t r ; m i e c l o r v  or speci-
fied speeds to achieve he TOA .
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Figure 10. SGD—5 Dry tuned gyro

The accelerometer wiulch is used is tluo Systt-on—Donner Model 4841 . This instrum ,’ust is
characterized by bias stabilities of 50 ~q . Approximatel y 3000 of those un i t s  have been
produced and used in a var iety  of app l ications . A photograp tu of t ime ,“Sm ’Ju ’l 484 1 acc,’le r o—
meter is shown in Figure 1 1.

.~~~~~~~~~~~

— 
,‘

, “ ¼,
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4.2.2.2 IMU Electronics

The IM U elect  ron ics serve i t t  n- c ’s ’ i ’s ’ S m s  s ’ s  fm inct  ions. ‘rho ansi I”m s led  u ’ ,’tm S m ,’,; i ’ m  m ’s.’ i m l s ’ ;‘s ’Ii t 5 , ’
of tiuc inertial sensors. The (‘ m st ’IV s ’ l ’Sj Of l  C’ I ~~~ r u s t s  i a ’s a ’m ’ t ~’,’,’i’t I Ii;’ l,,ss; S m ’ .111.1 log Ilts.’,i m ;asi  s.’lsS u ’ s S I
data to d igital  format. The s l i m t s l . u l  s,’ Iu ’s ,’t r e s s s s . ’s ‘m e ’ ,’ ide’ I N S ’  t im is i .s  fs is us .’t, ions , l ’ s u f l s ’ s t ls u ’
converted d,ita ,‘t ncl in te r face w s  I h the sl i’t itt i l coutt~tliL’r.

A simp lified block s.li. s~;u ins of the sensors ,unrl ana log s ’l,’s’t roni,’s is a ; I~;’ui:; in l” isture 1 2 .



The reference stal l e’ and control lamw have been St ructs mred so that e au s .’Iu co~~~i nud will tuai td le

a sing le dimension of the tracking problem . wi th proport nonat i p lus rate fee sibsie 
-

vided in each command, The propo rt ional feedback ntml is out s i te  s h i  usp las.’eme’nr c r1 at  sins

rate feedback provides path damping. In t h e  IFTC program where I ls s ’ e’onl t rol i.nw is

implennented in a hybrid simulator , a i rcra f t  s t a b i l i t y  is augmenuted wish ro n , I l e
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F i g u r e  12. IMU sensor and electronic block diagram

The gyro spin motor is driven by 3 phase 400 Hz excitation . Pickoff excitation is 48 KHz.
Pickoff signals are demodulated , filtered , and used to derive the basic gyro caging sig-
nals , which utilize both cross— and direct—axis pickoff information . The caging outputs
are power amplified and used to torque the gyro rotor to null. The torquinq current is
directl y proportional to input angular rate and provides the basic gyro measurement infor-
mation.

Accelerometer rebalance electronics are integral to the sensor. The accelerometer output
is a voltage which is directly proportional to input acceleration .

Temperature sensors are included internal to both the qyros and accelerometers. These pro-
vide data which is required for error compensation.

A simp l i f i e d  block d i a g r a m  of the digital and conversion electronics is shown i n  Figure 13.
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(wi th roll , pitch , and throt t le  coutsmands) , situation (hori:~ontal arId \‘crt ical ) ins.i ornnai-
t ion , and system alphanumeric inuforma t ion . The concept  o f  c o m p u t e r / p i l o t  int ,’r a u s ’tionu
was developed to a hi gher level during the fighter demonstration stud y by pr ovieii nug
mission oriented mode con trols and expanded ns,urs /machine interaction (through d i r i l , u I
processing) for mission and data management .

I

‘l’ius.’ gyro torqui ru ;t current is used to develop a voltage across j : u s ’ ciosm ,i, resistors. A solid
s ta te  swi LeO i s , ’ us s 5 u ls , v , ’d to provide two ranges of u m i ms. ’r.It ion , I loss: ext m , ’ s , m I  ill’; tI,, si , s;.I n ;lm,’
range of the electronic , ;  to tiuat provided by the gyroscopes. A “wash”, or polarity rm, ’vcu’ sa l ,
technique is iu ics s r I :o r .s t s ’ m h to e f f e c t i v e l y  eliminates contaus ination of t h e  data im ’. bias vo l—
t ,i ‘tc ,’ S

The ,is.’ ce ler ,ut ion conv,’rsion channels are identical to tisose used for m ;v ro  conversion e x c ep t .
that no rat~.s,’ swjtclsiuos is recluin-ed. A separate uus ult il lexed whole number a n a S o m i — t o — a I l a t s  t.,tl
cm’n’.’s.’t’ts.’r is used to m ’m ’ s i v s ’r t  aux i l i a ry  data to di qil,u I format.

4 . 2 . 2 . 3  Sof tware

A computational block diagram is shown in Figure 14.
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Figure 14. Strapdown computational block dimiramnul .

Sensor measurements are first cor’Iuensated for error e f f e c t s .  Gyro compensation includes
corrections for bias , scale factor , misalignment , direct and quadrature mass unbalance ,
anisoelasticity and several “dynamic ” error sources. Accelerometer data is compensated
f o r  bias , scale factor and misalignment. Since the sensors are not tentsperature controlled ,
compensation is also included for thermal variations in certain error parameters.

Compensated angular rate data is used to update the computed attitude . The attitude
reference is maintained as a quaternion and is updated using a 4th order Runqe—Kutta
algorithm at a 50 Hz rate. The attitude quaternion is used to compute the attitude direc-
tion cosines from which vehicle pitch , ro l l , and heading are computed .

Compensated acceleration data is resolved through attitude into local-level , wander
azimuth coordinates and integrated to obtain velocity and position. The vertical channel
is damped by air data—derived altitude information . Earth rate and craft rate correction
terms are compu ted and applied to the attitude update computastions. Acceleration reso-
lution is performed at a 50 Hz rate . All navigation computations are performed at lb 2/3 H z .

A computational flow diaqramm is shown in Fiqure 15.

L .
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sys tem w i t h th is f l s .’x ihilil v and ca ipz ib i i i tv . 

~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~

L ‘H’
~~~~~~~~~

- ’ -
~~~~

-

. 1”  
‘
~~~

‘

~
‘ 

‘.‘  
“H

’

~~~~
’

—~~ .‘ , ::, ~ — ‘ - —

L [~~~~ :~~~~2’. 
~~~~~~~~~ 

‘ - - ‘ .
-t

[ I
I ‘‘ “‘ J , 

a
: [ ,

~ ~~~

L 
H H

L 
- L s—., >

I H
E 

~ J ‘

~ 
I

‘ ,-  
I 

‘

~ 

‘ ‘ •  - — a  ~~~~~~~~~~~

_ _ _ _  
I ~~~~~~~~ ~.‘

___ 

- F

L~~~~~~~~~~ j i  ~~~~~~

Figure  15. CCV program flow.

Timing and memory requirements for the strapdown mecluanization are summarized in
Figure 16.

M E M O R Y  P E R C E N T  OF
F U N C T I O N  

(16 BIT W O R D S)  
A V A I L A B L E  T I M E

STDY-43 COMPUTERS

EXECUTIVE & TEST 524 1.43

ERROR COMPENSATION 794 13.43

ATTITUDE UPDATE & ACCELERATION 911 16.75
R E S O L U T I O N

A L I G N M EN T & C A LIB R A T I O N  911 N /A

NAVIGATION 809 2.09

FLIGHT REFERENCE PARAMETERS AND 524 2.92
AU TON A V

ARITHMETIC SUBROUTINES 841 N.A

SUBTOTAL 5373 38.21%

CONTROL & DISPLAY PANEL 1983 N/A

TOTAL 7356 38.21’:,,

Figure 16. Strapdown timing and memory requirements
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4 . 2. 2 . ‘I Str.ujmmhow ss s~ ‘at ’

The raw ,,h,tt,i a n s ’ rem_ c iv,’d frost, tls,’ IMU ausd c o m s ’ p s . ’ u u s . l t s .’ui . TI;,,’ stnbss.:quu.snm t i Ist .s.’r’ ;l at ion uti—
iiZs.’s a four th—order  Runuq5 ’ Ku t ta  algorithm for the quaternzon rel r e s e u m t a t i c m u u  uf a t t i t u d e .

The S’ol l ow i u s m l  elements of the Inertial State Vector arc’ ,u’,’,tx l,sble t o  t~ e user wi thin L ime
computer , and most of theIst are also available for readout via a CDU .

ax ~~
“) p — roll rate

ay 
— 

~
‘ bod y amcceler,itions q — pitcis ra te

a — J r — yaw rats ’

0 — roll .uttitude u — velocity .tlon ; x—body—axis

54 — pi tch  at t i t u d e  v — velocity alous t y — b o d y— ax i s

— heading w — velocity along z-body-axis

V — absolute veloci ty fm - vert ical  geodetic velocity
VGND — ground speed h — altitude (supported by air ch,it,i)

- angle of attack X — ground-track anglo

— sideslip angle 0 — latitude

— f lightpath ang le A — longitude

RNG — range to destination XTR — crosstrack error

BRG — bearing to destination TTC — time to go to destination

It should be noted that:

(1) Since the attitude is also internally available as quaternions and the CCV-F104-G
control system uses attitude as feedback (among other variables) , the control systens
engineers confronted with the old attitude/singularity problem became accustomed to
qua ternions. Now they have converted their control laws such tttat quaternions are
directly fed into the control laws.

(2) The state vector contains the ang le of attack (O~.I and sideslip ang le ~~~~~~~~~~

It should be noticed , that~~. does not contain the miust term~~~,, and contains also
the drift angle of’

The direc t use of &.~ for stabilization (feedback) will be tested in the CCV—F104. No
f inal  assertion can ~e made about an appropriate filter etc. for the elimination of 6 in
the 

~~ IN signal. Investigations and tests are under way.

4,2.2.5 Computer

The compu ter is a 16 Bit Teledyne TDY—43. This machine operates at a 3.36 MHz clock rats.’,
execu t ing  short instructions in 2.38 ~msec and multip ly instructions in 5.36 esec. Throu;sh—
put , for a basic 80% A D D / 2 0 %  multiply instruction mix is approximately 335 thousand opera-
tions per second (KOPS)

Each computer utilizes a 16 K by 1 6 Bit core memory , and is plug-in expandable to 32 K x
16 Bit capability. An additional 2 K x 16 Bit high speed semiconductor RAN memory is
provided for serial DMA accumulation of IMU data and other high speed processinss funct ions.

Three separate bidirectional DMA channels are provided for communication with companion
computers in the quad—redundant configuration . DMA operations are performed on a cycle-
stealing basis with I/O having priority over the CPU.

Digital I/O capability is provided for communication with tlue INtl and the Control and
Display Unit . The digital I/O section also provides for 6 channels of 16 B i t  par a llel
dig ital inputs and 6 channels of 16 Bit parallel outputs.

The analog I/O section provides capability for 128 chanum els of analog input auud 8 cluannels
of analog output. The extensive analog input capacity provides for “wrap-aromsrud” of thus.’
analog outputs of all four computers for redunudancy nsana mtorne uut purpsul ses .
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I
As mentioned bct m_ ’ s ’c , t bm s. ’ co m 1Sut e rs run identical but nmonsynehmi’onized s of t w a r e .  This
fc ’,ut ,nn’ e , w h i c h  is imposed by computer hardware , has re scml t s.’s.I in an undesired effect. ‘

~m u  ,
~c ’ u ss ’ r.n I , it Io n’ s.’,’,; s, us s . ’ to use 5~ 5 st lse r fai l  ur” 1 1:5 cO la s , i s I s ,  In c.u ,; s ’ of the St rapdown ~ 

- /, ~
si~nnals it did not . 15 low us to conso lis l,tte the s.’ rror—c onlt penus .ste sh S a w  s i g nals as l u s t —
tially intenudesi . 5151cc time asynci t ronism between c o I s s ( ’ u t s . . r s  may be as big as luO ms w i t h

maximum ans~ular ,sc es.’ ler,nt ion ‘‘f 10 0 0°/ s 1 , r a t s . ’  tbtresito lds of 60°/s arising out of this
asynlchrolt is m are slot to lerable.  In practice , 5 . 11 lure ;he teet mo us , therefore , is done based
upon att i tude and veloci t ies.  The asynchronism problem is not considered to be a major
problem; however , any fsnture syste m siuould run so f t—synchron ized  to ease the programmers ’
work .

5. PROJECT STATUS

At the time wiien this paper was wr i t ten , the CCV—F 104 had completed a first test-ph ase ,
whuich was a pure calibration phase fo r  the aerodynamic sensors. A total of 1 1 flights
were performed. Cus s.’ lMtl (part of the f l igh ts  two IMUS) was installed , but was not
subjected to detai led tes ts .  However , the navigation accuracy observed was between 1
and 3 nmi/h CEP.

,\t the t i r.se of writ ing, phase II of the f l i g h t — t e s t s  with the fully equipped p lane had
just commenced. Twelvs.’ flights have been performed. These and a fs.’w follow—on fligluts
arc purely dedicated to aircraft open—loop performance evaluation since some external
modifications may affect the aircraft aerod y n a m i c s .

More detai led information wi l l  be given at another occasion.

IS,. DESIGN IMPROVEMENT CONSILiERAT IONS

6.1 Introduction

Time guidance and control system of the CC\’-F104-G is presenting a milestone witiu its
total digital FBW , its functiona l intesiration and its strapdown system. However , some
techniques known a l ready at the beginning of tIme p ro jec t  have been excluded, because
one wanted to linsit the risk. Other new techmniques have evolved meanwhile and a number

~~f lessons have been learned al r s ’.Idy d u r i ng  t he  f i r s t  f lj s lh t5  and the ‘lrc’tSnd inte ;t ratim.’ss .
So has for instance skewing teclunislue been app lied only to aerodynamic sensors in the
CCV— l- ’ 1 0 4 — G  and se l f  monitorium ’t technique only to the actuating system.

As .s.uu out leek t m _ s f ISt iSre p roj e c t s  sonic of thuis aspects  shall be presentesh in tIme S’cliowin q.

• 2 Sensor s.’s. ’ui f~~j~~ratien

The orientation of  sensors plays a major role in the reductiosm of hardware without
a l, : r tV ,Itinsi time performance and operational requirements.

Witluout discussiume the particular resluirements a stSmnltary of some of tes Ia~~’ s i t- c r a f t  su re
l i s ted in Fiqure 21 .

AIRCRAFT RATES
TYPE (FLIGHT CONTROL ) INS. HAS, V

72) 5 k G  3 ACCEL 2 VG

747 
8 R G 3 A C C E L  2 INS
(8 kG 7 ACCEL) (3 INS)

7X7 
DUAL REDUNDANT 2 INS )STRA PDOWN)
(PROVIDED BY INS)

Y C- 14 9 R G 6 ACCEL 1 INS 2 VG

F~14 7 kG 3 ACCEL 1 INS 1 HAS

Fm  6 RG 4 ACCEL 1 INS 1 HAS

F 1 6  12 R G 8 A CCEL 1 INS 1 HAS

Figure 21 . Inertial sensors in sc”ms.’ 05 1 m’ mI ,uy Im a i r5 ’ Ia Iuess ( Bef s ’ s e uic,’ I~ I
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Figure 11. Interactive Control/D isplay.

l s . ; s : ’ ’ ’’ .51 ‘ a t ’  bs. a,~~s.’ h .ss .i ,at . ts ’ t in , ;  point I a n ~ a ’:’ :;l m ’ I S m ’ct lv,.’ness c O nS la le u ’ .il, s c’ns w i s S ,  Us,,’
to I . w sm S sets sm , r con I 1 551 r,u t 1 m_:~~ ~j ,

1 Full Ske w s  r ss

Time sub 5~ ’ct of ‘1st i:ssa l sensor conf igurat ions for s - s ’s i, .a s , a I , t s s t  s t s ’ .5 5 :m i m ’ wn s ys tems  has re m_ - es vemi
cons  ider.sb i s ’ s t  t ,‘s:t is’Il in recent y”a s’sa , ‘lb s us ’ S  s d  ion a ’ s  an ‘ l ’ s  , :‘a ., I conf igurat ion dm. ’5 ‘s ’l :alS

;a 5’OIs t he  levs,’ l sf  u’ s ’ s. h u u s m h . t : s m _ ’y to be ac’l,is’vs’,i , t ime t 15,’ ;- ’ f :iscfl,;:’r and i ts error st ,itis ,t S m ’s ,
‘t Sse r cm ’ s m s ; i , I s . ’:’ .st ions.

l” .n n l — s  j ’  “ .11 l — m . )~’ ru.’s hus l ; I .sm _ ’y , i .s ’ , the abi lit j ’ to s u r vive  anl’ t w a  fa i lu res, rea ;u m res a mininlum
s. s l  6 ssa ’t Is ’— m ls ’ ’~ res_ ’—oS — f r  s.’s.’ ;Im’ :s; (SDF’ ( sensors or 4 t w o — d e ; r e e — s ’ L  — f  r , . ’ea hm. ’ r (TDF ) sensors.
U:ms hs ’ i ’  . si r ly  .lener:u I assumpt ions conceruiing error s t , ut s , a t 1cm; the m’ r l s o st , ,t i on  of the sen-
sors  f m s s ’  optimum ,tccuracy is s’.’snn:o tric. For SDF’ sensors this is e m las iv s i l en t  to ,u rra: csIss ’ :
t1s,,’ iusstruments w i t h  sensing axes normal to time six no n—pd ral le l  f..ucs. :a ,::’ .m s’ oa :ssls t u sic,:,.’-
cahedron , as shown in Figure 22.

I 2

/ -‘A —N —‘A, 
—

\ / N
N .-‘

I
\ . /
\
\ I
\ I
\ I 

/

4

Figure 22. Esodecahedron orientation of six SDF—sensors.

The symmetric configuration for TDF gyros is equivalent to arranging the sensors with spin
axes normal to the faces ‘. 1  a regular tetrahedron or semi -octahedron. The semi-octahedron
,sr r ,s n te rns .’nt is indicated in Figure 23 (Orientation of the sensing axes about the sp in axes
is . Irb it ra ry  from the standpoint of accuracy , but does a f fec t  time ability to detect and
isol.ite f ’ t i lu r e s .)  A photograph of a semi—octahedron instrument package produced by Tele-
I n c  is shown in Figure 24.
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6 . 2 . 2  Sm_ a t~~—~~ks.’w~~si’,s

An ,s1 te r nat ivss  to the minimal sensor redundancy approaclses is t I m , ’  “brick w ,ml 1” .‘st’iaroadlm ,
which implements redundancy at the ISIS leve l rather thman t l a e  sensor 1ev, ’5  . This ~5 5’ i’ l ’ a S .idh
requires more sensors but provides cer ta in  of f s e t ting  ,s m lv , if l t , l ’ s ,’S , s;m ’I’.me a ’ S  wi:icbs .s sm ’ dis-

cussed in a later section of this paper.

The principal is shown in t ls , ’ fo l lowing Figure 25.
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PRELIMINARY FEASIBILITY ASSESSMENT OF MULTI-FtISSL “1’ ION

INERTIAL REFERENCE ASSF.MBI.Y (MIRA ) 1’~ I
John M. Perdzock , Air Force Flight Dynamics Laboratory, AFFDL/FGL , WPAFB , OH 4 5 4 3 3
Robert C. Burns , McDonnell Douglas Corporation , P.O. Box 516 , St. Louis , MO 63166

SUMMARY

The multipl icity of inertial and air data sensors on advanced Air Force figh ters
and transport aircraft is contributing significantl y to sharply increasing avionic costs.
A potential solution is the development of a Multi—function Inertial Reference Assembly
(MIRA ( subsystem which satisfies all on-board inertial and air data reference data
requirements for fli ght control , navi gation and weapon delivery.

This paper discusses miss ion  and performance goals established for MIRA feasibility
studies covering flight control , navigation and weapon/cargo delivery as applied to the
f i ghter aircraft (F—l5) and a transport aircraft. The relationship between the key tech—
nical issues of concern and the feasibility criteria and the methodology to perform the
trade—offs which impact life cycle costs are described . Functional performance and
reliability requirements are shown . Computational requirements for a representative
MIRA system is summarized. Computer programs were used to evaluate time histories of
sensor and system error propagation and to assess the impact on flight control system
control laws as MIRA sensors are installed at various aircraft installation locations.
The cri ter ia  d e f i n e d  to per form the p r e l i m i n a r y  feasibility assessment is discussed .
Comparat ive  studies of l i f e  cycle costs show a saving es tima te in excess of 69 m i l l i on
dollars for MIRA application to a quantity of 144 fighters over a 15 year operational
life. Cost savings for transport applications are qualitativel y s i g n i f i c a nt , particu—
larly for the operations and support cost element. The results of ring laser gyro (RLG)
and tuned rotor gyro (TRG ) studies of performance and reliability improvements required
are summarized . The laboratory demonstrations performed by three subcontractors with
operating redundant equipment , which shows software capability to provide fault coverage,
is discussed.

Technology projections indicate that by 1980 performance and prodocibility will be
near ing  ma tur i ty for  sensors and microprocessors, and that sof tware techniques  w i l l  be
developed which provide adequate fault coverage and redundancy management for both skewed
and multi-uni t sensor system architectures. ‘a

The results to date have shown that questions relating to key issues have been
satisfactorily answered with the conclusion that the MIRA program should proceed into
further detailed system configuration studies , which specifically address commonality,
test and main tenance , standardization trade—offs , and the preparation of a technical
exhibit for a selected best MIRA candidate configuration .

I. INTRODUCTION

Current military fighter and transport aircraft use avionic equipment which general-
ly follows a federated or a consolidated system architecture . This has resulted in var-
ious inertial and air data functions being replicated and sensors being tailored and
dedicated to specific Subsystem tasks , for example , navigation : Inertial Naviga tion
System (INS) , Attitude and Heading Reference Systems (AHRS ) and Air Data Computer; flight
control : ra te gyros , accelerometers and dynamic pressure sensors; weapon delivery : lead
computing gyros and accelerometers.

With the progress being made with inertial sensors , such as strapped down tuned
rotor gyros and r ing laser gyros , and large scale integrated (LSI) circuit micro-
processors, the question has been posed which asks , “Is it possible to conficsu:aa a multi—
function inertial reference assembly subsystem which (a) provides functional outputs
adequate for navigation , flight control and weapon delivery , (b) achieves the required
mission and safety—of—flight reliability , and Cc) results in significant life cycle cost
savings when compared with current approaches? ”

In response to th i s  question , the Air Force , under  jo in t sponsorsh ip of F l ight
Dynamics Laboratory, Avionics Laboratory , and Aeronautical Systems Division , crea ted the
MIRA program to determine the eventual payoff when MI RA is applied to advanced Air Force
f i ghters , transpor ts and remotely piloted vehicles (RPVs) of the 1980—1990 time period
(Figure 1)

The specific objective and approach is shown in Figure 2. In order to implement the
program , the Air Force partitioned the MIRA program into two phases : Phase I , Feasi b i l i ty ,
which was awarded to McDonnell Douglas Corp. (MDC) , St. Louis , Missouri , in june 1976 and
will end in September 1978, and Phase II , Verification , which is curren tly scheduled to be
started in Air Force fiscal year 1979 as shown in Figure 3. MIRA applica tion would take
place starting in the mid l980s. MDC has put together a MIRA team for Phase I being led
by McDonnell Aircraft (MCAIR) in St. Louis where fighter studies are also being concen-
tra ted, together with Doug las Aircraf t (DAd for transport. studies and subcontractors
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Honeywell , Minneapol is, Minnesota; Singer-Kearfott , Li tt le Fa l l s , New Jersey; and Litton ,
a 

~ 
Woodland Hills , C a l i f o r n i a , for support studies. Subcontractor studies emphasized

I O-s~&- strapped down system , r i n g laser gyro (RLG) and tuned rotor gyro (TRG) imp lementa tion
technology, ana l ytical trade—off studies and hardware demonstrations. The activities and
studies described in the following sections of this paper were performed as part of
Task 1, Phase 1. Task 1 was aimed at making a preliminary assessment of feasibility of
the MIRA concept for  bo th f i ghter an d transport a i r c r a f t throu gh analy tical studies per-
forming comparative analyses , and laboratory demonstrations with available hardware.

De ta iled sys tem conf iguration studies and the selection of a recommended MIRA
system have been completed under Task 2. During Task 3 the MIRA technical exhibit will
be written for use in the MIRA Phase 2 verification activity.

Figure 4 illustrates conceptually how the MIRA is envisioned to functionally replace
the inertial and air data references on current aircraft. MIRA , as a subsystem which  has
adequate performance and reliability (including redundancy) , feeds the us ing  subsystems
through the data bus network , MIL-STD-l553A .

Key issues to be resolved in determining the feasibility of the MIRA concept to
effect cost savings are shown in Figure 5. Some multi—function requirements needing defi-
nition are : sensor accuracy required for long duration flh ghts and the wide dynamic range
for fighter application; and sensor location effects , whic t. include the vibration effects
on redundant and/or separate sensors when operated in a flexible airframe. Failure
detection and isolation requirements place demands on microprocessors to perform within
real time in order to keep the fault detection and isolation at high confidence levels ,
the nuisance  a larms at low levels , and to accomplish the necessary redundancy management
for system reconfiguration. Adequate reliability must be achievable in a practical sense
and modularity, which will permi t flexibility of application , is essential.

The MIRA road map of activity is shown in Figure 6. This paper will cover the sign
posts leading up to crossing over the bridge . Because it is believed that the fighter
a ircraft application will impose the more demanding requirements of the MIRA , mos t of the
ensuing discussion is addressed to fighter analysis. A MIRA that is feasible for the
fighter should be capable of adaptation to meet the normal and unique performance require-
ments of a transport aircraft.

II . SY STEM REQUIREMENTS

The latest Air Force operational fighter , F-l5A , was selected as the principal data
base source for comparative fighter studies , supplemented with F-4 and F—l8 data (Figures
7 and 8). A representative aircraft was selected for comparative transport studies.
Each aircraft has a high authority fail—safe control augmentation (CAS) flight control
system . Inertial navigation is required on each aircraft. The F-15 specializes in air
superiority weapon delivery and has excellent air-to-ground capability . The transport
performs cargo and troop drop missions.

Missions were defined for fighters and transports which were representative of com-
bat conditions. The fighter mission lasting about two hours involving high dynamics , and
the transport mission being approximately 30 hours , involves numerous mission segmen ts
where landings are made and drops occur . Mission performance goals were defined to be
1 NM/hr for inertial navigation , 8 milliradian for air-to-surface weapon delivery , and
Level 1, NIL—F-8785 flying qualities . Air—to-air weapon delivery performance is classi-
fied and for the purposes of this paper has not been included .

Output signal requirements were determined based upon allocations to functions for
various current avionic equipments . Figure 9 lists some of the key parameters which
were taken from a detailed list which showed a total of 117 outputs.

III. ANALYSIS

Analysis of computational requirements are sunssnarized in Figure 10. A preliminary
analysis of function conmttonality showed that F-l5 air inlet controller requirements were
so a i r c ra f t/ eng ine  oriented tha t the air  inlet requirements should be removed f rom the
main MIRA modules. It should be noted that the required processing speed (Kops) and
refresh rate to implement MIRA would be decreased (approximately by a factor of four ) for
the t ransport, but that memory word storage requirements would stay about the same .

Flight control key issues , struc tu ra l  modes f requency  and ampl i tude , ga i n  and pha se
margins , fuselage stations for MIRA installation , and lever arm effec ts , were analyzed .
Results, illustrated in Figure 11, showed that when sensors are combined the best location
for  f l i ght control is in a zone around fuselage station (F.S.) 425 but that the sensor
Line Replaceable Unit (LRU) could be located as far forward as F.S. 225 before the CAS
would go unstable without change in control laws . The analysis also showed the method-
ology of how control laws changes could be made to permit LRU location to be moved up to
the most available forward location (just aft of the radar) and still provide Level 1
handling qualities.

Figure 12 reports the analysis results for the fighter hardware Mean TiSe ‘etween
Failures (MTBF) reliability apportionment. The MTBF is based upon parts count. For
comparative purposes , the safety—of—flight reliability is taken care of by h,’s’.’ inm i
mechanica1 back—up for fligh t control. Figure 13 shows transport reli ability results.
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The 150 hour MTBF is a minm imunm t roquirensent and should not be interpreted as being the
actual MTBF. In reality the .ictual MTIIF should be signifirantly higher. The transport j,t- ;
mi ssion reli55b ility 01 0.99929 is requ i red for each of three different types of missions I”
(training , detuloynsont augmenstation , in tratheater support) siefined for reliability purposes.

IV .  FEAS IBIL I’ I ’Y _CR ITERIA

All 015 the previous discussion has been oriented to establishing the MIRA require-
ments and performing associated analysis in preparation for being able to respond to the
preliminary feasibility assessment criteria which consists of the six categories, all
in terre la ted , shown in Figure 14.

Producibility data or’ RLG and TRG sensors , w h i c h  covered f a br ica t ion , assembly and
test , and the fllCthOdOlOsa / S aociated with each sensor type , was suppliesi by cad s equi p—
ment subcon trac tor. Because produci b ili ty is re la ted so closel y wi th proprietary  da ta ,
the review of the data was done at each subcontractor facility with onl y MDC and govern-
nsent personnel in attendance. The conclusion beinm i that TIlE, technology is very much like
the present gimbal led TRG technology an d th e r e f o re, represents minimum risk. h owever ,
more experience is required with the RLG technology, because there are still size and per-
fornnance developnssents in work. Within one to t h r ee  years the RLG5 should have proven
produ c i b il i ty bass.’sI upon current development trensds.

Time cost savings potential was handled on a total life cycle cost (1.00 ) basis
(Fns ~ure 15 ) . MCA I R , DAC and each subcontractor postulated a system and a proposed mecis-
anization based upon the Mill/s performance goals and outputs defined by MDC documents.
Equipment costs were supp l ied to MDC which , in turn , were inpu t into a LCC model at MDC .
The MDC LCC model was a combination of the RCA PRICE model and a previousl y used MCA IR
advanced concepts cost model (ACCM) . LCC was brokenm into three functional elements :
(I) RDT&E (Research Development , Test and Evaluation), (2) Investment , and (3) O&S
(Operations and Support) . For comparative studies Figure 16 shows the F-15A avionics
impacted by M I R A which  would be replaced en tirel y or partially. The uninstalled weight
of this equ ipment is approximately 187 pounds (85 kgs). The 187 pounds (85 kgs) includes
28 pounds (13 kgs) of equi pment which would not be replaced by MIRA , e.g ., the Signm al
Data Recording Set tape recorder , the Air Inlet Controller valve drive circuitry and the
Navigation Control Indicator . Therefore , onl y 159 pounds (72 kgs) of F—l5 avionics would
be in actuality replaced by MIRA . A MIRA configuration which functionally replaces the
159 pounds (72 kgs) of F—lS equipment is shown in Figure 17. (Figure 17 is used for cost
comparative purposes only, i .e.,  its performance is equivalent , as much as possible , to
the performance of the equipment replaced.) The equipment weight estimates for  F igu re  17
is projected to range from 50 to 60 pounds (23-27 kgs) . I t should be no ted tha t surviva-
bility and mission reliability enhancement is provided by separate LRUs. Each Multi—
func tion Reference Unit is capable of autonomous functional operation .

Fighter cost savinsis , Figure 18 , are Shown to range from 69 nssillion to 80 million
dollars. This range (a) is based upon subcontractor data , (b) is ismds..Ftesuden of seimsor
mechan iza tion , and (c) includes the impact of technology improvements projected to take
place by 1980 with sensors and LSI microprocessors.

In pe r f o r m i n g the cost compa r ison for  transpor ts , the si tua t ion is s l i g h tly  d i f f e ren t
from the fighter since there is no weapon delivery/lead computinq gyro requirements. The
transpor t  c u r r e n t ly has a dual iner tial sensor system (ISS) and a dual air data system
(Fi gure 19 ) . By integrating LRIJs for the MI RA configuration , improved mi ssion r e l i ab il ity
results due to dual processing capability, and sli ghtly improved production costs results
(Figure 20), However , due to potential commonality and standardization of LRUs , quali-
tative significant savings are expected in the O&S cost element.

Assessment of functional requirements satisfied and identification of performance
improvements required were made with the use of subcontractor data and MCAIR math model-
ling studies using a computer program called SIMSIN , which can evalua te strapped down
sensor and system performance over arbitrary flig ht profiles and provides a time history
of error propagation, The results showed that transport functional position and velocity
requir eme~m ts can be met with current TRG and RLG systems but that product enhancement
improvements for production are needed for fighters due to the hi gh dynamic environment
(Figure 21). Each MIRA subcontractor is at a different level in verifyinsi his equipment
capabil ity ,  which is proprie tary , and t h e r e f o r e  the “present capability, ” Fi gure  21 , is
not meant to be used to sing le ou t a pa r t i c u l ar subcon trac tor , but rather is to be con-
sidered as an industry-wide combined average. By the end of 1980 it is expected that the
improved sensor performance required for fighter app li cations will be demonstrates), by
several equipmen t suppliers, to at least the brassboard level.

The impac t of r e l i a b i l ity on l i fe cycle cos ts is si gnificant. Studies showed that
M IRA needs an improvement goal of 11.3 over current operational experience (Figure 22) .
To achieve this goal , an approach to reliability improvement in botIu design ansi manage-
men t, is believed achievable for MIRA (Figure 23 ) . This type of methodology is currently
being used on the F-IS and should start showing payoff benefits within the next two years. a

V. LAIIORATORY DEMONSTRAT IONS

In addi t ion to ana ly tical  studies , hardware labora tory demonmstn’,m tjons were performs’s)
by each MIRA subcontractor.
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The hardware demonstrations were aimed at demonstrating key technical issues such
as sof tware redundancy managemen t, fault detection and isolation , sensor skewing ,  c lus ter
skewing, cluster separa tion , f requency  response , resolution , noise con ten t , quantization ,
fa ilure mode e f fec ts , and open and closed loop operation .

During eac h hardware demonstration, the operation was f irst demonstrated in a full-
up configuration . Simulated failures (hard over , slow over , null) were entered into the
system by the operator and the signal outputs recorded and compared with the full-up per-
formance . The impact upon flight control , navigation and weapon delivery outputs were
each assessed with appropriate criteria for fault coverage . Honeywell’s RLG demonstration
set-up is shown in Figure 24;  Singer-Kearfott TRG Set-up is shown in Figure 25;  LittOn
TRG set—up is shown in Figure 2 6 .  It should be noted that demonstration equipments were
made available at no cost to MDC or the Air Force .

Each subcontractor ’ s demonstration plan, procedure and cr iteria was tailored to ~e
supplemental to the analytical tasks performed and was based upon available equipment .

Ther e f o r e, it was not required that the equipment demonstrated be configured as a
MIRA sys tem , part itioned as a MIRE system , or even of flight worthy construction , even
though some of it was .

VI. RESULTS, CONCLUSIONS AND RECOMMENDATIONS

The results and conclusions of key issues discussed in Figure 5 are shown in
Fi gure 2 7. Overall conclusions for Task 1, shown in Fi gure 2 8 , range from MIRA feasibil-
ity established to the need for a supplemental effort to take the hardware demonstrated
in the labora tory and evaluate the software redundancy management and/or fault de tection
and isolation capability under dynamic moving vehicle conditions, thus providing added
feas ibility in an environment which prov ides translation inputs to the system.

Recommend ations coming out of Task 1 studies are shown in Figure 29.  As a follow-up
to the second recommendation , the Lit ton system was tested in September 1977 in the Air
Force Avionics Laboratory mobile evaluation laboratory.

The Task 1 studies , analys is, results , conclusions and reconlixsmendations reported here
were formulated in a milestone technical report and approved by the Air Force in September
1977 (Reference 2 ) .  The MIRE activities currently completed include refining the con-
f i guration candidate studies and selecting a final MIRE configuration . Detailed analysis
has been made of the selected configuration . The final report currently in work will
include the preliminary MIRE technical exhibit , life cycle cost criteria, application to
advanced a i rc ra f t, and supporting rationale.
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F-15 INERTIAL/AIR DATA SENSORS

ACCURACY I1’ERAl’ IOIMS
OUTPUT PARAMETER RANGE STANDARD FORM PER MTBF

— ________________________ ______________ 

DEVIATION SECOND

1. LATITUDE 900 5 NM/HR 1553A MUX 25 3 000
2. LONGITUDE 180° 1 NM HR 2t~ 3.000
3 INERTIAL ALTITUDE -1 ,000 10 80 .000 FT 250 Fl’ 2T~ 3. 000
4. NORTH/ EAST V ELOCITY 121 ‘4 .100 FPS 2 . 5 FPS RMS 80 15 ,000
5 VERTICAL VELOCITY - 2,050 FPS 2 FPS RMS 80 15 ,000
6 TRUE HEADING • 1800 6 ARC M5 N 80 7 .500
7 D R I F T  A N G L E  350 0 . 1° TO 1° 25 9.000
8. AZIMUTH ANGLE ‘ 180° 6 ARC MIN 80 i0~
9. ELEVATION A NGLE ‘ 90° 2 ARC MIN 80 tO ~

10. ROLL ANGLE ‘ 190° 2 ARC MIN 80
11 . BODY LINEAR ACCELERATION (35 ‘ 390 FTaSEC 2 0.33 FT .SEC 2 so 107

12. BODY YAW/PITCH RATE 121 ‘85° SEC 0.02°/SEC 80 tO ~
13. BODY ROLL RATE ‘ 360° aS EC 0.02°/SEC 80 to ’
14 . BAROMETRIC ALTITUDE . 1 .000 TO 80.000 FT 2 FT OR 02% 25
15. TRUE ANGLE OF ATTACK a - - 10° TO 35°F 0 12 ‘ 0.004 a . 10 25 to ’
16. INDICATED AIRSPEED V1 14 ,C 1 .600 PITS 4 PITS V 1 - 100 25 to ’

2 K T S V 1 ‘ 100
17 TRUE AIRSPEED 60 TO 1, 710 PITS S KTS 25 i0 7
18 . MACH NUMBER 009 T03 M 0.005 T 0 0 0 1  25 7 .500
19. TOTAL TEMPERATURE 62°F TO 233°F 0.44° 25 9,000
20 . FIRST RAMP SERVO DRIVE ‘50 MA INTO t O O t S  LOAO CONTINUOUS jØ l
21 DIFFUSER RAMPS SERVO DRIVE 550 MA INTO 10015 LOAD
22 , BVPAS S SERVO ORIVE ‘50 MA INTO 100 0 LOAD to,
23. NON MUX 8US DISCRETES ( 10) ONOFF N/A WIRES RANDOM 30.000
24 . MUX BUS DISCRETES (10) 0190FF N/A 1553A MUX 30 .000
25 REACTION TIME 10 MINUTE (MAX ) FOR GYRO COMPASS ALIGN. 3 MINUTE (MAXI FOR
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KOPS WORDS R E F R E S H / SEC

EXECUTIVE 16 1,000 128
GYRO COMPENSATION 41 538 64 /V - ‘7a 
ACCEL COMPENSATION 10 126 64
FDI / RM 15 312 64
DESIGN EQUATIONS 10 700 64

a ALIGNMENT MATRIX 8 175 64
QUATERNION 39 900 64
VELOCITY /POSITION 45 1,200 32
ATTITUDE / RATES / ACCEL . ETC 4 500 128
AIR DATA 364 3.500 20
OUTPUT 5 350 A/R
DATA BASE — 1.500 —

SUBROUTINES — 600 —
BITE 40 600 —

TOTALS 597 12,001

Not, A s ,  sn tel  , , s o J a a - ,  1 000 os*ja la oss& ~ O,ds 7 KOPS 0P77 -040- Il

a F I G U R E  10
COMPUTATIONAL REQUIREMENTS ESTIMATE
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FIGURE 11
FIGHTER ENVIRONMENT
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F I G U R E  12
RELIABILITY . FIGHTER

_ _   -



HARDWARE SERIES 
MISSION

(HOURS) R E L I A B I L I T Y

/ /
‘ -“  C

• C I5A MIRA
RELIABILITY
R E Q U I R E M E N T S  . 150 0,99929

• LOSS OF AIR DATA AND INERTIAL OUTPUTS ARE CRITICAL TO
FLIGHT SAFETY UNDER IFA CONDITIONS

• THE DE GREE AND CRITICALITY OF MIRA FAILURE WILL BE
ESTABLISHED WHEN DETAILED SAFETY AND HAZARD ANALYSIS
ARE PERFORMED IN TASK LI

FIGURE 13
RELIABILITY - TRANSPORT

~~ ODUCIBlLlr~,

I i
/ 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ARf REQUIR E0

FIGURE 14
PRELIMINARY FEASIBILITY ASSESSM ENT CRITERIA

• DETERMINE CONVENTIONAL AVIONICS TO BE REPLACED

OR AFFECTED BY MIRA

S SELECT A R E P R E S E N T A T I V E  BASELINE

M I R A  C O N F I G U R A T I O N

• SELECT A COST MODEL FOR EACH ELEMENT OF COSTS
• R&D DE VELOPMENT )

• INVESTMENT )PRODUCT IONI

• 0~5S D E P L O Y M E N T )

• PERFORM COST PREDICTI ONS FOR THE CONVENTIONAL
AND MIRA AVIONICS LIFE-CYCLE-COST AND DETERMINE
THE POTENTIAL SAVINGS

S CONDUCT FI GHTER COST STUDY IN PA R A L L E L  W I T H
TRANSPORT COST STUDY

FIGURE 15
LIFE-CYCLE-COST FEASIBILITY STUDY APPROACH



IMP IltiAl, MFAS&JREMINT UNIT (I~~J)

— INERT IAL NAVIGATiON / - /

ATTflUD:D
~~~~~~~~~~~~~~~~~~~~~~1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I 

~~~~~~~~~~~~~~

R E F E R E N C E  GYROSCOPIC REFERENCE

ELECTRO NIC ‘~~~~~ ~~~~~~~~-..,. ~~~ ui~~~~\ ~~~~~~~~~~~~~~~CONTROL IE~~~~~ 
“

~~~~ • I 7~ GYI~)/LOMA tIFICR IECAI—,~ 
-

CONTP~~LL8M . ,,,
,

~~~~~~~ • I

~~~~~~~~ J •
I

/ ’_ J;A
AIR DATACO~~~ UTER lAnd ‘

-~~~~ 
-

AFdS A LERATIOM ~~P~ OR ASS(~~~I.,Y ~ RAT8

FIGURE 16
F- 15 E Q U I P M E N T  IMPACTED BY M I R A  

~ 1

MIRA

P A N E L0 I (NOT PART OFM IRA)L.I~IIiii;:::j
~I 

I UP FRONT

~~ 

CONTROL

0 
0 

:.: -
~~~~~~~:‘

AIR DATA MULTIFUNCTI ON ‘ —-I—.
p SENSO R R E F E R E N C E  

I ,
~~ 

•

rcT ’Nx
LN~j~j  : E R FA C E

AIR DATA MULTIFUNCTION I
SEN SOR R E F E RE NCE 

I
L UMT

J

FIGURE 17
REPRESENTATIVE SYSTEM CONFIGURATI OP: FOR

COST COMPARATIVE ANALYSIS . FIGHTER

~~ k . .~ - -  ,~~~~~~,. -‘---—-. . -  — 
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CONVE NTIONAL MIRACOST (159.3 LB)
/ f ~ 

- ELEMENT AVI ONICS 50 LB (MIN) 60 LB (MAX)

R&D 30 17 18.5

INVE STMENT 60 29 32.0

O&S 95 59 65.5”

TOTAL 185 105 116.0

MIRA COST N/A 80 69.0SAVINGS

Ni~t .. ( 1) A ll r s rrrf)ers ar - in rrrillions of 1 Jan 1 hi 7 dOllars.
121 200 systems . 144 si, s I?  15 uu’ .sI ,i,,isl l if e
131 Technology based no 1985 a n  ~s t r  qo ahead

0&S , ic l i i i l . i , n - i t , r , r ,  support cost s because PR I CE inve stment does not
i i l C Iiiils. i i i v .~s t t n i . - i i I ~~~ssp;M) rt

.App ros,mat e i l  from r a t io  of u,westment costs on,..., .

FIGURE 18
COST COMPARISON . FIGHTER

REPRESEN TA TIVE DUAL MIRA I DUAL CONVENTIONAL

[ i ~i S 4  SS5r~ROCE SSOR I I ACCELS
PROCESSO R

GYROS
______ ________ ______ ________ ISS NO. 1GYROS

AND I NO. 1 i AND

AI RDATA L~~Y B AT.
TRANSO I PROCESSO R LRU NO 2 __________

AND A/ D _____

CONV 
~~~~ 

NO. 2 
1 

AIR DATA1 TRANSD
[ STBY BAT. J AND A/D

AIR DATA NO. 1

L_ CONV

ACCELS
ESSOR II 

~~~~~~~~~~~~~~ PROCESSO R1 I AND 
H 

PROC 
I ISS NO. 2

GYROS

~~ _ _  

_ _

AI:::TA 

~~~~~~~ NO. 1 

STBY BA~~~
TRANSO I PROCESSOR ILRU NO. 1 

_____________________

I AND A/ D I_____ _____________________

CONV 
NO. 2 

AIR DATA

__________ 
TRANSD AIR DATA NO. 2AND A/DSTBY BAT. CONV

Note- Dual MI RA is functionall y nose reliable than do ul conaerrtiona l MIRA clue 0 rloal processing of
inertial and air data irs each MIRA processor GPfl .0S42 II

FIGURE 19
REPRESENTATIVE CONFIGURATION FOR

COST COMPARATIVE ANALYSIS - TRANSPORT

SYSTEM COST

MIRA $223,000

CONVENTIONAL $224,000

COST SAVINGS $1,000

FIGURE 20 -

EQUIPMENT PRODUCTION COST COMPARISON - TRANSPORTS

- .
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CAPABILITY REQUIREMENT

S POSITION ACCURACY 23 NM/HR 1 NM/HR

• VEL OCITY ACCURACY 8-10 FPS 2-3 FPS

• ASSOCIATED FURTHER INVESTIGATION
REDUNDANCY UNDER DYNAMIC CONDITIONS

FIGURE 21
PERFORMANCE IMPROVEMENT REQUIRED

EQUIPMENT MTBF (HRS)

CURRENT 67.0

MIRA 760.0

IMPROVEMENT GOAL = 11.3

an,.”,-”

FIGURE 22
RELIABILITY IMPROVEMENT REQUIRED

DESIGN
• CONTRACT UAL LIMITATION OF COMPONENT STRESS LEVELS

• IMPROVED THERMAL DESIGN

• IMPROVED PART APPLICATION

• FEWER COMPONENTS - ELIMINATE GIMBALS. USE OF LSI MICROPROCESSORS

• RELIABILITY DEVELOPMENT TESTING
• DESI GN-LIMIT ENVIRONMENTAL EXTREMES
• REALI STIC DUTY CYCLES TO MATCH MISSION PROFILES
• ACCUMULATE EQUIVALENT SERVICE LIFE

MANAGEMENT
• IMPROVED PARTICIPATION DURING EARLY DESIGN PHASE

• INCREASED FUNDING FOR EARLY TESTING

• EQUIPMENT DESIGNERS TASKED WITH SPECIFIC RELIABILITY REQUIREMENTS

• IMPROVED CORRELATION OF LABORATORY AND FIELD RELIABILITY
ME ASUREMENT GROUND RULES

• CONTINUOUS AND AGGRESSIVE FOLLOW-UP THROUGHOUT LIFE OF PROGRAM

0—a,-”

FIGURE 2~
METHODS OF ACHIEVING RELIABILITY IMPROVEMENT

______ L
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Ill- I 4

II.

FIGURE 24
HONEYWELL LABORATORY DEMONSTRATION

)Rsng Laser Gyro - 1 Telrad Clusler)

S

“7—0-n

FIGURE 25
SINGER-KEARFOTT LABORAT ORY DEMONSTRATION

(Tuned Rotor Gyro . 2 Skewed Clusters)

~



FIGURE 26
LITTON LABORATORY DEMONSTRATION

)T un~d Rob ’ Gyto 2 Skewed CIuSICrs)

- 

K EY ISSUE PRELIMINARY ASSESSM ENT
_____________________ 

OF FEASIBILITY
MULTI FUNCTION FUNCTIONAL OUTPUTS OF- INLHT IAL
REQUIREMENTS POSITION , VELOCITY . ACCELERATION .

RAT ES AND AIR DATA CAN BE
OBTAINED. TECHNOLOGY IMPROVE

MIRA ( FY ISSULS MENTS WILL IMPROVE POS AND VEL
ACCURACY IN THE NEAR FUTUR E

~
‘ - SENSOR LOCATION CONTROL LAWS CAN BE MOD IFIEDTO

EFFECTS ACCOMMODATE USE OF PHYSICALLY
SEPARATED MRU LRUS

. “ FAILURE DET ECTION DEMONSTRATED IN LAB FOR HARD
- .- ~ AND ISOLATION OVER . SLOW OVEHAN D SOFT OV E R

/
r . , , 

~~~~~~ RELIABILITY REDUNDANT AND SKE W E O SENSORS 

~~- -  AND CLLISTE RS PROVIDED AD EQUATE
MISSION ANL) SAF ETY OF FLIGHT
RELIABILITY

MODULARITY MIL STO 1553A MUX CAN thE USED.
INERTIAL -A IR DATA FUNCTIONS CA N
BE INTEGRATED AN)) STANDARDIZ ED

LIFE CYCLE COST FIGHTER SAVINGS $69 580 M
TRANSPORT SAVINGS QUALITATIVELY
SIGNIFICANT

FIGURE 27
KEY ISSUES RESULTS



Ill s

• MIRA FEASIBILITY HAS BEEN ESTABLISHED

• MIRA PROVIDES SIGNIFICANT COST SAVINGS AND MERITS
CONTINUED DEVELOPME NT

• MIRA PERFORMANCE CAPABILITY W ILL BE ADEQUATE FOR
FIGHTER AND TRAN SPORT

• RELIABILITY AND MAINTAINABILITY REQUIREMENTS
WILL BE MET

• AIR DATA COMPUTATION SHOULD BE PART OF MIRA

• SUPPLEMENTAL DEMONSTRATION EFFORT TO EVALUATE
MIRA VELOCITY . ACCUR ACY AND REDUNDANCY UNDER
DYNAMIC TRANSLATION CONO1TIONS DURING PHASE I
WILL PROVIDE ADDED K EY INFORMATION

FIGURE 28
OVERALL CONCLUSIONS - TASK I

• CONTINUE MIRA FEASIBILITY STUDY (PHASE I) FOR
DEVELOPMENT OF FI NAL MIRA CONFIGURATION AND
PREPARATION OF SPECIFICATION

• INITIATE A SUPPLEMENTAL TEST TO DEMONSTRATE
PERFORMANCE ON SOFTWARE REDUNDANCY USING
LAB HARDWARE ON A MOVING VEHICULAR TEST BED

• BEGIN DETAIL PLANNING FOR MIRA PHASE (I ADP
FLIGHT TEST

FIGURE 29
RECOMMENDATIONS - TASK I
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14 1  app lis ’s the : ;s’ts ’~ t n,’sssurement residuals In -s identily occuring malfunctions rather
t b , i ss  sstostitoring t i ,  d i b f s ’ rt’r ts’s s  between t h e  sets of estimates Theoreticly the method

~n (4) seems t V - s  be n .)(ntj l l’lal in the Bayesian sense , However , simulations indicate that
t s r ’  success ot~ t h i s  method is strongl y tied to the spesif ic .o)piicatioflS. R e f e r e n c e  ( 6 )
questions this ‘ identifiability ” of the method ar,d mentions the lack of gene ra l  convergence
ps-i sIs. A s i mpi c ’  pert nrsis010u statement of the presented r.ethod is found later in this
section.) As f o r  the  number of Ka lman  f i l t e r s  to imp lement , the presented method demands
a limited number , w h i l e  the me thod in (4 ) in pr inci ple demands an infinite number. How-
c u r , the presented sis’thod also may have to reduce the number of parallel Kalman filters
because of restricted computer capacity available .

One interesting qualitative statement about the presented method may be noted:

Assume th at a system contains N sensors, and that the estimates of the system vari-
ables have to meet certain accuracy requirements.

If all N Kalman filters with inputs from N-l sensors meet the accuracy requirements ,
then the method described is able to detect all sensor malfunctions that will cause
the system estimates to violate the accuracy requirements .

This statement is easily realized , Say that the sensor number i is malfunctioning .
Si’ice at least one set of estimates is not influenced ,- the difference between this set
and the systesls estsssates will become too large to be accepted from the corresponding
covar iance ‘satrices , before the accuracy requirements are violated.

Several important questions are arising when a system with fault detection capability as
decribed is to be designed :

- How many parallel filters to design?

— How to design the filter ‘sodels?

— Wha t sen sor inputs shoul d be fed  to each f i l ter?
— How to design the malfunction detection scheme?

The answer to these questions are stronly dependent on the characteristics and number
of the sensors available and on the computer capacity available, It could be desirable
to obtain sets of estimates based on sing le sensors and to perform the identification by
majority voting on the estimates (5) . However, if estimates may be obtained this way ,
they are often too uncertain to be useful, It could also be desirable to design the
parallel filters as failure seositive filters (3) . This approach may lead to a better
malfunction detection capability, but the alternate mode capability will suffer because
the filter estimates is not of minimum variance type .

One way of implementing the malfunction detection and identification scheme may be:

1) The sets of estimates from the parallel Kalman filters are compared in pairs , and
the differences are obtained .

2) An alarm is activated if at least one of the differences is too large to be consis-
tent with the corresponding covariance matrices.

3) The identification of the malfunction is based on the pattern constituted by the set
of differences.

The identification scheme may involve the use of decision tables. The conditions
to test on can be determined by simulating the different kinds of malfunctions in the
normal noisy environment. The hypothesis testing in 2) may be performed in different
ways. One method is described in (7) , another is described in section 3.2.

3 APPLICATION IN AN INTEGRATED NAVIGATION SYSTEM

This chapter describes the application of the malfunction detection method in the
integrated navigation system for the new Norwegian coastguard vessels. The integrated
navigation system is briefly described , and the specifJc implementation of the failure
detection method is described and discussed .

3.1 Description of the integrated navigation system

The integrated navigation system for the new Norwegian coastguard vessels will
consist of the following navigation aids (nay aids)

— NNSS receiver (NNSS: US Navy Navigation Satellite System , also called TRANSIT)

- Decca receiver

— Loran C rece iver

- Inertial Navigation System (INS , accuracy approximately 1 nautical mile per hour)

~ .
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The Information f rom the nay aids is fed into a minicomputer througts a hus system .
The minicomputer will process the information using K,ilman filter techniqus’. A recent
formulation ot the Kaiman filter algorithm .,‘,cfled UD-factorization will be applied (8),
( 9 ) .  The principa l quantit ies to be estimated are ships position , veloc it y ,  heading ,
r o l l  and pit ch-angles. In addition se., currents and offsets in the nay aids will be
es t ima ted .

The NNS S c on t r i b u te s  w i t h  a h i g h  p o s i t i o n  accuracy  to the sys t em when a f i x  is
ob t a i n e d , Ths’ fixes ,tre obtained ,it intervals varying from about ½’- 2 hours. The Decca
and Loran C systems n’ositribute with their relative high signal stability. Bias erros
in these systems may be estimated when the NNSS receiver gets i position fix . The INS
contributes with a high short term stability in velocity and position Indications, in
addition to supp lying heading roll , and pitch angles. The relative log may be regarded

~ss a redundant speed sensor when the INS operates together with Decca and Loran C , but
it contributes with s.’elocity stabilization when some of these nay aids are not available.
The’ gyrocompass also feeds the Kalman fil t e ’i with inputs , but its main function is a
back-up heading sensor.

3.2 The imp lementation of the method

This section de scribes how the malfunction detection method will be imp lemented in
the n,i’,’i~s,ction system at hind . The interact ions with the operator is also mentioned .

The implementation will consist of four parallel Kalman filters with the following
c h, t r ac t erj s t ic s :

Filter I :  I n p u t  f r o m  all s~,i~ - aids

Filt er 2: Input from all nay aids except INS

F’ iltei 3: Input from all nay aids axcept Decca

Filter 4: Input from all nov aids except Loran C

The filt s ’r models are all designed to produce minimum variance type estimates from
the received measurements (I e not failure sensitive filters)

Onl y the position estimates from the parallel filters will be compared here . The
ma in steps of the malfunction detn’ction scheme is described in section 2.3. One key
question is whether or not a pair of position indications are too far apart to be con-
sistent with the associated covariance matrices. Th is questi on w i l l  be answered accor ing
to the followissq scheme :

1) C o n s t r u c t  a g r i d  n e t w o r k  in  t h e  p o s i t i o n  plane containing the position indications
from the four parallel Kalman filters.

2) At each grid point (representing a certain position) calculate the probability
density associated with each of the four position indications and corresponding
covar iance matrices.

3) When stepping through all gr id points , dec ide f o r  each of the six pa irs of positions
indications the most probable grid point , and calcula te the confidence of each of
these six points.

4) :f one of the six confidences are below a cerain limit , an alarm is given.

When the system has identified a malfuncti oning nay a i d , tise operator is warned . The
operator then has to decide to take one of three actions:

1) He decides to exclude the declared malfunctioning nay aid. The system estimates
will then be based on the filter excluding the malfunctioning nay aid.

2) He decides to ignore the warning . The computations in the system will continue as
5 if nothing had happend . The system estimates are those from the Kalman filter with

input from all sensors,

3) He decides to trust the declared malfunctioning nay aid more than the other nay aids.
In this case he reinitializes the integrated system with information from this nay
aid.

It should be noted that only one of the filters may physically control the INS. In
normal operation this is done by the Kalman filter with input from all nay aids. The
misalignement estimates from this filter is then used to torque the qyroes in order to
al ign the INS platform to north and level. The other filters taking inputs from the INS,
each “ con t ro l s ” a model of the INS. These models derive misalignment estimates of th0’
INS platform . If L)ecca or Loran C is declared malfunctioning , the filter without ti lts
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At step 3 i t  should be possible t s s arrive at final parameters in the failure
d e t e c t i o n  a l g o r i t hm s .

4 .2 I ’ r s’ l im ina ry  results

As stated earlier , extensive simulation results are not available. Before the idea
of the presented method was conceived , some of the known malfunction detection methods
was invest iqated .

It turned out thar the so-called three-sigma test (rejection of too large measurement
residuals) would fail to detect slowl y incr easing bias errors in Decca and Loran C, oven
when pref iltering was applied to reduce the random noise component. Simplified simula-
tions of the parallel filter approach taken in (4) did not produce encouraqing results ,
and the method was dropped . It was demonstrated that failure sensitive filters increased
the probability of identifying these slowly increasing errors by muons of three-sigma-
testS and whiteness-tests of the mea - rement residual sequence. However the results were
not satisfying and this method was also dropped .

Only preliminary simulation results are available for the presented method . Those
are of the first type described in the previous section. Errors were introduced into the
nay aids Decca , Loran C , and the INS , and the resulting influence on the estimates from
the four parallel Kalman filters were observed . A normal situation is shown in figure 4
wh ile two examp les of malfunctions or,’ shown in figures 5 and ~,, The identification scheme
described in section 3 .2 is not yet implemented .

Figure 5 shows a typ ic~~l situation when the position information from I)ecca or Loran C
has drifted. The filter which relies most on the malfunctioning ‘say aid exhibits the
largest position errors while the one without this nay aid is not affected at all. Be-
cause of the unsymetrical position indications of the four filters , the malfunction may
be identified . In this example a 400m bias error in Decca is softly introduced (the
first derivate is continuous l during one hour. This figure shows the situation after 4’)
m inu tes , when the Decca er r o r  has i ncreased to approx ima tel y 300m .

!-‘igure 5’ ;b:’’w- s t h , ’ situa s ion 3~~n m inutes a S t i r  an abrupt halo s s h i f t  in the drift of
the east gyro. The bias introduced is ten times larger than the standard deviation of
the normal  gyro drift. As expected , the filter estimates are less sensitive to malfunc-
tions in the INS than in Decca and Loran C . The pattern of the position indications is
not as clear—out here as i figure 5.

A better understanding of the malfunction detection capability of this method will
pro babl y be gained during the comming investigations.

5 CONCLUSION

This paper has presented a somewhat new approach to malfunction detection in dynamic
systems. The method also offers alternate mode capability. It will be imp lemen ted in
the integrated navigation system for the new Norwegian coastguard vessels in order to
detect and identify slowly increasing large bias errors in the radionavigation systems
Decca and Loran C. Four independent Kalman filters will run in parallel. One filter
takes input from all nay aids while the three additional filters ommit one nat- aid each
of IN S, Decca , and Loran C. The malfunction detection scheme will work with the differ-
ences between the position indications from the four Kalman filters taking into account
the calculated covariance matrices.

Prelim inary simulations show encouraging results. Also some kinds of errors in INS
seem to he detected . The method wtll soon be evaluated by a simulation program , sim u l a t-
ing the integrated navigation system in detail.
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ONE SENSOR MALFUNCTION
DETERIOR AT ES IS DECLARED

Figure 3 Illustration of the alternate mode capability. The broad line is defined
as the best position est imate

Q : ~:

Figure 4 Position estimates and ‘ :
one—sigma—ellipses from the iQO~,s
parallel filters in normal
operation. (The cross in
f igure  4 , 5 and 6 represents Figure 6 Position estimates and one—sigma-
true position) ellipses after a large bias shift

in the east gyro of the INS

“

S

Figure 5 Position estimates and one-sigma-ellipses when Decca has drifted



~

~~i t”~ I NIH -~‘sl i i  iI~,I’l ‘.‘m I 1 tNt l i i’, 111k ii i%IIi \ I -~ I I-It I-S \I

K II  t I , ’ h im is ’.
~,ii In, ,,,,’ I )i’,i’i.it h Its , , i ,’ it

“I,,,, ‘ ‘ i i ,  Sis i , , um i ,
\ u5 ’ ~’ t “ni l .’ I’I,i s Ii,’’.Is’~ k,’ltI , I itiil,imi,I

5 ,5 ’ ;  ~n _ Ips ’ ,b i ’_ s i ’, ’, , ,  Ii,,’ ,s s ’,’,b i,~, l,s,. pi l ’ s  , , n ’ s I n I , ’ ,,,l i l l  5 5 5 5 , , , , -  s’ ,sItiI’ ,ll -,
,‘m ’,III ~‘,~i1i ‘5 ’ s ’~ t ,, s j l s  i’l~ ’ , 5  t , ’ i s i  ~~ s I i ’ .~’ I ,,,’— .tim, I .‘ s s l  i i , , ’ ’ , i,ss’ , , s s ’ , l,v ,,l,i,-t , Sl im ’-

is . ’ I-, ’ ,t,’ i m s s - s ,,t II, ‘‘ - s i , ’ I, ,n ( ’I s u i t S _ I t  t u s h ~‘I sh I ’~l n i . i s  I’iIhI,t i’ ’ i i ,, ,mmd r,il m , ’ itz t i s -  is i s ’ s ,

‘ 5  ,,‘ i , t  o h s ,. ‘m i s - i  5 5 ’ ’ , ’  pS i ’m i ’ . n ’l ,‘iih ’i’ ,’,,l i,, ,iI, ‘Ii im”,t,t Up s hi ‘— j’ t _ i v - ,

Iss ’h It i , ’I — _ s
~~t s t i 5 s s ’ ‘, ,‘ - I , ’s I, ’ - .i m , ’ i u i s ’ I , i , Im ’ ,i ,

Is, - s ,~s sstn . tt  t m  ,‘,- s ’ .,t I ‘ 5 th,’ 5 , 0  s i , . - ,, i i i  n - i t  ‘5 Ii,,’ ‘i 5 . 5  u s  i s ,  I~ i t s - I  5 ,1555 ’ s i ll ,  .m , l, .i is , , - ,t —,,‘u i - v - ’ t - ’, .111,1

s ’ ., , i s- s ,mnh’ i ss . t t  i_ n ,  ,.liis ’h, t I.!., 
~ p 1 ’  .1 gl ’ s’_ II ,’l’ s , ’ ss i l ’ , ,s ‘,‘ s ,- ss l  i _ t i I li_ tn t i m _ i l  ‘i s’s ,, ’ , ’ , il .11 i’, I i t s

55,1555 — s sl ’t’t’55% .1 i S , ‘ i t S  ,hs ’n,ssms ” t i_ i l l i i5 f l (5~5 ’~s’ 5~~ 5’ ’ 5 5 5  1,5 1 5 i , t i t’ } n , ‘ ,,, l - , , t t i  lii,’ ‘i l ’ s  ,,s s, l  5 1  Ii,’ ,t,t s ’ ,m s s t
n -s t’s i tmml’ ,’ ,ishv ,,,ms ’ s’,i ‘,,- is - ,,s,’ -, .is,,i ,h i’_ 1 n l . t  s ’ , ,,,, S n ’ 5 ’ , ’ i’,,, I i : s ,t  m l  ‘‘, s t  i_ i l tli,,5 si: , ’, i s , ’ I s’— ” sIs’nm _i i s , t i t , s ~

si ,, ‘ s  I,’t ‘ 5 m i,t,’ t i i , t m m i t ’ ,’ ‘ i t  , , s , s  i i i  ‘t m ,’’;. lii, ’ i i  I, - , S s s m ’ i s s ’’ ’ ’- , - m  5 i,,~ _ , 5 , ,  ~~~~~ i ll  .Is’ Ins ’mm,I ,‘t i S its’
I,’! m,u,- hmms,,’ si t u i , - , ‘‘i s liii’ s - _ i - ,,- S s l i  w i s i s t s  ii,’ s l im , , , : s s s , s , , s s  i,,,It’ 1. 11, It,,’ is m,s t i s, ’’. I iii- ,sit g lu III, ’

— ‘ i t s  m c I ’ , ,,i , ,I Its,’ n - I S  is  t C ’ ims ’ S i.t tl, t.iiis ’I s Its ,’ ii i s i m m i s ’’, ‘ it t  ~iil’l’It 
1m m ,, , s i lt ,  lii,- ,I.,t ,t is,’ ss, - ,’,t’— s it t’,siii ~i s t im,’

sh s “ (‘1 .15’- - iliis ’ t ’s’ ,t’, s’ti ( ‘ m s ’S  i 5 5 I —  , i s i ,  5’ .,l I iS  i._i’, .15  s I  ‘ isis ’ j s~ ’ h ’i~~’I’iit_ i t i s -
~~’ ‘ 5 ’ i, n ’ ,l ‘ n ’ 5 5 ’  ,‘ . i (s ,ih~ m l it  is ’” It ,,t m i,,.i,I,’ 5 5

iPS’ si t’ ig iit,’,’ , t ’uI,i,’s’ ,, 5 , - , , it I i. ill  n, ’,s I,,,I s h s  Ss . i  ~,- ,,,iIv ~. h t  ,‘ IsS  I s  I-,’I 1,1’ ‘ ‘‘ s  t , ’ s ’ n s s . is  s n . ’ ,,ss, i c i  m g l m s  Is I’s -I Is ’ s ’
ss ’ .t ( n~ i i — , ,itm,I Ili,’ rt’ ,il “‘‘‘I’’’ I . ’ t ’  t iii(’ i~~’5, ,‘51,,’isI I I t ’” i i i th i s ’ mime ’ s t . , - i t t  ,‘ ,‘ss st’ ,i I ,- t , - , S s s , ’ui,’ ’ ,’, ,,ii t s t i  s ’.iii
t ’t ’ s ’sig bs t  ,ibs ,is it ‘s t’ s’ ,l it,_ ’ 11mg t t s s ’ - i  l,sl ‘ i.- ,ss ’kI,i,ish t im Ie t ’ssm ’ — s ’ l  -_ i  ‘.1,5, ’. usi ,Is, ,i ,’isis ’u l I  1 1 5 , - s - ,’ - s  t t s s t’,’,i’— t i i t l  l it ”

I s I s  Iss ks ’i’~’ I s i s  i ’s , ’ ’. ,  ‘55 ‘i S lu t ’ , .‘,‘i ( ’ i  5 -  i .S(’t’ l- s~ ’s~n ,‘ ,ums ,I - - ss i , i m ,‘‘. ‘,Is , ’i, l u _ I l  I I  I’ , , ‘ sss I , .,s m c , ’’.,’ : , s m a l l ,
.1 5 5 , 5 5 , 1 I , it,’ ,isl 51 (5 ,i ,5 s i t s  ,,i,,t I ts,’ , nn n ’ l. ’s 5 ‘.l,,’uil ,b Is,’ ,Is ’ - , m g i ms ’~h s . m t I s  S l i m ’ , 1115 ( 5, 1’ - m,s” l it m i is m i m si _

s t s , ’s ’  Ii,’ ‘ i - s  s s - , t s ’  M_ i i ’ s , ,i,t -\ ‘,‘ m s s u m m s ’ ’, I,,,,, ’ I ‘,‘,‘ is ,‘it;’ .is’ s ’ ,I i t ,  ‘, t s i ,I 5 s ’ — . i ,m I ’ ’  Ills ’ , , ’,- I.p s s  ,t tm ,I ii i , n i s i  s’ ’— , h,’’. i~ Pi - ‘5

It,, ’ s ,, ’ s  5 hit ’ m l  1 . - t n  5 s I :  t s i ’ . iSlil’ ,,1 itst is ’’ . Ii,, i,’ ’ .Is ,’ s,ss 5~ : ‘ 5  Ilu, ’ I ‘ l i t ’  u55, s s 5  s m  gms I I 5 ,  .1155 I t s - I s n”  I toil S i  I I
lsi , ’m,s.,’ t im , ’ s- _ s 5-(_

~’ m I ,t,’ —s 5 ~t t  n, -

• lIs l is ’ ,tii,I is t m- ~’,i,’ii f’ l,- ’ ; ,t ’ m  m l , , m, m s - I , m , l , s s , - - p i t  I - i l  5 s  ,, m t l ,  ‘-i ’s , , - ’ . utitrs’ ,-~nm p I s ’ ,  s h u t  S b u s ’ ’ .,’
i’ ll ,_ ‘iit’ l’s’ i mt  s’ st simt ’ ,iI ,ii ‘ 5 ’ ,- _i I I

• Rs’ ,h m us ,’si m u st  I’imimi, ’ SIS ‘ its ’ I , ,s’ ,’ ,, I .‘~~t ’5  s , 5 i. i l ls  t’s ’”t i, S s ’ si i’ , ’ _ t s  Is ii Ills 1st s5Ii ‘ Is
i~i 5pil’_ t t  15555 ,

• s , t’ ,’ , iI , ’ m ’ ,‘I l,’, 5 m ’ ,’ s ’li,’ —,—. ‘5 n m u m i ~is ’ s’i’ i’l, n ’j. ,’s , iS s - n t  I -s e’ I, ’ - — , ’ m I t s u I  5 , ’:, Is ’ 155 i u i t , ’ ,’,’ , i S s - ,I
,‘ 5 ’~ ’ ’ 5 l n ’ S 5 5 s ’ ,ls ’ - - mISI m 5 , ’  sm sus ~’l t 5 5  n ’ j ’~’t ’  it 5 . ’i~ tn ,S  t u ,lt is ’ s ’ (~s’ _t i~ t.s , i’ i,

• 5 , 5 . - t m ’s ’ , m i t t , ’ ,’ s ’ m  S i  ,.S , , , -I, lo l l , ’, 5 ’ ~ t b,, ’ , h m I  I’~’t’ s , s g  ,- ,- , 5 s i m  m- ,’s,’itt , ,SI ’ t h i t ’ s ’.t s u i t  tim, 1 II g u t
‘ .11,1’. i. m t t i  rs ’g,it ’,i t s ’  155 , ’  s , ’ 55 I  i’ ,’ I’ - ,,it, b , s s i , ’ , ’ sss , i t  i,s uu ,l m ” ~’t ,us’ ’._ i s ’s’ s i - I  i i  s i l t s ’
— ‘ 5 5  t is it’ime i i i i  - i s  s ’ sg’~’ I’ll m is t i t im, - p i 1, 11 t’ ,’gi m u s ’,’’, _I ,is’~I mm ,tI  s’ t’,’I i ii, m i s t s  , I’s’sist h5st , t t is s ,it,s i
5’ 5 ’ S 5 ’ i ’, i , ’ 55 . t  i’ s ’ .,’lit’ s ’ s ’ ’ — ,‘t ’ II, gli s e l m s  n i l  t s s i ’,srsti,I I m , ’ mi .

(‘It,’ ,‘s’- .mm l t  -- ‘ ‘I’ ss t t ’ —. lst , li,’” i mmt , ,  t’u t s t t - ,’ ..‘,- l .l ’ i s  ‘. I,,,,, - I,’,i ii.- 5 , ’ ,bs - j ’ .ii’5 t’,is i m e ’ ,tl Is  frss msi s’ ,’ uu t ’ m ’5 m I  i,’ , s . i l
, , ‘ I mt t’s ’ i ’ .  .ms , ,I s i t  ,~, i_ i ,  ‘, i t t  ,sr,i,’ r I,’ ,mts ’,’ l llt,’ ’,i’ ,’ I’ s ’ s ’I is , ’ - . , s. 5 t h I 5,’ i i t t i ,b,tuut s ’til t I  ,l,’ ’ . s  gu i rum I,’.-

I s i ’ .s Is  lu  -~5 ’ t , i s  —, l i i i ’ s  ti m ‘:,‘ii, ’m ’ ,i I Its ’ m i l l  i~ nm rps s”s’ ,i,s,l is ’s sls ’sIi,’ ,~S ,‘si m’s ms i s’sm rr s ’imt s’ s s s ’ 15 * 1 ’ ,, llss immgls ti,- ,’ 1-
- - i  i I I .1 ,‘ I ,‘ ,i t’ ui, ’s ’,l I - ‘I ’  ‘.i’ttt,’ ‘ii’, s’nS i,s ui , t I  is m g I,’ i s u , s s  S t ,’ui h int t’imssls ’t it i i,’lim’iu 55 5 ’ — ,‘mt  Ii,’, Uitm ’ ,_ ’ ,’ hli ’lSu t s’

si ,,, ii ’ ’ . m r , u i ’ I, ’ 5 , , s , s 5 , ’ ,’ s ’ , i S , ’ 5h, ’ s r l imi ts ’ S  i s ’s” -

“,- s , ’u m, i i ,  u - i s  ,,i,i,tl m : ,u l  is’ ,, ‘i -,,‘mt ’ s - i  lit,’ ,s n , n S  to s t ’ .  ‘5 ’ SI,,’ s’ , t s m , ’ im’ . ,,u rs ’I’ ,ut ’I . -, .- I i’ss - - in  t’ i’~( im i t ’ i’,i I,’
I - ‘5 i,,s t ’ k  I ,‘_ i,I ,uiis l 5 :s,( ’ u ’ .’s , , ,‘ :nsl ’ . is  s m  i s o  5 5 ,‘ s s s ’ ’_ ’ .  , i,s I ’ s’ i,ius5~’ Is ’ , s l i t ’ (‘ 1 5 5 5 ’  u ’  m issi ,sf _i — i  is~~ls ’ s’ssIul t- s’ I I,’

‘ i i ’ s  Is_ i l l _ I l , hs’_ I ps ’ su , ,ss ,l -.m mmml t , , t i , ’ s ’ mu ’. is ‘.~~It ’ s- I  f lu, ’ ,I l’ lsl’ s il’t’ i ,m I , ’ ,i t  ‘.l5I,i~’ ss , ss ,t, ’ ’ , _ t i , , I s s ’,t 5 ’ s ’i, ;lt s t im i t g  ( 5 t ’,~gt’ ,iiui ,
- ‘ n ’ s ,, - s’ ,s il i’, I t I  1 hi, suit ii s i t s - s  is ’, i ’ -~ ’ iii ’ t t , s t , .is ’ ,’ ,’s ’st i u s g  I,’ t i,~’ si,,isI, ‘— i l  s ’s_ I  ,‘,b

t i s i ’’,i’ ss i i , ’ .i,I, ’ i ’,tl ii~t m ’ , ,Ii,’s i s , ’ i i i  s t t , ’gt’ ,It s s l  .1 ~n~ni ’ ,s .is ’~ I,’ liii’ s’,’e 115 51 ,t ,’’~ m s ,~ss is i t’ isI s m u g  s u i t s  t i s u l u s - S m , ’ su
i ’ S , ’ . s r ~’ t i i ,  , l m - ~~’ I a s ’ . ,,I,,l I’ll s . ’ ss, , Ii:, ’,I s’ s’iit r,slss .

ii,’ I,’ u s , ,l ‘Ii ‘ - - , ,s,i I It ’s it ’  m I m s s

I sslsm t- s’ s’,sn ib n _ u t i i t’ s r ,it ’ t i n’  I m k s ’ I s  Ii’ i,~,d I’ ,’ IIm i i -  I,, ‘i s , ’  .t u,,i . 1 1 1 —  Ii’ g,’,’i iuu,i sap;II~ s I s I s  - I s ’,’ ,’ ,, , t s s s p t , ’ i t
t ”  j ’ r ,iis _ ui s ls t l i , tt  f l u ’ i i  m- ,- m’ _ i i  5 , ,t l i  liii- ,- 5, ’ f m g t i l  5 ’ , s i ,  in Ii’ .1 l.’I~ ’iiti,l 5 _ t i ’ ,ss’ s ’ l  , sl’ I s s , ’ u’ 5 5 ’ , t,,’_I u,sit’ . .t, is l
I t gu t  m l - . 5, 15 , n s s s  SOt i l l  -
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tsr mi n 5 i I en its aispropr i ate S ,‘ Ii I n n i ls i , i t  I ,‘u u i n  cssm lssit w i t  hu i s mmt ns’ s’uh fsn’ tnis,h,’ s’hattgs’s , his ’ itts’ t m glut it , is
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h u e  g,Iisl iumg l’rlstc m p l e  b r  s l i S (5l  is s- s ’ss f m  ssui t ’.it m i ssm m s t hat Isv - c niss’ this ’ i’m Isut s- Ill ,sp,’t’,itt ’ fs s r t h u s _ h  ‘I I Is, ’
I ittue in vu smusi I cosmsl i t  15511’s ,u,s l mu, a s’ sslm i’ui st ’s t su ,t sh pr,slsats Is’ toni i i,’ ui r I s l s ’ s’ lie’ mm,nt l’s ’ il’ Is ’ Is , lsi’s’p It i ’S

c yess s ’ i i ts ts l t ’  the cockp i t  m’ s mitch, s in Isossu i t ’ t t ’, I ts r i s ’ l lv  m,’Itt isssu,’sh s o t  I imsu t , ’,h , lss 1 ’ I , us .- v - n t  s r . ‘i(s .ut’l
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i t s , u i ’  I.,’ ,‘u, is f l u  glil S I , , ’ , -  I , s ’ u u i s l  l’s ’ ‘ 1 , 1  ‘ i c _ u I  I s  s un suu,’s.’h i , isu us ’si l Is ’ g_ t iug u ’~I ‘ -5 ’ t h uS S l u t ’s ,‘ ,,s, hs,~ I’uut isut s s t h u

V A
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iss i s ’  suet mos t • lu,ut tin y s t  Ill he ‘id es t I ye Iv turlued o f f  f o l l o w s  mig a ma 1 fuu~ct  i ou, . Flue n s i h 5 I s v - s  s lmoul si I’d
groumliesl s i s c l s  that  Sli u , s s y  t hus t imis’ed to lie o p _ - r a t s _ s i  i ts  cs’m h’ut shuiuld lie’ c lose  to bsasmd s l u m  Is’ t l s i s ’ ss ’  S l i m S  do not
c , s ss lit’ grouped in  l ess  s t c c t - n n t t s l e  s i rs _- s t ’ s  huut ‘ s t i l l  in log ica l  ansi sssls sy ’,S,’usi gnoupisug • h’lsIs c o t u t r s i n t ’  s i l l s
cu rrssltt coc is Is I t s  s lss ’ rs -  il I s s f  Slst ’ s w i t v - h e s  a s s o c ia t e d  w i t h  a ( i s m r S  scs, m lar t o t a l  sy s t e m  tetud S ’ s  I’d grouped
togt’Ibser is  5 s 5 5  c uss ra t hu s_ ’ n tI,ats liv funct ion ’s , ;m p lsar t ’smt I Y is 5 t l ,otst regard to wh e - t i te r  or I s ’ s  s Iss ’ v  are
fre-s ls iet i t  Is olseratesi in f i i gl,t

Sssmt’ ,I ,t S ,i  lends t s ’ i e l f  to i s i ’ s e ’ rt  i s I s ,  he mu lt i f u iu ic t i , u i i  ke ’ s ’ I ’ i , m, rd. I x :imlsIe ’ ss art.’ tuav iga t i o t ,  cs u  - s s t ’ ,l u s i s i t , ’ s ,
s.s ’ u ~ ’ i u s s ’, ’ t s ’k u g s ’ ’  . Some data is h v - s 5  e n t e r e d  Iny d i s c  re ’ t v -  l ’s t  t i u s u s  - t s x a m 5 t l e s s  are f I m glit stuut de- s , dI’ .~’ l s i ’ s
.,ii’ h , t s ’ ,’ fs m u uc t  i , s u , s s  s lss_ ’ ;s  di ffe’re,,t fronu I Is is ,. ,,’ smsit o n , ;m5 m e a l  I s  c’tstt ’ rt ’d , Ss me sl;ita has t ,’  lie- ,.‘ nS , ’ r e ’ ,l u,nslen

ns ’ u ’ s  d i f f u c t u l l  cohuditi,,t is , I x u s s q’ I i’ ’. sire rs u i lmo fnes ;uens’y c harigt-ss ss’ I ss’s i I’Ia ’ it s g  is ,  c l i i’s ’  format i s,us in
clouid , nm,si,’ e’ lu . i t ,ge ’ s unde r buig hu g s’ i ’ s i , I s t  t ’ u s s , I sr rad i o  i rs’ s I~ ’’~ v-~ 

,‘I,,i ss ge ’ ’ , ass e’ l e ’ c l r s t ismc  ,hi - s ( s 1 s ~ ‘ i f  Slit’
i su it  h r s ’ ’ I s u_ ss .  sa s i - l t ,-~ S ,,-.I c,,,nbi m us_ ’d ‘sit l, s I s s y  rest ’  ro tary  ksms shs for each , cli u’ s S of th,e- fresluu.-ss s s v i -s
t he best  c ’ s i ss p r ssu i l  s . c  - \ .- the most l i l t - Is ’ ms ,sls - s ’ l i s s s s s ’ ,’ s,ndt’r g s - s  to St i r  to s t i r  t i ’ s s u t ,  5 5 1 ’  sut he r , t lse’ re’
‘. Is , u i i l ,l s, - , s , s  u s  n t s_t a i r  inn’ s’ n rms le -  l uu t tsusu 555  SIR- 55 m c I ,

5 5 5, ’r, ’ Insu lt I I ’ s s s y t  i ,u ut  ks_ ’ s ’’,’sir , Is sir e - ss. ’ ui,e ’ rs ie ’ d , s s s s g l s ’ u s ”  ,l . ita ,,‘ss s r s ’  i ’ s  ,i,’’- s u n l It ’ , It ‘s hs,imlst he pss ’ .-s it ’l- s ’
t o  i , s t s - s - s ’ , i : s t  ,‘ ‘u’ iu g r . ius i  v - I u , u u i i S s ’ s s ,e ce nn s mr i  i ts f I i ‘1st - nisc h s n i,i s t’rt iii, ‘ ‘I  huts n av is y l t i o n  s’o ’o r d ! u u m i S c s , i T s
orde r 5 ’ ’  s . -c ’ t hse Is ’s  ‘ i s . iu ’ sl S i ’  c hstlt i5s’ 5 ! , , ’ di s

~’ I su , ’ u i ’ s s : u s ’ s  f t  s ’ ’ s ,  , l , s t  ,, , s s i ss l the mi rs ’ ’s ls i , ,c  Ilue ’ ‘ 5 ’ s ,  ,5s ’ ,i,s u cls.ts ige ’ sit

tI iv- ‘ s u i l s t  ‘I s i l l  s_ ’r rsi (ut 1051,

‘list’ e’iiu~i l i . i— _ i s  _ s s ,’,S he’ v s S u t t i s u g  S b , -  n -s ’ n t s _’m S i ’  tb i s ’  p i t ’ s  t’ , s t l i u ,’t ’ t b , i - i n i ce -  s’ s_- s- sri . I ‘a n ‘ s _ m s - s q l , - , I’ s’s _ - i s Slit ’
. - - s m t  v-~i, s s i t  uI i s v - , ,  i t  san s- is,.’ mo re v - , sSss ’e’Ssss ’ I l t  5 ,, ,t ,I,li’ i’ ’-’  matis ’ ’,ii l s ’ - s - - t v - u ’s ’  * ‘r’ ,,s oIl,.’ mui l t S fui,ct lots

i ’ s s t  t t s i —  ‘s i l l  i s v - u s ’ i ii’ ! rd’ si lt in i’ r y s t t e ’ r e ’ ss i n l n ls’n i t  a i ’ s ’ , ,-,, t h y  (S i  l ist v - s u e ’ s !  t sc  ss f o rnsr mt ion
(‘s ’oe’ s_ - n s m * mg s t , i n _ l ,’’ ,i st  S l s , s s i  s i b! s ’ ’ ’ ’’ s l u g  t I , , ’ ‘555 55 ‘_ , ‘ ‘ S _ - a s  fr ,ssss a ,I, ’ sl s s ’ su t e s t  cs,ntru l

‘flue s’ s _ - S  s ’ ,, ls , t t , v - ,’,’t ’ore sit mul s i  hat’ a unix of m u l s i — i ’u,s,ct i s i s ,  sussi d e dj c , i t v - s I  s ’ s  t I  shut’ i s ’ . per S i i i s lu .  oh’ t hu.- m i x
.Is’y ij s s l ,t f t v - r  ces mpru.’lSi.’ns i v s ’  l ’ s , , ,  S i ’ s S i , s I  s u l l o c , i t  u , ’ us  . s i s , i l a ’ .- i s  oh ’ t he’ 151 I i ’ t m s ’ ,! on ‘ s i , r s i i l . i t s - ,l m is ssjos,ss
iSIC luding ss t mc h S’,s, ’ t s u r os , l’,’r s ’ a s ’ u ( s le , i ts ’ , 5 5 , 5 5 ’ ’ sI ’ is ’ s ’ ’ Ii Id j I s s ~s s s j  s sf s i s s s , m l t s i , i e ’ o i i s  t s i s k ’ . a,,d re -a sh
, I s s t , s t , s v -  S ime i’ s ’ s s ’ s  s s l v - r , s t  s , s , s ’ ~~, IS s ie ’ ” ,e ’ t l i s s ,I ‘ s I t i c h i  s m l l ,s s ’s ’ ”-s , i t c h, 1ev - s i t  ~i u55S to 1st’ resm,Ii Is chassge s l i s  t o

I s v - s n, ’ ‘ u r i s ’ ’ t l s , ’e ism g r i n i i 5 t s  ,o’ I_ SIll ~~, l’Iie’ ,s c 1_IllIs i,’ s ’sii lsi c ,siis,’ssi,u i s  m st  i,itii tI,,. ns ss te ’ uss s’ Sl i t ’ s ’ con ti ’ol t ls s ’, s s i i ’l,
t t , v -  ~~u . s . i s l t ~ data Issis , I s l e _ s I l l S ’  S t , ,  rs’ ’ s , i t t ~ ut  thu s u ’ s i i l ; i t o r  a s i a l s ’ t s i n  sh o iml sh Ise s’ ,’, i ’ s - s s,’ ’s ,s,’ib on ( S r s S s o s s ’ j S c’
f I s sZ t , t  t , ,’~~t ‘s ,mnd it nl,, n u s l , l  lue I u i s s ’ s i l u l t . ’  S m ’  il S -I’ i.’s u ,a ts ’ , ’I t , s s s s u s t  t l s s_ - n or w Isest ‘s ,sui . , i lr,isi expe ns E- f l e e  sr a
c hassge ‘ ‘ I ’ ‘ ‘ l m s , i . I s ’ , ss i  s l y  -s5,,i, ’. t l , s  ‘s 5 5 I ,e’ s ls ’

t” s i ’ t ’ s ’ ’ s ’ co ts ’- i i l s ’ r s s u s a  i ’ s  t t s ; t t  t i ’ s ’  , s i s ’,’ rs i f t  ‘ u s ’ t , , s s ’ s ’  5 , ’ bu.- mi i rhorsse’ In a verY  short t i m e  i i n it i at  ion s f  a
,yr , ,,t ihle - ,i rslg’ i’ . ‘‘ 5 c r  r c c s ’ s s t  a - s i r , t b,e i t n c l u i - s i i , s i  of S ns ’ s ’ I  i;tI ‘s ’ ’st ,‘nes Isaus i s s c r eas s .’sI th,.’ t ime it Sri ! , ,, ” tO

-u rs’rrit ’t s f 1 ’ t h e  ,si ’,i u s s i s l  - i it Sts ( i ,5 rs ’ ,l - i S i s , l’,’n s ’ , s _ s v - i i 5 i t s ’  - s l u t ’  ( hs ,s ,t e -r ‘ us ’ Ls g l u t s , !  s i g  ss’ ls ic l s  cosils i 5e airborne
sr i 1 — 2 ~~s u s m s t s ’’s , susiu,Is ’ r u s  s t i , ’i’t isu  I s ’ s i s s y ’ , ‘ ii s i  s’ s_ ’ r . s ! ’ S s is - ’c, l s t  l eas t  , s ’ , s  s y s t y s s , If the p i l o t  s-sf t hy  t’s s t , s t ’ c
,r ra f t  i r s ’ s  ts u ‘t sr, ’ uuu s ‘ s ’. i s ’ s ,  I,it ,i s usi, I ‘ss, i s v - l i  s t ss - ,  5 5 5 t t s r s u i i g l s a m u l t i  — l’ussct iofl be’s ’ h ’os mr ,h ass ss s ,’l 1 s ’ s
I igst s ng a~s is y r t  5 ,i I ‘- s t , ’’’ h I s r’ ‘ 5 ’  5 ‘ ‘ - 5 ,  me vi’ is,.’ ( (  v - s e ’  s~e~sI P sit s s s s S , , ’ss , q,, i ft rc’av - t i ,s* s frost g rosund

st li ,’r t  us h eeded 5,, us,,v-t ,i I ’ - .. Is,’v u_ - l ,s s t ’  5 5 ,,’ , ,,~ s ,s , ,tl Its’ a s , ; , as’s  frena tb~s’ ss~’tsw , road tb~ s’x ’s rss  t i_ -ac sn~ s’
“s ,,! , , ss l l  t i c ’ sh i t ’ t’e ’ rc ’ , is ’ s’ ‘‘ ‘t is i’ s ’’,s m s ’ s - m o n  ~ ,s , ’ s , .’s ’s s r  l’ s ,  I s i s ’ ,’ , ‘ l ’ s  t ru ls i’ asic - s a ’ t s ’I !s , co mm uSssca t i o t s s , it is
,nh~ ’ s  a ts ’ s ls’ s s s i , c ker t i  have ’ i’r,’ ’ us is -u s , e n  ‘, , , s , , u  I Is’ , s’ s ’ - , ’ 5 ‘s - I  s r ,  t he’ tn lss ios i  t h a t ,  to lss tvc ’ t O Ills, s’s t lss ’ rn i s s t o
m emo ry ls e fo r s_-  t . s k y  - i l l ’ , b i a s  I t r l s  ‘ s i / s  su s rhssrs,t- ‘ t  in  ‘ u u s i v - k s ’ r to ,‘ l i suu i s z c -  c ltan ncls us ing  one knots tha s s  t in
.u ,l, I r rss_ communications , iu , sv r t  t I e - c  l i s ts , , , , ’ I u s ’ i s  S ,- t ’  ttu t ’  ,hsiS, i  t ls ros i g l s  a mssl t i funct ion kevboarsh ,

l’o summar ize , th,.’ cho ice  isf con t ro l  s r  -i “‘ - - S t-rn -.l i s , u t ld 1st’ usss i,Is’ I I  loss is ng , s s s t l v s i s  of t lse t ask  ss i t In  t h e
re ps s re’meus S of lois’ (ii! ut sons I ,trtsl is 5 i 5 i u ’ i’ s , ’ ’ S si m m s,, h - his I s ‘sort, I osmd v-Sill i l v - v - S i~ 1te fore f t  i gb_st whesi ui ri
sv - r , ,m l u le  ,s i t um s ,t  moum and its S I i - _ i s ’s  ‘s he’ll ~tt ,‘ ,s ’ s ~I ,~~ irish t h e  c o us t r o l  ‘ “ ‘s t e-n design ,shosil sh t ls s ,’re’ forsr ’ be centrt ’d
round the pilot .

ij  s(’ I i ’ s  Types

IIUI) . The current gene rs i t ios s  of l Iezu d— up t l i S p I i u ’ . Is sus ’s’ Si’ s sna i i s r  I imi ts uti ohu s ,

— The lss stam sts m ,ne oeis I’ ield of \‘~~e-is I lI~l3’i’l • tl srts i’s t h e  susno ,ms, t of tIne tot ,t l  t’O’i’
t lu,t t t lse p i lo t  can see from a gives, eye po ss u t  ioss , is l im i t v- , I .

- The amount of Itrime instrumdsut panel lipsuc e’, t ls s u t  is , space s h i r e c t ly  in front
of the p i lo t , taken up by Shut ’ Itti ls is too large .

To overcome t lnese two I i i n i t s mt ios ss  tIne mul t icombiluer IilJl) s u n s  developed , TIlls (s ro p nie ts urv  sys tem u t I l i’s e’ s’
four r e f l ec t i ve  combiner surfaces set in a glass block to bimi ls h sup the v e r t i c a l  ang le of the 1( 1St  s itud
increases the hon zonta l  single of the IFOV by a s mt s lqsm e tapS i c a l  zmrras nge meu n t  shoussi on Fl gts re 2 ,,‘li i cls
a l l o w s  the re f lec tors  t,i be moisnted c lss su ’ r to t u e  p i l o t s  eye - In st~Idi t loss , t h e  opt ic s u l :trra nge’me ust Is~
d is( s essss irm g ‘s i tS  ns folding mirror ansI re f r ac t inug  the 1,1111’ image into tIe, combiner la lesct. re ’ s , , l t ’ s  in a s.I is p l s t y
mm It sif very l i t t l e ’ vc’rt iciu I extent , ansI cons iderals I e con se s ht se s st  Sa v i n g  of i sin s rs ,nscnt (sitne’ I ‘s p ruce .

The r n m y s of li ght from thue CRT (s a ns throughu a truuncs ,ted laumt cstheru,’i use’ cos sve si t  ionz u l tIlls lens ‘ s a  ‘s t ,-i s’ S i n  t lsv -
“mn ,, ’  sst’ s hs e cosmhs irmer block wt sere t h e y  are re f rac ted  ss ps-sarsh s ansI then ref lc ’c teeh to the (S i lot s eye . Ily
emj s lo y i s s g  c oa t i ssg ’ s  of sil f f e resst  r e f l e c t s u s s c e , 25 ’ ’ , b3’ , , ,S1l’,, smns h II’s l’ , , f ur  Slut ’ f ,s,ur n f l  s - v - t s ’r s ut r f s t c e ’ n  , a
d isp lay of c-sen Inn g l s t s s v - ’ s s s  is seen he h u e  ( S i  Isst , fnicli ss t mrface ’ r,,’I’ ls ’c t  a s lu t s i rt e ’ r s’ S SIte II~O’i’ r,,ss h S us ’’.,,’
four (so r tho les  are  c , ’ss t  iguous w i t l s  flts OVe r Is u (5  or umsder lap l,eu,~ e the 1si lot sees ns s’ i n s s t  - n,to,tss sli s p t n u y  saf

‘yr t x , , , s n t t c ’ Iy  double sl i t -  s’ s rs uc , u ( t~O\’ given Isv sm s i t s g l s _’ ceamhs inen 11111 ) , ‘ Fhe ,‘ii tsisl e worl,I pic tu i re’ is II’.,’
ii’ c-v t - i s Is r i  g lut ls ess ’s being I’i,i I t — s u p  from mum lt  ip le  re f lec t  iot sss Issut iss a some’,,’ lsr t t  iii fferent lts nihssie ’r, lls ’c ,, u , ’c
the comb iner b lock is a p r i sm tIm e Is ss t ’ s I  s’ n s v of Ii e ’ I s S from t lse o , mt ss ide  w or ls i  Is, t h e  Pm I n s  ev e ’ is
re f rs uc ted  i l i s s ss s ’ sn tn , l ’ s  , i ’ s  shown ls~’ s lu t ’  - 1 2 , nS(nparent v i s s m o n  1 Itue on l’ igtmre ’ 7’ , s_it, ct i lu. ’r i s ig  5 Is v- I a t s ’ v - l
and u’~ i t  ti on I lie line marked 7’ so tins, t the di tip 1st ‘5’ till I t mets i I usori, , * ,n I Iss’ I’ll sit • l ist ’ s ass s py . i rs ’ s,  s ye- r Isc , ,  I
dimension of X ’ S , the port ion st lss is ’ ,.’ S heisug i s u v i s i b le ,  1’Iiis nul Isuss ’s t he e l i s j s l s i i  1, 1 , 1 5  5 , ’ Is’,’ s - s i ’ s s s , S , ’ sI highs’ r
t han othm erw ise possib le w ithu ou t  i t l n s c u u r u s , g  thse s a ve -n nose s i c ’s, , lIst’ ,s s s i  5 ca, u il us,, Sue n losss ,se ’si e’ I , ass s’r 5 ’ s ~~~
pi lot wi  thot,mt impact ing thue v - l e e S  j ots l ine res uml S ing is, issc rease, l Isusr  5 :u ’ iSS mu I l ois’ .
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t it m i t t s  s , ’ ,’ s su I ’  ‘ 5 , 1 ‘li - - h - I - u ’  s - , i 5  s, ’ , s , I s  u . s  II l’s ’ S ’ s. ’. ii!’ ‘ u ’ s  u ’s s s , ’ ’ - s ’ s ’ ,ui u s , ’ I l s  c h i t  s ’s s h  ,~~i 5  i,ut ,s  i ’ s  I’’ 5 ’ —
,,s s s ’ i , t , ’t ’ u’,l 5 . 5 ’ ,’ 5 i,, ,,,,s 5  s S t i t s - t i s , ’ , s , - ; ’ s , ’ ,s , I i  S ’’ S I’, l u , ’ . h u l l  ‘‘ ‘ 5  ~~i 5 ’s s i t ’ ,’ .1, 1 s ’ s  5 , i t s i t ’ t’ , L s i . i , i t t ,

t ill’ lit ,’ ’ 1 ’ . I’ , i , ’s i i  s i p  i s I s  5 ’ ,, ’ It lil’ , , u s s  I— , ’ t t l l u ’,l l’ s a Is _ s _ b  1 s t  l 5 m ’ .( ’ l_ i s _ s i t s ’ — . .utu I’.’ u s ’ s — i t
t h i s  ‘ ‘ i g  ‘ u s — h I  5 ’ ’, , t s i s s g  t s ’ i t”  s , , 5 , , 5 5 , 5 ~~ 5 , _ t s , , u , I . I s b s s ’ u i  I u ’ b bu ,’ ,s,Is, ss ~ t , s s ’ s ’ ’ ’ .’ s i s h i u s s ’ , i,’ , i t l , , ’ s
s i t l s  I s , ’ lIlil’ ,ist ,i s i t ’ s _ I , ’ ,.,’ 1.1 , _ u l ’ .~’ , ‘ ‘ s _ _ s _ u ’ s u m ’ . ‘.s mt ’ — , _ t  s , ’ l ’ sss , ’s _ i i l . u s  s u ’ .m s ’uu ,‘s ss ’’. s s s , t , ’ ,s ’ - s ’,I , is s s s u s u t ~~,
h i lt ,  ‘ s t ,  i s  i’ ‘s ’ s - s I  u ’ S , ’ ‘s i t  Id , s ’ i  , s s l  , ‘ ‘ S s~ ‘- s ’ ,Iu’i,s s s s s hi t ’ s , s S  S It,’ s . ’ , t s . , u I  h is ’, s -  _i l ns ’

s , . !  u ’ ~, ,,‘ t s I  u , ~ mi, ’ ’. ’ u, 51 , l u _ _ i t  . 5  tbu ~ h u l l  h Iss ’ ‘ ‘~“‘i it u , s,, ,iI m I s  u .i , : t ’ s , ‘ t  5 I s u ’ . b , , s s y  s I , ,
e , ’ mb t m, ,uuu ~ S I , ,’ Ill ,’ su , , t  m il l’  s’ - s ,‘ ,‘s s, ’ ’ .s s s s t  , s t t  l u s t ’ u _ i s  , s , s t  5 , s ’ 5 5 .  ‘‘‘ 5 i’,,’ ‘‘,. u , t i t ,  ‘ i s  s , ,,’ ’ S , ,

.‘,‘i,t muh ’su ‘a, ’ m s s s l  ~~~ 5 ! , s ’

‘. 5 - l i t  I ’ l ” — b ’ t ’5 ’5 ’s _ l ’ s,  t i l l ’  tuu s ’ ,’t iltst, ’ iS s s t ’ ’, ,  i l l  . 5 5 , 5  sl s ’ ’ r’ l. i’  ‘ - , s u h i . s ’ ” , ’ ’,, s ’ ’ , ‘ h i s ’ I I I ’ ! ’  t,s ’ s s i ,I I’,’ _ i s u  I I  5 5
— s _ _ u ’  t ‘ ‘ -5 - ‘ ‘ 5 i ’ _ ‘ 5  l e s t , I m s  , ,isu,I ‘ ‘ ‘ —s ’s - u  h i s s _ s  ‘ i  *

is us 5 s i t .  u ,Is — ; ‘ I  us s ’ s s S  Is, , ‘,s ’’ _ ’, , ,’’sq ’ I , ’ s m t s , I t - - n  , ‘ . ‘ i., 5 , ,‘ s , l  S ‘ ‘ 5 ‘‘ ,i ,l I s~, m ~~ _ i 5  s i _ i s  5 ’ s ’ s b ’ Ss ’ t  i , i t I i  I’ S ‘5 , 5

i v - h . s ” t t m t s  I s _ s u n s , , ! , , s l l s g ,  s i , s .  r,i s e t  I s  ‘ ‘ 1  us l i s t ,  ‘ s ”t l’ ,nh’ uzu i _ - u  t i t l I s t  -u ‘ i c r — l i ,  s i b , ’ , ’
s S ~ , s i ’ s l’ s ’ ,,‘ ,‘ us s ’ i , u S , ’ .I t s u  _ “ s u i t  ‘ ‘1, ’ 5 5 . 5  ‘ ‘ ‘ i t t ’ ‘ I s ’ s _ i s , , - ’  s ’ ~‘ u ~ s ’ ’  i t ’ s , - s ’ s  m , l , u , , ’ u’ ,’ ,s ,t 5 ’ ’ ,’ j t s ’ ’  s ’h

s t. ls s ssg I’ i’ s , ’ t s i , ’ ’- ’. .s’, ’ .b ‘ ‘s it  i,’t, s t  S - ‘ u s _ I t s is,,h ‘ n i l— - I  ‘st -s I t s  l b s u  i ’  ‘ 5 ,1,- - ‘ s . 5 i s - s  5 5  I t S ’
h ’ s  , , ‘ t ’, t , - .ssh s s s s ’,’ s s , ’s u . h i t s , ’  t t , s , ’s _ , , , - ,” ,s~~, L ‘ I s i s , ’ I t ,  u t , t  i s ’ ” I s i s  t s ’ S ’ i . ’ ,i, I, u c  s I ,  ‘ ‘ 5  s t  t v - i l  l~s
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S I,r~e’~ ty

Future c s ’s k m -i t s m e s s g s i s  uill aim at s ing le  crew .‘I’e - r s u t l . ’ s s  w i t lu
a high s i r g s s ’i’ of ,l s s t s l , s v  I n tegrat ion ,  The subjec t  ‘5 SIte

paper is an advanced us avi gasssrn n d i s h - l a y  w i sis~ls would mss,srtm sall s be
1,scated issasie d iatelv bels ’w the ihea st ‘ 1’ Dis 1s lav  In ,srder to slu s nis
the hs, ’ r i z ,’u ita l sj s . uat i , ’u i .

The paper d r aw s  attention ts- -i ”sss’ 05 the e pe r s ut i s shial requ i re-
usents and t ines, descr ibes the COIMJW i ’ s’sss li in eul D i sp lay.

The d i splay cs,mbines a full ss ,’lour topograp h i ca l sna p based s ’ s u
iSm film with a mult i-mode electronic disp l a y  c apa b le  s t
accept ing cur siv e ,‘r raster infsu rsuatissn.

Al- u,’ described is a pl anning aid permi tting horizontaL i li g lst
pr of ile s to be di g iti s e d au tus’zea tic all .y is , a b rie t sss g rcs,.sns Ir,’uim
a co nventional paper map. Flig ht p lan pns.sce ss iu sg is ps~s5i b l e
a ms sl the resu l tant data can be loaded lusts ’ a po rta b l e  store which
is then in se rt ed tnt,, the a ir ssrs tt ay ste i ,’ so that the planned
profile can be superimposed sun the topographical map.

The display css ncerne d has been fully devel oped and eiemsn n stn, ut ed
in f l i g ht and the p lanning aid hi’s ~inmp l e’t.ed snssn.e ’sst ,s l

operational tr ials.

I. S NTRODIIC’flON

The envir onment sni  a single—seat cock pit is par ticularly exact ing is s .s ’uns of d is 1s la v  des igm i [ s r
a number ,ni reasons , There is a heavy pilot workl oad caused b y the need to  handle the su irc r , ui t . its m s j s sr
system s and the weapon system , The pilot ot a sing le-seat air craft ~ l~ ’isig ut a n’erv loss a l t i t u d e  has t .’
c ontend with turbulence , flight ha zards presen t near the ground and threats posed b y enen s y d et ” ,’ tsv-’ ,’s or
other aircraf t, The canopy design is usually such that displays are sub ject t s n n-c ry lar ge va n i n t s e ’ns in
am bient l ig ht rangi ng from direct sun by d.sy throug h to ni gh t operations. If sensors are used to f aci l s-
ta te operating at night Cr in low v is ib i l i ty ,  their informa t ion must be disp layed and assi milated,

While au tomation and correct system design can miti g .ste some s-sf these proble ms , th e es sem sti .nI tv-esl

is for better displays. The most impor tant display surfaces are the Head l’~’ Display and the sit uati ,’- ,
display isizuediate ly below i t .  The latter must have an electr o nic multi—mode capability b ut because the
aircraft oper ates in close proximity to the terrain and as the pi lsn ts are accustome d t , ’ the use s’S

tcspogr aohi ca l maps , a f ull colour map display is extremely attractive,

The paper describes the C(SMED Combined Electronic and Map Display t ogether with its incorpor a tion
in an opera tional system designed to simplify navigation through all phases 5r,nss, pre- flight brie f ing
throug h take-off to touch down,

2, OPERATIONA L AND SYSTEM REQUI REME NT S

Seine s-sf these have already been dealt with in the Sntr o d u cti c -ss’u , It is necess a ry to make some
assump tions about the sensors and other equipment s to be carried in the aircraft since the,t capability to
genera te information determines the disp lay requireme n ts.

Acc urate navigation is of prime importanc e . It cain tr e snt r ibute to the effectives sess s’S tI.-e mission
b y enabling the pilo t to select and fly a horizontal profile which avoids known de t eunces and ex pl o it m n s,
terrain screening as much as possible, The require ments become more stringent as the target acqui siti c ’eI
phase is en tered , par ticularl y if the pilot has to depend ott the relatively narrow window afforded b y a
forward sensor.

Naviga tion i~ also involved in de termining the prot ection available against c si ’lli sis ’us w i t h  the
gro und while flying low , A sophis ticated Terrain Following System can give I mli pr o tection . A l t e r n a t i v e l y .
as pointed out elsewhere in this Symposium , i t is possible ts’ consider simp ler sensors sud s as a laser used
as a low flying terrain avoidance aid , The dependence which can be placed on such sys tems is limited b’.
the fact that they are essentiall y single channel and can be vulnera ble to a single failure. The back —up
consis ts of careful navigation p lanning and a good naviga tion display which can provide the pilot with
informa tion enabling him to decide how ts’ modify his vertical pr o file as a compromise betweeun additis s,sa l
vulnerabili ty due to flying higher and the risks involved in continuing L ow flig h t visuall y , or with the
aid of a visual sensor . This is an ex tension of tIne philosoph y s’f a sstSs ’Sv heigh t used in simple a ircra ft .
Nav ig at ion/ ,

- , _ ,~~~~~~ , , .~~~ -



Navigation wor inload can be greatl y reduced  b y a combina tion of careful p lanning and effec tive disp l ay .

~3 ~,2- The source of naviga tion information is likely to be an inertial navigator.  There are several
ways of enhancing the accuracy of such a system.  There is some scope for performance improvement where it
is permitted by the potent ia l  accuracy of the instruments , usuall y by data processing and more soph is t ica ted
methods of pre-f ligh t alignm ent. In the future , the inertial data its some systems will be mixed with
highl y accura te position and velocity informa tion from future aids such as Nav star , Bu t whatever the means
selec ted , up da ting navigation using known features in conjunction with forward sensors such as Ground
Mapping Radar and E lectro—Op tics will always be attractive as a means of improving accuracy or increasing
integri ty. The disp lay system should permi t this ,

I t is also advanta geous to have a degree of redundancy to cover failures and the combination of
separa te moving map and mLl ti—mode electronic display elements permits this.

3. DISPLAY DESCRIPTION

The moat important properties of a highly readable display are image brig h tness and contrast,
When flying head up, the pilot may be scanning a bright background such as cloud and the display must then
be brigh t enough to be leg ible when he transfers him attention to it , even if his eyes are slow to adapt
to the new light level.

In some cases , direc t bright sunlight can shine Onto the front face of a display , and the contrast
of the displayed image sssmist be sufficient to maintain legibility. This is particularl y tr ue when full
advan tage is taken of the colour and content of a topograp h i c a l  map .  The resolution of the image , the
viewing dis tance , the effects of vibration and the basic suitability of the maps or other data disp Laye d are
also important factors,

Fi gure 1 shows the basic optical princip les adop ted in the COMED Display. A projection lamp,
toge ther with a condenser and a reflector , is used to gessera te a ful l coloured map image from data stored
on 35msss colour film. The image—farming ligh t rays from the projection lens are reflected by a mirror onto
the image—forming screen.

A combination of CRT and Map images is presented to the operator via a viewing system consisting
of a combining mirror , transfer len s and field lens . As a result , the snap and CRT images appear superimposed
on the same p lane.

An important feature of the design is that it generates an exit pupil of a size onl y sufficien t to
cater for pilot head moveme nt.

This me thod of optical combining and a field lens was selected against other techni ques such as
the rear port tube because of a number of significant advantages. Ambient light cannot fall on the CRT or
map images because to do so , i t must pass through the exit pupil , which is almos t comp le tel y f i l l ed  b y the
pilo t ’s head , The brigh tness of the primary image approaches the brightness of the full size image and is
almos t five times brighter than if a full size image screen were used. For an equivalent drive power ,
twice the brightness of a full size (i.e. six inch diameter) tube is achieved and four time s the
brightness of a rear port tube .

The use of a smaller CRT makes the electron geometry easier , resul ting in a smaller spot size.
The tube and its associated drive circuits can be made compatible with cursive or raster writing techniques
and raster information from sensors so that the display can be integrated into any probable configuration,

The manner in which the film is handled has resul ted from loins term development . A rela tively low
powered 50 watt projection lammup is used and three are carried together with an automatic change mechanism ,
The film transport is highl y accurate and has a high slewing rate so that changes taking place when a
film strip boundary is approached appear near instantaneous to the pilot. A glassless film ga te deals with
the problems of film damage experienced with some earlier disp lays. The disp lay is aimed at high
maintainabilit y and is completely modular,

35musu film is a most Cost effective means of storing full colour map infortsuatior,, A typical unit
can accommoda te 57 feet of film at a map scale of ~M and a reduction factor of 15. This is equivalent to
an area of 2000 by 2000 nautical miles , in excess of the whole of North America . Since the mean film speed
is 5.7 fee t per second , the maximum access time is 10 seconds.

The earliest combined display s were rela tively bulky and were tailored individually to aircraft
cockpi ts. The latest versi’,n show n in Figure 2 has improved optics giving a near rectangular screen and
an installa tion outline aimed at sing le—sea t cockpit.

4. PLA NNING SYSTE M

A comprehensive mission plsu umning system has also been developed. It is described here in
conjunction wi th the display but it in in fact suitable for use with any di gi tal navigation system.

Autoplan consis ts of a table on which a paper map or chart can be placed in the briefing room.
A hand—held cursor can be p laced anywhere on the map and is connected by a single table to the electronics ,
which include a processor and a small printer.

The pilot places his map on the table and initia lises the digitising system b y inserting the
coordine tea of two known points. He then uses his tactical ,jud gessien t and the best available briefing
informa tion to choose a best route , which he marks in pencil on the map as a series of s traig h t line
sectors . The cursor is then moved through the profile from one turning point to another , a button being
pressed at each to cause its coordinates to be transferred to the proces sss’r . Key board en try of fixed
pa rameters/ . . .
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parameters such as ground speed and fuel load is provided . As the route is entered , the printer prin ts
out the various sectors and gradually accumulates a comp lete flig ht p lan including times and fuel. The
sys tem is extreme ly acc urate and a 20 turning point flight can be programmed in Less than 5 minutes ,
including separa te treatment of IPs and targets. Automa tic conversion from the 1rPM grid to 1st/long
coordina tes or vice versa is possible and additional copies of the printout can be generated on demand.
An overlap profile from one map sheet to another can be handled .

This sys tem has gained rapid pilot acceptance in its trials. Tactical choices can be made
because the time to compute a single route is so short that alternatives can be compared for timing and
fuel imp lica tions. Further copies of the flight plan can be printed out if a number of aircraft are to
operate in a group.

The PODS (Por table Data Store) facility is a fur ther system refinement . The small circular
store contains a self-supporting memory and La plugged in to the ground equipment so that the flight plan
can be recorded in i t .  The pilot then carries the store out to the aircraft together with hia map and
othe r briefing information where he inserts it into a special fixture so that the airborne computer is
loaded au tomatically. Where the combined display is fitted , the pilot can call up the route in the form
of a full colour topograp hical map with his planned t racks ove r—wr i t t en  e lect ronica l ly .  Where he has
stored optional tracks for use in a mission or in the case of a diversion , he can recall and examine these
options in the cockpi t before committing them to the guidance computer. Clearl y, any other information
which can be expressed as lines or electronic symbols can be stored as part of the briefing process and
retrieved on the display. If the aircraft is fitted with forward sensors , points at which there are
fea tures particularly suitable for checking progress can be included in the p lan.

The essence of the Autoplan/PODS concept is to enable more sophisticated planning of missions
while reducing the workload by a sys tem of automation which extends from briefing through to touch—down.

5.  CONCLUSIONS

The opt ical ly  combined CRT/Moving Map disp lay is now a well developed technology and highl y
sui table for providing a Horizontal Situation or Navigation Display in either a two-seat or single—seat
cockpi t.

Electronicall y generated information including information from sensors or computer symbology can
be overlaid over the map. Alternatively, the display can be used as a full electronic multi—mode display.
I t is therefore suitable for integration into a weapon system.

The disp lay uses a field lena viewing system which is a highly successfu l  means of o f f se t t i ng  the
e f fec ts  of ambient light and optimising brightness and contrast as required in this type of cockpi t ,  It
has been show n to be a satisfactory means of disp lay ing information at very low lig h t levels for night
flying and its intrinsic qualities make it general ly superior to a pure CRT display.

The addi tion of a p lanning aid can aut omate the complete process from briefing to touch down by
using automatic digitising and data processing on the ground together with the transfer of briefing
information to the aircraft using PODS. There are many advantages in more sophisticated mission planning
including the ability to exp loit the terrain fully and a reduction in cockpit workload in the air.

A disp lay technology has developed on the basis of a combined map/radar display which is now
in product ion. Further development has produced versions aimed at advanced single-seat applications in which
the electronic component of the display is used multi—mode and forms part of an integrated di splay system .

The Author wishes to thank those colleagues who have assisted in the preparation of this paper ,
particularly Mr. W .M. Aspin , who is the Chief Engineer of the Group responsible for these developments.
He wishes to note the part played in these developments by officials of the UK Ministry of Defence and the
Royal Aircraft Establishment. Thanks are due to the Management of Ferranti Limited for permission to
publiah this paper. 
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METHODS FOR THE VALIDATION OF SYNTHESIZED ~~AGES IN VISUA L
FLIGHT SIMULATION

4 DipI.— Ing.Gert Dorfe l

Formuchungainstitut f u r  Anthropotechnik , FAT
(Research Institute for Human Engineering)

D 5309 Meckenheim , Buschstroll,e
Germany

SUMMARY

To validate the information content of synthetic visuol fli ght simulation ,
object ivel y based methods and criter ia are necessary which cart show the influence
of a variety of visual cues on pilots ’ perception . 56 pilots and 28 non-pilot en-
listed men made height and distance judgen nents from landing approach scenes with
different levels of detail. Some judgements of height and distance were mode in
re lation to a previously shown standard scene . Other judgements (absolute) were
given in ft or m . To evaluate the influence of scene information simp lification
on subjects ’ perception of height and distance , a number of measures were made
including judgement time , error and the exponent of the stimulus—response rela-
ti onship R - - 5n

• Judgement error and t he exponent of fitted power— functions both
were s ignificantl y influenced by scene sty lization. The increase of judgement error
ond the decrease of power- Function exponent respectivel y ore more distinct when
making absolute judgements than relative ones . Because results for pilots are quite
different , non— pilots should not be used as subjects for v isual research work with
landing scenes .

1 . INTRODUCTION

The advantages of using simulators in the Field of vehicle guidance and control are unquestionable . For cos t and
safety reasons simulators are increasingly used For education and trthning, especially for pilot training. With both
whole and port—tas k simulators a realistic full simulation is frequently necessary For the correct performance of comp lex
operations. In addition to a realistic cock pit and realistic motion and noise simulation the simulation of a relevant
outside view is frequentl y necessary for good flight simulation.

The demand for a wide range of Simulation applications together with continuous advances in engineering has
led to the development of Computer—Generoted—lmage Sys tems (CGI) - I’) which hove certain advantages in visual
s imulation over the well  know n film and model systems . Desp ite these advantages CGI systems suffer from the dis-
advantage of limited capacity and computing speed which severely restrict the amount of visual information which
can be simulated and disp layed. S ince there is no possibility at present to full y s imulote the natural outside view
wit h these limitations the problem becomes one of selecting only that v isual information which a pilot actuall y needs
to per form his special tasks , i.e. which visual cues must be presented to obtain a good visual flight simulation.

Previous research in visual perception, has in most  cases , used subjective methods. It has been tried, for ex-
ample, by questioning pilots ta reveal which of the external cockpit visual cues provide them with distinct informa-
tion about distance , att itu de, altitude , ve locity and so on. Apparently such an approach w ill be somewhat inaccurate
because the perception of most experienced pilots and the performance of many aspec ts of their tasks ore unconscious.
Therefore it would be impossible for them to give precise answer obou the influence of special objects or eleme nts in
their visual percept ion on their visual judgement performance . That is the reason why scientifically correct statements
about the requirements of visual scenes in flight simulation can not yet be made 2, 3]

2 . RESEARCH OBJECTIVES AND VARIABLES

Because of on increase in the use of computer generated image systems for flight simulation there rises the
question if such a sty lized outside scene , wh ich has limited visual information content , is sufficient for flying an
aircraft . To answer this question it will be necessary - if possible - to separate out the influence of the visual in-
formation provided by the different objects, details and structures. For this purpose one needs appropriate objective
methods which allow specific conclusions about the influence of visual information on pilot ’s percept ion.

Because of the large amount and variety of visual cues in o reol environment , wh ich increase in significance
with vehicle motion (motion—parallax , stream ing—patterns) firs t experiments dealt only with static externol scenes . The
information requirements of external visual scenes are strong ly dependant on the specific task to be performed. Since
pilots during the landing approach depend heavily on the use of visual information in the external scene , this fly ing
phase was chosen for research purposes .

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



During the landing approach the pilot ’s 1e-icept ion of height and distance is of great importartce. Our goal was

to measure the influence of image sty lization of landing approach scenes on pilot ’ s perception of height and distonce

/,,~
, ,,~L by means of two different estimation tasks .

An evaluation of the results should give hints to how usefu l these tasks are when test i t tg visua l simulation systeSS ~s
for various tasks or miss ions.

One estimation tas k was the making of “relative judgements ” of the presented stimuli which seeme d to be a
stra ight forward task appropriate to a landing approach where the pilot in most cases checks his position in relation
to the required glide-slope on the basis of a well learned model of runway shapes corresponding to various above ,
correct , und below positions at different relative distances 6 I

Since it is likel y that some pilots in certain situat ions , especial ly mi litary p ilots , may hove to make ‘ absolute
judgements ” (although not necessary of height and distance), it was decided to ask subjects to make absolute est ins utes
dur ing the second part of the program .

A comparison of research results between the two types of estimates may hel p to answet the question which task
and w hich of the measures (exp lained later) wi l l  show the influence of scene sty l ization on judgement pe,Fornronce
best .

3. EXPERIMENTS

3, 1 RESEARCH METHODS

It was the aim of the research work to Find objective methods by means of which the influence oi image sty li-
zation of landing approach scenes on height and distance perception could be evaluated .

As v isual space perception depends strong ly on the information content of the external scene , a relation be—

- - 
tween a v isual stimulus and the resulting response (perception) of an observer has to be established

S — stimulus
R F (S)

R — response

and the change of this relation with changes in stimuli has to be evaluated.

A relationship where a subjective reaction depends on an objec tive stimulus con be described as o psychophys-
ical function. These psychophysical relationshi ps have often been written as power functioi,s 4’

R a

With suitable dimensions and a big stimulus area in relation to the perception threshold constants may be ue~J—
lected

R — S~

There exist a number of different psychophys ical  meosuiement techni ques which differ in the level  of measurement
sca le which con be used, i.t’ . ordinal , intetva l or ratio scale 5~

The ratio scale is characterized by equ idistant steps and the use of the zero as the origin . It is the most prefet-
red type of scale in psy,,hophys ics because one can use all of the parametric statist ics with it. Measuring metltods
which y ield ratio scales include the magnitude estimation methods w hLh have their origin in u s e  work of STEVENS , S .S .

Relative estimates made during the fi rs t part of the program were estimates of heig ht and distance ham presen-
ted slides as percentages of “standard ” height or distance frees a “standar d” s lide scene shown befote.

The absolute estimates made during the second part of the program were estimates of height or distance s ft or
meter (as each subject prefe rred) .

The “standard” s lide was shown before each slide presentation in the f i t s I  oF the two runs wh ich each subject
made. During the second run the standard slide was only shown in the beginning of the run itself . This was done
reduce the running time of the experiments since the subjects were familiar with the stondai-d slide af te i the first run.

3.2 MATERIAL (APPROACH SCENES USED AS STIMULI)

For our research we used colored slides , representing external visual scenes of a landing approach . As subjects
were to make judgements Irons these pictures , height and distance had to be well known to the etcperinte nter. Because
of the great difficulties and costs of taking exact position pictures fr om the real world , sli des wete photograp hed
from the LUFTHANSA model simulation system in FrankFurt,4v~. The TV camera could manuall y be driven at d it f c ient
positions in accordance with specific values of height and distance. The corresponding pictures of the outside scenes
were taken from a color TV monitor.

In this way, slides of 21 positions were produced, of which 12 scenes represented 12 different distances btseu
the runway threshold on a 3

0 glide—sl ope and 9 scenes represented 9 Isc ghts with a f i \ed distance from the runway
threshold (Fig. I).
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Fig. I Positions representing the different approach scenes

Because there was no CGI system at our disposal at the beginning of the research work , styl ized scenes were
produced on a drawing board. This was dane by rear projection of the full scenes onto a translucent glass from which
the visual elements were abstracted by stepwise selecting and coloring with translucent color sheets only the desired
scene elements . Synt hesized pictures were produced in live steps or degrees of sty lization with the simp lest ones
consisting only of the trapezoidal looking runwby and horizon (see table I and figure 2).

There were not raster points in the colored slides presented far judgement. The raster points on the runway in
fi gure 2 were only used far printing to show the levels of contrast and detail respectively as they existed by color .

Table 1 Steps of Styl ization

Step reduction of scene elentents

I texture , small objects , simple structure
II all 3—dimensional objects
Ill all structure without runway and approach lights

approach lights and runway threshold
V runway centerline and border

3 ,3 EXPERIMENTAL APPA RATUS

Selected color landing approach slides were projected on a rear translucent projection screen with a Leitz
Pradovit S projector . Duration of slide presentation and changing of slides was regulated by an electromechanical
c ircuit. When slides were changed the projector was darkened by a shutter.

Subjects sat in front of an acryl—p lastic FRESNEL lens at a Focal length distance which was equal to the dis-
tance between the lens and the projection screen (Fig. 3).

FRESNEI.
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By so doing, the visual ang le subtended by objects in the slide s would remain constant even if the subject - —

moved his head in the direction of the optical axis of the systetst (i.e. c loser or further away). I’~ ‘
~~

Use of the FRESN EL lens and a surrounding frame resu lted in a dept h impression similar to a real world scene
looked at through a cockpit window .

Subj ects sat on a chair which could be changed in hei ght so that their eyes were coincident wi t i t  the centre of
the lens and the horiz0on of the pro je cted 0scenes. The screen size of 40 ~ óO cm provided a viewing s ituation to sub-
jects with the Sante 48 horizontal attd 36 ver t ica l  visual angle used irs the Lufthansa mode l TV system.

3.4 SUBJECTS

For the relat ive estimate series of experiments there were 3 groups of sub lects w ith 12 in eac h group. These
were cargo (Transa ll~ pilot , jet (Starfig hter)  pilot and nan—p ilot enlisted men groups .

For the absolute estimate series of experiments there were 3 seperate groups of subjects wi th 16 in each group.
These were helicopter (Bell UH— 1 0) pilot , j et (Phantom) pilot and non—p ilot enlisted men groups .

Pilot age ranged between 24 and 44 years with a median of 29 years.
Their flight hours were between 270 and 4 000 with a stuedian of 1 300 hours.
The age of non-pilot enlisted men was between 19 and 25 years with a median oF 20 years .

3.5 PROCEDURE

A general introduction of the purpose of our research was first given to all our subjects followed by more detai led
information which was recorded to minimize variations in experimenter influence resulting from inconsistent presentations .
Subjects were then familiarized wl rh our automatic slide presentation procedure and given some practice in making
“relative ” or “absolute estimates ” . The approach scene slides were not used for practice , instead a substitute series of
pract ice slides involving judgement of the length of various horizontal lines were used so that no training in height
or distance judgement was given .

Ri ght after familiarization with procedure and estimate pract ice , data collection began with the presentation of
a group of slides. W ith the exception of half of the nan—p ilot subjects mak ing relative estimates subjec t groups mode
height judgements first , and after a break of 20 minutes to 2 hours mode distance judgements.

The slides representing var ious combinations of variables were arranged in a random sequence as determined by
drawing numbers out of a hat . Experimental variables used were the degree of sty lizotion , judgement height , and
judgement distance. The “standar d” slide was a “full scene” slide which was token at a position corresponding to a
height oF 100 ft and a distance of 2 000 ft front runway threthold . This slide was shown prior to every slide to be
judged for the relative and the absolute estimation during the first run. The entire group of slides was presented twice
to subjects. But because of the great number and variety as well as the random order of the slides , subjects did not
rea lize that they judged the same slides twice.

Slide presentation duration was 5 seconds for the standard scene and 8 seconds for other slides .

4. DATA TREATMENT AND RESULTS

To measure the influence of image sty lization on height and distance perception from landing approach scenes,
the exponent (n) of fitted power— functions , the absolute value of the relative estimation error (ERA) and the estimation
time (t) were calculated.

The values of the exponents of the stimulus-response relationship express a tendency of under or overestimation
of great st imuli in the tange used . When calculating the absolute value of relative estimation error there is the possi-
bility of determining the amount of the error for each stimulus separatel y as we ll as the over-all error.

Ca lculation of the research data was done by means of ANOVA 45, a computer program for analys is of variance
Basically a mu lt i—factor p lan was selected , and the variances of the dependent variables were proved against

their interaction with subjects 9~

For comparison of the two different tasks used and the different measures selected , wit h regard to reliability,
rank—correlations were calculated 111

It was examined for which judgement task and which measure there was the best correlation between an increase
in scene stylization and a change in the value of the specific measure .

For this purpose rank numbers were assigned to the mean estimation errors and the calculated power- function
exponents of each subject for the six succeeding degrees of stylization with regard to their magnitude . By means of
this procedure coe fficients can be calcu lated representing a measure of correlation between two rank-orders.

4 .1 POWER-FUNCTION

The firs t measure used was the exponent n of the psychophys ical relationship R — S~. By means o1 fitted power-
functions of subjects ’ height or distance judgements a systematic change of the psychophysica l relationship as ~s result
of scene sty lization was determined.
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As seen in figute 4 fcr distance judgement too there is the tendency of power—function exponent to decrease
wit h scene simplification . 1 ~I-While the values of n in the two tasks are si gnificantl y different the differences between pilots and non-pilots
w ithin each task were not si gni ficant.

The stronger decrease of the exponent fat absolute distance judgoments than for relat ive estimates indicates a
clearer influence of scene stylization with the absolute task . This is verified by an anal ysis of variance which shows
mare si gnificant differences between degrees of sty lization w ith the absolute distance judgements by p ilots than for
relat ive jodgentents. For non—p ilots a clearer influence of scene styl ization with absolute distance estimates was not
shown by ana lys is of variance.

4 .2 ESTIMATION ERROR

Another measure for calculating the influence of scene sty lization on visual space perception was the error made
by subjects in making hei ght or distance judgeme nts. To get this measure the difference between each subjects ’ res—
panse and the actual correct height or distance was calculated. The absolute amount of this difference was divided
by the cor rect height or distance value in otder to obtain relative estimation errors , i.e . errors normalized relative
to the magnitude of the height or distance judged.

Figure 6 g ives the relative estimation error for height judgements.
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Fig. 6 Height j udgement error

As can be seen in figure 6, for both estimation tasks and both subject groups there was an over—all tendency
far estimation error to increase with increased degrees of scene sty lization .

The differences in errors between pilots and non—p ilots for both estimation tasks are quite large. There are
sma ller errors for pilots than for non—p ilots when maldng relative estimates , but there are larger errors For pilots than
for non-pilots with the absolute judgements .

There are no significant differences between tasks with non-pilots .
The error dIfferences between tasks with pilots are very large and very significant.
There ore no significant differences between estimation errors for different degrees of stylization with absolute

height judgements by non—pilots and only few significant diffe rences with relative estimates by non-pilots and pilots.
Error differences between successive degrees of stylization were not significant for all conditions except the

absolute judgement by pilots , w here there are most significant differences between degrees of stylization at all.
There were generally si gnificant differences between unsty lized scenes and sty lized scenes for both subject

groups and both tasks.

Figure 7 gives the distance judgement error for both estimation tasks and for pilots as wel l  as for non-pilots.
For both subject groups and tasks there is an over—all tendency for error to increase with sty lization step increases.

This general tendency is significant in all four cases.

The large diffe rences seen between pilots and non—pilots with height judgements do not occur wit h distance
judgements. Mean error for pilots with absolute judgements was significantly larger than for all other cases.

There were no significant differences between any of the other cases .
Resu lts from the analysis of variance program showed that with distance judgements there were signi ficant differ-

ences between sty l ized and unsty liz ed scenes but no significant differences between the degreet of sty lization except
for two steps w ith the absolute task for p ilots .

A
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reaction time for each subject across the stylization steps was very small , indicating that subjects ’ reoct ion time was
rather consistent regardless of the degree af sty lization . €7

No correlations between estimation error and reaction time or between flying experience and eStimation error
or fl ying experience and reaction time were found. Results indicate that judgement reaction time do not represent
the time required for height or distance judgement but rather the longer time for transforming this judgement into
numer ical data and verbal reoctions,

Therefore reaction time may not be an appropriate measure for evaluating scene stylization influences art visual
space perception .

4.4 SIIMM.ARY AND DISCUSSION OF RESULTS

Six groups of military pilots and non-p ilot enlisted men made height and distance judgements from landing
approach scenes.

Two tasks were used to get subject responses from static image stimuli.
One ha lf of the subject groups made height and distance estimation in relation to a standard approach scene

whereas the other groups made absolute judgements in Ft or meter.
To measure the influence of image simp lification , est imation error (ERA), t he exponent of psychophysical power—

functions (n) and judgement reaction time (t) were calculated.

Results wi th relat ive as well as with absolute judgements of height and distance were quite different between
the various measures.

Judgement reaction times did not show any significant differences between sFy lization steps. Therefore reaction
time probably is not an appropriate measure to va lidate synthesized scenes for simulation.

For comparison of estimation error and power—function exponent with both judgement tasks with regard ta relia-
bility , rank—correlations were calculated. Table 2 gives the means of correlation coefficients for height and distance
judgements with both research tasks (relative and absolute) and for both measures (error and exponent).

Table 2 Coefficients of rank—order correlations

met hod measure r (height) r (distance)

error ERA 0, 18 0.28
re lative

exponent n 0.21 0.26

error ERA 0.37 0.33
absolute

exponent n 0.37 0.32

Calculation of rank-correlation coefficients shows higher values with the absolute than with the relative task
for height and distance ju dgement as we ll as for the measures error and exponent respectively.

This indicates, that with the absolute estimation method the influence of scene sty lization is demonstrated more
distinct than with the relative method . Between coefficients for “stimation error and power—function exponent there
is no remarkable difference. Both measures seem to be equivalent for demonstrating the intluence of scene stylization.

But power—function exponents are rather erratic , giv ing highly different values as a consequence of a large num-
ber of variables (e.g. stimulus range, spac ing of standard, naming of standard etc. 12 , 13, 14~). Furthe,more power—
function exponents are not a measure of specific stimulus—response events but are rather arbitrary descript ions of groups
of events . Therefore power—function exponents seem to be less dependable and less appropriate as a measure than
est imation errors . On the other hand estimation errors seem to have a direct relevance to the task of Fly ing the land-
ing approach because height and distance estimates by the pilot ore directly involved in the task of fly ing the ap-
proach and making a landing. Consequently estimation errors seem to be the more appropriate and credible measure .

During calculation of estimation errors from subject responses of height judgement an effect was obtained, which
might lead to another possible research method For only three distinct images at step IV of stylization some pilot
subjects made estimation errors up to 700 % which were unequal to errors for other scenes of the same degree of
styl ization .

An exact examination of these approach scenes led to the assumption that the reason For this misjudgement was
a shortcoming in producing the sty lized approach scenes . By the appearance of a contrast threshold at the color TV—
monitor where the slides of the sty lized approach scenes were taken from the left side of the white runway surround-
ing was broadened and became parallel instead of being perspectively reduced. This led to an overestimation of height
by some milita ry subjects because fr om very high positions these lines seem to be nearl y parallel. For the subjects
concerned the remaining information content in the scenes of s t ylization step IV was not sufficient to get the correct
perception of height but was concealed by the geometric error . This indicates that there will be the possibility to
produce geometric or perspective errors on purpose and to evaluate up to which extent of styliZat ion subjects get
correct v isual space perception. By this method there will be the possibility to Find cues supporting correct visual
perception or others being of no influence .

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



Though the,e had been used st , s t i s  lo,,ding appta’ach scenes us , t is ~’ssI ’s for ou’ resea ,ch , it should be possible to

— - ssse - “ ,- tI,sol, and c r i t e ,  ia I,,-, ,i~ namic s ese , t ,s Is to,, , Otto can s’ ..p~- s t  shut tlsere w i l l  be mose visual infons,at ion by the
- IL additiotta l cues of -, s ss t i s v s  le.g . pora b la~ , str eaming patt esns , etc ,  for petception of heig lst otsd d i s t a ts ce  to ,  - By

515 ,5 5 an i i ssp t , ,sve ’ ss~,n5t ol visual percept ion wi l l  be obtainable.
It ,I,c,uld be ve , i f i ed  however whether there wi l l  be a fut,dansentah chartge in the tersdcttcy of error or power-

I , , - s s s t io,, espotse ts t dora bs dynsx r~ic e spe s iss ~~ ,st s c orrt pored to the results 5sf cxn previous st at i c  ex periments . I urthe,
tes ea, sI, ss i I hare t~ be s o, ts tos ted in o,der to show in h55~ far stat ic  data is tratssferoble to dynanric si tuat ions.

Besides the s~ s t , ’ s s t i c - , s  t,,s produce - ‘ Pb5 ’ ,,~ s5 5 , t t s ’ research -s’etbs sois there was tls,- question wIse tl,e, ~so~s — p i lot ,  could be
c-so d as ~~. Ls j  s ’ s us lot visual 5 r-se~ts vh s ~si tb f l i ght scenes. The reason is the well ktsown treed b r  pilot subj ects and t I,c
Ls, - t t ,’s  a- . ,i l.th I i  r. c-I s’so rs— p i I t s ss well as a simp l i f i ca t i on  of research prog r~~t’ and perfonssance if the proceduic
could be done its the Iabo~atoi y .

I Iscs-gl s there we re no geneta l d it le re nces in tlse tendertcy of the resul ts between pi lots otsd rtots — p i iot subjects
the ,s,s.tv , sis showed tb s ,,t tI,,’,0 w e s e  s igni f icant  d i hf , -s  r ’ s s s e s  between t bs e two subj ect groups of least F05 Irei gitt j udge—
‘ - e - s t s . These diI t,’ssrsse s depend on d i t f e ten t  ex per ience and therefore on the use of different visual cues of exte ,nol
scetses in - sea l  space perception .

P5~, is a reason wis i l s .  non—p ie rs should s o t  be s- s o d as subj ec ts  I - ~ v isual s e s e u s c b ’ s  work wi th landing scenes .

~~. R EF LRL  NCES

I Bakers , T .L, Tbs, A is F orce Takes to the Ground
Astro naut ics  & Aeronaut ics , Se ptembet 1976

B, c- svss , J .L. Visual Elements irs Fli gltt Simulation
A5~ ,rt , Space Environ , Me d . ,  4: 91 913 — -~24 , 197~

3 \‘JqncCr , C. T c - t , l  Simulat ion
in : S s,tu l a t o s s  and Sin ru lOt i o n ,
Pt,,-c s ’e dings ~sI t ls,’ Socie t > of Photo—O pticol  lnstrur ,te nta tio,s Ets g itseers ,
V551 , 19 i 1975 t , 197 — 198

4 Steo,’,ss 5 .5. On the Psychop hysical Law
Psychol . Rev ., 1957 , ~~4 l3 I , 53 — 181

5 Lk”sa ,, , G. Psych ophysik und Psycholog ischc Metj methoden
in Meili , R , & Roh,acher , H. )Hrsg. l
Leh,buc l’t der exp. Psycho bog ie , Hube, , Bern—Stut tgar t , 1963

I ss a f t , C.L. Measuremen t of Height and Distance
Infor ,ssation Provided Pilots by the Extra—Coc kpit Visua l Scene
S yistposium on Educat iot s in Creot i~~e Engineering,
Cambridge , Massachusetts , A p~ i l  16 — 19, 1969

7 Li .~,s c - :t , C - ‘~s . Testaufbau und Testana iyse
Ve ,Iag Julius Beltz , ~Ve its heiris ‘Be, l i t , 1967

S \“e ldets , R.J. , ANOVA 45. A F l e x ibl e Computes Psogratsr Ic-s the Anal ysis ,,-sI Varianc e
Humphrey, A .B .  The Univers ity c-i Arizona Press , Ts5s on , Ar i ,~otsa , 197 2

9 W in,’r , B.J. Statistical Princi p les in Expeti rrse tsta l Desi gn —
Mc Grow—Hi l l , 19 7 1

10 Brownlec , k .A ., Stat ist ical  Theory and Methodology
Wiley,  J , in : S,ience and Eng itsecr i t i g, John Wil ey & Sons , New ‘ic- 1L , 1965

11 Sachs , L. .~ ngewandte Statistik

Springer , l9 73

IV Kunnopus , T.M . Scales for Subjective Distance
Scond . J . Psychol., Vol . I , 1960 , 187 — 192

13 1 Macmillan , N.A . Size Judgement : The Presence of a Stan dard briss esisr ’s S ir,’ \15o,t,’,tt

et a l , of the Power Low
Perception & Psychoph ys ics, 1974, Vol. 16(2) , 340 — 346

14 Markley , R .P. Magnitudes Estimation The Exponent and Range of Response
Texas Christian Uni.-ersity, Fort ls Worth , , Tex as , Nc-s ,‘s,bes 19~9

- ~~, , • , ~~~~~~~~ 
_ _



-

0’’ 7 , 1 .  ~‘ e : ’  I’~ , F , ’ — -- .’ —e ’ ’ s : ’ ’ ( ‘ - ! ‘ ‘e’ ! ’
~~ ’ s . ” . ‘ - t a  - ¶ - ‘ ! . i!,,.’-’,’ , ‘ID

‘ ‘ ‘ s t ’ s - I n ’  ‘ ‘Pa •‘‘.‘ : ‘ a : ’ o’ - ‘ - : - ‘ - X : s . ! ’ s a ,’ ‘I’is, a .’ ’,I :- - , p. b o . ’ !‘‘~~‘‘s’sD , ls ~sa
- r a t  o x ;  1 ‘s ’ ’ , I p - 7  ‘ ‘I, .’ :’ Ia;, - ‘,- ‘ s ’ I’ .’ ’ ’  !‘ ‘ ,‘ - ‘ ‘ ‘ ‘ !‘- ‘ I

Taos ; ’’ i e ’ i a l ~’ teC -~~~ .’ - !  ‘ .a ’ ‘t ’;, c ’ - ’ :’ ‘ ,~~~s I s , ’ i  ‘ — ‘“ ~~
‘so;’ - ’ : D ’ ’ :’ - P 1’ ’ , rP’l ‘‘ s . ’

T is’ ’ i ,;’; - - S e  0 ’’ ~~, ‘ s s  p - - p  (j , ‘ s ,— i , I  ‘ - ‘ I ’  D - 5 - ” i ’ ’  Of
P. !‘ r’ ‘ ! - ‘_~~ ‘ s ; l 1  t> ’ c - ’ 0 . _ - ‘s tvp’ t ’ ’_ r’,~ ‘s~~~ ;’ ‘ s ’ s ’s ; ,,, I’.- ;,~ ‘ —

~ ‘ ;. ,‘

s’:Iss’s , - : ’7- a ’I’;~-’ ,’’ ,’ ar, t co:’ o7 -w;s--;’ .:,~~; ?i l ’ L ’ i ” - I - c l ’ ,’ ,s ’,’’’ ’’rn ;- ’- , ’ - i , , i ’ ’ ,’ - ~;H‘7;, -.’ c ‘ - - ‘ : ‘ 01’ ~~~~~~~~~ 
— b ’ s  ‘ — ‘ ‘ s b  r - - ;  a - ‘ s ~~~ I~ a

..‘
~~ ‘ ‘T - ’ ; . ’ ’ s , , ’ ; - ’, ’ c - r .- a , ; ’, ; - , l’ s t J - .- ’ p, ’ s ’  t b ’ l ’ s c’a ’ ‘ a - s I ’  i c - ’,.

“ p ’ ’ ’ t5’ ’ s  p~~c- , ’ - ‘ , ‘ ;‘ ‘ :  ‘ , : , ,~~s : ’ ’ s  ‘.‘ ‘s , ’ s  ‘~~~~
- ‘ - ‘°v~ ‘ :~~~ , ‘‘ , ‘ ‘ - - “ ‘ s r — a ’ -,’— h’~ ’.’- a ’ ,’ ’ ;-

‘p .  5 , ; , i ’ ’ t ; s  I ‘ ,‘ I r ., ’~~~’ - - ; , ; , ’ s .- :t, ‘s - P s Cc-; ’ 1’ - .’ ur~:- ; - ’ e ’,~ ’;, - ,‘ “s I r ,  ‘‘P - . -

- ,p b - ,’c- ,p:;. ’p’ I ‘,‘ a c - ’ s a , ,‘ . ‘7; 1.’ r p , , ’;’~~’p ,.‘ ,a ; ;- ‘ ‘ t;’ l .y _- ! s c - - ,’ P !, ’ ’ ’ s  W I ’ ’ . ‘ s. ‘i’- ’:~- I : - - ‘ . ‘

- - ‘,- , ; - ,t I .-a o:’ ; - ‘  ‘ - s I x  - ,‘;‘- ‘~‘ c - —  :‘— 7 ;  1,’- . ’ p1, - I;’ I ~ r- ’ - ’ s s’ I ‘ - ,- - ‘ ,
a ~- .‘ — L l ~~ _ ’ - - J  : s ; - I ; , , ’ ’ ’ s , ’’ :‘: I , ’’ , ‘ — .‘‘ , ‘  ,‘~~

‘- --  - ,~~~~~~, ‘ s - -  ( s )  r, ’,’ ,s - ,’,’- - ; ’  ‘ - s i , ‘ s a ’ ’ - ’- , - - a ’ /
.‘ ,s ’ i I l’ - - ’ ’ s ’ p i -an , ( i -  ‘ s I r  I I I ’ ’, ‘ , ‘ s - t : I ; - -  “ r - .- ’ - ss - ’P r o i , ( a
‘p s ’  irs -st l r a a a l , ’ , ” I  a , S r . ’ s  ‘ sc ’ s ) ‘,‘‘s r ’ t s U ’,.s’ r’ v’1’i ,~, - ’ ’.:’ - s ’ I ’  .‘ ‘ ‘~ ‘s 1 l ’ s ’. ’,’ . 7” :, ’ ’ ‘ ‘ ‘i~,Is ’ o ” ‘se~~

b e e  a ’ - ’. ’ a .a ’s  ~‘ s- - p ’s - P ’ - P ” - 7 :‘‘- I arss , wi’, ‘a “ - - , 1’’’ ’;
r’ ’:- ;a r ’ s - i  i l a p l s s ;; , cc :, ’ r s l  - ‘ : 5 , ‘.‘,,‘ : ‘ s - a ’- r- - :: r , , ’ • - 4 ,- :. ’,’ - a ’t r’. ; c , I~~s I  a

P I, ~~s ’ i,c r;a . Ths - ! ’ ’,-D  , ‘ lr,,’ a , s • I’ .5 0 ! ’ ‘0 1’s - ‘ - -~ mCI,’ ~~‘ ‘s I l - a . - r I ; - a : : - ,— “ - -  p /

~‘tsk  ‘ 5 : ; I ; a ~~I”r. a Ia .‘ - - r s S l - s t e : ’ - t : ly  o x ;  ~~~~~~~~~ .- o . v - ’ -s ’ ‘ii :,oa.’ ,-l r.i p ”t ’l”r,. - ’ . Ar ; - . : - ,’ a
01’ t I c - b ’  i, ‘ - - a i s ’ ~ - I - c- ’,- Is a ’ s  ‘sc - i ’s- I S a- : - ‘-  1 5 1 ’ ~ - for ‘p,~~~- -  ‘p’,

l a s  ; ra;’ I -asI  ‘-i ra ’s ~!‘7 - i ’ s: l.,’ r b : ’ e I - ; , — ’ - ,i ’;’ - ” i  ‘— , , I’ I : ’  :1 711 , - i , ’, ac s : , ’, : ’ -:

: ‘ s ’ s ”  i’ctr,I r -’ I

5 , Y: ”’.’s ’  I- a r .  ‘ias’ l ’ t,’’ ’ -

l as, ‘7r’’;r, :l-’,r

“1  i ” C  ‘ “a , - ‘ . r ;t r-o l

a, P ~~e 1tc - e Fo Ss ; ’ I

“ 2 ~~‘P” ”i, T r a n s l at i o n

- * L~~a,c I t - .s 1 ’ s r t -t I F Ine Qual I t I”a  Tsr - r i m- ’’ op

:enr,c-r of Iravltc’

,rto a e l e r a t  ion due to  - ! r ” t ’,- It y

K f t  1000 f,-~- r

1.1 l’laah ‘~ sra L’-sa r

mar’ I’lean ,\- ‘ro- i ’.’namic ‘ cr , ’s

- 
Composite Sensor Coverage

Xc ‘ “c rnpu te r  and I/O ~
‘ovr’rage

Xa 4 sArtuator Coverage

Xz c To tal Secon d Faul t Cs ” v e rae s ’

As Composite Sensor F a i l ur e  Rate

Ac Computer and I/O Failure Rate

Actua tor Failure Rate

‘ ‘;‘- - , ‘ram Manage r , D i g i t a l  Fl ieht Control f y at  em Advan cc,i Ps ’v” I ‘ cs-nt
** Program l’I-ir:rtper , C’ontrol ConfS ’ture,t Veh I ‘ I s -a  Advanced Development Tt’’’;’a;-:

‘S

— ~~~~~~~~ ~ — , ,-



~~~~~~~~~~~~~~~~~~~~ I t ~~ 

‘ - -‘

~~~~~~~~~~~

“ - . - --‘

~~~~~

“,,

~~~~

--

~~~~~

‘,,

‘ ‘ l i s t ;  ii,’ I ‘ . , I s i s ’ ’ lb ,

s- I’! ,\ It ’  i ’s - ;s;l’:,t I-I

1 I’ s i t t : t  I -  -~ ‘ i, ‘I ,’

1. ’ 1 A ! ;  ‘ t o  p , 1~~ 5, ’ S

4~~ 5 5  - b It’ 5~~s ‘ s ; ; ; t - ‘ , ‘ s i - - I ’  I;

t i l l ’  ‘i s : - —

‘s “ - t s r  ‘ - ‘ i ’ - ’ “ I c - ’ , ; -  b ‘s ’ ‘l s I ,-

‘‘sb ‘I.’ ! ; , !  s

1 5 1 s t  I ‘ A - I’ ‘I t i  I i t - b  ‘ —‘s 
- F a - ‘ a  s ‘ I  I ,  s e a

‘ ‘ I” ‘- ‘ ,‘ r ’ s ’ s ’ s s , - : ’ I”

I v — ’ - v — I s ’ ! , ’ - ’

I I - ’ ‘ ‘ s s - r ’ - t I ‘ - s

I I  s’ I I  I s i s ’ s ’ ’ ’  s I I t  I ’ .’ ~i s  I so H’ i ‘ I t s , ’

‘ I ’ - - I ‘ - - ! ‘ ;- — ! ‘ l  ‘ I l  5 , 5 ’

I “P H i - - i - I I lit F- ’ ;s I I  - ‘I’ I

I “5’ ‘ s b  is! ‘it 55 ~ ;‘ ss I

!‘tt a’ ’ s i \ ’ s ’ t ’

‘H l ’ I . ’ I ’ I - t V

‘ ‘ F I r s ’ ’ I _ s I s ’;, A I t ’  ‘ r ’  , I ’ ’ ,‘ - ‘s s ; P — ‘ I I s  ‘ - ‘bit s - - I .  ‘ ‘ ‘p

— ‘ s -  - ‘ ‘ s I - I I I ; ‘; Iii,’ is - - s t  s t I - - ; s - ~5’ - I - ‘v

‘5 ’ , ; ~ ‘i’ I v  t I - I ’ ’ “ I  I ‘ I t t  - a - s . ;  ;‘ - ‘ i - st

I . Il l’ i b , F S i i
’ ‘ ‘ : ‘  - ‘N

- ‘ i s , , - ’ ~i I I t s I ~ ’ , t ; s - I s ’, - S - ‘ - ‘ - - i c -, I ‘ - 1  ‘1 ‘I,; I - s t  I s , ‘ ‘ - j r ,  ‘ I s ; ,  I si r ’ , s ; I  - ‘ s v , -I  I s t

Ii’ — I ’  - ‘ ‘~ Ii 5 ‘ -‘I ‘ -nI I 5 I 1 s - ‘ ‘‘‘a s ’- i v s ‘ s ss:’s I - , ‘ t ’  ‘ - I ’ ,t l i s t’ - ’ ’ ’ ’ - ‘ -a ;  s ’  ‘ I  ‘‘ i’~ - I ’  ‘ 5 5  , - - 5 ’ — i t 5, I ‘ Ii
I ‘ - ‘ic ;  5 s ‘ ‘ s i  I I i ‘ ‘ - ‘ a ‘‘s I -  - , l s  - S r  ‘ , ‘ I s - ‘ ‘ I  s t  I, ’ s s  , ‘ Ii I ‘I is ’ t ‘ i s - v s  I - t c -b - , I , s~~- - - S - i s :  o r  e s ’  5 ‘ ‘ ‘n I

l a o  - “ ‘ s - p t ’ ’ - “s t  ,‘ ,s : s ’ ;’ - ,I ‘~ - ‘ ‘ t ’ ’ s s s ; ; , ’ t o s s ,  ‘ , ‘ I , s l o l  ‘ - ‘ s i : ; ’ ’ I 5 S , s s  i’~~, - ’ - I
5 ,  - - ‘ ‘ l ’.’ I - ’ m I s - I r s  i so  s i - ’ - I ’ ’ I i s ’ ’ t ’ y  r ’ ’ s l s r l;’ , sss , ’ s s t  a ‘ ‘ ‘P t’ ;; t i ’ - - - ; : - , - s ’ t i ~~-H ‘ - _ 7, ’ r ’  ‘ ‘a le - ia  ‘ I t s , ’ ‘s r ’ s
it Isi s’ - ‘; s ’ ’ t ’!’ - ‘ I I v - - t  s~ - , s , s , i s ’ s :  I I - - 

‘ ‘ t i s ’ i s , ’ ; , ’ t s t , ’ - I,:,;’ I s ’ , I r s ’ ’ ’ , r - s ’ : , - ’ ’  a s ’ . l - - i.~ - t vs ‘ s; - ‘a
r rs , r s i - ’- ’ ;’  r ’ , , t  i t ’ ’ ; , ; ;  5 a s i l ’ s i v s s ;  ‘ - r;s - s - - s - i ! - - , - , I ; ’ , - ’ ’ ; , , s, - ’,i s n , , i i i’ ’ ; S ’ s I  ‘ s i P , ” - h I  I , ’ .~,’ s - I ; \  •
P I - s c  I t t  a ‘‘ v Is ps I ‘ irs ’s s ; ~ I - - t i  I 5 I I , , , , - - I ,‘ ‘ ‘ s ’  ‘ I s e - - b - - s ’ s ’ s - ,‘ - - ; s ,  ‘ l - ‘ r ’ - - - N - b - b  - 1  i s  , ‘ 5 ’ s t !  ‘t i  -

I’l l- ’ s , H l , ; t s ’ i l i t r - v ; s i ; , - - - l  l - - t s . ’- I ” - ’ ’  I _ s i , - ’ — ’
; ‘ ‘ ‘ ! ‘ i - ’ I ’ r s , ’~ ~~~~s ’ ‘ ‘ ‘ ; ; . ‘ r a i l s , ’ s a l  s ’ ’ - - ‘ s — - I ; , il A ’ :’ ‘ I i ’ . , ; I - p s ‘ ‘ ‘ — _

0~ 
-
‘ • 

‘, ‘ , -  — ‘ - , , , ,~~
‘ ‘ , , - - i -  , - s ’ - I !’ ’ — :  -~~ 1 : ’ -, ’ , “ ‘ t t t i ’ s t i, - s o - p  5 p 5  , 5 ’ t  Ia- ‘ r e - i ’ s -

i i ! ; !  ‘ Is t ’ ,’ ’ - ’ r i ’ l s ’, s ; - - ’,’. I ps o :  I - ’ - - : ’  ,‘ ‘ ‘ r ; ’ s ’ - - l  t w a  t - ‘ , - s’ - ’ v I - b ’ - - ‘ s t  pus’s I I,~ ’ s , !  ,‘ I : i r , , s , ’ r - ’ s ’  I - ,
5 L’s , : - ’ I - t i  ‘5 ’ -~5 I I Ii I, - ‘s i r  s , t I, ’ s I r s ’ ’ ;;;’ _ - ‘ - ‘it, ‘ - I - - s - - t  5 t ,; . :‘t : ~5 ; ‘ ; , I I  ‘ I a s s  s : , , l  ‘ 5 , 5 5 - ‘ - - s i l l ~i s, ‘ -

t I - - ; ; , I t s  s ’ t - ’ ’ s~ , ‘!‘ l i t , ’;’ ’ ’ l ’ r’I ts , s t ’ Y s:,’ I- - ,, . l ’ s- 5 ’ ! 1 - ’ ’ ’  ‘ - - s i :  5 - ’ ’ ,sv ;i !, ’; ’ i ‘ ‘ ‘ V I  5 ’ , ’ 5 , 5 , 5 1 5 ’ v
5 ’! 1 ,11,1 pi tt i s  I- - c - - u i  I 1 ; t - ’, -i r s - I  I- - .’ I ‘‘ ‘ - I  s - i s ’ s  ‘ I s ’ t ’ ’ ’ , s i _ s ’ ’ - ‘I s - , ’’ - ‘‘ - - s i  5 1 !~ ‘ _ s . -p- ‘ !  ‘‘1 ,1 I v  r .1 I - ; — -

tr t ,t ‘ N ’ 5  I ri I s I I ‘; t I t s  t i - b  - ‘ ‘ p t ’ !  i t  s - r’ s! , ’ I -  ‘ i t  ,° - ‘ c s ’  -r 5 , l I t ’ s  - - V I n s ’ - ‘ s - ’ - ;  5 ;  ‘ - s i ,  I - , 1 5 ’ - ,  -

ta os - H’ ’ - ’ ’ - i I ‘ o s ’ s _ s I I - ,’ ,, I I n I  s’ - I ,  I i - - - ly ;et ’ : i  l - ‘ a • I - ‘ 5 ’ I’ ‘ ‘ s : s ~ ’ s  I ‘‘i - - - ‘ s i ;  I~’ ’ I I - i is’ I’ I- — t I ’ ‘ - - ‘ ,
- r H ’  ‘Is - s  ‘ n i t - ‘a  . I I ,~1 ’ l  t v  ‘s - a ; , , ’ , - t s r - I  - ‘ , ‘ ;sl ;~, ,I  I t ’  ‘ s t s ’ c -~- ’ r t t  - i t

I ; s ‘ - - I s r s  - - I - ‘ c v  I s ;  ‘ ‘ i t ’ , ’ ,’ sr I v , , , s  I ‘- a I I’ s ;  - I - s ’ s , ’ , ,  ! s s , ~ t i s , ’ , s ,  5 , - I ,  ‘ ‘ 
- ‘ - 5 ;  - - i Ia; ; ,’ :’

I ‘ ‘ ‘ ‘I - - ‘ ‘ ‘ ; s ’ 5 ’ - - I !‘; i ; s - ’’ I - ‘t s it  I l ’ s ’ I,’ - - It ‘ f l s s ’5 5 ” ’ a II” - - I  5 ’- ‘ r ’ i t t ,  ‘ ‘ r i , ’ s i l  it t  1 - ‘ :‘ ; - - - b -  - i s ’ s -  I 1 - - :  ‘ , ‘ s ,
‘ ii: ’ - 5 - i ’ ! ’ ,  s ; ’ , I- - a - I ’  - i - ‘ s - I- ’ I I- v I l - - I S  5 5  I s; s~ - P r ; ; - : : ;  , t  I - s i - ; ’ , - i i ;  ‘- ‘ I l ’s, ’ , ’ :  , P I s P’ ! ’ , - h ’ ’ ; ’ - , - .

- I’ I - — I I  - I I s I ,s- r;, - I - - ; - — ‘ ~ - ‘  I s  I _ — t ‘ ‘ t  ii ‘ 5 - ‘ 5 ’  5 ‘ — ‘ ‘ - — - 5 : ’ - — _ I — 5  I v ,  ~ - a~ P r ’ s ‘ ‘ I s c - s , — ,’ — ‘ I s ; — - - ’ ,  - ~~~~~~ ‘ ‘ s,-, ‘ ,

5 !  I s ’ - ; ’  S t s s h s  Ii s t  Is i s ’ s ’ , , I’ 1 I; I c - ’ s 5  ‘‘ - ‘ ‘ s b - - ’ ’ 5 - - 
5 ’  5 , ‘ P ‘ t - ‘ - 5 5 1  I s ’ , ’ - t r - ’ ’ ’ - -  ‘ 

‘ ‘ ; ‘ ‘ s ~5 ‘ ; ‘ ‘ ‘I_ t i  ‘ I ’ P .  I ’  -

l’s i t s ’ ’ ;  I - t i ; ’ ,, s- I - , ‘ I - s; s I t i ’ ’ v p s i : ,  r ~ ‘ -c ; - ’ ’. ’ I - s ,’ - . s ‘ - - i - , - , ’ - i s ,  I:;’ ; , ’ ‘s O I s s , ’ - ‘ r , - ;”, a, - - In; : -1 - s , ’y
l i i i  1 5 r t - I r ’ i b ’ S  - s  ‘ - ‘ ‘ r I p ’ s - - i  , : s - I ,~~‘ I I !  s t  j , ’ , ’ s ’I ’! t i ’ I ,  ‘ v i l i , ,, ! - ’a s’ s I t  t I - I  ‘ ‘ i  s t  ‘ ‘ s i t ’  0 , 5 , ‘ — - -
s i ’’ ‘ l,;’ ’ r ; -  I - t - ‘ 5 ‘ ; ss l  - ii, s 5 _ ‘ t s  - - 5 ’ ‘ - ‘ t ; s ~ i t ’ - - - r i t : 5  I I;; — I I t s ,  t s p  I , - 5 -  I ‘ , - - ‘ ‘ s r - - - s • s ; s  I - : ‘ 1 I I I ; v

‘H ,  ‘ ‘ S i b  Il , ! s t t s - ; - ’ ’ s - ’ - - 5 ’ ,’  I r i S  ‘ ‘ ‘ I i, - ; , s s I l i ; , ’ ; I i - - , ’ - , s i l ’ , s ’ , , ’ r - s x , , , s i , ! ,
i c - I , i - s - a - P s I - s i , ps ! - - - - t - , i t - - s i ’ s ’ ’ s ; , , I  -,, ,.- ‘ - ‘ I  r I  - - - - ; s ’ ;’ , ’ I ,-; , , s s l i ! , ~, ’l •
I i ’ 1 ‘ i I I - 5 5 I i ,  is ’ ’ - ‘ I s  s t I  - 5 ,  I - si. I~’ s I - , _ ‘ t - , , - , ,  I ‘ t i ’  t I ‘ ‘ S i  5 5 5 - 5  1 - ’ - - - ,I 1 ’ ’, - : ’  i - - I
‘a - - I s I, I- p . - ; s  I - a t  5 p’ - ‘ ~ t - I, ‘ - p i t t  - ‘ - - - pa I I - ’ - - H I ‘p  ‘ I ’ - a - v s - ’, 5 I s, - , , S - , - I s a l  - . - r s ’ s  ‘a 5 i r  - - ,  5 I - -

- ‘ s — s t ’  t I I — 5 p - .5 s ’ s — ~ s i ’ s  I 5 ‘ ‘~ — 1  p s ’ — • 5 ’ — - I - r : s - I  , r 5 - — V ;Si Hi 5 ,‘,‘sis , ’r 5 ‘ a~ ‘P , -; ’ : — _ s — 
‘ I ‘ ‘ — I - ‘‘ - ‘ s i ’ s - _ , ‘ — - ‘ , ; -

I ’ , - ‘ ,‘ , a , - ‘; is’ - ‘ I  ‘- ‘ t rs , r 5 t V — - - I . - - I - — - p  ‘ a I s ’~~- ’ t  I - - - , ,  - , ‘~ - I I ‘ ,~ . 
- - - 

- P ‘ -, , , ,  
- - - ‘ - ‘ ‘ - - I ‘ : I

ii s r - s  s’ a - i ’s’ ! v t ’ s ’  I I I t y  t ss - I : I i ’ - i  - ‘ I’ ’ ~ ,s t I:’ -;- I I , ’ , st I~~si

...1 - ‘  ,~



“ 
L. ‘ 

~. “‘•
ii I 5~

‘S.



Ii’ —I

‘ ‘ 1 , ‘ ‘ li r’ , I ~~~ ‘ ‘ I - - I ’ ’ ‘ i i  I , - s’ t i ’ I s ’~L ‘ ‘ s - i l’ ’ ‘‘ ‘ ‘ 5  ‘‘ ‘ t r ’ I r s ’ I : : , - , 5” I — ’ s  ,~ ‘ , - , ‘ b , ‘ s
- ‘, , , ;i~~ I s  i s’ ’ t i , ’ ,‘,‘tt ,”, 5 1 , 1 5 it, ‘7 i - - - I- - I

_
I I I - ’, 55i s r ’ ’  I - r 5 ’ , I - 1 - - ,  , I v ’ - I - I ‘ -

‘ ‘

c - t i  r ; s , I  s’ s , ~ I ’ I I  ‘ i s ’ s ’ ’ , ; ,  I - , ’ ,‘I S t I , r , - r ,  ‘ II s - s i , - r i ’ s ’ ,‘ ,i I I - - ,b ‘s’ s - ‘i I ’  i s b , , ’ , , ’ - -
- s i  I ‘ I r _ :‘i, ‘ 5  - i - I  - n i t  I

1 ‘ S i ’  ‘ - - 1’ — , , ,‘ i, Is ~‘ 5  ‘ ‘ I , , ’ , ’ ’ ’ I ’ s ~~ ., - S .  - I:’~ I - ‘‘ ,, - s - , S I I is ’  ‘ ‘ i s ’ Is  i ‘ ‘ ‘ i I, ’, ‘s ‘ - t , ’i S I  i ’ s  I
i s~~.,tIst , ‘‘ ‘ s s ,- I  I r ’ ‘ r i ’ ’’ 7 5 ‘ s , ,~~‘ ‘ ‘a l  , ‘ ;  5 s _ I ’ ‘ s ’s 5 ,,,,, i i ,’ ‘ 1’’ ‘ i l’  ‘ L i  - s i  ‘ I s , - P 1- ’ ‘

is ; - , ‘ - a’ i ; i Is; -, ‘‘ - ‘ i ’ s - n - ; ’  I a’ - 5 1 ‘v - ‘ ‘  i + 5 - ,‘i i~ I - - : ‘ - - p r i, - ,’ , I , ‘ s ’ ; ., I ‘ s  ‘ ‘I -

I r s ’ s - s i ’ i ’ 5 ,  I ; ils t , r I ’ ’  I i i ’ s  s ’ I Iis’ - ’ , i , ’Ss ’I s ,- ’, ’ I - i - s i ’ s - I ,  s . I I  - - 5 r - ’;~ - i s s , I ‘ I I  l i i ’ ’ ;’ , ’

1 - ’ ; I ’ ’r ’sr ’i’, ’ , I ‘ 5 , 1 ,

•V (H t I CA L PLI GHT PAT HCOATROI
(S A t  CO A St A N T AIIGL( OF AI tAC PI

‘I

L t t + + t C I  t i l l

.Stil t Cl tO NA L I L1SA t PAtH CONT ROLV 
~~~~~ At ii lilt Still SLIP AN C LI

~~

—

DIR ECT SILTLIL tAC E A y

•PIT CH ATTITUD E CONTROL AT
CONStA NT PLIGHT PATH A NGL E

—/ - I’

v ‘

~ 

U5~~~~~~~~~ ,, s’4’-

Pt tCH PlttNt AL ; (I

• it lHlC tt i IAAL AT t t t t l t t l  LSLtNTI1Ct L A t
C O A ST ANt I L  t O lit PAtH  ANOL I

~~~

. 

~ 

~~~~

.

+ A S PLtt N t ,NC ,  , i t



•V(RTICAL VELOCITY CORTROL AT
C005TAUT PITCH ATTITUDE

V~ — IIII~~~U~~~~

VERTICAL TRANSLATION -~~3

SLAT E RA E VELOCITY CONTROL ATVq,_J,,, ,.,_ _ _

4

~~ CONSTANT VA R ATTITUDE 

- 

I

T~~~+

LATERAL TRANSLATION -$2

Ft~~- is ’ , hi A l r;s1~~s so  Trans lat Ion Con t rol - ‘c i t - - a

NODAl! 4_i..u

~~~~~~~~ 

-

IAA.INCLNG CCV BUTT~ ( INPUTS
DARIZONTAL TAIL

PEDALS
INPUT

j ____________________________________ 
SENSORS

V AUXILIA RY I A5,LXILLARY
AUXILIARY PLIGHT c~e*oi, FLtG HT CORTROI.

C~~~WTR 
C0 1J’TER

~ t ~ I
VY’ IA

YP’IRFUGHT C~~~~ 7 PLI GHT CORT!~~

~~~~~~~~~WI~~ ~~~~~~ ~~ flCAL 4
FI.API!~ IS CANARDS RUDEIN 

NOu~ ONTR~~

Figure  5 Direct  Lift Implementation Figure 6 rlres’ t ‘P1 -is’ Cs ’s’ ,”’ Tmp lcm e nta t i ia rs

-‘



-~~~~ -.~~~~~~~~~~~~~~~~ - --- -‘ - ‘ - ‘--- ‘- ~~~---- ‘--

- I - 5 ’ ’ - ‘ ‘ H I s ’ , ,

/(- ‘ 1’! ’ “r ’ I : ‘~~ ‘
~~~~

5 ’ ’ ’S, ’ 5 ’  - 5Ip ’ I ’  ‘ - b 1 - ~~’ ‘_ I  -~~, 
s ! i , ~ 

‘ — 5
- — -, - - - - s - 1 - - s

‘r iP , n t ’ ’ - ’’ , - ‘ 5 , ’ , P , - , , I ‘ i t ’ s ‘ ‘ ‘ H ! ’ ’ -— 5 , 5 I’ 5~~-; ; l,’,j I s p  ‘ ‘ i t , ’ a, ’ I — ‘ - — :  1 ‘ i 5 ‘ ‘ - ‘ ‘~~~~, ‘ ‘ ‘ , - 
-

- 5 -  - : ‘ : 5 ’ s  - n i  I’ - ‘ - ‘ ‘ 5 , _ i s ’ ‘ 5  - i ;  S - ‘ - ‘ I  s r  ‘ - , ‘ i ’ s , ; , s ,5 - I I! ‘ 5 ’- s~~ s s ~’ - - - ‘ ‘ i - ’ ’ ’, - I - ‘ ‘ ‘‘ 5 5
I i I s’ ~5 ’  5 ‘‘ ‘ - I s ’ - ’ s r - ‘ S 1 r u ;  - ‘ P s - o s ’ ;  ‘ - - - - , Ii s s 5’ , - - i I ‘ is 1 5 5 I ‘ - r ’

~~’~ i ‘ ‘ ‘ ‘ 5 - -
- - ‘ ‘ ‘ ‘ n  - : r l , r ,’ - ’ I- , - s ‘‘ ‘ is , I I ‘ ‘ Is r L I  5’ ,’P ’’~~. ’ , ,: I r a P ,  5 -  ‘ ‘ ~_H - ‘ , s I  ‘ ‘ I

I s ’ ’ ’ ’’’ ‘- ‘ s i  — ‘ ‘ t s p ’  I - - ; ; ‘ S H-  5 ‘ ‘ ‘ ‘ 5 : — ’ 5 5 0  .5 5 - - - ,‘ ‘ ‘ ; - - _ 5 :  n ; ,‘ ‘;,; ‘1 in’ ii’ s’ ~~5~ 5 , L;;

‘a . ,’ ’ , I’ ’ ,r’ ia Il , ; , , s l s ’ ’ ’ - ’ ’  - ; ‘ -  . ‘ - ‘ ,~~~- s ’ s v  I t li
In ‘ :‘ I I:; t ’ I ‘. , _

~ I ’ ’ . “‘ is , ,  - , s’ s - n  : 5 , , ’ , ,  - , ‘ : -s s ’;, ‘ ,‘‘ s 5,’r - - I c- i S r  ‘ - ‘ . ‘ ‘ - ‘ ‘ - , - S - 
- S -

5 ’s, ’ ,; r s ,  I s ’ s  c - - i;’ - - Ii sI ,- ‘ s - I’ a ‘5 ’ - - ’ ’  - I - - I - ; : . -

• IRANSILNI DIR ECT 1111 CONTROL 10 MINIMIZE IRROR BETW EEN PILOT ‘
~~~

‘

CONMAND AND A I R C R A F T  RbPONSE

.CCV MA NEI tV LR cr i s l i + , I t s l - ’SS • I IV  GUST A L L EV IATIO N

_ 
~~~4 ~~~‘

•CO NVLNTIO NAI PULL III’ •CO NV ENI IO NAL GUS T RESPONSL

“GUST

I ‘ ‘ s  ‘ ‘ ‘a ’ ’ :  Ia- I -

SYV~~T D tC A L t A P S

/

NALAN Ct IRS tI(5R5.’C*+tA L
t A 5 i

LIXICLTU DtAAL
C~~~AAN55

4ii i 
~~~~~~~

I _ _ _ _

I AuSA t L  sARI Ii CAt , iVttA ,5 5

L
~ I

I’l lAI i tC, +A T CrYIYRL1L
Ci5MPL,TIR

~~~~ 
-

Ii 5’ s i ’ s  is - ‘ s ’  :~ ; - 5 ,  ‘ 5 , ’ “I’;,’ 5 , 5 I mpH’ ’ ’ ’ - ’ ~5 ;  I s ’ s  -

- ,~~~~~ , ~,



-- “~~~~~~~~ ‘

‘ ‘ ‘V h i  I n , ’ I’ - - . ‘ Is , , ’

-‘ I ic- l i ’ I - a l  Is i s ’ ~ “ ‘ 5 , ’ s ’ s ’\ ’ ‘ - - i ’ is ’ - a I p c l - s  i s - I  -
‘ ; -  ‘ - , ‘ s I - L  ~‘ v , ,’!’ , .-- a ’ s,, ’ ‘ ‘v , i  , s ’ I ;. n ’ “s P /~~ 7

S n’ ,- ‘ ‘ ‘ - r ’ !  s I ‘ , - - I - - ‘- - , ; s - -  i i’ ‘ i - ,I i’ ; ‘ I a , -r I ‘ ‘ — ‘ o— - I s ’  ‘I’ , ’ , l b  I s o  ,, a, i I’  I - s I , ; ’
‘I’ S”t s ’ri I;, - ‘ , ‘ 1 ,1  H’~ ‘ - i s - ;‘ , - I s ‘ , s , s n - I ,: - c - s  - s ’  0 1 s - - I 1 ‘ - - - ‘ V ,l i s ’ I ni ‘ ‘ - , ‘ ‘ ‘s i - s - ‘ 5 ’  s ’ ‘ r - ‘ ‘ ‘s 

- r b
-‘t i s ’ — ’ — ‘ 5 ’  ‘ us .  I ’ ss s, - :, -

‘ ‘ Iwo ‘‘s  n 5 ’ ~~ ‘ ‘ 11 ‘ 5 5 t H  5 ‘ ‘ s ’ Ii ’ !;’ ’, ‘ ‘ ‘ I” — ‘ ‘ I : , ’ - -

‘H i~~ ‘ ‘ i s ’ ’  Is ’ 5 ii ‘ - 5 I s ,  ‘ I. ’ - ’ ,’ i 1 s s ‘ 1 : ,  - ‘ s ’ , sits: I s ,  ‘ I s !  - , I ‘ ‘ t i ’  ‘~ — H ’  , - I ‘ I c s : —  11 ’ ,’
I ‘ ‘ t a - - a ’ s ’ , ‘ 1  i t :  I s ’  ‘ ‘‘ ‘ ‘ ‘ 5 ’ I - u s  1 1 ’ ,’ I ; ‘ ‘ i; I H;: ‘ ni ’ , ;,,; 1 ’ , S s l  I;, ‘ v a l  i s ’ 1 s ,  I ‘ ‘ I , ’-

l’s . ‘s l ’ s ,s ‘ s i ps I a. 5 ’ s - s r -  S i  ‘ ‘ ‘ i  - - - s ” ’ ’ ’, ‘ - n - ‘ i’ - 1 “, s ’ 5 ’ I I - . ‘- ‘ a I ‘a ’ ””; I - - I’ “, :

I S _ S i  l ’ s  ‘ ‘ ‘ Ic - i t  ‘ I , - I I  ‘ - s - s s  I -  -.‘ - I I s  ‘ ‘ s - i ’  ‘ ‘ ; t ’ Imp, s’,’ ‘so  ‘ s ,  I ‘ c - s i , ’ 1’- — I’  ‘ s -  1ta~ 1, -s ’ , ‘ ‘ - 5 - “ 5 ’
n’ s - ‘ - ‘r I _ n, ’ - I  - r  S ‘I s l i t  i - i l  I ’ - , ‘ - ‘ v - - n ’ - : , ’ I I’ s Ii ’ :‘ ‘ii ‘ - s ’ - ; ’ - ‘s ~~~ s 1’ - ; ’ . ’ 5 ‘ a s ,’s - s s ’ ,’ I ’ ’’ - ‘ ‘  I v,_’ iv

‘ “, - : , ‘ — ‘ ‘ l i I s s ,’ I , s a - I I  s , I I ” s i I , I s - I ”, I ’ - -, c s a s’ r , l- ;’ ’ l l y ’ r ’ - - i! s - I ’ - .’
S I I ‘ _ ‘ - - - s - - ‘ s ’ 5 ’ I ‘ ,s n ’ s’ s i s r . ’ s ’ I n’ s - S  ‘ isa ‘ ‘p : , : I   , s ; ,  ‘;‘,‘ - s b  ;i,’ n ’ - ‘ ‘s - ‘ 1’’. -‘s I : 1  —

- ‘:i;, t s i t - v  ‘‘sri , ’ 5 5 bss r l ’ ~~ — I s  - ‘ s - i ’  a i r , ’ ,, , : ‘ l r ’ i i;, - I  I ’  ‘ 0  1 - ’ ’ ,;’ ! ‘ ‘ I s P ’ , , ‘ 5 ’ : ’ ]
‘ I n ,~~ls I I ,,’  5 1 1  ‘ ‘ 55 ‘ 0 , 1 ! ’ ’ ,- i c - b r ’ ’ ’ ’  ! c - s’’ I,’ ‘ 5 5 _ i s ’ ’  s ’ . ‘ l , , s ’ ’ s - ’  Ill s ’s ; - - ,’ . ‘ ‘ : , s ‘ i l ’ ’  ‘- ‘ .i- ,
-i , ’ I v , ’ , ‘ ‘ i s  _‘ ‘ - ‘ , - : ; ss ’ ,-- ;‘ ‘ - - l I r ’ - - ‘ I ‘,‘ I’, 11  s .  :;I I ‘Is I’ s ’ ’ , ~‘~~~~~‘ ‘ - i ’ ’, - , ‘II, ’ - - - ’  a- , - - , I

i s  ‘ - - S Iii ~ ‘r c - ; , i ’  I - -  1 - , ii ‘ , ‘ ¶ s , ~’ ‘ 1, ’!,’ s ’s  p 1’  - ‘ I ,, a s , ’ ’  - I , 1 :  s’ s s ’ . ;, ‘ s: s n ’  ‘‘,‘! , - ‘

‘ 1  s c - s ’ ’ s s s ,’ l - — I’— s ‘ ‘ - i - l - ’ r ’ s - -,:i ‘_ , _ ‘ s - ’ i r , ,L 5 ’ - i ‘ ‘ I  I ’  ‘ ‘ I ,  5 ’ : ’ - ’ ’  ‘ - 5  ‘ 

- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ‘ ‘ r t  ‘ .~~ ‘ l4 1j  —

STI Ck IONCI 
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ :~; ~~~~~~~~—~~~~
----

~~~~~~~~~~~~~ - —~~~~
IS) -

‘OS
*0* . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — - -. - -

(SARI

PITCN ~~~ _______

INS/SICI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~“ ‘ “ “~~~~~~ ‘-— - “ — -“— ——--— “——‘--—-‘ — ‘

CCV STAI
AlMUA I — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s’t ’-~~~~~-s”,’- •‘-‘~b US)

T~~E~~~~~~I$IC

Pis ’:si’ s ’ ’ i ’,Prs liii’ ‘I’ i;’;i Ts’:i - ’ l s i ’ ,,’ T ’p ’ s i  I - s ’ s - i :: is - - , st , I  Il- - a s  a ’  - ‘ s - I a
II, “1! s I  P , ,I,s ,~ !“,“t

I” I ot is ’ s — II) I. ’ a I at Ut ’ I s  ‘ s ’ s ’~~ ’ ‘ _ ; Ii I ‘‘ is 1;,;’ I ‘ ,,‘ ‘ ii,- I s : ,  Ii!; ,‘ s~:is i  I I ’  I s ’ _ t H; ’  1’ ,~’ ‘I’ ; I s , ,’
iIi~Ifli’’ ‘ ‘ t : s ls . —‘ii I l - P s  1’ - i ’ s I ‘- ‘ , i- ’ , ‘ - i n s ’ s s s s s \ ’ s _ I n ’  ‘ t b ! — ’ - — ‘ i l ; ’  ‘I. l’’I’ ‘ ‘ n I ’ ‘ ‘ ‘ 5 , ’ , ’ .

si i c -v  ‘ 5 I ~a s 5 5 - - i ’ I s ’ s ’ w a r  at  s iC’ I’ s r i  I Ic- 5 ’ , ’ Is i  ‘ s ’ ‘s ’ I~ 
- ‘ - n ’ s ’ , s: - ’ , I” !,’ is’ ,- Ii ‘5 s s  ‘

l ’ s ’ ’ l e s s  Is’ s ,‘ - i _ s I  ‘ ‘ ‘ s i - — s , , - , I : i s ’ I s ’  I ‘is’ — I - ’s’ 5 ’l ‘s ‘ s _ S i r  I~ ‘ s , ~, - ‘ - ;  : 5 1 ! ’ — ’ — ‘n ’  5 5 ‘ Ssaks ’
w as  a t , ’ ,” s I n , ’ I ‘1, — !  - s; S i ’ ’ s i - I’ ! ’  Ia’ ’ ! , s  Ii I, ’k c - s i l ; i ,’ c’ s ’ ‘s lit ’ I’’ ’ I — i s  ;- - - ‘ s’ s - i ’’,’ .

T lis- ‘‘ i I s i  ‘ I’ s - s i ’  ‘ 5 5 _ S ,  - ‘ r ’ P . ’- . 1 ’  I ‘: I ‘ s i l l  s i t  I I I- ’’ s - . s ’vs - s ’ — , ’ - ’ s s s  I I l v i  Ii’ ’,~’ ’ss ’  ;s , ’’ ,,I :,r: I
‘ P s ’ Un’ - ra ’a ’s ; :, I - -I ,‘ s s ~I ‘ii l_ s ’t’ I ,t  I c - is  i s - s . ’ :r ’ I I ‘‘ , ~s l I a ,’ ,’ss, ’ s ’ r ’Y ’ ’ , s -- ,’ s - s a I il is; , ‘ - ‘is’ H~~ 

‘ - ‘  I-
The riced ‘ - ‘5 ’ ‘ :ts a k s ’ s ’ I s ’ r s t s ’,I ‘ is ’ s - - I , , iii ‘ a l l - a i r , , ’ i s ! ’ v ,i~’. w i , ;  I s s , I I s ’ ’ ,’ - - I .  i’ s ’s ’  - ‘ x ,;’i;’ , s - ,
misrissium ,‘ - s , ’I i’s ’sp ‘ 5 , , ’ ,’ - I’ :i sc- - s i t ’ , s ,  I I s i s  s I  s ’ s I l ! a - s t  1 ‘ r .  a - i s :  1 s ‘ I t :s , I - ’ “ ‘ 1- ’ ‘ ‘ 5 ’  a I r - — - i’— s I
‘,s id a I s ’ — t  ‘ ‘— ‘ ‘s ’  : it i  I ‘ ,i,s ks ;  ma ’s’ r ’ ’ - I 5 1 ;- s ‘ -I  II’ s ’s ’ ; ’ ’ ‘ , ‘ ‘ :, Ii,’;’! s c  ‘ Is S r i ’’- ’:’ 5 I - ‘is ’ — I s ’ t i  r : I’ - - s  r -  s- s —

nc - pt  fe’s! - s i ’ s- ,

iii s i t  1 1  ‘5, s i s a l : 5 ’  I,’f’~” :’~’ ,’ M,’,I s - s ~ — I s i s ’s ;, ’ maiss i  i I  I ‘‘ - 1 ’ ;’, s c ’ s ’ , I’- ‘ i s :  I ‘ - ‘ I s : i v ’ ’ i i’;,’ 1st 1fi,si ’ s i r—I  ,
~~‘ t ’ s s  I s ’ s - k i s s ’. C l s ; c - s ’ I’I ‘ I i  I’ll Ii - ‘ I i :hsiC , ’s ;  a i l  I t s r’s ,’, Is ’ - L I ; s ’ ’ ’  Iv s ,i’ I - s ’

In a ’s’ ’,’.’ i l Is t, ’— ! - ‘~~~‘ iirrs , - iui,’k - ts i ,1 ‘s’ s’ ’’c- I,i r ’ r ’ s ’:b’ 1ic - ,’,5 ws ’ t’o l i p  I t s ’  I. Ia s ’pIl s _ Sr
ob! p I sisal w I l l s  ‘ i S  oP i ’ ’ ’  I otsab 1,’ i l ’ s ’s’ ‘ r ’ ’ r s : s s  I - ’ ; , s - - 

• A - - ‘ ‘ ‘ - ‘ ‘ ‘ s ’  I I -‘t I ’, H ‘‘ is ’  n’ s ’ I ‘ s I  ‘ 5 5 I s - s
p a . ’ I ’  I ;: ‘ 5 - 5 5 5 ,  -v s I I , ’  - t a ’  s ‘ - I - in 5 ht ’ p 15 - 5 ’ s ’  l’s’Tla I t s , :  is! ,‘a - ’ 1~ ’,’ i 1 s ’ I. ‘lIt ,’ s ’ ‘ s —si ”,,’ , l s : t s i  I as s-
t, l o s s  - i l l  ,‘w ’ ’ , I  ! i 5 5 ’ p 1 1  — ! 5 , ’  ‘‘ I ’ ’’, ‘‘ l I s t I ’ ‘ pa ’ ’ I slpss ’ a I’ 1’ s ’ , I a s ’ ‘ ‘I - ‘ ‘‘ 5 5 5  5 I s - s  5’ - ‘ 5 !  —
S I ‘ : 5 , . ‘I r s i ’i +” ‘ i x  a I’ I I - ’’ - !  ;-:i t Is ‘ - ‘ s ’ s ’ - ’ , I I~ s i s s ;  5,’ ’;’ ’ p s s l Is ’  ‘ t o , ’, ’- :  1 i 5 ; ’ s ; i ’ I, - I - — i : ’ - ’ 1, ’ I I ‘‘ n- 0 s

r H ’  ac - k  1 s t , ’ In’i s i’ s’ ,~ t - ‘s s ’ - p ’ s I - I :t,’!s i- -i ’ - - I 1’ sac - is is’ 1’! n ’ s - ’ ’ ‘ 1 ’ ’ 5 ’ 1 . 1  I- - I ’

IsIs ’ — ’ — ‘ ; ‘  ‘ s ’ , l  I :ts ;k ,, s t l s  i s ’  I o I , ’’i I ‘I - nIl s it ‘I ’ ;’ ‘‘ ‘ s  I S i s ’ ; s I  5 5 ’ ‘ 5 ’ , 5, , ‘, P’ r ’
Ii - ‘ - ‘ :1 1 I - I s - I : ’ ’ ’ : , I - i ’ - ’ ; ’ , 11 s , I I ; - - - ’ ! Iv  I,’ t Ise ‘ i s ’ - ’’ ’ ’ is I Si’ ’,’ 1, - t I  ,-s ’ s , ’ s ’ I  ; , ‘ • 

, I - ‘

—ad



‘ 5 : ’ ’ ’ ’ ’ ‘ : , s I ’ i , ’ . , ‘ ‘ ‘ x ’ s
- ‘ ‘ S _ s t  5 5 ; ,, , I s ’ , ’ ’ ’ ’ si r .  ‘ i , ’ 5 p I t  s Is  -

‘ - - ‘ , _  5 - ’ ; - ! ’ ’  — ‘ — - -

/& ‘~~ - I _
~k ;‘ Is’ , ,’,’ S Is ’ ’ s— I s -  ~- ‘ - s -  Ii, 5 ,  ‘ 5 ’ ; ’ , 5 I -1 ’ 5 I a - I ‘ - - ‘‘ _ s - ‘ - ‘‘ ‘ ‘ 5 5 , -  ‘ - r  5 -  -

L BASIC AIRPLANE ] 
I1M ANEUVER ENHANCEM1~11 

[‘ii ’RECT FORCE MODES

~~ PIPPRI ~ sStT It sN S lilt’s TAlc-I T 5~ PtPtI I 1” ‘s s i i l  ‘N t t  Isi s T AIr ,,I T 5’~ PIPPI I P(’sS t I I i ,SN , I lii”, TA IGI I

‘n ‘ 
‘:

5
\ - ‘ 1

I 4.

- nil ‘ £ 5 iI~1R5iI is ,tE ,~ ,,~~‘, 1*11 ,~ - l 5~~Ki k ’ , i” 5hI ‘11,10’ tA ll .r L ITYRVAI  t i  LIII sEflsIIT’
•Iirs r a 5 ’ T ’ ~5Alr ‘I flA~~ ‘i- • I r s - 5 A s l ’ - - s A k s  ‘1 ~ Ai’tI10 s.ij •tNP tCAT T S STA ST r~F lfli2t*

-~~~ 20 ~I0 0 t i’ 2s’ SIt ‘ II’ 2is :10 0 t O 20 30 ‘ 3,5 - 0  c -ss 0 10 20 30

AZIMI5TII I Ii,’i ,M5 i Is  A Ml s t e  IA,’R S Mt i Sr AZI MI5TSI I RII,’IR IMIISt

MI OIAN T O T A L  I 1101 • ‘ i s  UtL 5 Ml (‘ IAN T t ’5T AL IRE5xI - A P Mt I S  MI i’tA N TUT AL h AUl • 4 t MtL S

I : ;  5’ s ’ t , , ‘ s  ‘5 ‘ 5 5 ’  a s ’ ’  1’ ;’ s ‘ , I s  i5-’ 1- ’ : - ‘ ‘ ‘ ‘ 5 ’  ,‘, , 5 -  ‘- s ’ ’ ’’, i — ‘ , - 5 P .  s i - ‘ - ‘ , ‘i5 
~‘s - -

L~Evo~fl

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~: 
Ii ; : : ~~~~~~~~~~~~~~~~~~~~~~~~~~~

GAO SS WT t R IOS
MANEUVER ENHANCEMENT 1

CROSS WE u R N
lIME ‘. I SEC

p ‘ i , s s ’! ‘ s i : i : s  — ,~, 1’ , ‘ I s  1 ‘ 
, ‘ s ’ s~ ‘-‘s ’,’! -Il’ ,’ 5’ - - 0 5 ,  ‘ s ’ s , l ‘ ‘s’ ,

- ---- - - . ‘~~~~~~~~~ -‘ -.- - -
~~~~~~

-.



~~~w
_ — 

~~~~
—- -— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

~~ 
- ‘ ,“ --

~~~ ~~
-- - -- --

5’ 5 ‘ - 1’’ - ~~~ 
‘‘ S’ s s ’ i ‘‘ I s s ~’r s 5  Ii • S Ii,’ ‘s 1 I a ’ a ; s’ s I’ s - s ’ s ’ , -I  ~s s 1’ , , , I lit ’ s - .s 1,1 - ; ‘ s r - I . !  I .5 1 ’ n 5 l’ s ’ - ’ ‘_ I i s ’

I S t  s ’ s ’ ,~ 5 1::; 5 5  55 . ,H’., I:i , , t s , r -  ‘k - ‘ i s - ; , !  s _ _ I  ,l,’ s s l , , ’ ;s l~ s r i, - ’  Is - I, I it : : ,  ,st ’t I’ s ,i I s ~~~ ,s — r !  5 - ‘ s : t . ,, ,s / ~
,, 

~/- ‘ ‘ - 5 ’ 1’ ’ 5’ , ’ , ‘ S, ’ s s ,  ‘ ‘ I t  is- , - , i_  ‘ s l I. s i t  ‘ I :’  i’ s - -p  5 1 : - I  ,~, s s ’  5 ’ ,’ ]  ps ’ s ’ _ ’ l ii I i i  I’ . s ’ r I ; ’ — ’ - ‘ — o r ’ s ’ , ,  I 1 t s s k s ’-
is ,,

~ ~ 
,_,;. , I I ~~~ 55 1 a l ‘ ‘ ‘ s - s . ;, I I I _ ‘ ,‘ c - s a l  I I I ; s s ~~ i l  s; ,;‘ ,- p iss s~ I r s ’ I s’ , s I  1,’ , A I s’ I s ’ a s s , ‘ S: , ’ ,I.; 1 1 ; s , ’ I a

; ‘s - ’’ - I - - 5 • i S ’ s  1 - ‘ -s I s 5’ 1 s ‘ I ’ ,-’ , ‘ I, I ,‘I: ;,‘ I,’ 1 I s’ ‘ I - ‘iSSi’ I~’ 1 I 5’ s ’ ‘‘ I ( ‘0 , I’! s ’ ’ p 1 1 ‘ a ps’ - ’ s ’ I s ’ I 
~ :~

‘ - n ’ a
5 ’ 5’ I’ ~ ; ‘,‘,‘‘ I I •‘‘ - t s , l ~~i I -l~- I’ - s’ ,- , I ;s . i I s’ ,‘_ - :‘:I ,, t s-s i s ,  its’ ,- r ’ I rs ,’ r ;,,I 5 ’’ ;‘ ii ’ ’ ~,, I s- s ‘ , , t , I I , ~ s ,
1 , -s ’ r ’ l s ~ , ‘f ‘— S ,‘ ,s ‘ ‘ ‘‘ ,‘ - ,1,~ si I ;‘ - s ; I’ ,, - -,,s -v - ‘ 5 ’  , I lit ’ ‘ ‘s ‘I’ :- ’ — I 5’ ~‘a l ’ 5 i’ I 1 1’ y is a I I ;:,i r sa t  I ~s S i n : , - ’ ’  . 1  ‘ s . s

- - 
- 5 , ”  1 s ~~- - A !  5’ 1 a- ’ ~I, ’ I’’; - IS r

~ ’ I 1 ,- l s , s r:,’s ’ :s l s ~ p ~ ~ - s ’ s  I”:’ i I 1, -s i  is ‘ s ’ s ’ s - 5 - s ’ s  I I’ 1,’ is I t I, I sr si.” s i,I~~r-
‘5 1 ‘ - -  I - s - ’ ‘ - - - - l ’ ’ I ’ , - I  ‘it ‘v s - n ’ , s ’ i s :  i 5 1 I ‘si ’ I s ’;,:, ’ ii L i  ‘ s ’ s s ’!’ i ’ s s s ’a , ’ ’  ‘i~s ,1i ’ s s  a c - v  s ’ s ’ ~ - I v I !mI s t’ ,l I ~5 r ’  I ;‘ ‘ s ’ r ’ r , ’ —

i i , . s . i , v .  H,~~s ’ s I t  I S ’ , ‘ s’s. i v  1’,’ i l i : s ’ s r s - ,l t , ’ - i , s ’ - ’ s ’ ’ i ’ t ,’ i 5 - 5 i I , ’ :iI l ‘r~~’ - a i l s  as I ; s l s - ,’:’ s r s - I  ‘ s ” I I p l : 5
I” I ;‘ - - t ’,’li S 5’ ,’ 1 is 5 s ’ s ’ - ~i ,t I n ‘s ’ ’ ’  , ,‘ t ’  I’ I 5’ , ’ - ‘ - 5 5 !  5’ , 1 iv  s’ I ,‘sts is , - - , I 1 

~ 
- s ’  ‘ s- I ii , ’ ‘ s, ~ ,s ‘s a I I a o ,‘ ‘ ‘5 ’s ;; ’ 5 : , , t a

is  ,‘ n ’ I ,  ‘ I - I ,‘ a I 5 I Is, ’ 1 r ’ ss I I t s p  1 - ‘ s ’ s ’ ’ , S I , S ‘ ‘ ; 5 ’ 5 ’ I I s I 5i ;;:, ‘ _ l s  - r, ‘ , ‘ s ’ ,’ l’ _ ‘‘s’s I I ‘ s , ’ ’  , s n T’ t’ 1 1 ,t ,  ,s , ,’ _ ’’ , 5 ‘ s ’ , 1 —
5 ,‘ , r ’ ss - i s ’ ’  I . 1 I 5 5 ’  I ,I,5’ ;5

I ‘Ss ’ ’ 5 : 5 - - S O  l, ’ ; s , r  I ‘ s ’ ’ i ’ I - ‘ 5 :  , ‘~~‘ ;:! i’ ,’ ii,’r ,‘ ; s  S lit ’ ss l , Is - s s !  I. ’I, ‘ - rH S i ’ ]  i s ~ f~ ‘s - - i ’ S  ,‘ : s , I ,’- - -I s s r s s s , s I  I _ s
S ,‘:‘~,‘ • I I ,~- i -  1: ‘

~~~
‘ ,‘.r, ’ t  1 ,~s i l  , t r : - l  s~; : s : , , 5  5 5 5 ’  ii I,’ I’ I y  I’I i c - S i !  ~‘:l ; Is ts ’ lIIi ss l , I , ’ c - I  1,’k ,‘ ,‘;sI ‘ - i  I s ’ s ’

s _ i ,‘ I 1,,’ 1 ‘si ,c -’ , I- I ‘ - 5’ ’ ’ 1 :s ’ _ , ‘ ! 5 S~s ’ ‘5;: I ltt ’ I’ I I ‘Is ! p sI  P _ ‘ 5’ - as _ i _ isp 1 1 ;:p ,‘ s’ . s x I a I ::~ 1; ‘ 55 .1 1 st ,’ ‘- i s ’ ,’
i_ i’” s, :,,, i , - 5 - ‘ : , I I s - , ] 5 5 I l i ,~~~~ . ‘ r I ,  I a,’ t ass, , ‘ s -  i p ‘ s ’ s ’  ~- - ,s I I I ,‘si is t ~ ,‘,‘s i td  l’ s ’ ,r I ,

~ I : 1  t as r  a I s- ’-

n ’ s  1 0:5 i’ ‘ l s  i~ 5 , ’- ni, - t  ‘ I s  ,;:,‘s - ,I Isv I ! s s ’s ; ,’ : 1, ’ 1 r 5 5 ’ : s I  s’ , 555 ( 1  . 5 5 , 5 !  I c - s i  - I ’ I ’l l  I n s , ’ il I 1 1! V
5 , _ i s  I I I v  ;‘,‘ , r , ” s s , ’ . 5 In :, l i - I s  ‘ s - - n ’ ;’ - ” s i l l ’ s ;  l o s ’ ! .  ,\ iII’I’ , “s ’ s ’ s ,” ,si , s n  t , , ‘ ; s : ’ - I -  -ic I r s ~’ v s - l , ’,’ ! t v  v , - ,’ I ,’ 5 -
. i n i  5 5’’ 1 s t I s :, ’ ,s’s I ls,’s’ t ‘ ~ ‘ ‘ - -  iv 1 ’  s’ s - p s  I t’,’~1 - • ~

‘ I - ‘s’ s ’,l 1 ‘‘s snr ’ ’I s :s:s I a,, I I - n : wls,’t’,’ .i ‘5 5’ I”
n ’5-’ 1 1 , - s ’ ’ ,‘ - ‘ i ’ s - ’ ’ - ’ ’  - 5 5 ’ 1 I Lls 5 ; - ., S is  r a t ‘s i ,  t~’ s ’ : r s ’ _ ’ r s  I I 5: ’ ’ s;_ ’ :s I 1 1 ,s , ’ t’ii 1 . - I I I  I r 5 - s ., t I I y • I S~ ,‘ . n , t  1
“ p- - s’ s  “ ‘ !“I” S ~~~~~ ~~~~~ i’~ ’ I s t  n - I  1 : 5 5  sI  5i i S ’ s ’

- 5 : ,  - ‘ hs ’P 5 5’ ‘ l - I s ’n’n ‘ s i c -  i - s s l s - ’ ; ’ I i y  5’, ’ s - ; ‘ s , r t  i ’ s , ‘ t i ,  ‘ t I s - s l u t  I ’ , , ’ “ ,r~ ’ , r l - l  I I s v  is is il - sn  1’ .
s ’ s l  i’s s n s , I  i,- r s c - I ;  s u n s ’ s  ~ 5, 5 sss i 1st , 1’ i : s r I  I _ ‘ 1 s s 5 ’~ a s s  I - - s  _ ‘ s s  I,’;s , ,s : , l ,i, - -  ,‘ s ’ , s i ’ s I  I,’l :io, I s , ~ ’ s s r ,-; _ ‘ , ‘ :s l , l
I - - s a s s ’ , ’ ‘ I :  , ‘ ; ‘ : ;,s ::, ‘ ,s  1 s i s t s ’  , - S ‘ 1 1 5 , ’ a 5 ’ 5 ’ i, ‘ ‘ I ’ ’ ’ ,

,‘ns ,  ‘ : 5 5 ’ , ’ ’  ,‘s s l  , r s s - i l a i s  I~~ ss “I’ ~~l i - ’ i 5  ~-~‘ l : : s  I;:,’ is ‘ s I s s  , 5 I n ’ — !~~’—~’;’, ‘s5a , I ~~ s i s ’  , ,r ’ I’!;’ , ,‘ . in s ’ , ’ ’ s s , I  l r :~’.
5 ’  ‘i

_ i ’ s ’ — 1 , - is; : , r ;s I : : I : ’ s - . s s  s .  I S  II s - I s ’ . 5 ,1 ,1  1’ ’’ ‘ . 5 1 5 - 1 . ,r, ’ ! : I , ’ s - l s ’ a  S I,,’ sit s ’ . i s ’ f l ; s s ’ s~,’i : i ’  ‘ ‘ ‘ n : , r!
5 ’, ’,. 5 , ,,i s ,’, ’” .5 5 ,I 5 ’ - ‘ - I  r a ,‘ - ,is 5 ’ - - , 5 ir I s 1, t I;,’ I’ ,r s ’ s ’ I I 5 ;  - ‘ s ’ y’  ,s t  ,‘s ;s

I s ’ s s: s ’ I s s  I n :  5’Io,l, ’ ,~ — I ‘I ,, - ‘i s n ’ t  I,’ ,, i , s s s 1  I i ’ s  ‘s ’ : r l  I’ ;’ ,s : s s  i . s s  l,’n : s _ i _ s _ I , , ,, is s ’ s ’ , ‘,‘,‘ s s : , , I sip I I ii’ I,’ r n’
‘s’ s ., II s - - a 1 5 I - s ‘I s - 5: “s 5 ,l ,s n ’ I n sa  5 ’,’ s ’s - s .  i I I ss :‘ 1 1 p ’s:  ‘ , , i::,I ’s, ’’  ,‘ ,‘ 5 , 551  5ii, I s s i  1 n ’  I S’s a , ‘:~~~‘ ,‘ ,‘! I,-;~

5 : 5 , - I  I,s r ,  , :n1 ;”,s s Ia S ‘ I  ‘,,,r s , I I ; s , ’ i~ ’ p s ’ ’ , ’ l : ’ ’ s s  s ’- ! s ’w- p l  SI ,‘ n ’ - ’ :’ s ’w I;’,,l

~n v  ‘ n ’ I’, 5,5 — 5 5 : , Is,  a ,‘ s s s : ; s  ‘ ‘ P t -  5- is i s - , S lit’ I s _ s r i : ’  laS 1, ’ r s  ~‘.i;’ , r t -  l i i i - ’
- W S I  ‘(It’l l

I n ’ s , ’ , 5 s’os ’! 55 , Si ’S’ I so - , s’ ,’ s ’  5 , 5, : 5 , -n  55 :‘, ,~ s ’ s s , H S i s II; ,‘ n ’ I t ,’!, i’ S !

I’,’ r ’I,’l, ’ n : , ’ i r ’ss i , - ’ : ’ ’ !‘ , - - s p , I I s :  l ’ s , , ’ S s ’ ,s n s , ’- I , s I  l o t ,  s ’ s - I,’ ‘ ‘55 1 ‘ ‘1 I , s t s ’ Is ~~~~~~~~~~~~~ n - i  1, ’ ; ’
1 ‘ s i r s , , 1 s ’ 1,~si s’ s I,s ,’ I n ’ s  l’s, 11,1 s t ’  is is  H’,’ ii 1, -ic i s s I ‘s - s  il l  rc - s -s- ,’s s s , c - n I : ; ,’ ls,i ,s , ‘ 5 , ’’,’ l a s  I

I s ’ s 1, ’ n i  I s ,  , i ’ l s I , ’’,’,’,l l v  rn I s s I l  lsi i ,i,’ , s ’ l s ’ S ’  5 ‘,~~s s ! ls ,t ’  w .r: s ’ s s - - ,’ c - s i !  ‘s ’ s- I ,,,r, lv

- , t l s ’ v -  1- ’ - ’ I ! V Is ;  ‘ s ’ s , ’ - - - s s i s , l  Ii’ ‘‘ ‘ ‘ s - s - , ,l In r s ’ s ’s ’ - ’ ’,’ ,’ 5 ’ ’’— 5 ’ — ; -  ‘ ‘ 1  5 ,s S ~5 , ’ s ’  ‘ I - ! :‘- , ‘ - ‘ n ;s ’,- 1 s i : s r ’, i , ’:’ s i ts
- n a ’ s ” . 1’ ‘ n ’ r ,,l’~~,’ 

“ l’s ’ ’ ’ 1 “ 1 ,‘ I S i , ’ ‘, , , I s ’ s ’ ,s 1 ss s , ’I,’ . ~~~ ,‘ I’ I ~s, ;a’ ,I,’ss ii i :- s ’ s ’ s ’- S  r i, ;  s a t  ,‘ s ’ ::s , i i 1 1’
s s : , ’i’ ’ ,s 5 I , ~as ’  l I s t : ,  I,5” l  ps I i s i s ,  I, ’ ,’ k s ’,I 1 , ’ .1 ‘ s i s ’ ,s , I l : s , - l s , ’l,l , ‘I’ l5, ’s ’ s ’ n ’ r ’ ,’- I ; ’ t ,’ 5 i , s s i , s  1
s ’ , 5 ’ 5 I i s - s  1!, - , s ‘ ‘ s a S s  - - n ’ I 5 ,  _ — , ‘ s ’ :, at , ’ ’  . 0, - ; 5 1’~’ 1 5 sc ‘ I s  in , ,’, - ,s - ,  5 :,I ‘ - s n ’ ’ , Is  ‘ s ’ s ’s ’ ,, b~ s 1 I , ‘ s s  1 s t  s ’ s ’ ,~ 

- I s ’ s - I
a l  1~ ’: 1 ,‘ n ’!, ‘I ‘ri,’ Is ,’ ‘ c s - n ’ s ’ S t ’ s  ii,’ 5 ’,’ s s r : , l I s i n  s ‘ ,— ‘ ‘  5 1  ,‘ ‘v s ;  i ; s i  1 n : p ’ s s s 5 _ - ’, ’ SI ,‘ I ,‘ ,‘ s ’ ,I li _

~s i~ 5 0 1
s’ ’  Y a ss’ s i s , . I  s5V ~ s 1  ,‘s’ s , . li,’iLl,i l’ s ’ ,‘v . r l s s . , !  r a t .

I ,n:n s ’ s  - ‘ ‘ ‘~~~‘tss,

I’!:, - - ‘ I ,‘Is ! ,‘ r ’  ~
‘ ,‘\‘ ‘ n ’ , ’ ,’ ’  i::, lvi is Is ’ s , ’’, ss ’  S n ‘ s I , ’.I 5 1 , 5 1  .5 : 5 , ’ - - : 5 ; ’  I r ’ it I’ I ’,’P ,‘ - ‘ n i s 5 ’ ~ ‘ ‘ 5 ’ ,: I ’ s ’ s ’ 5 ’ ‘a - - - v

a . l n , s ’ : , ’s 1,1’ ’ Is : : : , ’ v , iS  I v ,‘,~ s - s i ’  I I In ~,‘s s - t S ’ s  Is ’s’ n ’ ,-s ’ s ai snII; s ssl, ’;: ‘ ‘S ’s ‘ ,‘‘ I i i ’ s , - ~~ s - ’’: :1 ‘1 0 - ‘

, I I r ’ ,’:’, I n ’ n ‘ is P’ S ’ , 5 1 s t , ’  s - ‘ a - c - n - i s ’ :  i s ,  ii, ,‘ s ’ s ’ I _ t l : s l v  I ‘ - , s n  , i ! ’ l s ’  I , al -p In :  PP 1v  s - S I  i t S  IPs ~ I h,
- ‘ 1 , 1 ’ s’ . I’S; , ’ , I- ’ s ;l ,’s s so s - ’ ls:I s ’ s : , Is ’ - l ‘ ‘ 5 ’  .s ,‘ ,r ; s I ’ 1 5  II~~

- .1 ,- s ’ :, ‘ 5 5 5 5  n ’ s :  1, - n -  - s a t  i l - - i i s : ‘ s . s s , I
r I 1 1  1! v is 1’ 1 : 1 : 5  I Is, ’ t I sn tat ‘ n ‘ “i s ,’,:’’ sn s _ i l  s it ,~5 , 5~ s ,’ ,‘ i n ’I,’ t , s s s k  .‘ s ’ I , ’ s , n r I  1, ’:, i s .  isI s ’ s i l l , ’

- , -
, - ‘I’ • h I s s  1 s : I I  I~ii was;, , It ic, r , s  t ’, ‘ :s ;s , I  5 l, ,rt 1~~s s su it ’ ,‘:‘ I 5: , ’ ,‘ ‘~~~ s s s ’ :‘;, ‘,I, .-’ , , ’ , ’ s s ’ n- a

s - n ’ , 5 ’ - ‘ s - - a , - ,’ • , ,‘ n s! s ’ ,’l ~s’p,j 1, - n ;  ,s • ‘s - I, ’ s: sn I s , ’ : ’  I n  1, ’ ’  5 5 : 1 , l v ; : : t s : : ’ s , ’ ,‘ l s ,, s’ ,s , - l , ’I’ Is’ !  ,,‘ s ’- i, ’ r ’ ,- - I  ‘1:1 y
5 5 s ’ s : ,  I- ’ s s n  - s p. ‘;i ’ l : s ’ s s 5 — s ’ ,‘~~ ‘‘,,‘ n , i ,s l,, ‘ t , ’ k — ’, s i l l , ’;’ ,— ~l ‘pu S I s ss ’,ls ’ ‘ ‘ 5 : 1  s - - I  ‘ s _ i s ,  l ; ’ ;s ’ l i ’s: s , ’ r : ’ , _ i !

ii,’ I s ’,’ ’  I as  - ‘ s~’s, l ’  1111 5 , ’ Is ,‘ t r ’,,r1~’ roit u I s - s t  Is , ‘ - sr  : 5 : ’ , ’ i t ’ s ’ S I ,~,ri It _ I s i s ’ is ! :  I Ir ’ ‘ ‘ s  l,’t ,‘~~ _~ : s ! _ ’ s, l v
is ’ ’ ‘ - I  1 i t , s s , ’s, ,‘ ,-s :I s’ , I ‘: 1, ’ ,’ • ,‘ar , I  I s s : s s ’ ,I s r i  I ‘is i ;‘, l s s  ,s I s - s t  I I ‘I - ‘ 1  ‘sr - I  ~~~~ ‘I ‘i’ , s ’ ,~, ,‘ ,s ’ 5 —

¶ 5 ’ , ’ 1 5 , ’:” 1’  i s s ’ ’ ’ ,’s ’ .i s ’y  , - Isi s p - ;  , ss’ s ’,t ,‘ 1’ s u s ’ ,’,’ s : 5  5 , ”’ 1 1,s I ‘ s ,l, ’v s ’ !, ’ s ’ s - s s - ’, :n  ,‘ S ’
ls i’ , , I i l : s ,’ 1 5 5 . 5 1 1 5 ’ s  , s, ,i, I n o r ’ I a .

‘ I I  I’ I5,I, ’ I ’ I - ’ - ‘‘N ’,’ls ,’I 1 - u s ’ ‘5 1 1’ i i ”:’hl”~’i’

1’ ,t ,’ Is ’  5 ’ - ’ ,‘ ,‘nss ;  I Jo p.s n I ‘n ; - ‘ I’ sri Is’ ; ,  I, ’ s s — 5  ,s I I, ‘ ‘ ‘ s I ‘ n ’  1 us ‘i : 5 5 1  ‘ ‘.1 a ‘sn r a,’ I r;s , ’,lc- ,‘ s r .  - s - n
I t, ’ss u s  I It,’ st i’ t I l l  V ,‘ I ’ I Is,’ i- ’PW t ’l I c - l i t ,i~s0 aol  a v , s s  ‘5: ; I,’ t n t  1 1 , ’ ;’ I’ , ls -, ‘ s O  s I ; ’ ,’:’ s n ’ s r’ ,’ ,s;’ , 55 ; 5~’
‘ ‘ s i p s ’ , t I , ’’,’ 1, 5 1 1 ‘ s I  5 , 1  1’ I v I n s  ~‘s p i - s I I I I s ’ s , I ,‘ 555 O t ’ 5  t i , ’ I Jo s - , s  5 5 , ’ ’  ,‘ 5 ’ n’s l a s ’  I .‘ ;s ,I , s , s : , i  - - s  - I ; ‘ ‘ 5  ss I s - s , ’ . is

ass: ’ ’’ I,’ I 1 1 s t , : ;  s t ’ s  ‘si ,‘i ,ps ss I ‘a I s t r I p !  I -a :  I ; i ‘s c - tic - I l su,1 I - s t ’ s  s’ s ’_ s 5 - _ ’r:s sr ’ _
~~s i n ’ s ,  ‘ n , ’ ,’ Is r s

s i c - Is I s ’s ’pl’ Is ’ I lss ’ ,’s i t ’ Is ‘ I ’S ’  ‘‘ ‘5 ’ ‘ 1 , 11 a 1 _ r i  i,’t ’  I sia - ‘ n ’ Ih, - 5’ I pP 1 s ’ ‘ 5 : 5  s - - 1 1 a t,  , , 5 : ’  I r s ’ ’ Il; ’ ’ ’ ’ ’  , 5, ,~~’s, I I:,
I \‘ I risc - ps: t  ‘ s i n  I ‘ ‘is r’rIl ,‘t ’ I

~s , ’ s s — ,’ s ’ - ’ s s s ’ h s . u s  ,‘ ls , ’,l t s ’ ,’ s r ’ s ’ s - s ’ , ’ - , s s s s I  ,i S Ii, ’ L’ s’u:s ,l.,s’ ~ ‘ 1’ ,I,’ ,’ r ’ 5 I  il l,’ s : ’ ; : . .  ii I ‘~I 1. ’;:,’
,l I : : . r I  ~~~~~~~~~~~~~~~ ‘I t s ’ s ,  ‘ n T’ I s !  I,’ , il ‘ - ‘ : 5 ,  Is - I  ‘i  ‘, is ‘ i l , ’ , , s s I  ; s , ’ s ’ s ’ s ,  II 5 , ’ ,’ ,’]  ‘ ‘ t ’ ! . ’ ;:~ 

, ‘1,,’ 1
I I st o s’ t ’is i’ ,’s i s s , ’ I ’ , i s s I,’ !‘ — 5i F, w i n  Is 0 5 ,  s ’ s II In  V -‘issc - s ’ s ,’ s : ’, , t ’, I,’;, s v ’ l  s r’s :5 ,5: 5 n ’,r I Iii ‘si ’, ;lI,Ir ’ ’ Is, ’
I’,’ s u s , - I r s ’ v , I ts, ’ s ’ s ’I’ ,s’ 1 5 , - l I ,’ I ’ s ; ; ,; ‘l i t - - I l, ’ s i - , l’l,’ I i i ’  !::p ,ps ,,I ‘s l I t ’ ,’ II Ih 1,’ 1 1  I - ’ P1 ,’ ,~; s ,  l i n  1,’ s s ,
si r ’ I lit I I sie s - ‘ p ’ , 5 5 , 5 , ’ i s  - ‘ ‘ sn 5 ‘~~ -i  ,~~ 5 S ito ‘1 1;, - ’ ‘ s s : I ss , l  I I,’ 5 si - ‘ I i, III; I;: I ‘ s ’ ‘~~ b~, ‘ s s r s , I . i s  a , ts : , I  Is ’

I~ ’ tiis’ ,’ss p ’st ss’ 5’ s ’~’ ;’s’li 5 a I’ I , ’ss jl s i,’ ‘1’ l’’ ’ s ’,Il’ ,sH, ~- . s ’ ’  is:: - 1 , ’ ’ ’,’ , c - ,  m i  , s ,’ l s , ’ , l s ; l  I : , - - 5 5 5 _ i  ,‘ _ s , s r s , I
s ’ l c - s t , i I  S’Il’ ,’s ’ I ; i p .  IS ;ils ,s,ui , l  l’,’ s , ,  - ‘ ‘ I l l at l  ‘ s i r s ’ s  ~‘!

‘ ‘s ite ~‘ I s s a , ’ t ’ s , ’ . , ’ s  s’ l v b ns , ; s I l  lr ’ s’ s - s n ’ s —
‘5 5 1  0 5 ’ ,’ t s ’ ‘ s i ’  1 ,‘oT ssp It ’ s a I v ,s -

~~
- ‘ s  I , ’ .i 1- I,’ I ,‘ :; ts, I  I I s,, ’,!, 1-’l~I,’ 555, ’ , ’ ’ , , • ss l s s , ’o I lit ’ “ - ‘ -1 s ’ ‘ - -

— - - “ - ---- ‘ -- - — 
-

~~~~~~~~



- ‘ ‘‘ s I ’ ,‘ I ‘s is ’ I s , : ,’ . , . ‘ ,•;ii;s ‘ ‘ ‘ 5 : , !  ‘ a 1, “n’ - ’ ’  il s’l’r’ i ’s’ ’ I, ’, s ” ‘ ,‘ , - ‘ 5’ ‘ ‘ Is’ ‘ ‘ - 5 - ”  -

i~~ 
/~~ 

i I 5 , , ii S I

C N

0
0 0 5  ~~ 15 2 0  ~~~~~ 2,5 30 35

Ti,,,. ,.c

‘ Iv - - s n ’  ,‘ ‘ ‘ s ’ s - , ,I ’ I .  ‘ ,‘ s s : - i . t , ’ s ’ s I  i s ’  n ’ ,’ l i s ’ s , ’ , - ‘ ‘ s ,  s s _ i ’
,. x s  - ‘ 5 ’  I ‘ ss ‘5 - . ‘ ‘ ‘ 1 - ’ - i r s : - - n ’ s ’ ’ ’ ,’ is  sa - ‘, 5 I a s ; s  s 5 -  1 ‘ ‘ ‘ a - I ‘ I ‘‘ - : - s 5  I — ‘;~ ss , ‘s’ S ‘ , 5 -  - ‘‘‘ ‘_ 5 5 - - p ‘ ‘ ‘ s’ ’ I —
- ‘ : 1  H ‘ ‘ ‘ ‘ s ’:’ -S i’  ‘ n ’ ;’ - i - s ’’ ’,s I’ I - ,  - s : ,  5 i s ’ s - s - - ’’ ‘ - :0 - ‘ 5 ’ ‘ ‘ ‘s i l - i- ’ ,, ;‘ ,s ‘s’  - - ‘ on - ’ ’ 1 1 ,- s: -t I
- — t ‘ 5 - ‘ - ‘~s , ’ ‘ si n’ 

• 5 1 ; ’  1 ‘ 1 5  5 -  : ‘ :‘ • ‘ - ‘‘ - ‘ ‘ s ’ , ‘ ‘ ‘ - ‘n;. s -, ;“ ‘s; ~5 1 ’ : - ’ . ,‘ , ‘ ‘ ‘ s , ’’ :,’ ’ 5 I, ’ - ,‘ ‘ 5 ’  , - ‘ ‘ ‘ ‘ si ’ ‘‘‘ - ‘ -
n - ‘ ‘.‘‘ , s , 5 s s ,’ ’ I _ - r  - I - n ’ s - ’ ’’ s , ’ I, ’’:,’ , 1 ‘ - ‘ ‘ n ’ s -  ‘:‘ s n I ‘ ‘ s s  ‘‘‘ 0- ’’ ‘‘, - ‘ n : : ; ’ - - I s s  ‘ l ss ~ - ‘ ‘ ‘ s n  - s

s _ i ‘,, ‘‘ ,~~~‘ i l l  ‘ s - i ’ ’ ’. I ‘ ‘ ,‘, ‘ ‘ ‘ p ’ 5  - - . ‘ ‘ s ’’ ., s i s.  ‘ s ,  c - I ’ ’ : . ,’ ‘ 5 .  ‘ 
,r~ ,‘- ‘ 5 ’ 5 ’ ,’ ’

‘v, 1 - ‘ ;‘- r ;s r ’ :s ’ : ;’ ’ ,’ - ’ - ,s 5 • i’ y ss :~’ l s , , s s  I ,s S r :, ’ ’ I u , ’ s s - , ’, “ ‘1’ ’ ;’ ,’ 5 ’ ‘ ‘ ; s , , I v , - -
, - ‘ ; s , ; ‘ I- ‘ ‘ ‘ ‘ ‘ ‘ S s  ‘ “ 5

5 - ’, , , ’ ’ s’ ’ ’ : I , ’ - I s s ’  - ‘s ’ s ,,‘ • I’ , ‘ s ’ s ’ s ’ s ’ ,’’,’ ,‘ - ‘ ; s n  s ’ ,’l :‘ l ; s s s ’ ’ ’ ,. ’’ ‘ a. ’ ‘ ‘ ‘: . , i I ’ ’, I st - n’ ’;’’’ is 5 i ss’ , - ‘  c-n’ s
‘ ‘ - ‘ s  ‘ ‘ n ’ s- - s ,, ’ s l v .s ; s , ’ - i - - - , ‘ I  ,‘, ‘ a’ s’ I s ’

- ‘ I s s , ’ s ’ s  - ‘ I ”’ ,- 555 ,5 5 5 ’, ,’;, 5’ - - .~
- ‘ s r - - s O , ’  s ’ ,’ r’r, ’:’,: s l n s - ’ s , s l  ‘ ‘ 1 - ’ ’ ’  ‘ - ‘ s - ’ ’ ’ ,’ -

s ’ - ; s ,’ s , ’ s S I ,  5 . 5 5 , ’ ’ - ’ . , ‘‘ -I n’ s ’ ’ ’’, ‘ ‘ ‘ ‘ 1 : - n ’ ’ : - ’ ~
- 

~~~~ ‘- - - s o ; - ’’ a’ ,
5 5 5 5 ’ ’ , , : :  : 5  1 s’ - - Is’ s: :‘ a s’ ‘ s ’ s ‘ ,S ;s ‘ a ‘ s ’ i - ‘ , - , ‘ ‘:,‘ s _ ’ ’ , ’ ’  - ‘ ‘ ,‘ ‘ - ‘  11 ‘ it’ I ,‘ - a a , ‘ ‘ ‘‘‘ ‘ ,ai ‘‘ ‘ ‘a I - ,

‘ i l l  ‘n ’ - :  ‘ - ‘ 5 ’ 5 ’ ’  I :‘:‘.I - ‘ s ’ s ’ - 1 1 1 , , ,’ ‘ n ’ s : - ’ I i -s n ’ s- , - s ’ I S ’ ’ - - :  ‘ l ” - : s ’ s ’ I,’ ns  ‘ ‘ s ’ s ’ s, I - ’:’ ’ 1
- - , ‘ s ’s~ 

‘ 
‘ . I~ ’ s - I I - , 5’ - ,‘ ln s ’ ’’ ’ :’ s ’ s - ,’ , S 1 I a - ’, I , ’ ,’’ ’ - . l- 5 “- ,- I’  - - . ‘ , s- s , . ‘, “ ‘‘ ,‘, ‘“s i 5 ’ 5’ ’’1a , - \ ‘‘- ‘‘

s I ’ S ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .1 , ’ .’
‘ . l . ’ ,, s ;s ,s ’ ‘ 1; s ’ ; , ’,’ ’ s ’ r ’ ’  - I ss s ,’ : is , - I  ‘ ‘ 5 ’- ’ in 5 ’ - ’ ,’ 1 . s s ’ - ’ I  ,~~;, ‘ t , . 5 ,- I S ’’ ’ ’’’ I - ’ - ’ I , ’:s :, s s ’ ,’’: ‘ - ‘ v ‘ ‘ ‘v

5’ - ‘ 5 ’ - ‘,S, ’Ii s ’ s I, ’,’- ‘, - ‘ r s  ;‘- , -c - ; s ’ ’ - 5 : ’

1,0 — —

0,8 — —

0.6 — — —  —

Normalized 
— —Tracking Error

Mean ±1  0.2 _ _  —

Std Deviation 0
—0.2 — —

—0. 4 —  —

—0.6 — —

— 0,8
DigiPACT DigiPACT DigiPACT Mode

ACM ACM ACM
-~~-~~~---~--~~

Lateral Vertica l Radial
Error Error Error

‘ s I c - i s ’,’ I S HI’l’;’- ’ :s s ”, : n  P Iv,’ - \ I ; ’ — l , ’—,\ ! n’ , S s s r : s s , ’s ’s ’  ‘s , Ivs ’ ;s , ’ ,s ss



—‘ 

It - Il

1,0 - —

0.8 - —

Normalized 0.6 - T —

I :1:
_____ 

DigiPACT DigiPACT DIgiPACT
Mode Gunnery Gunnery Gunnery

Lateral Vertical Radial
Erro r Error Error

F I c - s s’ s - 114 P s ’ s - r’ ,’ s s s - s s n  - s i  Iv’’ A I s — I  a — ‘ s i ’  s ’ s ‘a 5 s s : : :  i s v  :-- ‘ s ’ ;’~ c - I  1 v - -

Fên.l 10$.conè Rs~ uus Point
of O~~s Run V.’l~~ .s

1.0 ‘ -

0,8
0.6 ‘ -

Nonn~ ó d  0,4
Tr.d~rng Error 0s2 ‘

I
Norm Bombing Norm Bombing Norm Bombing Norm Bombing

DI IPACT DipPACT Di IPACT DIPiPACTMod. ~~~~~~~~~~~~~~~~
_ _ , , __,

Latsral Laisril Virtical
Error Ei-ror Error Error

i” lp:ure 1” Re’s’ i’e s’,’s-,I .t ’Iv, ’ 51 s’ — !,’—’ s Ss i r ’S ’si , ’s ’ i’ ,-;sst ’ lain ‘s ’ s ,
~,~~t I s-ass ,’,’,’

I-lx ,issili;:s! 1 ps i  -‘ r I ’ s ,~~-.~s- ,I,rt :5 s’ ,’v ,’:,l 55 S I 5 P 5  I I’ I ,‘ : i ssn  i’,’,lis,’l 1 ‘ ‘s i ’ s 1st t t ’sss ’k I;i,’ s ’ s ’ ’,’,’ s ’  ~~n t h e  55 5’ ’ ’ - 1 s t  —

‘ ‘ 1  n ’s I sp’ 1 - ’ s s — ! s r i l  ,‘s ’ ,’,I ,‘,‘;nt’stl rs, ’I,’s’ wls ,’ ss  ~‘~‘;;s;- ,, s’ r ’,l 1 ,‘ It s , ’ l’ : , ss , ’ I 1;;,’ 1’ ‘s an 1 i’,i,’ ’, s’s i ’.Is ’ • sc is L’s
,‘ss’,’s’ I s ’s’ s ’ l  s.’s s ly  ,‘a ’ss s’ s ’ s s !  1~’ssa 1 15,’ apI Isrs l ,‘s ’,i ,‘,‘s; t  s ’ ’  I l ; ss cs ’  . ‘ I’5 is i s i s ’ s - ll,sie ‘i I ;’a ’ ’ i I~S ,‘ ,‘ssl ’  I ,‘‘ ss ’ .~ s I,’;:
sus p’ ,j Is ; th Is 5’51 at L’s, lss : ’  ss Isis su ls s t i s ’ S t  ‘I iusl\ ’ ics s s s  a 1”lSW Yl’_ i il “ ‘,I I S ’ I - I  w I  h d I s ’ s ’,’’,’ s n ‘ s a l  lv
,‘,‘s sls’ ,’ll ,’,l li , ’s’Issssrs t Sl

As’s s ’x s lsss ’s - l , ’  w I s s ’s ’ ,’ I he ss r u l t  liss o s si,’ s i ’ s ’ lgsi 55’ 5’t ’ i ’:Is ’’si ,‘ l’r,’s ’ s’ : ,s i  I pus ’ :i ,It’ :tnil ss , ’,’s ’ • l ’ s  1
s isripS l o l l  V and  e t I s ’,’t  Iv ,‘;;,— ‘,ss  I,’ a s::,nlr ’ i ’ ni 1st c-Ps 5’ i’:’ ’.’ ’ ;’ s ’ s :s ;5~’ s ’ F l o S s ;  r’i’ , ic’ s; L b s  is’ , t s ’ ,’ I c - a ss ’s a r s
api  lsis1s~,’ai I’as’  an a l t’  s ’ s u p o s ’ l o a i t y  m lss’ t ,’ s s  , In -,i,’l; S p v s s ’ ens s ’se ;i r’ s ’ s s l l v  s i lo s i s i s ’ s  Inc  is’ l : s s ;
S , s a , i l s s s s ’  sic-;’ Igsi I s ’ ai_’hI,’vs ’ max lnuuuns mass”uvarssl’ 1 1 1 1 5 , ’ . Is; ,s ,1:sp! Is,,; t ’ s n ’s :’ ly ~’s ’ ,‘I’ \‘ s ’’ ; is’l t , I’s’s ’
is , a i r—I  ‘ — ts ’ s ’s ’ :sss , l s - s I , ’, a s;,’ muss t t ’ a s s s s lij ,’t ’ II,, ’ pal ‘n; I ill’,’ ss,ls’ s ’l’ s’e s ’ I ’I’r’,’ S  5’ I- ’ sc sc I s s o  li’s sJ —
I ng on ~c ius ’ I st ’sisl t Iv 1 1 5 , ’  tluti’ I ng law al t  i t  ud,’ , Is IpI; s’~ ’s ’ed ~‘5 - s ’s’s l 1 1 ot is. Ty’s’ 1 ,‘si ‘s l y  • s t i r — I
ground I rss,’l,- I s ;p is s’i ’ nsr ’wli : t i  i’c -slni’i’ s’sss l s’ r’rj t’ ,’i’ : s s s s ’ ,’ t he Ic - so w I  5 5 ~ ’S I osi l ‘ s a p  ‘,‘s ’It li’i’’ ‘ s s s  555 , ’;’ ,’
sens it Is’ ,’ t ,‘ ;:i:’ I ,1 S a l  s us ’ hassc , ’s; The ,‘] ,‘,‘s r ’d 1~ ’’p  Tfl,’t t l C ; i V s ’ t’  ,‘nhsiss ,’ s ’s s s , ’s ;! rIsa,l,’ l ’ s s l ,  ,s s , ’ s ’
maneuve s’ I ts p ‘1 ,ip iii ’s ‘ ss s ’;’ I :‘ ,‘ ss i  sI i- s t i l t  ~‘sut ’ r , ’ssl  lv Ir,i’ ’i s ’ s ’ : s ’’,s l s d  i t s  I Iso s ’ s ’\’ \‘ !“— I  b ,‘S ’ I’,’s ’-,’ 1 Pr ’
potent ‘ s a l  i’s’s’ ssaI  - ‘s ; I ,v I ;:sj ’s’av I s i ’  il s — I  ,‘ —ss I r 1 sat , ’ Ic I st an P~’5 ’t ’aa;’s~~ s ’ r ’ S Is s ’ ,’s is;Ii ¶ I p in t ‘ ‘ 5 ’  s’ s s r , , l
~~ t t i t u s ’ s , ’  ,‘,‘ssl ro’s, , (F l  c -a u s ’s ’s ’ - )  s r ; s ,I lO t , l’i~i il is,’ esshs ins’r ’s’ sii s’ — I  ,‘— ,‘,s’ ,’ s i ss d I r’ :s , ’i Is;,; t ’ s ’ 5 ’ ’,’,’ S ’ 1 5 5 5 i 5 5 , ,’ t’
by s’ s ’ - l s i s ’ i ssg  psiss i s;t’ ns ;s l l l v t t y  IFIguT’ ,’ Ill as ss , ’,’ t s i t ,’,l w i l l s  :s i,’r,’ s c l s s , ’ l,’s i , l ’s i ;c -, ,‘s ,a’ l,— i s ,  i ; s
a mlii’s Iis,,’sls ’ appl I ,‘si l ion , this’ I’,’si t s lat ’ tc , ’ : u l~i he  i m p i  ,‘sii,’ss i  i’d w l  I lit su 1!,, ’ 1’] i ,‘ Is t  ,‘,‘ s s ’ s  s’ ,’l - ‘ a s ’ s—
puter , s.c - s i t  a Iss ing s ;s ’ ps st ’ ,rl , - ta ,’ Is  ‘p t  Imi ‘ ‘ 1  s’s’si l at’] I sw , ’ ‘ -n ’  si ,~’s ; l e t ’ s ; : ,’ Is ’ ,’ I s’ ,’,I ic s  55 5 ’ ~’ S5 i ! s i , ’
s t a h l ]  1ss s ~ I l,’ ss s’harai’i,’ r ist t Ii’s ; F a r  l’,’ l t s  s i t s — I  ‘ — s i l t ’  :sn ; - I  si t s’ — ! s ’—~’ s ’ ,’ s s ; s l  ~‘~‘ s - ’.’ t 1 I- ’;;:’ .ss t d ica iul ,l
not res]sl Ire s ’ x t  s ’ns’ I~ ’e a ’ s  t ’su i ’ l tlt’si I i’ S’  s I r ’  5’ ,’,! s a s s  I,’ c - l i s ts :  c-i ’ s ’ ,‘ ,‘rnsp ‘ - -s ’s Is ’ ass 

‘-,--‘ ~ ‘ -  - --‘- - 
-~~~~~- -- __~~~~~4



)
~ ,,_,~,, 

‘
- ‘ s ’ s ’ s ’ ,i’  In, , ’ l ii’’ :‘ , ‘ s s i ~~Ls’ , — ’ - - ‘ - ‘ s  ‘ ‘ r , ’ s ’ , ‘, , s , ,. ’ - 1 ’ s ,  ‘ , t v ’t ; , ’ . I “ 1 ’  1 — - - , s ‘ ‘ - n ’ ’ ’  -

s I s s s  I t ’, - ‘- ‘ r io’ ’ , ’ :; ‘ ‘ ‘ ‘‘ ‘, ‘ s I  ‘ I s ,  ‘ I’ ’’ ,; s a l  5 ’ r ’ ,‘ r s s s ’,r,, ’ ’ s ’ s , ’ s - i s i s  I ’ s r . t’ ’ t ’ . , ‘ l ’ s ’  -
5 , ‘‘, ‘ i ;s s i s ’ r ’ s , ’ ss I  , us :  ‘ s ’ s - l  Il ‘ ‘ ,-,- ‘ ‘ ,- , ‘ r s ,  ‘II,- - s r ’, ’.’ i’,, - ’ ,’ I ‘‘ I , ’ S _ ’ - ,’ ’ ’ s s a: I ’  I, ,’,
I ;, i”l ~’’ ,s’s ’ l v  ‘i t - - s . . ‘ I s  -n ut to- 5 ’ ’ ’ - ’  II 1 ’ ’ ’ ’: I;, s _

i ’ s ’  ‘a ’ s ‘‘ , ‘ ‘ ‘ ‘ ‘‘ I - ‘‘ t b ’s l ’s ’,’
I ‘ i s , ’  s ’ s i ’ - ‘ s  s ’ S ,‘ - ‘s I  sisil s -, ,’ ’ ‘5 ;, ’ - 5 :

I 
FIuu)

M F O t

- 
‘ - , MW II

As,,i~n,.nt I - , ‘ - ‘\ ~~~~

Compul., rltsss I

H.adriut ~, - 
‘ tsnt rume,stt

~~\ H ‘ “ -
~~Co,,spoter ~ ~~~~ I “

~ td Or%pIi “ “
Coot,o15” ,, , ,

-

~~ 
- 

I

COflt~~~~~ 

-:.
‘

~~ 

A,, To A,, 
r 

~

- 

No, ,~~ t Mod~

T~ fl5 Mode S.t.,t C , II

FI ,’- ,n ’~ ],~ ,‘ ,, ‘ ,-s : I ’  -‘- s ’ s - s n ’  - “ - - s . ’ 5r ” I - , s - - “ - - s ’ s - s  IL’: I ’ s ’ s, s n ,  ‘ ‘ S , ’ ’ ’  S i c - n a

‘ s ’ S n _ i l  ‘ s ; a i ’ I I i ’ I ’ ’ s s s na I l -  5 - 5 ,- li’ - .‘ s s s I :  ‘ - ‘ i : , ,  - , s ’ ” - s s ‘ S — s  s : ’  Os ’ s ’ ‘ l’ s’ ,’],;
II,’: ,t’.’ s ’ ’ ’ n, ’- ’ 5’’, ss ‘ 5

- ‘ 1 , I -

° ‘5 , ’ “ ‘ 5 ’ , ’ - - I ,’ ’ n’ - ’ ,’ r p t s . s  ‘ “ 5 , ’ , ‘ “ “, , s , S ‘ ,‘ ‘ s n - , ‘ 5 ’  1 s i ’ s ’ ,’ ’ - ’ s ’ .

‘‘ - - n ’ ’ : 5 1 ’  a I 5 , ( P l s ’ _ ’ ’ s ’ ’r,’ I  ‘ ,\ ‘ ~~

° 5 n ’ ‘ s , ’ .’, ‘ 1 ’  ‘ s ’s I i , - ; : ,,’-I ‘5.’ I s , s ” ’’’ s ;  ‘s s’ ’- s s  s s s t ’,’ I 5 ’: ’ I

‘ - s s ’ I  t I 1,— s : - , ‘ - ‘‘- ‘ : 1 1-

o :‘ i ’ ’ ’ s  1 1 ‘‘ I - - ’I :s; i, s ,’ I at ’s s ’s 1 - ’  _;‘‘‘ ‘ - ‘ ‘ I, s: ( ‘ ‘ 1 : _ i r s  s - b

5, 
5 ’ s ’ s’-,- s ’ - ‘ I ~~~~~ i I , s~

o ,‘‘ ‘ i ” - ’ I v  ,- 15 s ’ I s , ’ 1-:’ . - :‘ ‘- :s  ‘‘,‘ T s s s ’,’ s ’ s ’ s ’s ;  i a -s i  - ‘ ‘ “ a s , ’ , - I s , ’ I -

° I” I.’: L i v  5 ’ ’ ’ l ’ s ; ,  I s : :  ‘
~
.‘ —

‘‘ - “s ’  - n : - s  I i’

° P 1 1 - ’: ’ I’I u s ,  - I I , ’ ,s I , ’ : s “5 , 5  - ‘‘ ‘55 , ’ ’ , ’

Is ,  ‘ ‘ s ;s , I i s  I - s ,  ‘ s  ‘ a xI ’ S s s ’ s  st s ’ : ’ ’ t s s ’  5 ’ ; ‘ - i 5. ,’ ’ ,, s ’  s ’ s  ,‘ s s s s  ‘ s -  - 5 5 ~: ‘ c- 5

I - s ’ ’ s s s k ’f’ 1:’, ’ ‘ ‘ ‘ n - s ‘ I s ’ - ’ is] ,; 5 1 ss s ’ s ’ 1- -s - si ’ ’ ’ ’ ’, s’ ‘ i s ’ , I S  . 5 1  ‘ s v ,‘ ‘, s :  1 ‘,‘ s ’l: ‘ s i t’ ‘i’ , ;s :ss ’’ ,
- at  ,‘‘ I,’ ,, , It; .‘ ,u, ’S: s ,csiv ; l ss s ’ ’ t;,’ ’ ,’ 11, -s i a a ,sa, -,; I Is , - s ’ - ’’l,’ an ’ a 5 I ‘ a - l a s s  s ’ s s u s s , s - ’ ’ s ’

s’ 5 . ‘ s r  ‘ 1: 5 5 5  5 ,s - i S  a ’,’ .’ ’ ‘ ‘s ’ s - ‘ 5 a s ’ s s ’ k ’ : - - ; ,  ,s ‘ ‘5
, I’  ‘ ; s ‘ 5 ’ ’ ,‘ ‘,‘‘ -, - l ’s: s - i  s s~~a .5’ 15 5- 55. -I 5 1 ’ ’ , - ’ Is ’ s ’ 5 5 5  5’ .’ I

t ’~~,’ ‘ t n t  0 ‘t I’ ’ 5 ’ - ’ :  s’ 1 ‘ I — S ,P’, - ‘ 550  i S ’ s : ’ ’ is ’ ; ‘ 5 5 i’,’ : - ‘5151 1 , ’ 5 ‘ 1  ‘ 5  1 ‘1 ‘s i : ,  ‘ I s s I ’ I,~ s , ~~~n : ’
‘ ‘ ‘ a  i_ si t , ’ s ‘ ‘ ‘‘ 5;,, ’ i I ‘ii 5 5 5 5  a i ’ Is’5 ‘ ‘‘Is, .,‘-s ’ ,l s ’s i s ;s ’ I,’;; 5 ’ ’ r ’ s ’ 5 ’’’: 5 5 , - ’,’ . 5 I I I I  - ,‘ isa 1 1 v , 1 5 ; I,; i s ’ s  n ’ ‘

‘i i  I ‘ a ’ - ’ , ’- I 1:’ ’ l i’s ’s i s ’ - ‘ s , s  - s ‘ l - a - s s  I’ a; is , ,;, s Iv’s: ;  ‘ s - 1 5 ,  ,‘ S : s s , ’ I a,’ Is ’s’ , , ‘ ‘ s ,  ‘ I s  - is ; is’’ - ‘ ‘ s  1st ’
5 ’ - ’  ‘ l i n s ’ ’ ii ‘ . 1 ‘ Is ,s’ s - - i ’ , i s , ’ - ‘ - ‘n ’ s ’ - ‘ 1 ‘ i n ’ - ’ ’ ; , s” I ‘ n ’ S - - I s ’ ‘ - ‘ s :  5 ’ , ’ ‘s: ;,I s - i ’ s  Is a - i  ‘ - - I . sv  I

s’ I- i,’,; . -1~ I I  ‘a t  I on s 5 ’ ’ ’ ’, s - - i s a - a s , ,s - u , ’ ls ‘ s . s 1; : 1- , - ; s , I , n ‘ 5 ’ , : , , ’ ‘ s s ~ s ’ , ‘ ‘ i s s ’ i ’ : - ” a - n I ,  I l s ’ ’ ’ - ’ ’
si ’ 5’ 1 rat’  5’~ ’,;,’ ; 5  - is ‘s ‘ 1, ’;: S ‘‘ I - i s : ’ - is ’s I less ‘, 1 a t l i s ’ 5 Il- -I s’ - ‘ S , I ~’ I,’ 

- ‘ s ’ - ‘ i’::
ss S - 1 5’ ’ - f u s s ’ l s s r s  a,’ 5 ’ ‘ s v ,~ ,‘ s ’ , ’sc ’ ’, ‘5 5  ‘ii 5 ; ; ,  1 ‘ ‘ s ,  s ’  i v , ’ ,‘sr s ,i,’,’— I - ’;, - :  5 ‘ -  s - I  - ,; a 5 ’ , I i v

‘s : I s_s I ’ I I t ’ s , ; :s ,i I - t ,‘ - s s  s’s 5 1 1 ’  v

I I- ’i ’ I , ’’S5,SI”S I’ -\T:,’’J , ‘ ‘ S I T 15i I5 \ ‘ I ’ ’ ’ ’ ’

1’ Ii ’ s ’  s I  i ’ s ’ s’ l ’s’ - - ; , ’ ii 1 a; ,‘ s ’ ,s, ~t~ii I _ - I  I ‘ ‘ s I t ’ I s ’ :s u l  I I - I- ’ a ‘s i l  n ’ I is, ’ ,; 1 ’  ‘is; s ’ s s n ’ s  Iv, —
I s I’ i s - - I  s 5 5  the I; s- - s c - i s ’ i t s ’  t a t  -s c - ’ : ;  1 , 1 1 5 5 0 : 5 1 1 i t s  5’ a ,a 1 ‘ , S .  - 5 _ s us’ S :  a ss ‘: 1 ]

- i  ‘ ‘ ‘ s I ‘ ‘,‘ ‘“ ‘ SW l~’ :s 5 , ’’ , is 5 ‘ - ‘is - li, t It s ’s ’ ’’ ,s s’ s si s s : s ’ ’ ’ ’ s ’ r ’t ’ is C ‘ n ’ ’ I ‘si ’s 15 ,’ I :si s - ‘ ‘ s - ’ ’ ’’, ,t i ’~ i 1 - ’;: -
, ni _ s i

l ’s, - ’ so1: l ~’!i ‘‘ i _ s 1’,’ s I I r s  - ‘ - - - I S r i  s ’ s - I s ’ s ’  1 ,’ :5 5 ’ 1, ’ ‘ v s , ‘ ‘ s ’ ; s I~ ’ a _ a ’ s— S ’ s - S p  s ’ ’  i s : , ’ ,‘ s ’ s ’’, t t  I n ’ s ’—
‘‘ - s , .’ , t ,‘ ‘ t I ’ s ’  Ii’ ‘‘at i ll  i s I s  -s ls ’ s ’ ’ s u il ,’,’s ’ - ’t’ ‘I ’ s sV: ’ ’ ’ ’— , l 5 i I s ’ - ’ s ’ I I s  
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1’ s 1 s : ’ ,” - x ’ s - ’ , ’ , t ‘i,~ I s v , ’ ]  oI~ s’ ,,I usi  i:ir: - I , s ’  u ’ s  s ’&’s~ S O  ‘ ‘5 ’ Is I”,’ a - - s - - I  F’sed ‘s I sa l’  r,
s” I t a l - I I b n v  s ” ’ s , I ; ’ s ”, ’ - r , I (‘,‘,“ s i,’’ s I l ’ ,’ on l l s , ~ order of  10 cs i ’ ’t s’ s’ : l, Ic S’ - s ’ s Iurec  r , - s ’  f 1 ’ s ,~’ ’
s, -,:,; I is l ’ t ’-; . I ’ s , ’ r, ‘ 5: ’ 5 , 5 ’ ’’ o ’s~ fa t i ns ’ ’ -  s’s s s i torlng scheme ( I s — i t s : r ’ ,;, I ‘a s ’  c ross— - s - - s r - i - ’ -

as ’s’s~ ’5s’ i:  sal , c- - r’sps ” r s s ’nt I” t I i ,ss ’ s ‘ s s ’  I s I , I l l t I t a- , d ea ls ’ s - i  f s s l 1~~ ‘ s , - s ’ : s ’ , i  n i l  :a ’s a L ’ s l I ’ y  and
o V e s ’ ’ i L ,  ,‘ a s ’ s  is ;, ‘ - ‘  In ao ’s ’s ’ ’ v l s s o  t o e  ,ls’ ,ilr’’l s’ ’’ l l ’t I  I I I ’  ,‘ , i ’ I x ’ s s s ’  I r s i ’ I’ ,ll— s-u s,s’ li - s ’ It y  ‘Pr ,’- ’ —

c- ‘- ‘is~~ “ :s’ - r , ,t n : i : : ’ s t I si,: ,‘r’~ b y  s s  i s ’ s - s ’ s  1-  x s ’ s-dun l’s ’ , ‘t’ ‘,o ,t ‘ l i - t a  ‘ 5 , ’ i~ s ’ ’ s r - s ’i r , ’s :’ s - t  ‘in
r’ ’ - T I ’,tL Il ’ ’ ’ ; ’ , -,.-~ - ’,’,’r , w I ’ S ,  d l p ’ s t a l  Is’,, l ’s’s ,’ ; : ’ i! 1 srs  a- ‘ss f ’ r ’ s c ’ s It Is Ps ’ ’t , s l l le  t cs  ,‘s ,,s’i,s ide r

5 ’ s :  15,’ ” - -  i s; - I a- ’ 
~ I’~” - ‘n ’ s’ wl ,I~~lu - a - i ; ,  L’s ’ ‘,s - 5 ,  m’s s:” -I to c o n f ’ s  i”;,tly Sn ’ 1sf’ ,’ m iss i ’  s . ro ll  sri, ii ity

as ’ - s ‘ss’-’n”r,’,s; , hs_’ j  - ‘  1 s , ‘ s r  the level of redsa r , Isis . ‘y r:a t a ; :1 ’ ,’ reduces overal l  a - a - ten c n’s—
p i _ e x t  ‘ ‘‘ , I ,s’ ‘to,; Si - i:, ass ‘a ’s 5” - ’ 1 iL 1’- Impact as , w’ a’is’Ss t  and vol ,ssn,” ss ’ t ’,’ Inc -s , along w I’ 5 5
;‘ ,‘ 1 ‘ - ‘ t ac ‘ s s l : -  It 1 s , ‘ in I L ’ s F~- 1~ ’ ,‘,- ,s t s .  i- ross; a I s - s - I s ’s , s-s ’ s ,’ In,: ~s s s d  based on st si ’ e—

5 - - — us ’ ’ In c i,’ ‘ ‘ 5 ’ i s I s ’S , 5’ s’ 1’ ,;. i Ir :’ y ns , ’ s ssa , ’s - n,’nt and Ins i s ’ s - - i a -  a ’ ‘s s , a ” l , s ’ssses s can ha ve t he
Is s ’ : ” ,s ’ s ’ s s~i’I,. Is’,; -s ‘‘  -a ss ’,- - ; ’  i ll l r s ’ a s ’ r ’I t y ,  r e l i a bI l Ity  a s s  1 so .s ’ a ’s’ w s . ’’ r’:’i,!p of a t ’ I sW

In: s-s ‘ r I ,  lax  l ’ s ’ s ’  - s l -:‘‘ ‘ S , ’ un , t , s ’ t ’ 1 ; ‘s i -  ‘s ua te  second Canto so’s” ;” is ’ s ’ is the prlnisary oar, —
‘ ‘ -n ’ . ,  l’ s’ s - i l ’ s  L i l i  5’ f ’ s r s t  I’s- s I ’, 0 v,”s’as”’ is essen t Ia l ly  1. 55) s s a i s : , ’ “r- s;_’ ’l,’tr , ;sCl ‘“ 0l ’ ’

~
5’ —

Is ;as ,  sssos , t ’ s ’ I ; : ,’, ‘ s’s -s ’ ,,,’- 1’ . ‘ I, ls  a ’s :a,’ 5 :  I s - F I n s ’ - !  as t he  ‘s ra’l a I - i l’ s t ’,s C
‘ s ’ s i’s ’ ’ s n,,’ s s , ’ s  5’ - , ’ - - ‘,‘ - ‘ s ’ I s s s ’ l’s’ ;ss 5 ; ,  I:,’ ’’ s ’ ; s ’ s I  sya - ’ a’ s’: f :t ’ s I  s r  , T’~: I ‘a l  second  f’t ,uI’ o a- v I - r a i’e
s n’ , I “‘s i  s s ’ ’’ s’”  ‘‘- ‘ n ’ s’ c s ’ s ’ I ‘a l  , ,‘ :;‘ ‘‘irs elv ’sisa ’s , IS at’s- to , ‘Wi, is, P ’ s ,~ 55’” 51 7.

X~)tS + XCXC +
•0.944

I-—Coverage = X~ - I’~— CoveragS~ XC —f— Coverage XAHI Failure Rate 5
~s Failure Rate — A c Faslure Rate

Xs O,?7 XC = 095 XA 0,9996
= 70* iO” 6 Xc = 570 * i0~

6 
~‘A = 160 * i~ -’6

Failures
Hour

Ch n.l I Sensors 
[

~~ rnPUter 

______

_ i t T  ~‘ 1’ H
Total Coverage =

Channel Failure Rate = A A S + 1C + )IA = 800 *

Two’Channel DFCS wi th Lumped Elements Subject to ln’Line Monitoring

F lo u r , - 15’ C a - a -  ~s , ’ s  i”s ’ ,l ” “average (1,1 in a Tri p l e x  Sy s s tem

P l c - i r e  11 iil s u s ;ts’at s ,’ to se s . ’ 1- s t ’ s  s a i l s  b e t w e e n  second faulI coverage , s im ple channel
Ca l l - n ra -  r a t ’ s  as’ ,’ ! n i a a - 1  ‘;, reliabil it y ,  i .e . , probabi l i ty of loss of c o n t r a- i .  Fs’ ,’n’s t hese
f t c - s t re s s  I’ is pv l ’ I a ns t  t l , ’t ” ,‘ s s s ’ can aci’u iev- ’ an overa l l  rs ’sssl ,ass r e l i a b i l l I s ’  of 11” failure s
per oper-to I r sc -  ho -s r C ’ s ’  a ts’ Iplex digit ss l s ys tem , wh ich has’- a ss ’ oo nd fault coverage of ,~t
least  .Oii ‘ ass I s I ; ip ls ’ channel failure ra te  s;ot cx ‘eeding 800 x lO~~’ failures per hour.

A group ‘s 5 ’ generic 1:uads ’ut l ax  and t r i p lex  sys tems  are compared in Figure i a - . Qua5lr u—
p],e x sys ’ en’s 7— 1 has a t h I s ’ s-I Fault  ccsvs ’ r ,apo at ’ 0 . ’ i5 .  Achieving ‘ i;ls  level of coverage
so ‘i - s  I cs’ s Iso a-ar,,, in—line s’s n I’ a i l s : ,’ techn ’s  i’ ies used in i- i so  I t’iplex sys tem . C y  a - t e n ’ s  Q—5
on t : s e  “ ‘ s s ’,’r hand , req-s I ; ’ ’ ,’ only a simple “l est ‘ s s ’ —,’s ’ — t ‘ i t _ a - ” t s - a - i -  fs ,ss’ th i r d  fault a-ov a-s n ip e .
T r’ ip l ’ sx  syste s ’s T — I  ha s  a saa ’s”sd fault c ov e r ssps ,’ of 0 .9~ wh ich is conserva tive  and readily

‘h l”v a l s le  w i t h  known in—line noi,l; or l s ss ’  ted ,;:] ‘s : is’:’, It is; t h e o r e t i c a l l y  poss ib le  to
achieve a s e c o n d = f - t ’ , lt  ‘overage of  0.’~’] ass , ’ s  ‘he probabi l i ty  of la-ss of control  s’h~ wn by
T—2. Far’ any ‘ r i ’ s l - - x  sys tem ‘ have as low a p robab i l i ty  of  loss a-i’ control as ‘i:uads’ssl lax
sy - I  ‘~ss; — - ‘ s ’c -quiro-’ a .se , ’s ” rsd f a u l t  coves ’a pe ‘s - f  0 ,” s ’ s~~6 ( a - ,  :st an”, T — 5 1 t  Whi c h Is ex t remely
unl ikely. eased on a - I s I S ” : ’  ‘s is l analyses ,‘,‘s ilu , ’ ’ - ’ ,t IC’ s l i t s ’, I’ is considered t’,’sss ible t o
ach ieve  s a t i s f a c t o r y  mission relIabIlIty ( i 0 — ~~ w i t h  a t r i ple x d I p ’ s t a l  configuration
employ t i;c- a conibl;s ’tb 1 5; : of cross i’hannel ,‘as’s ’s -s s’ I s’ ,’s ; and in—line mo n i t a s - I s i , ’ ,  ss ’ I;os ’ses ’ ,

1” w i r e

The riced fo r  e f f ect Iv e  s; s C t w a r , ’ ms i ssa c - s ’ns, - s u t  ,‘ ,as ;s iot  he o veremphasized.  experience
Irs it ”  at s -s  t h-s t :5- ’  i’t w a rs ’  can be a n’:aj as’ s;,asss’ ‘e o f  aol lems In the s lava lopns ’ss ’ sn ’ s  operat ion
of t I c - I ’  al sy ’ ’ ’ ’ rss :. rs’is ’~~:uai, ’ 

s;i;ftwsi re I s - a : s , t ; s s ’ il s s s ’ I s s - ;  t l : ~ Init ial  s y s t s ’m sie t ’ tn It i  ‘ is  ‘ i - s t - a,’
13 ‘‘‘ sn - i s ’s I- i l ,  As a ‘ - s l s , I r ’ s : u s ’  , the 1 - i s s  a s l i o s t l  I a , ls ls ’ ’ ’ ,’ s ’- Is - s i  ‘si sps’ci f ’s s’-i I i ons , svs ’ I en’s i s its ’n’ —
f a c e s , co nf tp ;urat  Ion - s , ’ ; 1 , ls ’,’,unt ’ is l a! I a - s i  ps’ ’s’ s ’s ls i r~’si , modisl ar coding, an-i t e s t  t s ;c - , a - s s ’ s ’ ’ s ’ ’ s ’ ’
s o f t w a re , no I -si ”  Integration, h-;riiware and :s I’! wss s’ s is;t egrat lot; and yen fI~’ s ’ I sa s s ,
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Memory
Category Ii - /

Tr ip lex Quadruplex

Control Laws 6,000 6,000

BIT 2.000 3.270

Redundancy Management 3,350 3,400

Execut ive 3.990 3,840

Total 15 ,340 16 .510

Tin 1’-
I’ ’ -  ‘ s : I s ’ ’ - t  n _ - n -  “ i I ’ s , ’ -

, ;st s’ - ,l 5’osnr -,ui .- ra -

- ‘ r ’ S ’a ’ - - w i ’ ;, o tS ,- - ; ’  a- ,sn 5,’ a- ’ ’a- n’ss’ such as ‘i lspi’~,’s , a ’ s r ’!’,~~a , C b s ”-
1, ’ ~~~~~~~~~~~~ “s’s ‘ in , : 5:’s ’,’ I ‘‘i ’ I”s n ,

5’ ’,;. ‘:,‘.--s ’s ” r , t  ; s ’ - - ’,’I. ’ ! ’ - s  ‘ s ,e neces :arl’ ‘saul’. ‘I~,- ‘ ‘ s ’ a - ’ , I - s a’,, ls ; o l s s ’ , l -,s, ‘ss , ’i ,“‘ - -,sss ’,sor~.’
‘ ‘ ‘‘ - ‘ :‘,‘. I - n ’,- cs ’:- -;’ a ’,l a-’; s-n?’ ’- nn’, s ’ - ’ i ’ s a u i l ’ s t y ’sr , - t ‘s’ -’ s I i — -.s’sr ,s, ’s l ’ ,n’: ’s I  s- -s’ a u l ros’s ’-s’ ,’s  , P t a - s , a l

a l ’  ;‘I’ s , ;’,,: .,;, s C- a - - s i’ s”,’e,’,- ’-’ry ,‘ - l r a ” ’ - s ” s e s a  are ‘say el,,’rn’,- i s t s  in t he I - s - a - I c - a  of ’ a
s ’s - s . ’ I’ ‘ s ,’;, a- r, ’,r’ - -1 a , ’ ,’’, ‘ ‘ s ’ s .  A o i s I e ’ ; I s , c -  . - ‘7 s e a - s - s  I C’i ’alt cove rage w I t s ’, a t r ip  lex
‘, . ;, r - ;T : I s ’ s,-: s : s pp l i a - a t i - : ;- s of  s- ,h cnoss— -a - h ass ssa ’, n;,-,r:i’ s --- s’’Ir,p and I n -,—lI ;-,e nc ,n:it- : r’ —

‘s n’s,— ‘,“- ‘;,n , ’, s - s ’s,g, ‘s ’ s  n’s’:” a ivss s -, ’- - ’ i  c -’,sss ’- e r l s  w S:ia-h -a - s - - nh be cons idere-’ !  arc- ana ly tica l
r~” t , ’ , t - s - , - ,- - s ’ i r e ,’ ’ n ’I,’~~s’ , ’ 1 s s s - .

I”-,,n ’,a- ’ , s , ’,. “-a- :- - — - a ’ -a ” : ‘n s ’ s s s s ’ a I-Is ’ s - g a  the C 1I- ’wH- s’ C ’s n , ,I’sn” , - ’ ” s t s a :  c -ss n ss- Is ie ra t ’scns’

o 
~, 50-er  o~’ :- ’ ’ n, ’ l’’,a’-sc-s

o ,“,:, n, :’ r ar,n ‘ ‘ s ’s- tn’ , lie s ’ Inputs to - ‘-s- s’sr- :s ’, er
o ‘s, ’- -rs’s’- ’t I’ ,s’e “-“:ss:. s:” - ’] Paran etes
o ‘ s-rn’ 5 ’ - - :’ ‘s ’,s ” l ’ ’a -l s s to ~ct ’,sat’srS

o “as’-, n ’ - s~ ”r “h r s - i” :rlr,a- oF A - ’ l ’, s - ’s -s - n’:

° ~ p - “ snssn ’sar lsgr :

o P”s-i s-s n’s ’sI snt Ps’s;, -5”s ’sps ’srb son an’s ”! ‘,‘a-t lap

° 1:1-gsa- al S’ o leC’ , i055
° A v e r -a c i ng

° ‘-s-s np- toer  Synchronlsatlora-

° B i t  by FIt
0 Frame
0 Comparison of Intermediate Computational Results
0 Asynchronous

o Coutsput’ --r Interchange of Redundant DaXa

In— Li ne Monltoni,~~
o Corniputer Self—Test

o flss-rnput er Test of Sensors and Controllers

0 Data Reasonableness
o Tor quers
o Dither

0 Computer Test of Acluators

o Actuator Models

0 Computer Test of I/O and Mu lt lp ls -x

o ParIty
o Wraparo und
o Rebound
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I’ 5,- Si Is i ~‘ii 5 5 ’ ’ - - I s S I s 5 , ‘ ‘ 55 1 ‘‘ s 5 s ’ ‘ 5 , I t ’  - I 5s - ’ si - ‘;;‘ I _ ‘ s’ , 5 I , 5 ’’ t i S 5 5 - - I - 5 ’  s S ‘ , I’~ is ’ s ; ’ - - 5 1 ‘ , I I ‘ ,‘ , - S _ - -

n’ s , — 5 ’ ’ — 5,’-,’ 1 1 s , - — 
~ - I I’ ~ 5 - ‘ , 5 I i’ ‘ 5, - s’ s - 5 ’ 5 5 i I I 5 - ‘ I ‘‘ I ‘ 5 5 ‘ I It c ’ _ s ‘,‘ 5 5 ‘ ‘‘ , , ,‘,‘~~ , , 5 ‘ 1 s - ,‘ :‘ ‘ - ;‘ I .; s 5 5 s S ~‘, , ‘ Ii ’

u 5 III I -  ni — 5 ’ ‘,‘ ‘ ¶ i , , ~ ( ‘ t ’ u i s s ’ _ ’ , - ‘ v ’ s  i s  I si  - ‘ ‘ \ ‘ ‘ ‘  ,i 5 , 5 ’ ‘ 5  5 - 5 , - ’  I’ I ‘ - ‘  i ‘I I -  ‘, - - ‘ ‘ s~ - ’ ’ ~~~~, l s ’ ~~~~ , ’,’ ’ i ~~’i’’,

I’,’ I I 1 1 1 I 5 ,‘,- , s I’ ’ ‘ ,‘‘ ‘ - 5 ~ I s 1 , 5 ’ — t si ‘ I i , ’ ss I ‘si ‘ s 55 1 ‘ : 5 1 ’ s’ t 5 ii ’ 5 ’ ’ ‘ ‘s 5 ‘ S - -- ~I ; , ,~ ‘s i i ’  , ‘ s S ;‘ ‘ S , ‘ ‘ 
‘s ‘ 5 5 ‘ ‘ I

i _ s _ s  w i ,  ‘ Si  i s : ; ’ ’ 1 5 5  ‘ 5 5 5  I S Is ’ ’  : i , I , 1 l5  l s — s s s s  ‘s 5 -  I s ’ s , ’ • ‘ I ‘ i s i s 1  , s , ’ ’,’ ’ ’ - ’ s ’ s , , s ’ I ’ Si  ‘ s ~~~~ ‘ ‘ S I  , ‘ ‘ ‘‘ .5  s i t  , 5 ’ ,
‘ 1 i ,‘ I’ , i I ’ n ’- - t ’ I i , ‘‘ 5 5 5 I - 5 ‘ - - - —‘ ‘ ‘ 5-  5 5 , , S ‘ ‘ 55 5 5 ‘ ‘ 5 ‘ 5 ‘ 5 5 5 5’ ’ : ’ ’ ’ 5 5 I I Is’ 5 ’ I ‘ I I i s ‘ ‘ I • - ‘ , 1 ‘ - ‘ ‘s i ’’ , a 5 ’’ —
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Trs sph ement ,’s t ’ s - n n  oS’ rsnuhti r isode C- s ; s c t l o ns  p laces tremendous demands on the computationa l
el ;srsont s of the f l I s”s ;t s,’-s ,r:tro l sys te m and is a major fac tor  in driving the technology
toss~s r’ s ’ ls a d ig ita l  nss-s - --shan lssa t ion .  In mechaniz ing these ssuuit irnode control laws , one m,ss’t
cons ider two Cs .sns - I s’sr ,’ - s i t s a - l i y  different design approaches. The first approach and p:’ ;’h-ss-sn
the n’s-st widely ac- ’s s - p t e d  in d ig i t i za t ion  of cont inuous analog transfer funct ions,  T h i s -
approach uses a t r ansformat ion method which transforms the continuous f i l ters (anal:- ,’1
that compr ise the contro l  laws i n to  d i f fe rence  equations which are solved by the d i rt ’  s-i l
computer. The resulting, d i f fe rence equation mimics the continuous f i l ter in the C rc - -~ s - a - e ; sc y
domain , The quality of the digital transformation is ,5 s - s d c - e d  on the ability l’ s’  match I t s ’
analog fil ter without cor,sideral ion of the original performance spec if i c ss - S- tss - n . The second
approach , li sa - c t sligi tal dealt’s: , ; resurnably overcomes this r e s t r i c t i c s s ,  t’~ allowin g dire nt
digital syss thes is  in either t ls ’ ,’ F as ’  Z p lanes. The issue of s-I i s’ ,,’ ’ t  di g ital d e n ’ t s s ’ s s  ve rs us
the transformation ~a’s .’ps ’sn ’acl:  t ” s s - s t s ;  to be somewhat of a moot ps- ’ i ;st , sisa -cv ’ any Z ¶ s ’ ss r :a - fe r
func tion has an analog ss ’ s’s s s ; l t ” 5 ” s  ‘ss ’ t for a given convers ion  techsi ique . Give , .  s s s f C ’ s  a - l as , ’
understandings o f  the ,iiaI,o s’t l , s s s  F r s ’ss l uced by a s’a rt icular  convers ion , pr’ sper s - S i ,’ ssa - rs ss s , ’ a-
in the analog Cs,r’sn u can is ’s- made for compensat ion.  In most cases , e i t ’ ss ,a -s’ t ec h n l i - .s , ’ can
provide a s s s t l s a C s i ’ t .ss ’y  dig,It al  implementat ion w i t h  l itt le effect on requis’ss - ,I c a n ’ s - s-s - star
resources.

Com putat ional h l” ise ’ss ;

S Digi~~al co rn rsut ,s ra must he se lec ted  w i t ’ s ,  su f f i c ien t  instruct  ion ;‘.‘aerf  s-n ’s ;’,’ , S S t s ’ - ’si ,’ l , s ” s S
ssses ’ ,o ry  ;s; s - I I r s  ~5 S j t u S s i a - 5 ’  : 5 ,  - : ‘ - - v i  ‘ I o n s’s to accommodate soph is t i ca ted  inner—loop multisisode con-
tro l laws -s and -also provide adequate dynamic performance in the control :a - v s x t ,’;ss f r e ’ s u u i’us:’ y
ru; : ”. Of s”i r l’ icular concern are the e f f e c t s  of ss , l i as lsa - r  and c - - s t  a - s i t  ~‘rs’s s i s u l s s ; ’ ’ s t y  Irs rs ’ts i —
I )s : , s lu I’s, t o s s -y s t em i te ra t ion ra tes .  Another somewhat con t rovers ia l  sit ’ s’, In the 1, - c - i s - ; ,  c - C

‘I i c - I l  al fl I s’ht control systems is the need for  synchronous Ve ;’ : ’ ,u, s s u:’y ;a a - I s s ’ - ’ ,s , ’ ,us o p ” s ’ s ’.S ‘ son
“C re-I - i n - Is - s l it digital computers.  Frame synchronizat ion in desirable Cs ,’ ;’ si number of s e ’ s :’ ;:s.
i” Irst , near time identical sampl”a- of redundant sensor ‘ i c - s a i l s’- can tue taken , p rocessed ,
“s-i ’s I ‘s:s”d , voted and a common sign al selected for 5s -”  in subsequent comput’s ’ I - ; s ~s I n  all

1 a- sn’s , thereby minimizin g tracking errors , preven t Isug channe l d iv , ’;’,’, ’s i, ’s ’ , and Cs’s ,’ I l l —
‘:st ISa - - ’ s” detec ion of failed computers arsd sensors . Add itt a-nail y , s a s s ’  ss Iss iult s s rs s ’a-’ si. ’
mode selec tion can occur In all computers . Asynchro nosss o’sseratt ,s us on the other hand also
offer.: some uniqu e advar it-s-ts-s’s by simpli fying the compuste r/set ;so i’  i r ,t - ’ ; ’ C - s ~~’a- and “1 i l ’ 5 ’ s 5 5 5 t ’ ii:,’

‘ St ’  need for synchron lss-l nu c - algorithms and highly reliable external ci a - a - ks . Thiss s i ’ s ’ 5 ’ 5 ’ - ’ s i s ’ t s
also mlnim ize:s She possibility of introducing, sI s,, ’I” fail:ts ’ s ’ ‘s’ s n I , i  fa ilurre s . ‘ia-w v,’;’,
din ‘t - l vs isu l , - t , ”,’S of asynchronous ss- p”s’si t ion are a - I  i s - I l l  I’ Icant . I ’s’ s,-” I fical 1: , 1st ; ’ 1’,’ I Is ’s ’ ’ a-
In , s - ss , s ss - r ‘la S s - s sampling can as s- c uss ’ , which es su ld result in an urnas’ - ’ 5 -I , I ’  I ’ ’ I’si l s - s u s , ’e t,,a a ‘sc -s
I s-i ;’ — ’’ d l s s s ’s,gag,s t s’ :ssuss tents ,asi,I 5” rs ’ - l , ts ’ u : t  nuu is-ance - iI:’ - c s n us u;,’rt ;; . -‘s ss s ’t I s ’ ’;’ - is ’awl’’i - ’k 1,’
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in a dive-toss , air - to-ground weapon de l i ve ry ,  the pilot s teers  a target marker symbol or sig ht
reticle (pipper) so as to overlay the target with that symbol. 1k’ then depresses a target  designation
(p ickle) sw itch which commands the computer to record all available target sensor data. From the-se
data the weapon delivery computer f i r s t  ca lcu la t es  t h~’ location of the target and then generates steer ing
s igna ls to guide the pilot in steering the caiculated weapon impact point onto the target whereupon the
computer automatically issues the weapon release si gnal.

This paper contains an analysis of the motion of t he calculated impact point during a banked pullup
or climbing turn. The objective of this analys is  is to determine the path followed by the calculated
impact poi nt during such a maneuver .  Placement of the si ght ret icle along this path allow s the pilot to
pull straig ht back on the stick after desi gnating the target without first unrolling to a v~’ings level attitude.

NOMENCLATURE

A
N 

Normal acceleration of the aircraft

CCIP Continuousl y computed impact point , sa me as manual re lease

CCRP Continuously computed release point , same as automatic or dive-toss release

F The dimensionless quantity, sin I cos y (tan y + ctn y 1
)

g Gravitational acceleration

HOD Head up disp lay

RB Ballistic range of the weapon —

t f Time-of-fal l  (release to impact)

t
PR 

Parameter nominally equal to a. 5 sec for d ive- toss and level laydown deliveries and equal to
zero for CCIP deliveries

T R Bomb trail

I Dow n track component of weapon velocity at release or computed release point

V Cross track component of weapon velocity at release or computed release point

Downwar d component of weapon velocity at release or computed release point

V 1 Downwar d component of weapon velocity at (computed) impact

X - Y -Z  Down track , cross track , and downward , respectivel y; a ri ght-hande d , earth -f ixed , Cartesian
coordinate set; the X-axi s is parallel to t he aircraft ’ s ground velocity at the target desi gnation
time; the Y-a,cis is positive to the right facing down track

X Down track position coordinate of weapon at (computed) release

X 1 Down track position coordinate of the (computed) impact point

Y Cross track position coordinate of weapon at (computed) release

Y~ Cross track position coordinate of the (computed) impact point

Z Altitude of weapon above target at (computed) release

Weapon flig ht path ang le , the ang le between t he weapon ’ s velocit y vector and the horizontal
plane (positive in a dive), at the (computed) release point.

Flight path ang le of wea pon at (computed) impact
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Angle is .’t i, ’,’ ii th e’ l i t re ’ - ‘u — s - i a - h r to tI,, s-usr.p ~it.’~I i r ispaci I5~~it 1 t ,,iiuI tb, I,,s. - ~
,,f —  ,sig lit th s’ ’ ’- g ls ii,,-

t , i rg , -t  ,t s , , i ’ h , -, ’ ,- v , ,s i s , , I  it  ,,r ~~5 , , - , t , e r s s , - t  - I , -~~i,,’ s ~.ii 5 , s ~i

‘I’ A i r c r ti (I r ,,l 1 ,e , s  is 1.’ I ¶ 5 5  51 I v, s’ it Is r S c- I,t ss s 5 ‘a- loss it ~

‘s- 1 
l’ roj e c t i on  sr,it,) t I,, s rg lii ~r tsiit ie ’ .,f tI., ,,i,inl,’ 5 , ,5~ ~~‘ ‘~~‘ 5 t1,~’ n’s- ,,,~

.,., its ,  I ii ,,‘ ,I,r.’ ,’ 1 5 , 1 ,  sf s , s , t i u i , , , u  c-f si ,.
i’uuipszt ~’iI i rii pa e ’t  p.tiuiri

) •  I I irt i ,5 ’ ‘ I ,’ r is’ , ,t is , ’ si ’ tI,. , 1 ,s , i r , t i ts-  ) I ,

I. IN I I h s 5 I t t  (‘ I I’i~N

Most s’ , s , s s p s r t ’ r l .  ‘~ ‘s I .  .rr ‘ t s s — g r . t i u s i s ~I s’ii’ ,i I)OTi , I” Is s , - rs ’  sv~~t , ’ s s - , h,av, ’ ut I, ’ , s s 5  tss ,t ‘I , ’ l , s - ,- r s ’  u,u,,,I,-~~. t~ s~, ’
is ,,,,,n,s,iI rt ’I,’as ,’ or ,‘ o u s 5 s s s u s , i s s s I ~’ e’o i is j ss i t . ’iI i,,i 1ra e’t poiiit (( ‘( ‘ I I ’S ,r,is,I. ’ . S 1 s , - ,, t I,.- r  r,, u s ,  , , s s 5 , s , ~ , , ,5  s t
re’lease’ n’,oi l,,’ , sti ls,, r’ ,’ r , - r r e ’,I to ,is ‘ ,Iiv, ’ ,s’,s,, or ,,‘onl,,,,sos ,s ls- i - s ’ s -  I s s s t ~

- I  ,‘ ,‘Ii’ , ,— , ’ 1,o i,u ( I’ i III ‘ u .

In the irsanual or ( ‘ ( ‘II-’ i,so,I,’, II,~ i’ss..ip,it~’r I s s 1 s t . i 5~~ tI,~ ‘s ’s i t l t i t s a -  r s i s ’ s~,i,’t ‘s,o i ls I 5 s ’ ‘a ‘ ‘ ‘‘I’’’’’ r , - I , - , ,s ,’
S ‘ i s ’ l ’ ~ ’ to i,(- ,- s s r -  ,ui tI,,, 1,r,’s , ’ ,s t  t r . rs , ’ , I is. ’ ;s,Iot ,,i,- ,- r s  t ls , ’ , ,s r , ’ r , , tt  ~o ,

~,, t o  ,,s- ,- r  1 , 5  (Is , - r , i r , s ’-i  ss i t) ,  11,1,.
iinp.lct j~oiirI ,svs , i l s s ’ h , III’ t I,, , i s l , ’ ’ s s s ’ ,’ ” , - s ’ ,, 5 5, ’ - \%s ’~t}sOi i s’~’I~’ .s s , I’s i l tor , si t u j i - Is ,is . i t ,s , , . I lv  I s ’ i _ si ‘ ‘ ‘ 5 ’  s t I,, ss , ’ q’,’’s S
r e I.’ a s. ‘ ‘ ,

In th e’ s l iv . ’ — t , ) ss  or as ,tnns,it i,’ ‘ ‘ s c - - I. - , i t  i,- , , ,  5 5 5 1 5 5 -5 ’  ,I~ s ) s I .is’ s , . e r , i s ’ s’ ,- s i,,,,s’ I - - s  s~ ’t r ,hs ,s l  I si  b’ I’’ ’ ’ ’ ’ ”  sic - lu
is’ - a  I,’’i’,st , ’ ,I ,s- ),ove’ th,,’ (‘oisspiit. ’iI iur.pact ‘ s s , s s , i t , ‘I bis ‘ ,‘ 1, - s - us  is,, , ,r lea , )  ~~~~~~ 5’ ~~~~ ‘c- s s 5 , r s -  ~s s t lsal t I re ’ 5 , ,  is a - - s
u ,-t i rke r sy,tiiIrol s~’ill p as s  the I , i r ss - ,’I iii s k i s  s i , ’ ’  I il,, . 1~~...

,, liii,,- , I’),,- j s I I a-t ,‘I,’,’ rs  SI, , ’ , s s r , - i ’ , , S i  s , ’ ,t I,,
,,v,’r l,s v tIr e ’ t ,iti ’ iS,’t ‘is-ith tlt,’ pipps’r sen il the tis sIr ’p r~’ ’- i, ,, ,s i a,- ss , ’i s I s ’ s Is ,s -~ s , i t  i ’s, - 5,- s s s ’I~I~’ sss ii,’Is. Ibis
action signals tin’ cons psite ’~’ t o  rs’coril ,iII ~rv;ei l ,eIsI, ’ t~it’ gr -t s,’t,,,,’r’ s , ,s ’,e rns, ,r  i,, rs sSsi ’I, i~

, its , ’ br ie ’ — c - u —
,,,‘ r r i r s r t ) i  sins ) slr ’prs ’ss io n , s , s , s l ’ ’ s’ , ,slairt “ u s i a - , ’ , ,i,,’I •r l t , t , r i l , ’, I rs’,,, sls , ’ s,’ ,l.uta tI,~- ,-c ’ r s, psit e ’r ca l cu t , , s ,- -- II,,~
tar i~e’I location ansI  sa-e -,,, ’ rar ,-s st ,‘,-r’ us a - s ig rs, i ls nIrr, ’Is , I,,’ ,- ,- 5 r Isc - pilot so ,,s, - ,- ; ’ ths’ ,-~’ , i i 1 s - s i, - ,I isisp .l s’i ; s ’ s ~s s
to’aaril the t arget. A s  the otitps ilr ’s I irn) ,aci ‘sso ir,I s ’ ,s ss ~’ , t l,~ cur ts ps ils ’il 5:,r,s ’ I s , s s s i  s,,,, lisa s’os)~)eiris ’r’

as rton rat ica l l y isss ie ’s ,, ‘s- capo n ‘, l~- .,~ ’ , si i,’rs ,iI .

l i re ’ t,_’rn-n ‘ ‘ ,Is s - ,’ ‘isi s,,’’ as, :epp lie ’iI s _ s I is is il, lb- s i ’ s’ iso,) s’ ,- , s s ,  ~,- , il,,,, su Is, ’ ,’ 5 5 5 ’ ,,’ Il,. pilot , sit c ’ s ’  ;s is -i, I i, s ,s

(slr’s ignating l t ire’ h,ur g i’ t in s .r ,Iivs’ , u sua lly ~eul Is  I,:sck Irar,I ,s,, t lr,’ s’s e r , t r o l , , t i s ’ I’, to  i s s - i , , , t i ’ ,, Is i a - Ir e~ ‘se~s I l s s ’ s s.

Dv this pssll sip rnan ,’ssvs ’r lit,’ IriIoI s,s- c - t s -  ci ,) ~ef lbs I,or,sI, is  ,in,,i c - s  po s s i t s l s ’ . II,’ ca rs il,,’r, ,i, i i i ,et  i a - v  isis a-

action to avoid antiaircr aft lire ’.

The stihjc’ct 05 this pape r is t i r e ’ prope r place ’nrsi ’nt of II,.’ t,’ i’ ,,- ,’ S ,ss ,i r ke ’ r ’  ~s ,ss Is, ’t (‘seippe ’i’ i prior 5 ,’

t a rge t  dr ,’s rgn at i o i i  (p ic k le ’ l ,  I f  ilur ’ pippe’r 5055115Cr ,  is s hort sif thu s ’ corr sps uie ’sI snss)s : rc i  1’,’ ’S , ,i 1 ,5 ’ , ,’ s u ~’ ’’ 1, 1,1
ang teh , the’ aircraft wosilu l .rlre’arl y h~’ ‘s s ,,st ihe’ re’l,,’a,i r,’ poilst ss i,,’ rs  iii,’ pilot Ie ’s i gnaIe ’~I ii,,’ I,, r isc - i .  (Sr. iS, , -
other han,), if the pi ppe’r ‘ s s~s s s t s o t ~ is aI,ove ’ lire’ hsor i , ’orr , I ls e ’ pi lot ,- ,,r,,r,et ‘ s s , s s , t i s s u s ii os-ar its,’ 5,s r is e S , s, t,, ,’ S,
is pres~rmablv on t I r e ’ ,n r , s s s s i , I .  U5’ this I S i s , ’ ot’ r,’ . , so ,s i r s i s  , the ’ 5 5 c c - p i e r .  ‘ Ir ’ I j v , ’ n’’, ,s’,r,’ s,s ,s s, ss i ‘ ‘‘ - i t  ‘u, thu . ’
target e-ruarks’ r soris,’whe’re’ i,etwe’e’n ih5’ it ;s p,tcl p,sut u i .s,u ,h th ue ’ h o n  ‘on. , Iss it n It,’.’,’ ,~~ Ihe - i ’s - si s I c - i’ s ’ 5,, ‘ s ss , i  s i

within t he ’ s , ’ l imi ts?

Sonire’ ,,‘ , s r ’ r e ’ ,,t I’ ,- op.’ rat ions , , I  ss u’~e pons deliver ’,’ ,u ’ , ’ s t e s r s s  “c- I  li re ’ ,-I , -i- ,s i s ’s, ,,,,, I, u , , ui, ’ ‘s il,. i , )ru s , r s s s ,s s’
ken to - c r 0  s leprc ’ss ion. O t h e r s  ,,,atc’) , the’ sI , - j s r’ ,’ ,’ s i c-,, ari a- I.’ e s II,,- r ,, r g s - i , ‘s,,i,’Ic-’,’ 5,’ tI,,et si 55 , ,  5 s ~’ ,
i- s ic - e l l a -  ‘,‘r ’s - ior A ,., for Its ,’ ,l,’ i , r ~s , 5 l i s ’ ,e ,er ’ ,I s s s , i i , ’ , s~ sc-st ref t h e ’s ,’ e- r t i ’ r , ’iui ‘- v , :t , ’ s s s , s ,’ r s t ’ s e 1o~- ,, s h r i l l  s t , , I s j I ,
s r s ~hsl , ‘l’hat is , tb. ta rg e t marke r svn nl,ol Is ,’ ,, u s the’ , s a - , s s s , s i l s , u h  pI.t r.e ’ ‘‘5 t I,. ’ ,s, ’ ’ ,’s’ ,ii I ’s gs’oss,r ,I s
v e c t o r .

The e f fec t  of drift st ,, I ’ ils .’rr ,is thc’ tis ig lst ss t i  ‘s ’ Ias’s ’ lii, ’ t.i,’ ise ’t ,s,. ,s ’ k,’r s’,’mIe,’I in liii ’ p~t II u se t  iI,.- e -” s rs
putes.l inrpact point ( 5 s ’ ’ sa - l ’ ’ s ’ i r r s n c r o s s  t r ,,i ll ‘ s s r c - v i h s ’ I tire ,,i r s ’ r , s s t ’ s a - S , ’ , , , , I ~,‘ Isee ’ i iv ’ Ise, - s i,oi s - I , ,t ,ra- , ’ Is , ’ ,’ , i s, ’,’
t,,’I’,vs’,,’n pick le  ansI r , ’I,’,es , ’ , In ot Ii,’r is es - I,, , t l ss ’ ,st, ’ ,’ ri, ,ss - s i s s , ,a I -- s s ’ ’ s a - s ’ . , t e ’,I I i -  lii.’ e’ ses i s p~rl~ ’ s - , ,‘r t l s - r  lii,’
pilot s l r ’ s i g s u s t s ’s  the t a r g e t , will e’alI b r  s~ u s g s  level f l ig h t  , I lie’ ~s , I,ei e’ .en, s t i ll ‘ s e s r il isp. I,r,t Is. - s l s r s s i  ,I~e so
with wings le’ve l,

l’S e ’cause tIn’ 1,1101 ii u,ss s ,tll v is ,,rI,i,,,’ s i r s -  Is, ,r,I I,’ si ,‘,‘u’ il,, i, ,  “ s i - I s is , , r I,,’r s ’ , ’ rsrl . oI s u e r  II,,’ i,,r,- ,’s

the’ a i r c ra f t  is ofte ’n in .1 batik at  lis t ’ tin ,,‘ ,er’ pie ’k I.’ , I,, soc-li ,c ,- ,,s, ’ Is ’ - i ’s l ,’ I  s,,,ss t Iss’ st ,sn, r ,e h i 5,, ,u is u ris ,,
leve l at t i tude before ’ i n i t i a t i n g  iris ptills,p t i t , t is c ’,r,’ s ’ r . 1 h , ~- es,,l,,r,,I t , ’ s u ’ I ’ ’ u s s ’ ’, ‘u ‘sl e et , loins ’s - s r  , is I’’ ‘‘: 11
s tr a r u) ut hc-ck on tire —.t ,~ - I, , , I t s ’r p ickl ing Ih.’ t , i r ’ ,,’t , s , ’ s s , ’ r s s s s - t he ’ s, r~sa -~ t , ’s ’ ,’I ste ’e’i’inig e’se su ss ’ s s ns ’ I’.

l b.’ cause ,et risc -’ ,ss i sr, s ,, t,-S, ise ’t we ’e ’n s’ i’,,t,’ s n r  , e ’ s ss - r , , t s , e , ,  c -s n ,) t i e - S s s ! . s s  ‘ s s s s - - s i s ,s ’ t is - ,’ s’ ,’ ,u, S s,’i, is r i s , ’ -si - , -

te ns s Ie ’’s igs,  ,I,’c iesion ii, s t r u t  s t , i t, i i i  -a -  ii,,’ ,,s ,a-I,t , I’I,,~ s v ’sI r ’~~s Is ’ s s g r , e ’r , ,.sr s - i t ,  s - i - ,’ - ‘ I s - i l , ’ , -  nsc- te~is ‘ ‘‘ - t e a ,’ ,’,,
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The le f t - r i ght displacement of the target nrarkc’ r as a function of roll angle p rov ides  an auxiliary
benefit which nruay prove to ire more’ si gnificant tha ss the elimination of the’ wings Is is-I pullsip rc’quirem.’nt. 

~~This feature g i v e s  the pilot d i rec t  control of tire’ le f t — n i girt motion of tI,e t , u r g e ’ t  symlsol. lie simp ly has / ~
to roll the a i rc ra f t  le ft or right. Tire si ght  pippe’ r moves accord ing ly, and the’ response is immediate.
This great l y simp lifies the pilot’ s tas k of s te ’u ’ r i ng  the ta rge t  marker onto tb, t a r g e t , and hence w ill
resu l t  in I r et t e r  aiming (c lose ’ . ’  coincid enc e’ of t , s rge t  annI ta rge t  marker sy rish.ol at pickle ) by tire pilot ans I
more’ accurate weapon sIe ’ l ivenre ’s .

To hette’ r appreciate t lue ’ advantage of tIn s direct control of the si ght ret icle , cons ide r  the aiming
tas k of the pilot when us ing the drift stabi l ized sight. In this case , the pilot must move the ve loc i ty
vector of the aircraft  in orde r to move the target marker. The velocity vecto r , however , ‘u s  one integral

S removed , in a rl yna m ic s , ’ ns e,’ , from the attitude of the a i rc ra f t , which S s what the pilot controls.  Conic -
quently, the velocity vector  an.I the ta rget  marker tag the pilot’s control actions , and it takes a consider-
able degree of pilot skill and training to ,,t,’er the target marker into coincidence with the target .

The foregoing d iscussion establ ishes the desirability of having the target  marker symbol, in a
d i v e - t o s s  weapon delis’s- ry mode’ , move laterally ac ross  the si ght in response  to the roll attitude’ of the
del ivery  a i r c ra f t . The principle object ive of this pape r is to determine the prope r amount of sig ht pippe r
displacement as  a function of the a i rc ra f t ’ s roll ang le. The next sect ion a t tacks th u s problem by anal yzing
the motion of the im pact point during a constant bank ang le , turning pullup. Placement of the pippe r
along this line will achieve the des i re d result. Namel y, it will permit the pilot to pickle the ta rget  and
pull s t ra i ght back on t h e’ s t i ck  without chang ing his bank ang le.

II. ANALYSIS OF IMPACT MOTION

The first objective of the analysis is  to detern r ine the relationship between a i r c r a f t  acce le ra t ion
and the apparent motron of the impact point on the sight or th uD against ths’ ta rget  back ground. Equation
( I )  is the general  rmpact equation which e x p r e s s e s  the position (X 1, YiI of the bomb’ s impact point in
ter ms of the position IX , Y)  and ground veloci ty  (V , I ’ ) of the bomb at release.

= N + V t
1 

- T
R 

cos 

Ill
Y = V + I t - T sin II y f  R

where t t’ is the t iers , ’ ‘o f - f a l l , ‘r 1~ is the bomb trai l , and I is the’ dr i f t  angle.

The analytical procedure will be to diff s - re ’ntiate Eq. (II si-ith r.’ s pect to time to obtain a relationship
between the impact point motion, N 1 an d Y 1, an,) the’ aircraft accelerat ion. It will g r e a t ly simp lif y the
analysis to neglect the T R te rms , in e’f fs ’ct  r es t r i c t i ng  Il- ,’ an alysis to the’ ~‘ n ’ ro drag c a s e ,  This is not so
restrictive as it ni-su shI seem at f i rs t , he’cas ,s n ’ the’ sIr e , ’ - t o s ,  mode is usually emp loyed with low drag bombs
anyn’ay, and such bombs approximate’ a z e r o  s l r ag  bomb~ reasona bly nell. Furthermore , th~’ purpose of
this anal ys is  is to de te rm ine  lb. ’ most convs ’t s i , ’ nt  place ’nre nt of the’ t a r g e t  desi gnating pipper. If , due to
approximations in the analysis , the pippe r locat ion is not quite’ in’ line sOth the impact point motion as
the pilot pulls up, the compute r usill comnman,I a snra l l  compensa to ry  stee ring correction. If the pilot
follow s this stu’n- ring con r’smand ire will avoid t i re ’  tsomhing e r r o r  which otherw ise  wou ld have o c c u r r e d .

Neglecting TR in Eq. ( 11  hase-’d on t i’s,’ s o r s - g i s i n a -  ra t ional , ’ , sic procee d to d i f fe’ ren t ia tc  Eq. (Il s s i r l s
respect to time as follows.

N = I’ + V I 4 1I x i f  ‘~~f

\‘ s \ ’  V t  f I t ,I y v f V I

B y definit ion , t he c ross  t r ack  s ’n - l oc r t y  1 5, i s ,e’ ro  at th.- t a rge t  d e s i g n a t i o n  Point. At  this time ,
therefore , Eq. (21 reslerces to

X = V + V t 4 V S ((ton-n t r a c k )

,
~~ ~ x x f  i f  

( 3 )
I I (c r o s s  t r a c k )

I y f

Equation (I) shoes- s us that , at tar tn t  .Ie’sig natio o time ’ , th.’ c ro ss  t rack en ’ l,sc itv of lbs, coni psstes l
impact point is ’  diru’ctl y proportional to c r o s s  t rack  accs ’ ie ration si- i tb t f be ing  lb.’ constant of proportion-
a lity. Further reduct ion of the’ along t rack  impact motion eq5iat iorn r r ’q ,s i r e s  an exp ress i on  for t i’ . For
the zero drag bomb approximation, the time’ -of-fall is a function on1y of a l t i tude’  above ta rge t  and v e r t i c a l
velocity , t hence ,

‘I ,t ‘I
I = 1- + V = - V 4 \ ‘ 14f - /  ‘V ,‘ ‘I ,  z ~I’ a-

/ 5,-

The part ia l  de ’ nrva tsv , ’s  II
. 5 7  and ‘l~ ‘ can lie expressed anal yticall y )for a ‘a ri ’ d r a g  bomb) as

follows.

‘
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In ti e’ ,rnrst ,,nst ‘spc’e’ , I , c ’ i’ ,es ’ s h i n i , u t ,  1 sn ’,,,’ so-e r 51, , - ,,lc- iig ir.,cb , i r ’ ses , ,  h i s s ’S ’ , c-n.h ,- r t i ca l  ac e’s’Is ’ ra t ion e,
t i m e ’ t i l l  re ’ l , u t n - s I I’’ hI,,’ , , r re ’ r , ,t i  ‘ ‘, ns ’ ,mn na h ‘ is - s - n’  h. ’ r . , l i ,n,s , ,‘i, , as fsi l lesus ’ ,.,

“ = 5 .  s Sun

1 A sins :‘ (5+ )

s’ s e= ~
, c -o s \ + a-

S,ri,st i t , s t s s e , s  c - u I’ :s~~ . 
~~~ u s ’ S t s - ~ ,,rIc- l- :s i. ( 11  c - n i ’ ) ‘a -— ’ - of his. ’ i ’ Ie ’ s s t r i s ’ , I I gt

1
, = I’ ~‘ j s ’ I’ I s

is~1 ~~ ‘, 
A r  c ’ s  5’ iji1 - 

~~zI

V ,,l 5
, I-n

‘,,‘ ‘ I
\ 

C c-S ~‘ cc-s I - a- 1

X I s  5’ ,es ,5 (s un ‘ es ’s c t s s  1 ( ‘ b u rt t r . a c k )

,‘~ 5 . sin r is’ (e’ro,s s track)

sv i re ’ re ’ its )  
~ I 

= ~~~~ ~ so ’ h rs ’h r r r ’ s s ’su l  t Ire - slop.’ of th,’ (cuunr 1sss t , ’s I l  impact Ira i c -tor i’  is ibis respect to tire ’
i’e ’ r l s c ’ .s h.

lb.’ ,sppare ’irt st on er I r a s s k n s , o t i o n s  N 1 ins tb~’ plc-ne’ ,ef thu’ si glrt is i l l  appear is , i.e’ fo r e ’ s l r o rhe ’n s e ’d by t his ’
s in . ’  ,,f tI,.’ ,I.’ pr,’ssi i on-s ,u nra - I .’ s i Ic- h i s ’ (C onir psste ’ .1) i nr rp a ct pc-ni nit. lie nec’ tire’ tange’ nt of tire ’ s hire’ cli on c-f
,r 
~
,p,, re nt n’sr,,l i els) suf t Irs ’ ins ’s I”’ ~~ poi sit i n s  t he’ =i ghst plc- r.e’ is

t a n- n ‘~
‘I “ 

_,s~~ ,,ij I t in
N s i r s 0

uu hr u ’ rs ’ I” s in us e r ’ s (t u s s  I s’t t r  ‘~~b .

Ii ’ Iii.’ s is l ~sn rI il’,- I- ’ in tire ’ uls’, seuminr,itsur ses ’ Eq. ( t O )  su e ’s’ ,- ,’ s poil to  s u n s i t y .  lisa - r i  Ic - nt  s5’~ 
is ,si,I,I e’s l sua l tans si’,

an ’ s ,) t i re ’ app~r r,’nrt , r , se t  sic ,, ‘I lire ’ r s r s 1eae ’I psuis si is ists u l u l 1’.’ ‘ st  r,’u ia- is) ‘il’ tI re ’ s— i a- Si t , - pu r all,’ I i~ ’ lire ’ o rsh tn iat , ’ on’
nte u r , i na l  , ,es i s  ,nf Ot , ssi g isl , ,‘Ie’t ,i ,,lls’ , I!,. ’ q i . c- i s t i iv  I” is aIw -us- su less  hirair usnitv ( s e e ’ -\ ‘s i ’ s 5 s’.s s I s  s\ Sos ’  ir.’ool’l f,ss’
.,,,v s lice’ sing le’ l e s s  tlrarr ‘Si) u l e ’ uz re ’ , ’ s .  lSr ’ e’,u i r ss ’  F’ is less Ih,tins s r n it y ,  I- ,i. ( Ilul te lls sns t hat  t ire ’ ‘na-Ic’ :1 us ill
lee u_ re al.’.’ b u m  t i,.~ ,nnuzl. ’ s .  t’h,,i n.e’ ,.,, s Ilrat t ire ’ it i sp ,ns ’t Pec in rb is ill t rack  c-f l ut rs s ~t in rgh’ s l ig l t l lv  S c -  h iss ’
n a- Itt c-I h r.’ ,‘i us Itt ’ ,, s ers hi ,r, ,te ’ ,,‘,i s ins .n s’ig isl --l n , ,n,,I sc-nh ,un’ s l ig ht lv to  lire’ Is’ (I re f t issr l  . u x s s  in a I.~ft — hic - nsl  Icc- n ih.
t’;qss ,s t is - nnr ( I l l  .‘x ps’ s ’ s s s -s  11,,’ ,r , r .e u nn n rt nut tin s ,n s sg ss l , , r  ‘ le’s’ iat io nr rurat i.c ’n rat ie’alli’ .
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Equation (I I I  is the ‘), - s i r e ’s l  rela tion shi p wi,i.’i, , l , ’ses -rils ,’s t ire t r a m - b sir ut i r e ’e ’ t iu_ ns of n rs n , t u , ) ns  set the
ceuiir puute ’ uh inipact point a c r o s s  the’ nti r g trt shuriirg a t ra nkesh te si t  s ’ se s i ns lin,.,Ie’ sI , hu nn , r , rg  pulluip, I- ’ s g s s r e ’ I is .i /1
grap hic-a l  plot of Eq. (III for sev , ’ ral  u- ,,lu,’ ,s set ’ t he’ quantity b- . t’i gs .re ’ ,‘ s- h,snui s thne s 1ss.,nt ity F plotte.t for
s’ariou,. ‘live’ ang le’ s . .iltitu.Ies and ,,ir s’p~’.’

, Is. l’lris fi geur m . s n s , I i s c - t e ’  s that 11 , 70 I’’ e 0, ‘)S for s liu- e ’ ‘ ‘ rug l.,,
of .5 0 Is’ 4 1  1,- g r e - c ’s , air speeds l,,’tes,’ e’,r 400 anu .t t ills hIs , c -net ill rIu,I, - s~ si p to 21100 irs. lh,’ e ’ , ,s sse ’  I- ’ is
g.’ nn~’r.i lhs ’  g reater  titian uS . 7,1, us e - se ’ .- that ‘

~
‘
l 

— ‘~‘ is ge,ne’r .tillv he’ s - s  t l rans 10 ‘I.-a- ( l7~ nsni l l i ra u l ia nrs ) .

Figure’ 1 i l l s s s i t r , e t e ’s how tire s i g h t  might Ieuok i~ b s u 2 . ’ p ick l inra-  in a 21) nh, ’gr , ’e ’  h,anhs Iii tIn, ’ r ig bnt in .i
,Ss) eI.’gr~’e’ s Irs - ,’ st 4 t50 kt f r s u , s s  ,u,s alt itude’ of t b  no above grounsl Ie ’s ’ e’I, l’Ire’ si g irt s e-re,’n is sh ow n roll,’,)
.50 s) e ’g ree’ s to tire’ ri gist. l I s~- e’eumpnite’i) in rnpsect  point ss s l sue su su s l i sj s l ,ue ’ e ’ sl s li ghtly he -n the ri gl.t of t hu. ’ g r ouns st
t r ack  plane’ Is’ represen t  tire ’ c r o s s  tr , ,u l e f f e c t  of a left to nig hit c’ r , ss - sus in r , I ,
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l”i gsire 1. Sighrt Ge’onrre ’try in a 20 Degree Roll

From this cors-npute h inopact point , displace’ the ’ ta rge ’t nrarke ’ r s ysishol sip tIre si girt ( pa rs i t l e’ I t o  ni ,5 ’
sight ordinate au ~ S by an amount 0 -

~
- ( to  b.’ dc’te’ rm inesh shortl y) ansI Sc -  the ni a- Sr I (j i araUel 1,’ 5 I ,s ’ s ivh , t

ai ,r sc i ssa  ax i a l  by an  a mou nt ~ T b a n  
~‘~‘ h — ,Ssl . This places the t a r g e t  marke r svses l , s - sh  a p p r c - s is s s sr ~ ’ls’ in u n , ’

uu- ith tha- t rack  of ths ’ computed impact pc- in- n) if tIre’ piSot psills s t r a i gh t  h ack c-rn tire ’ s l ick  is s t h o s s t  u s n s r s e S h s t e g .

III. ANGI LAR DISPLACEMENT bIE r’,’, EEN COSsIP),ST EI’) I M P A C ’I’ lO I N  I ,\ NS) i ’AIE; l- : T \ I A I t K E R

‘l’he last qsre’stion’. to I,s’ ne’so lve ’d is , ‘ ‘bho ’.u- large’ shosrlsl sue’ ,ns,s ke ’ si ~‘? 
‘‘ ‘r hre (- S i s s i e s -  ~~ a- T s c - u s , ’ -

what arbitrary, becau se’ it , together with ti-ne magnitushe of tire’ ps.ll usp aces’ le’ ra t ions  • s r s s ’ s’ ,’lv sh ,’t e n ss ss uses
the tin-ne’ t,etn-een pickle and re lease .  Most pi lots prefe’ r to  make Ibis t in - n - ne ’  as ,shso rt  ,r s poss - iI ’le’ sue t ln,rt
they can get rid c-f the’ bomb ane) beg in the’ir .‘vas ivs ’ escape nian,’u,ve’ r s e s soon Is p c - s s i l s l e  - l ione ’u’ e’ r , it
st ill has to hie’ long e’nouig hs to allosu’ tins -nc ’ for u sc-king at leas t  sri-roll s t e e r i n g cor  r,’c hi ,’s i s ,

The’ only a l sss e l s u t s ’ l y  nece ’ s s a r y  constraints on a- 1- ar, lisat it lie’ n,’ i l lse ’n s s e ’gah ivc ’ non so I c - n a - c’ ,s t , e
point the target che ’signating pippe’ r at or ,ni,ou’ s’ tir e’ heir I a- c- is. If ~ T ne re’ ,‘ s e ’ g , n t iv s ’  , tire re’ lea se ’ pe’nin l us s e su l s l
,s ln. ’ash y his ’ passs’d is m e n  t Ire ’ pilot pickle’ s the S a r a - s t .  li the ’ pipp.’ r is nh ,se vs ’ t h e ’  icc-r i a-on , t ire’ pilot car. nob
place the pippe’ r on the tar a-” t. One’ way t o  ins s i rs ’ that tire ’ pi ppe’ r us ill a h i  as ’ s be ad tin ,’ csc .ei ps.te ’ sh i tsr pact
point and st i l l  hue eh i re ’e’t e d t o s s - s r I  the’ groninr i is to co ni’np ss te ’ ~ T uce ’c- rs ’iss us to IIs,’ ~~~ ~~~~~ 

s s s s e s s  ,I,’ r n s - n ’s l  its
F’ ige ite 4 .  That is ,

‘ - ~~~~-‘- - - -
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Figure 4. Derivation of Expression for o T

This meth od succeeds in pointing the target desi gnating symbol at a point on the ground which is
beyond the impact point by an amount approximatel y equa l to V~ tp R. The parameter t p~ represents
the time interval be tween pickle and release for an aircraft in strai ght and level flight. Selection øf a
va lue for t pR which is between I and 4 s econds should result in an operationa l l y acceptable time betw een
pickle and release.

For example , let us compute 8 T from Eq. (1 4 1 for the fo llowing typical set of CCRP pickle
con ditions.
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Dive ’ Anrgle u s  de.’g
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8 -r = I i .‘t niihlira’hianu s = .1,7° ‘l e a - n e c ’ s

Note’ tisat u s e  of the p .craseeu,’tric value’ of .5. S s e e  ic-n t l,R s- - i ,’ Id,, a pi ppn ’r phac e ’sure ’ snr is iuicli is I. I-I
s b e g n e ’es ( — 8 T 5.1. .1, de ’a - l ahoy,’ this’ flight path u s i a - S e ’ (‘i = 30 s ie’ul , ihsis is hrr’ti’ e’e’ri tIre tsv o popisLu r

pippe r pt as -- s ’ i rse - nt sche’n’rres si-in ch p lace  5(5 , target suu ,s ni,, - r  ( 11  in tire ’ pitch pla ne’ of ri -n,’ vs - S c - s - sr i ’  s e c t o r  sir
( 2 5  on the c - i r c raf t  bores i ght.

The parc-mete ’  r t pR in Eq. (141 p rs cv i s ie  s a sic ’ a- re ’s’ of s o f t w a r e ’ co nt,’ol c-ye’ r t Fn e charact eristic time
hi e ’tv , ’ e’en pickle and re ’ l e a s e ’ in thw’ dive’ —toss erode’. It can e be’ iu s h i , i s r n ’ s l  to su it pilot pre’fe re nce ’.

E qirations (I ii c-nd ( 14 1  -s re the nnsu ’c hrani i c- t ic - n e’qisatior’i s svhicl-u s~s t i  fv  tIre’ sta ted  ps sn pose’ 01’ pha c iss a-

tIs e t a rge t  k’s i g s s a t i n g  symhioI ( s e ’ s ’ 1- i g isr i ’ 3 )  in such .s posit ion t isat , c- lie’ n pickhin~ t hus ’ S , s r  get , t his ’ p1501
can pull st r ,s ia-ht track on nb,, s t ick  ss’ ithosrt f i r s t  sr nrohh iseg to ,s ss ings  Ss ’ s , ’I , , iSsSs is Se ,

IV .  I)SSCISS1ON

4. 1 I ,‘sh i s l i t v  sir ’ Ass iurr upt ions ansi .-\pproxirrratiosss

TI-ne fore a-c - inc der iva t ion  of r h , ’ tar  ge’t pi ppe’ r place’nie’r’s t equal ic-s, , de1ie’ s s s i,’u) on u s e s ,  approximat ions.
The’ f i r s t  is ti - nat pippe’ r irsotion slurring puilsip is in’sde ’pe ’se s lc ’nt sd Icc-nib s br , , a - ,  The’ sse ’ , - , ,u u ,?  i s -  s h un t h e ’ pippe’u’
nrove a in a sS naigl s r  line dunirr g a coo rdinate ’d , turning pustlup,

Tier’ ,e - r , i  I,osnb b r a g  a pprox isnrat i osn  re-all y inlroducc’s .rc- nc ’s-v pippn’n pl.’ccs ’ n ee s ’n-nt er no rs  ls, ’s- s e n u , (  s h i e s , ’
a l ready prese .nt in current  pippe r place’seeent sch nes ue’s e’ s ,  Ti-ne c r o s s  t r a i l  ac t u ally doe’s c isc - n - n a - c’ duninse h u e ’
pull up in both tire c cnn r e’ nut s che’ nor’ s ansi in 55, ,’ sic hie’ me pr c- pose’ d i s,’ re’ in , as-n ih th ee ~n lot nee s u at c sen i~ se i s - u
for this var iat ion l’s’ making a nsa 55  Ste ’es r i n g  cc - n  re ’ct iosn c ho r in e  -~ t h,,’ pullisp nu ,s nee ’s s e,’e’ n in ei ther ’ n ,,‘,s s,’ i_i-ne’

new sclreme’ is no uc -orse’ than tin e p ne’s.’nS one ’s in this re spec t .

The s e c o nul as s u rs iption , name’ iy that thu s ’ ine pact point 555c- ye ’ S in a s t ra ig h t 5 ns,, dusring the’ pulisip
s’s’ill ‘c-c s-c - lisI to lb. u’xSe ’ nu t  that F, the’ s le ’ no s’u si ueat c - r of Eq. ( l O S , re’ n ainis constant  c hu r n insg tire ’ p u s h u p .  u,’f
course , F shoes e l su ng s - during the pul luup as  the alt itssdc ’ and shiv , ’ ang le s-s I’ tIc,’ a i r c r a f t  ch ic - n sa - ,’, Tin s ,‘n lle’r s

the’ slope of the pc-ti. of tin,’ isirpact point in tine ’ si ght or }hIJ D c c - u s i n g  tire ’ is r rpact  point to  snss eu ’ ,’ ru 5 c, u ns e ’,h

instead c-f in a straight hine path.

To estin enate’ tIne ne i c - u’ s s s t s i s l s ’ of this slope’ cisc -na-c’ , let us ca lc u r la t e’ tIns ,’ valise’ of I-’ isothe s r  pickle’ ansi
again .,t r , - le ,ss ,e - ,I,sr big a typ ic-al dis’ e — h u e s s s nhe’ Iivr’ny, lire folio s-sin g st,ste’m,’se ts s s s , n s s e u . u r s , - e’ n inc~ pickle’ c- ned
re l e c - s s ’  c c - r s s l i t i s s r u s

Pickle: -110 kt speed , I 000 te n altitude, 10 de’g dive’

ReIe’ ,ssc: 4 50  let speed , 8(s 3 us altiturs ie , I ’ S , i d e’ shi vs ’

l sssea -  t hu.’ f i a - s u r s ’s  Inc -s e- n tins ’ a lec-i’ .’ e’xa t e ’up le’ to ca hcss ia te ’ F i~S in I”i gsirs’ 2 , ii,’ fin,) that

11 , .117 at pickle ’
F = sin 0 s - s cs i ’, (tan ’, 4’ ctn ’,1

5 = ( I t ’ s
(1.7 .1’s il i-d c,,,- ,’

The con re’s pOnshing ia  i s , s - s  c-f tan (s5s
i 

— ~s’ ( for a 20 de ’a- ru ’ s’ roll are’, fr sites Eq. ( 1 S

0. 1 1 S-I at pickle’
t on  (15

1 
— .50 I s a - I  ( 1 7 5

0, 0,11.1 at re’h ,’asn,’

‘~1
The I s , ,, ,, r e s u l t  u snsj from -e Iu n su.tissnsaj, I s ’ , ’ -  s s p s s s l t  ‘ ‘ ~ , , s  5 s h e  s y s t e m  may in ’

a 2... 
,is: s r s r l e u u u j  5 ’  t w o  i s l s u l O B o p t i i e s
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I ) ue ’ nns ,exi nns u nnu ch5e ns ge ’ in s lope’ f r,ens pickle to nc Ie ’ase us 0. (1314 r ,u , Is an ,s i  m s  Urns ‘ .‘ sanisp le’. 1 lit’ n i r e a n s

, Ss. .  s u e. ’ in 5 lope’ is 55 , 0 1 7 7 rasliann a , ‘l’his us-ill nsnuul tip ly is ,’ t Ire ’ angu lar s l i f fe ne’nce’ , a- ‘I’ • iic’Is-u s ’ , Sr t ine’ nnnpac b ~ ;~
psitnit ,‘inns l tIre t a r g e t  ,le ’ s u g e , , e r i n s g  syirshol at pickle to c a u s e - a l~n rs- s’ .s t  pnppn’r plae - s ’ ns s e ’nt  e r r o r ,  Once ’ ag ar n ,

t his- us nsot nec essa s ’  s ly  a isc-ninhninr g e’ r nor t , ecau rse tire ’ pilot cat , s t i l l  c - o n s - ep e ’ nssre ’  for it Isv nulling tIre sm -.’ ~- -

inc s ’ a- nc- i ds r r in ng ~us il lsup . I h u,’ s - uh s c - te’ point of t )s is e x e r c is e  is to s’ee’ inc-us l sn g  a cosen pe ’s s sa tc - nv  a t e ’ s ’ ring

u- sir rs ’,’tn , , s n  in,’ bras to  s r u , , k , ’ ,

rh,. nssa gntt u usl e c-f a- 
~

- , if con n-npust e’d accord ing to Eq. ( 14 I vs’ i ths t }s } (  ~ ‘ S sec and us-stir tine’ fons - g o r s u g

c’onnc )s l ie i n n s at pickle , is 17 5 nee il l i ras) ians, ‘rhis ang le’ s-sirens ne s u r lt ip hie ’s I by tine’ nrre’an change in slope’

t, c ’t’ ,i.’en s pickle ’ anrd rele ’ase ’ us-stuils ) res ul t  inn a late’ra l pippe’r placs’ris . ’ s . r  e r r o r  of abc-se t 3 iennl l r rad ianes ,  \~ e
can e-on c lu iul e Iron er ti n s exam ple that tire’ s i t r  aig iut line inrspact pc- inst nrsot ’  c-sn ani su us rsptron e re s u its nn an
, s e c e ’ptc-bly s n— ro l l  if nc-I ne’ ghigiinle’ s ie’e’n isng e r r o r  sug nral .

In s s sn ss ne u ln rv ,  hire~ pilset ste ’ n ’ ninng so r re ’c t iO ns  . us ’ s ’’ b.’~5 to e’onenpe’nsaIe for puppe’r place ’ neec’nt e r r o r s
cause ’s I liv ttn e’ , c n o  boner), n) r;s a- ansi s t r u i g Ist line’ inepact pat)u iss ss s ssn p t ron se  er ,’  no Iange’ n Ihr~unn t hrose s t e e ’ n s ng

c e , r r s’c t iOn ss ne’e’,iect ins rise’ c u s n r s ’nt ))i ppe’r place r r s e ’nt s,’is,’rn’n e’s ,

4 ,  .5 As bs i i t io nal  l- 5ilol Contro l  Ove r Pne’p ick le Pippe’ n ’  Motion

_-\ 5 nisenstio n,’d ea r l i e r  . tire’ pippe r phace ’me’nt scheme’ proposes) inerein g ives  the pilot a posi t ive .
di r ec t  a .- s s sn s i t h a l cs i t s t r c - l  ove r  tlre pippen position . cont r a r y  to the curre’ntiv  operat ional  pippe r placement

r- ne - e’ cb s as u i  s e c - t i c - s e a  us h i d ,  are k, vs ’s I to tIns’ a i r c r a f t  ve loc i ty  ve c to r ,  In or de r  to cisange tire azrnss ubh o n ien la—

,on ,s n a dr i f t  s tabi Ii it ’s) pippe’ r , t Ire’ pilot isa s to  d)eange tire ’ azi muth eli re ’ c t ,o n of t ire’ a i r c r a f t ’ s ‘.‘e’ Ic-city

vs ’ u- rc - r  . ‘rhine is c-n m t ’  a- r ar u sen s, proce ’ss  iv itlr as-n inherent tine -n e lag. The pilot f i r s t  has to roll the a i r c r a f t

toss c - rd  the d i r e c t i on  in w isicis ire ’ sr~unts to s,se-n s- u’ the pipper ansI pu ll back c-n the’ contro l  ss i c k ,  l’he psppe n

t ise ’n uzr.,,I’- s n t ls-  is is - s - si tees - i -c - n,) rise ’ sle ’s i re ’ ul ,n. ,unssu t h,

Ins cc-nt r .nsl . ss ’ ibis t ire propose’s) nsu ’c)nas s izat ion, lien’ pi ppe r in’nmesiiatelv notate a c-bc-sit the cornpusbed

isnnpadt point on a le’ u-e r ann,,, eqs ral to  a- j - c - s  tine’ pilot rolls the a i r c r a f t  ( s e ’s- Figure 31. The ang le ’ of

ro ta t ions , ,
~s , of ti ne’ psppe r is slightly a- nea te r  than tire roll angle , Is , i tse l f .  The pspper is ,‘tabili,’s ’,l

aga inst pitclning s n , 5  yawing n’trotiOn , becau se (except for the small c r o s s  trai l  terne annd e u e ’ct lon veloc ity
d i re’c r ic- n  c c - r r e’c t ions inn tIne ineepacl pc- in-nt cors’nputationb , e 

~
- t a n  ( s5s 1 - a- s I , and the cc-nnpusted n n’npact pc-m et

a re ’  all inslepe’nde’nt sd tire pitcin and \‘ c- uu att i tude of the a i rcraf t .  I- fosves’er . tire pslot can make a ic- st
seco nd azimust Ir ash just nnent to place’ the pipper over the t a r g et  simply by changing tine roll angle of the

a i r c r a f t .

The nsn ’s ns i t i u - i t u -  of tin s pippe r response to roll control  action is proportional to the he’s-’e’n anus , a- F,
Dv i n c r e c - e s i s u g  or use ’ c r e ’asin g ~ T~ 

(tinrough u’aniation of the pararrueten t pRb one can ad just  tire pspper roll

sene si rivi tv to snatch tine amount des i red by the pihots

4, ~~~~~~~~hility to (,‘Cl h’ ansi Les’el Lay dosv n Mode’ s

F lu,’ pr imary ob jec t i ve  of linis sturd y us-as to  des-’ ise a pipper place’neent scheme f or d i v e - t o s s  useapc-o

del iver ie s us’hich s-u’ ould not requ .ir e the pilot , a f ter  designating the target , to unroll into a usure gs  le ve l
att itu de before pulling u p  to re lease,  hlous-eve’r . upon rev iewing  the result ing mechanizatron, one se’ s ’ ,’

throb it can Ii,’ genera l ized Ic- inclu de CCIP and leve’ l lay dosvn us-capon del iveries as u s d 1 ,  Traditional

us-capon sts ’ li v” rv  systems t re ’at t h e s e  a s  separa te ’ nec -d c ’s . Combining tisem essentia l ly  ,nto a sing le’ n-ne-nd.’

us ouilsl botir simplif y the so f t us-a re  and d e c r e a s e ’ the nurmber of n-n-node’ se lec t i on  de’c r s e o ns and act ions

imposed on, tine pilot

A g lance at Figure 1 shos-vs that if ~~ equ als zero , us-c have a CCIP ‘svec-pon del ivery nnnc- ,bs’ . Hence .
on,’ can view the parameter t pR in Eq. (14)  as providing a continuum of us’ eapon de l rv e ’rv modes us ,tin

CCIP being one extreme , namel y t pR = 0. In other words , the same sc-Its -vane that is eised 1,-s r tire dss’ ,’ -
tos S  n-node could also pros’ide the CCIP mode simp ly by sett ing t p~

i’ ise level Iay dow n mode is a lso akin to the d i ve - toss  nerocl e in that it requir e ’s ti - ne ta rget  d e s ,a - s e a .  insa-

symbol to he above tire cu rrent ly compuit ed impact point by some amournt 8T’ i’ine chief d i f ference r s  Iisa l

~ T msnst also be l e s s  than the angular distance betus-een the l ine-of -s ight to the impact pc -m I and the ann -
c r a m  ve ’ locih’,’ v e c t o r , because ssith the a i rc ra f t  in level flig ht , the s - ’ eloc r ty ve ’cIor n s ah re ’a dv alcove ’ the
target .  The second di f ference is that the level laydow ne delivery uses higin d rag  lnonehs unsleasl of ices-s

drag bombs.

Equat ion ( 14 1 for a- T sa t is f ies  all of t i-ne abos’ e ccend it io nns, lbs de n is - ’ ati o n (Fi gure 1) is applicable ’ t o
h,oth high and los-u- drag bombs , and it dir,’c t s  tine target  designat ing symbol t oward  a poinl c-n the’ gr o und

us-hich is beyond the impact point, in fact , in level laysiown tire lime bets-s-e e’s n pickle’ and r,’le ’ase ss
exact ly eq u al  to t p~~

4 , 4  Incorp o ration Into An Operational Weapon l)eIive ry~~ys t e ’m

The i,iiton LW I ID air — t o —gr o urns )  sve ’apotr delivery sv s tens inclsis le ’ a ni,,’ wrn gs nnonle’ve ’l punllsip
capability ,h,’scrihed he’ rein, Fi rs t  operational dt’p lscs - - eeient sir lire’s ,’ sv s tu ’ ,~~s us sin Iii.’ Mc I)onne’hi Pouig las

F4E’ s being de l ive’ re ’d to Turkey and to Gr , ’,’ c c’ ,

Th Is  t i - j u n e ’  s n ’ s  s t s  t ue ,  c o m m e i r tS

- ‘ - - - - ‘ s -~~ ’ . - ‘ , - -



—‘ - - ‘

‘e - 5 u 5  —

The natural reluctance ’ c-rn the p u r r  of users i s  place coisip lete re l iance on a ne-us , ss ntrres1 mnnovat son
inhibited full util ization of the benef ic ial  s inr ’rp liIications potentially ae’hiu’vab , I n’  Isy conen brnung useapon
dehiv, - n v  resodes. Instead , the ‘ ‘CCRP’’ encode’ stil l rs ’ t . , , s s s  the t ra dilional shr i f t  s tab ihrze ’d si ght mec lnannza-

t ic-n, Howeve ’r , the “LAYI)OW N” mode sho es emp loy the target nnarker placement al go nithun s u us-hich p.’ r -
s u i t s  wings nonleveh pullups.

A s  dii cussed  in-n the precedung ,is ’ C S S , i s i i , t ine’ sof t s - v a r e  for the al gors t hrm is r ise - san-ne for ies - n’l a v-
slown il,’lis-’e’r ies as it is for dive’ - t o s s  de l is  c - r u s s - Ilence’ tine pilot can pe r f o r m  a s live’ — t o s s  dehive rv s s s  si c

tine LW 3311 ~‘vr ’s u though the nnnode ’ ss-vitch is in the - I s\ ’n I)O’s V N ’  position. l’ieis dual mode r’rse~~iianiz,ation
infs , ’ r s -  pilots the u n i q u e opportunity to t r y  out and compare ’ inc-tb d i v e - t o s s  ne- ’iec heanr -zat ronn s , us’mngs h e v e h
pulh,ip ye ’ rs u rs  s-u- ings nonlevel puullup, on ss scc c’s a r v s - p a s s e s  simply lii’ changing tine n-node sw r t c h  from

( ‘C RI ’  t o  “LAYI)OWN’’,

V .  CONC I.! ‘SIONS

S , I Al gor ith m for ‘uVin gs Non- I,e ’v e ’I l’uillup

Displacement c - s tire t a r g e t  marke r symirol f rom the computed impact point by an anuount a- T paral-
lel to ‘hue s ight ’ s ors linate ,ux i~ and Isv an ane’ ,oss nt a- ‘

~
- tan, 

~~ 
— ,IsI pa rah le l  to  tine s ighs - s a lnsc it sa  s-c ill pe’r —

s un m I s , - pilot to ‘ is - i s a - n a t e  Spickle ’) in a roll an,) pull s- s r c - i g S ss hack On the s t ick  is- sSS is r i , r  f i r s t  uinrollisia- innto
us cc i i-, ,,,’ l eve l c - t h i s ’ S , , S he’ equations for coniputing S lee ’ quantit ies a- T an’ ta n (g5

1 
- a - )  a r e

( ~~~~~~~~~~ 

~
\ R

11 ~1
R~

lan a- , , -
7, — \

~ f (-j 7~
-
— )  +

(I - Cl tan a--tan (a - I — ‘Is ( =

F’ + tan a-’

ss b ss ’r,’

F = sin a- cos (tan ‘a- + cm

= ground range to computed impact point

t
PR 

‘ a rb i t ra ry  parameter nominally equal Is, 2 .5  sec for d i v e - S a s s  and level iavdow n
deliveries or e qual to ,‘e’ro for CCIP ds’ l iyenies

V = grourrs d speed

Z = alt i tude above ta rge t

= flight path-n ang le re lat ive to tire inonizosetal (positis-’e’ in a ,hiv,’ S

= impact angle of co mputed t r a j e c t o r y  s-uRis respec t  to  thee ’ S u o r i  ,‘s’ssst.,l

a- = depress ion  ang le (be’ los-s- the h on ise s c - rs l of tine l i n e — c - f -  s ig l’st Si - s SIr ,’ cc- s r -spurted ine s pact  pc-is is

a i r c ra f t  roll angle (positive for right s-s ire - a- dowinS

1, .5 Effect of A pprox imations

A pproximations e ’ n’rnp lou’e’d in deriving tire S’,s re ’,,Zs’ei usa - e quia t ice ss es nut ‘ scsi  u s ’ a ccs ’ptablv ascii. II pi ppu’
placement e rrors for s-vh ich the p ilot can compensat s ’ hei- (,elhc - s - s ’ ire g tine s tee ring cone,nnannsis indicated 5’v tine ’
compunter during the us-ings nonlevel pullup.

S. 3 Pi pper Response to Rolling Motion

The fore’going prppe r place ment al gorith m pros - ide ’ s S h u n ’ pilot s-s i t u  a s b i re c t , u’ ,’ s - i l s s - ,’ co nt r ,c i  os’ s - , -  line’
azire’euth location of the pippe r prior to pickle. Sls’ rolling ti-ne’ ,n, r u r ,st ’I sine’ s- say  ,‘,u’ t ire’ ,‘u 5 ,s - r he cars ‘ s s c - s ’ s ’
t ins - pippe’ r back and forth a c r o s s  SS se si gint.

Inn r e a l i t y ,  ‘ -- - p e - c u a l y  in Ofl— li uai-s1 s y s t e m , I’ - w e - r  i s  d i’ - S n s b u t S d  t , , su ts ’.en j—rom ,r s t r a i n n u t  [ r J  n i b  i t  j q  no u e p r u v i  s t i n g a l i g h l y -  e cl s s ma qe - p ru
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“ .4 Asl u,~~rtion to C( ’hl ’  and i ,AY l )OW N Mode’ s

rhroug h s-’ an iat ionn of tine paraneneter  tPR~ 
s Ins ’ f o r e g o i ng  pippe r placement urigonitlens can also

accomnenodate C(’ I I’  ansi leve l laynlow n sle’live rica ni asldition to the inannked puhhunp, dive — t o s s  de l is - n’ ry  for
ushich it s-u ,~~s s )e ’ s i gne s ) .

A i’I’ sb”.N SIX A. PROOF THAT ‘l’IIE PARAMET ER 1- ’ IS L,)- ~SS I HAN [‘NI’S Y

By definition

F = sin c- co s 5y ) t an  ‘I + ctn ~ 5
) IA - i )

ca bs - re the three ang les , a- • y ,  ant I y 1 are , res p e ct i ve l y, the ang les Snet us een the hor izon ta l  plane and
( I)  tine hi ne -o f - s i gint f rom the’ a i r c n a f t  to the computer) impact point . ( a - I  t he us-ca po n ’ s ve hoc i t y  vec to r  at
sh,’ computed r,’ i ,’ase’ point , and ( 3 S  the’ s -v eapon ’ su i’ c’ locity vec to r  at tIne compu ted impact point. The
s boca nwa rd t r aj e c t o r y  cu rva tu re  caused by grav i ty  gu iarantuses the fohlous-irig inequalit ies for all dive ang les
iess than 90 deg ree’s.

‘I < a- < ‘a- 5 A -  .51

By virtue of the above inequahitie’s

ctn ’a- 5
< ctn $ ( A - 3 )

Substi tution of ( A - 3 (  into Eq. ( A - I S  yields

F <  sin a- cos ’a- (tan ’y + c t n a - )  cos (8 - ‘a - )  ( A-4 1

According to ( A -  2) . a- z ‘a- for any dive ang le less than 90 deg, and j A - 4 )  thus reduces  to

F < I Q . E . D .  (A - 5 )

lit? 
;;‘ 

— -—- ‘ -~~~- - —

modu la r  , ~~~~~
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

e ’ t i v i t y u s r. . ,l ,u i red , the tn - - I , - , , ar e  C o m I s b n ’ t e l y
— 

5 5 ,  r t o  ‘u r  m -i ‘- s r i - s i n  - a I S — 
~‘ ‘ s  1, s~’’ I,’ -
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5 \ n ’ i N u s , a u ss I u ’ S s I I  5 55  5 ’ u ’~i i ’ i ’ I ’ S Si ’ ’ iN 1 ,1, I 5 ,  II ‘ 5 5 - i l  I-~ I I S S ’ N I s ’  -s - NI ’  5 5 5 -1 5 5 5  I’ S ’ S ’ , 5 N  ‘ ‘ ‘, ‘ t ’ SC,’ ,\ss s - a s - I s  it,ituis ,,~nui

II ,~~\~~~‘ S, ,s ,ns - 5 r s _  us , K. ’s n g ” i S ’s ’ l~
I.- , i n u s i ,  s i  m u , ’ , s , ’ .  • 5 5 5 - _ s - I  S . ’ s 5 - 5 5 5 -  _ ‘ ‘ 5 ’ is 5’ ~;n . 1 1 5 _ s i  5 S s s g l s  s. ’.
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C t r c ut t r y  wi  tIn the’ digital c ircu it rv perfus rsnui,rg lsswer speed sl gnn.i l airs) dat .s ‘ ru’,’u”. a Issg I’usn sct iuens s , lIne’

-
5 d igital f~snc t lonsi may t helnS selv css be’ s .srt  I I: ic-ned on t lie bus i ci s,f spec’ s) . Musit cusS’ )‘s nuss ’ I lssnss ln ;sve ’ us re ’s is s S 5’ . ’—

- ‘1 cent for some high speed (real t ime) cee mpsst at  tona l lusglc . ExamIs lu’ s ,sre ’ d ig I ta l  spect rum us , ; s lv s  is , utens ss s l—
~ ulat Ion and siecod tog. Tlnese funct (se ns requ ire speeds in. e’xs ’ u’n ci es f  tlna t ; s v s  l ic- is les frs ’m s usm ls ,sts ’ns- ;ns~sl c - r i’
i
s) se ’ nfornnned w it ls spec ic-I tied ded icc-ted lesgic . Fol leswi nng thee itigIn spe’ed uhigi ta i  cs s mh’u l t .st tern sr ,  ,u se r i es  ,cf
I

_
i f un ct ic -ns a w in ch to le r a te  a lower speed i rsum eni c a I cc - les s l,i t lone c-net s ,s. ‘ ,‘ ,s lc- rge ;isss ,’sssn t ‘ 5 ’ log is - us I I on e ’ r5s re ’t uli i , 5 5 5

n
~ 

Examples etf these ’ f ,rnct ions , .  s t e t hre ’ is)ss ,sI , h ca l cs i l at  I ,ssns , pa rc-met S r  s ’ c i S  isusa t iss in ~inuI m,es t  post —,I, 5 s ’. S tu c i s pr o —

I cess ing. TISese’ fsinct Ions not ss,nI V can he iserfu-s rmed try .s cus mjn s st e r • bust a las, make ’ t he ms’st s f 1 ,’, t lye’ nus e ’ s ’ S

~

, a computer ’s logical capabilities.

F’ig ure I exemp l i f ies t )ne apprunaci r hulusgtnes ‘ cnu rre’nst designs have t akenn In apply in.g s’ u-smps I ,‘ rci 5 ,  m is - i l ls’
gss idan ce . This is a ce,stra l  prsncessor syste’m where a single co usn lsss te r ss’ru’ ices e ’ ;s eI s s ’ S t his ’ ss , i svs ’ s t e ’ms.

- ‘ Tine purpose s-s f the computer is to perfssn’m those parts ,‘f the’ s,sl ,fusnse’ t iss n s ,‘a ls ’ss l at issni t Is. s n ire’ m,es, t ,, m , ’nn ,sS sS
to co mpeiter Imp lementation and st  the same t ime nerve ;ns tin ,’ Inst e’gr~it insg ci e’me ’ nst h e ’ t w e ’e,s ;t l I t is.’ s -s lId sire , ’ t is’n
p r o ce s so rs .

The alternative to the Central h’ri ’,- e’ssso r is a Dlstr ll n sst cd h’rss u ’s’.ss -’ssr . l’iii,i ws nuslst  ,).‘ ,Il.’,ii.- ,s,, Insh ic’ idui ,u h
- 

- comp,ite’r to each of the seibsystems w i t h  ;, u- ,s n.mr un icat tons network c c-Inn ,’ ,’ I in.g I hem . TI,.’ , i , s I  u s e r ’ a ,- S,s ’i ,- s ’ ‘5
-
‘ cen t ra l i zed  ‘;s’ St  s’m is h,s sse’uI on -sn eva is, at i,n,s se f l’ rs ’se’ nt I v asusi i I ,s )slc ’ i c ’s’), r is ’ l,’a- ,’ Is.’ ill, 5 5 , - s I . ’ I 11,11 I ’ ’,s ‘‘I

“;svailable ” as derived from the cosu nnit tment phr ase ’ ,‘ I the 5 rsc j s ’s S In Slnie’ ss t luens ) . t’,,r n,’,it iv r S , e s  , s~’5’ ,- ,ir I s ’ I’,-

I 
Four types of comps it ers that Irs’ applicable ’ to 1~5,’ t (cal missi le si-s -I ,‘ms- , ‘l’hle’ v - s r i ’ s I rs - , ~5 5 I~ ,- ,5 i n s  1 uS d , ’
The f i r s t  two c euti psiters in s Ins ’ table ’ are based on ,‘ sem nsmer c ta l ly  avail ,,)’ 5 , ’ ml , ’ rs ’5 ’ rs ’.’ s ’s;’is ’r’. ‘ u s ,  5 , s .  Ise ’ l ,s i  ,‘l
8080 and thec Texas Inst ruments 9940. Thesis’ eompnste ’ rs ,,rs’ qss it,’ lssw ins rn’ , sss ’ ring “‘.5 • S .s sr ‘i n s  ., I “ ‘ m u t t  e

slow. T)ue basic structeure of these NMOS dev ice ’ s  a l lo w s  l i t t l e’  fle’ xi hil ttv It, sRI.e’i s l a t ,  ins - t i l t ’ ’ - I .sre -n

t he i r  inss t r nse ’t i c - n  ,se ’t . The next cucm peute ’ r t v~su ’ in the’ table is real t c.e’eI wits , I’I m’s’l s n l.a - I  Is ’s I .. ‘ S. ’~’s , 5 c, usi a - - I, ’’-
of the’se s ’u s s , s 5 ’ s s t e r s .’lre fabr icated free.,, tt ,e intel 3000 and tt,e’ Ame rl,- ;s,, Mt ,-,, ’,S , ’s’i , •‘~ 5 5 5 5 5  l id  - l,’s , t Ine
bipolar log ic sr i  lows re la t i ve l y  hIgh speed operations whsile the nuss ’ of l.Sl I,’,’hnl qsi,’s t e s , s i  5 ”  5,, I , s s ,  Iv 1,1gb
s ie’n.q l t i es  at how ,- ,s s i  . Fur ther , t h e y  ; u rs ’ sn. i s’ rs ep rssg ran t s ma h ’ le w hsi ,’)s pe ’ rmt l  ci t ) ss ’  t . i I  I,-. I , ’ s ’’ S t S,, ’ ir i i ,s ts  s S len
s et s  ansI their ;sr,’hlt , ’,’I nrc’s, t s s tine’ s~ss ’ i ’I f t c  appl ic-i t teens at hams1 .

*Sem~s of tI,,’ recent rs ’ss ’ ,s r , ’ l,ers in s l i s t r i h u tes l  cs e m p ss t e . r systemS 1,,i,,’,’ S ,s , ’,’S ls’ ,sn i 5’ n . ’ S ,‘ S s  ‘ .5 5 . ’  I i s i s  s - s 5s5 ’ 5 n ’
A rithme t is’ Unit apprseac’h 5s, seine of the ’ greatest s,’I t,;icks t,e connspe ,tu ’r sirs’h s t t s ’ s ’t ,, r,’ , It s ’s.,.’’. t • if ~‘ . s s li’ s -s - - s e m i
hash bee’n hiise’d ,nn a nn,o re op e rat i c - nsa II y pa ra l ie I at  rue Its re’ , t ins’ 1’,.,, Ne”,m,nni, s - u- al  e m  ws, is i s ) Is,, yi ’ 1.,’,’,, ls , s , ’,, 5

.svs ~ sv • lust to save hsnrulwars’ . I5.u’s will ire’ as ’ s ’ ,, , t h is ics tIre k,~’. I” 555 t’csenls,mI ,’,Ii i’s’ s ’ X 5~,’55.I , I S S I n ’ ,‘se mpsil i’r
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I_I s, - 5 ,s , , i ’ l l s ,i lt , ’ n ,, ,st is’ ,’ l,s l’.c h l ,  I I,; _ s S , , l  I s ,,, ’ , ;t , ’s s , m i , n t . s ’ rsspssn. ’ u s~n’ I s, sa- a s s ’ s - s I n  ‘a- s I, ’~~t ’  , i’ )nI~i insiis I s u s s s ’
5 5 s - s ’ , a- e n’s’ h i g h ci i’s ’ ’’ .5 h l i ns ’ l . s n  Is - s  I c’s ’ s,,. S ,ii ls,w,, ‘ us ,  m phe ’ Isu I s s -~- I s  ci i u s  In c. ‘ s ,  i s is  e ’,’ n is ,  s i  .5, ’,. a - is ,  I I s -  i’,- s - s , l  S I’.
‘ 5 c - n - s s’ l s ig )s  5 I s n s sss u ’ i S S s s s s m  I I  .‘ . .u ,sd u, ,nI ‘ i  S 5 , 5 _ u i  e l  n’ , .s Is i g ln s ’’ ‘ S , s s s ,i 5 , , l t  Is’ I . , s  a-, - ‘s. - .‘ n ,Ii,,- , ; I~ ’_ u5 I,,,, ,

S\ ,)s_O .sl he’d nIei,i v s’ I tI,,- i , ’ s ~s s  ln’ e’me ’u,S ,, ‘ ,s  I ,‘,isl , . 5  II u s - ,;,, I s t s s , s , i I s u n  ‘i s ’ s ’, .. , . s  sls, ’w s- n I s . s S  S S s s ’i - s I  I 5 - s  5 Is, -
t ) s rs’sSg inI’esI 5 _ u~’_ uI . u l It  Is ’s ‘ us I .1 b ij ’ ’ ’ I .u  n ,,’ 5” b ’ ’ u n e ’i’ . C,,, ss. , ’ , 5 55e ’ i n r  Is’ , i S  .s sll,i t i I ) ’ s n l s ’,S s s ’ s , r b ’ s uts ’i ‘ 5 5 . 5 5 5 , 5  a ‘5 ’ - ’ I’ i~~’ 5 ’ . ’ ’ ’ s  .5

i s s r  .1 I,s ,’t i, , i I  m i s i s t l ,’ Is ws ’nsl , l I c - i c’ I h s  s’ ,ls ’’ ;l gsst ’ n mc -  ,i i s t n ’ i l s , s I s ’  t lse a 5 , 5 1 , ’ , ’ x~.,- s , - , s s  , ‘ ,‘ s ’ 5 5 5 5 5 5 5 5 c n $  ,,I,,’s,’su sn i Sis ’
I , s~~t t n~. e’ iu t I I n ’ s - - S I’ .sI’ l~’ I . ‘I’ , _ u , S , ’ s ’ s I , . t sss lS s ’s - ) u , u sse ’  ,uSs, ss ,, s i) , b ,;  t s  ne ’ s ’ 5 ,, 5 ,5 , ,  t s s  I’,’ h e ’s- ,, e s ’ ’  . 5  . 1  5 .‘.‘ n 5 5’ ,- 5

a u’ c’i it n- .l 1 Is la- Is si S e e ’ 5) s’n,sm lssut c ’s’ ,

‘IIs,’i,- 5 n ,ssb, ’ ,‘I S ,stesd I e s ;  ,s n , ’ ,’’ su m I n’m,’,I l’s’ .u S , , s s l  I t l,’,s,, I ,s,e t bus’ ,I s ’ S , - n; i br’s,,i S ‘u ’:  ,s ’ SSn 1n ,,5 .‘ I , - ’ ’  . I S 5~,s, ’,i, .5 ’ .
u: ~- ,.,., - l . a  S , s w .  sIn’ ,’ a,-l,,_’ ’ s I.,,,, is - ,unu e’m~s l , I s ’ _ s l I s ,s ,),_ ‘ r l v s - ,5 r i l e - W IIl~’i5 ‘ ;S ,s t e ’ s  t i n s i  ., ,‘ ,‘ ,, , m s ss ie ’ n - ’ s. ,- ,‘s - I  Is
p roiec- rt 5 ,s , u.u l  5 , ,  5), . ’ n; , 5 , s ,sn ’ e ’ no,st s ’ S  I t ,s t l s r ss s s g ) s m nss t  , Is ,  ‘‘ 1 ) 55 ’ s  w s’~~;ts, , 5 5 5 , ’ sIsn ’ s~ ug ) s m ~s~S ‘‘I ‘s . u s , c ’ I s - e s ’  t s 5 ’ s s i  s ’ I  s _ s ’ s
he’ s i, nsst sle’,i by .sr , ’ S s b s , ’,’ rs s r ,s b me iSSI i,’,u n i.ss ns Is s r  ,s 40 ‘ . r c - m S  isus - r e ’;sse ’ S 55 ,55 55 , 5 5 , , ’ ;  Is s bs ’.’ n , ’,,,,lv I .‘ ,. ‘- ,  s -s ’ s - i s - us ’ .-
i 55,,,, s ist ing two s’sc mhs ,st e n s ,

Urs ’s , -l u , ’ ’ s l,,iw w a s -  l, , rn,,, l ,-. ts ’ ,I 5 ,, t ,‘s ’~s s ” ss I lIss’ ‘ s r I  s’ ,,s,s isu r n ’ s,, s, - s ’ss s s n I ’ ssI e -i’ s , hsut I 5 Isis I s e e ’ s r I,,’,,’ s , I s ’  5.,’
n’ s ’ b u s  iv,’ I v  ; 5, ’ ,’ us ra t  e ’ Ins Is le ’ ii is t S in g  s ’ .’ it  S W I I is 5l~ ., a- iV e ’~n 155,5,1 ,5 su ,se ’mis ’usu ,,)su, ’ S ‘n’ t s - s lut.,’ Is s

u’ -, s . I I 5)5 , 55 1 .5 Ins ’ ss s ’ I ,‘,I
however • tl,uit t int’ r,,l,’ ulrne’ s ins’s - s m ’ s ’~ .s ~ v ,il is) I s, s’s’mpi, r I I~a- s’s’ IS,js ss t e’r s - s - S r  ‘555 ,. ‘ re ’ , s S I , ,‘ sI iss 5 I I S ,‘ n , ’ .s n n .‘s ’in,,s,I ‘u” I,’ ,, .
ite ’s’ ,’r,i I • u;5i’ , Nl4t)S s’,,mje.st era fluky isss le’e’sl re p,’ 5 5 5 5 5 1  . 5 ls ,w s ’  n ,,’’ .; I  ass lus t  Is’s, S Is.s., a sir usa - I ,‘ 5 ’ I m’s ’ I ,s , ,‘ ,sn,~su s n 5 5 . II,,-

5554 hon i t s’ se f t he’ s,sh fs,,,,- S tss n 
~h s e e ’, I ‘‘‘ l’ s  5 re ’me’s ,t S 5)55 m u s t  a I lusw t Isis I,’ ise’ a s - s  I 5 , 5  ml cc-; I 1 • ‘ s ’u. usa-c ut s n  .5 5 1 ,‘ n’n r , , t  S 5’ , ’

w i t l , ls r  c’u nre ’ns( Iv .sv ,, t I c- h I .’ t~’s ’ Is~. . s l ’ sa - s .

IJt~ lu-li ,‘ I C lee ’ last  t ws ’ s ’mt r I,- .” S is laSsIe ’ I .- s ,’ s - ‘ ‘5 ,, ’ ,’. s ss 5 sn  ,s 
~ 

)s.’i’,n IrIS is S I .‘ sbe ’~’e ’snds ,s, ,  s S Ic ’ s ’ ‘‘fl’I’ I s ’s 5 5 5 ,‘t  I ls,s S
miss i le ’ , 0,5.’ ,suv Is s s i n s s l , s t n ’ l u r e ’s’ , I ,s s c i s - s - ‘ s, I s’ss m I’ le ’ x i t s ’  5,, ssn ,ns le ’ rss t s r I,,,I n, lsai l , - s - , II,, , ,, n , ,, usI I in,s ’ s S 5 ,,
tat. Ic ’ .‘ . i~lie’ S I m l  ( 5 ’ i ; is - s - n u’s) is a V e ’ rV s ’ ss m5’ l e s -  . -u,,,i Ise ’, n,, ’ ye ’, s - s’ x~’s ’srs lv.’ unIss I Is’ 555,551555 5, ’ 5 C, n ’ , ,  S in I ‘a

quia is t I I is’ s . Miss I I e s -  ‘ is I t Isis I v 5se ’ I’rs’v IsIs’ Is lgi. 5se ’ rlssr sSs.l n ru’s’ lin,S re ’ s uss I re ‘ - s - I  n e ’,,,,’ I v i ‘ s s p  Is 5 s i t  S . .s  S ,‘,S e’ I s ’ , 5 5 .‘ ~n S ~~,

W hile ,‘ i’st is ,s lw . iv s  .5 s’ ss , ru- c’ n,s , t ls ,’ I’r inas rs’ sl e ’ iS gsn s’ r I t s ’ r S , ’ un  in 5’ s ’,’ S , ’ s sss.ss  5, ,’ w I l l,  s ’ ,’l I_ i t ’ l l  is- . SI,, ’ ,,s - s ’ s - i ,,)
missll,’ II’l,,ss 8) 1,, ,s me’uiie,m s’s ’ s t  , me’sllssnu ‘,‘ni’s’rmsll s,.’ ,‘,‘nsI lge i r,st Is ’ , , ,  I t s  n,iasl,’ ,n 5 e ’a-~~ lre ’nss ’ s , t s -  sI,’ us ’s s le ’m;s,,,u
the si lt isss.si ,‘ ins g,uIsl,i,n,’ e ’ s- - ‘‘I’ In is t  l c s t  Sus,r, a-Sn t l  se ’ ,’  n i,,’r )s., ,s s l . I’ rs ’sI,s s s Is ’s ,  Is -  r,’ I,st Ii’ s ’ S ’ . ’  l . i s g ,’ , s sssl  ‘ ‘ ‘ ‘ S ~‘ e s ’ ’ ’ ’ ’ ’ si

~ 
si e s t a - s  s , - ,’ ,ssi t r.iin,t us - ins ,1,ss rt ,u ,,t ,ss is e ’ r us ’ i n ,u u i  n. ,’ , ‘I’)s,’ t ) s i  ‘ sb s ’ ,s t ~~’g~’ti ’ 51  ml,;s-i I.’ 5 s ’ b , u s . c i  u S  ls. u s - .s ,s’ I . u s  sus :

simp le’ gssidan u’s’ s t res ,’ tu s re ’ c- m.d is prssules , ’ ,’sI is, miss lye’ 55 ,i ,s ,n s I I It ’’., Mis- i  5 , 5  ‘‘‘‘Ii’ S s ,- ss s , - S , 5  s- ,i r ,- 1 s , , ’ .S. ’  n.,,sussl S 5 , 5 ’. ,

but n,’s’s inr ing s ,nst is s’ I ,‘x t r e ’m,’ im t ’ snn’ t ;sn 5s u’

S a genera l , t t se ’ nniesn,_’ s’s’m~’lerc t)..~ miss S I ,‘‘ ,s S ssss, - 5 Sin ,s , t )s n ’ ,ss unn, ’ ‘owe n’ s u I ~ u ,,’ s , s 5 5 ss S e n  I t a- I 1 I ,,‘ ‘s ,, S I ’ ’  , lb, i s -
is I arge I a- elsie ’ t s’ t ) s . ’ e ’ ii t e’ns ive’ amscssn t ,s S I usa- I,’ is I “ps r;l S I uesscs S se ’s’ ci.’,) I se t Is’ ‘ 55 S t s t e ’S C e ’ I S 5,s r a I a-In c I s . . ’ , ,.  -. S isa -
of  ‘ se ’ more ’ ssss~e in is t  i,’ , s s e d m i s - s b  he’ s. ‘u’s ’ t s r  ;s,nui r,’,,r 1 insks , ,‘s,; , s i ’ s’ n~ ”~I~s ’ ’’ 5 ’ ’ ’ • Ma- I  m i n ’ l , ’,smus e , I e ’ n s s  .s s  s’ sic. ‘ ,‘, I ins
c l ass A comp ie’x I lv  m iss i l e’s w h i le’ hlpesl ;sr  s h i p s e t s  ;urs ’ fu,ssn,,I l,s ,‘ I,us- i  8 mm ci i  I,,’ . lI,. ’ 1,1gb p rs s s  Is,,’ S  Is’ s.
,_‘ l cc ’’ , a- missile’s do snot vs ’s us,’ s’ss mps s te ’ r s .  ‘l’Inls is l . s rge ’ I v  sIts ,’ Is’ IS,.’ als ss 5 e l 1 , 1 1  s - s’ I’ tb ,, ’i, s ’s , ‘s ure) ‘cs ’ —
,‘,‘, ,u’i . Wh s I I ,u’ I he’ rc ’qes l s e c 5  S s si nu I is,nsss m,sst Is,’ I5s ’rtorme’,I Inn ‘ e s  I S Issue’ • S Ise ’s’ us’ .’ Ins’S .‘,‘d5’ 5 s ’S. ‘ 5’ ls .sus g hs t 5’ )us s l  S Is ’
t he , s’s t s.c f 355 e’mh,’sSui,’ si ,‘rqse’ssulab 1 c’ s’,’ ma- s it e’r . ‘.s 5 5 5 5  I I 5’ 5 is ’ s’ I c-is u ’ ‘ 5  .‘.S s s s  I I ‘is u.s tsuS,s e’s I rn 5 Ire’ Ins ssn il scsI ’ . ss S
t ho,isand s lust il’s’ ti re st ,’ ve ’ lcspmenst ust ;‘s is s l s .sSnS 1,51 ,le’v l, -,’ s (w I l t s - l u we ’ ,’ ,’ ,nsst hr s - s - I s -r u ss ,  s s , ’ Ss s ’s , t I,. 5 s n ,‘,ie ’ ,SS ,:, -
e ra S So n 5sf mIssi le ’s ,  w,us - uluu’ vel ssjn ed) fs s r rIse ’ a ~s e ’,’ I)’ i,’ isunse t  issnssi i’ ,ss sns ,I is,  t I s, ,.s m iss i l e ’ s

Ta ble’ 3 ,s,us,main’b,’s -s the’ ,,bst’rvat iu,s,,s t t s ,It ln,ivs’ )se ’s’n m,luIs’ s ’ s n s ,s, nu ps u ie ’r ss ’ l e ’,’ n iss ., 5 , ,s 5 ) rs ’ ~~ 5, ,,,~,’ ,’s snss~~’ s -i ’
5 1 1 “ci sef I .5 , ’ t ical mi s s  I I ,‘s , Sets. ’ 5 i’~, S s ; i l  mem,,rs- ne’qss S re’ms ’ts t ci Ir ;su ’e ’ ,u I cis s b c e ’s. is,, lus, )e ’ sS i .‘ a- ii c . iss I ,,,I l,,,I S ‘ i s
o f tlr,’ program siz ,’s -  t ls,,I Irs - hs’ Is ug st is , ’ usc i se ’s I,

TIre’ s ’s ’ s  15 5 5 5 1 5 5 I,,it I,ave’ I,e’ e’ns msne ’ s ,’,st e’st nsa ’s’ I’ u’s ’’ ‘me’ ,- I ,‘ , urs ’,’ ui I e r  is ,s ’ , ’ s - S 5 c_ - s I Is ~,s s ’S s,’me’ s ’ x s t i 5 ’  I s n - . b’lse ’ 5 I 5 s - 5
e’x urmple w i l l  Ins’ c- s- lie s’ s SI m iss i le ’  ussesh Sn ss,s s i r  I,, grssu ,sesl mis,s iss ,n ,s rs ,l s ’mplsns’ t ng ,i.I SR ln,,,g Is.g a- id.ss ~.’ ’
s y s t e m .  s\ hts ’u’k d I.sgr.im is ,u5s , ,w,, In Fig e n re ’ 2 Its s .c ’ s . 5 5  isn,, , II,,’ ,. ‘s’, k e n ’,, t pss l  s i gts~ils .sn ,‘ S l,’ s r 5, 5 51 1. ’ .s is
avionics d isp l i v  . lIne ~s I Is ’s ,s le’ws th.’ miasi  I I c ’ s - s ’ s ‘ts r lle’;ls) uu, , s I I I is. ’ I i s a - e l Ius~,,g~’ ~~ ‘ s e ’ Inc ‘ 5 , 5  I S ,, S 1..’ I i, 1,1 ‘ 5
V i e W  ( FirVI . At t h n i s  t ime ’ , tIn, ’ m i s s i l e ’ w i l  I lse ’g lns iun,t,stn,.in i. In’ ,ls ’ Ss I n sg .  ~\s s ‘ ,‘ ss , us I),.’ nss l s s i le ’  .ss ’ s~s , 5 n  s i  IS,, ’
des lgnsiis’sI Ic - c a -s t It s.’i I 1 5’,’ S , iss n is ’ lie ’u) ., sss S t.s’g ins n s ’  h,s,,s n,’ se nr Ilss ’ 5 ,u a-’ ’ r Isv su sa i ss a -  s- lgun . ihv ‘ I s ’ 5 i u . s  I I nun,,, S b,~’
target n image pslr;ime’te’rs.

Fran. II,, ’ S .rc, ‘5 ’ s ’ t i ve ’ of t h i s  m’s luse ’n . tIne gs s l ,S.ss s , ’ ,’ ess iS t  ,‘,.,sI ,u suss 5 , 5 , 5  555.i Is ’ s’ ,‘s ’mt’ ,’s,e ’unl a: S Ins ’ v ‘ c ’s’ ke~I
5’ I es I r,,n I ,‘ s , I Iss ‘v 1, 5, 1 s’ a I ri ,- n I , us ’,’ , t l,e’ ,us s l  ,‘hs I Iss I ,,,,sI I I n e ’ s , ’ nnsps u I e r  . ( is’s, ? S isa- .,,ssl 5’ ,’e,’ei’ s - a -, ,, I .s S I s ’,n I 5555s 5 5 , ’’i,;
may cisc I I .,‘ s’ ,impeit s’ r bus i .s n’ s ’ i,,,t s) I as -,, as- ‘ e u  S I,,’ re )

TIne as ’ns t ag e’l ,‘nni,’i,s s ’ S  ISis ’ cs, ’,’k ,’ r I s- ass ig image ’s ’ s,sesss ,,t .‘,b s’s. ,s gim)s~s h es l  5’ I sm 5 sir,,, , II, S ,‘ su,n Ii a-~ s ss -~ .15
v Ide,, s i gnsa I a w in I sI r ,s i’ ,’ f I r s t  prs es ’ e’ ss e’ui by ansi 1 seg s’ in,- iiil n’s’ . lIne’ ,,ss,,1 s’g s-c ’s - s  is’,l 5’ renv Is le ’s uus s 5’ l i S  I . 5 1  5s ’us , As .,
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‘ , ss , S lye ’ • s ’ ,’s’ I iss a- s - sa l  i’m ,t,s,’h is 5’ s’~’ s ’ s’ s) ,u i r . I g~si’n 5 ~rg I I i a- In s uns u l gnss s s s nu ) I e’si insa - , .s us) ss 5 Is ’ s 5, ’,’, I c-s1 Is’ ~~~~~~ ,s ~
,

‘ 
ove r t I  se ’ , b s s s ~ . 5 1  ie’,s c- I I t s  f I  igis i ; ; s time’ ti,,it , .sn , ’I s’ c ’ s-u ’ s ’s ’ u Is- ,s 5,515,5,1 , ’ 15 5 5 .5 , 1 ‘ s I  svs t ,’mss , 5 ’ , ’ , s,;, ’ , I’’’ ’ s ’ S  ~‘

‘‘I’ ’ r,sI ius,,.i h u’sS,’ i b ut : I,. is n lv n’.’ u lssi n,, I u)s n~’ issg 51 ,1 ’ s si’rl,es i s ’ s i m I s ’ . II’s,,a i i v  ,s l’Ms ,sp,’ r ; iS,, ,  w i l l s  ,s
,- ,s ,s  I Isrg s’r i n s ’ . s t  ~s i n s k l ~tg ss’ csI s ’m 51 , 0 Is, ‘ sIc ’ sl gs ns ’sI I,’ l’s ’ s’ii l’s’ s ’S Is’ s _ S  is  ‘ s ’ s h ,nn lung  I Is,’ I i igl,i s’i lIne ’ ml sa I ls ’ .,s i.I is,
t) u , ’rc’fu ’ re ’ ls ’,,s-’ ,’,,al l v , snsa l l,’r ,i,rsl I ig) s l e ’r tl , ,m, m t hs, ,S ns ’ s m s s I re ’s) irs ;,s- Is ’ ,,I, ’s , ,-‘,si e’cs t c’nssa i ,Is ss s  l i s t s ’ s ’,’,’ I lisa-
aVs t e ’ m is is roVls h, ’sI Is, r .5’ s - 5 ,’m I,’st lug.

,‘, ‘Mi ’ ,15 5 5 s ’ , ’,; In ’ s’,,, .s s , As ’ I n n  Irs,,,’ n i,’,,,, I s ’sss t l ’ la - u r i s  l,’ss ,,,, ss,,s, ’ S n us , II ,),e,’s I,. pI~v n ; I~’ . s I  , , ‘s s u  s , : , s n  s I  i , ’ss .  l’s’ s ’
I tt s lsmtn s ’e’. wIsI Is’ 1,,nl)i i5’ 5 5s~ ,’ .~ S .‘s . s s u s s s s s n .s ’ s ns ’ s~u s l  rs’  5 , ’  I’ll 5 . 5 5, , n,s-sn’ ,Is , ,‘us-’ lse,s Is ’s s’,’s I e ’ms s n ’ s ’ a- n- , le ;s h Is’ e’u’ s’ ls’ i~sg

lowa rsl 12 hI t  ws,r,h ls’ngllss wh,l Is  i s  In; s, ,n l  Ik , ’ Is ’  t ls ,,i S I r s ’ I’M, ’ w I l l s ’s’ ,’n sr~’e ’,I S i l ls  ,nsh,le’~) ‘ns ’s ’ is- I,’ ,,, II is; t,’,s,’
t Iu.il some’ a is,;I is ’ 5 5 , 5 5 , 5 Is’ins ne ’s l s u i rs’ s los s lsh e’ ‘ n’ ,.’ I 5 5 ~5 ,1 si’s’ n’ , mt Is~ ss • I,ss tIne’s,’ l , s s s , - I  is ’sss - Ins ’ ,s s , s , u i l s ’  l,,susal ins I I~s’
I s i s -  t ime ’ ,nitss ,,mling ‘ ‘ n  I i,s,ss s’l s- ,- ns’ ‘ s c - I l l  n,’ I I s’s ’ps- 5555 )  sl,e Ins ’ S s , ’S ’ s ’ s ’ s - s’snl ,t n~ i a - s  5 5 ‘ , s s s s  S Ime ’ h~ s .m,h ss, , IS,,-
s’s’ m5’ss t s’r

tic-u s 5 5 5 5 5 ’s ,‘ S .- s ssrs 5 sss i u -s - ’; res InS s . s - i f  I,- ls ’n,l ,ishsln ’ e ’ ss l lsg  st i s I s ’ s , , , , , ;  , l,.mi’ ,Ia’,,n’ ,’ nsiss l 5 ia - I  ‘ s n  is ’s , . , nn,S ul Is ’ i s - Is os
Inst reid Io,ncs sinuS e l I I’ ’ ),‘mt lsn .nsts ’ Is lnsg .- .,5 ’ .ds t I l l  In ’s, S 5s ’s.’,’s ’ , ’ n . I’M, ’ ’; ire ’ tissI ns ’ I’ rs ’u”,rc- tnssee ’si w ill, liss’ s cm.’
fr e i h is en ,u ’v is ,tu ’’ a ,  “sir Eli is n 5 ’,ise,un I l,s ’s’ s) s s 5 u . ’ S  n ’ s  5 s,n r, ’ nt i,s ,ss ’ s I  SI ,, ’ pns ’gn ’ snss s l 5 , u ’~ ‘ ‘ I s ,’ ,- ,, 5 , - , , ,  5 ’,; I sc , s S S , i  h r  Ass ’ s ,‘r
gt.ner,n L psl rpss i n ’ s’s’ItiS’Isl ,‘, ‘; _ I”ssn I,,, ;i. ,n n ,- , , S I,’.,t bs .g ‘ ‘ i nS  l,,,r,iw,,,’ ,’ .15,51 ‘rs’s: ,’ ,,s ss n’ ,’I,’,’ .s i  ,,l’lI ti’ I,.,i’s 1 1 1 1 1 . ’
s It ii itv  inn t h e ’  TMC . ‘l’ls Is ,he ’s ne c- s c ’ iin ,’ s’ ss j s l s ’ s h S v  Is S’ . , l , s s s , ’ s ’ ,l Ins’ I),,. I,i,’i S S n ,si  ,i VM s ’ 555551 se a - s l O e ’ -‘ S .5  li l a -m e n
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psiot .511,5 S~~s t s ’ 5 s s  Si ’s ’ t i c- c i l i a -  tis,’ s u” ’ s I e ’ i ns , s s , I s s u 5 ’ . u l s - II,, ~ I n c ’ s  s u , ’ s , I , - s , ’I pss l l ss ~s c-n.h p’es- i l is ’ l ,  lbs.’ s i s’ s S ,ssi i’ h, ‘rc- c c o re l t , , a - ls-  V ’s,, hi .sni s u ’ s ~~,s t nss , s is ,us’i,,s ’i’ ,.t,l,’, Is is’ 5 ’ \ . 5 5 i 5 5 ~ Is ’ , I’ s  5 s s S s - s i  O’o i5~ g Ii,,- t . 5 i , , 5  ,,,,is’I ,,- , ’ 5,, th ,~’ 1, 15 s ’s
the’ ,hl r , - r a ft s . I s s s  s l y  i’ ,’ c l es n , \u ),,’,r t Ine ’ , , , n ’ s ’ s ’ a I l  is inn .s I,,i,sI. s . s  l ils ’ I s I S , .s s s , i 5, ’, t In,’ m a - i n s  ,,, II,, - , s , r,’ ,’ . I rs
s’ s ’ lus,’s l y  i-e’ ’ t s rr , ‘.5’is,’,, S i,,’ .i i re’r ,sfi I,. in ,s S, .n,s I’, ),e S i,, s’ s s :Ist .
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tl,ruusghn hsuu l 5 . 5 5  5 ’ 5 1 5 . 5 5 ,  . 5 1 5  ,\5 ’ . As. ci ‘ c’ s’ Ii hi s 1 m m ,’ !, , t lse ’ a l m a - I s -s  r IMs ‘ a uS I5 e ’ r I ts ’  ;s t . 5 5 5 , 5 5 5 5  u s e ’ t lsrs.,uigls pss t r u n  s - s ” f  ,~1
I I5n ’ itSeisi I .s ,IV ,tl ls ’e’ s I As ’ a-Is u I ,‘ t l se ’ us,,’,., psswe ’ rf c s i ,‘,, ‘s t ,sn , dc -s S a - ,s s ’d ml as I I,’ s’s’mi’snl s’ ns- ne ’s5 ss I ne a I ls rsi ug)spsut s .s S s ’ lss ,, r
t unit’s t I,,si ,‘l ,, u r I s  s i  s’sv issni , - ’, ‘n u’s ’,’ Sss’i’ . (Spe c I ,s I  5 5 5 151 i, ,s i  i,,,s’s sss s u In ;ss g~’,,I a - vms Iss ’ s is ’ A nr .ss ’  stsapp lssg s - u s,
re’e 551 I r.- . 5 t s 5 ’  Is - 5  I hy 1, 1gb t l sne sssg is lssu n n.m 5’ 155 5555555 ’ s ,S s ’ .s,s , ’s’d iSV ion ic’s) .

I’,’ rlsa i~s t Iss’ i’ n,;, I s’s I. 51 1 1 1 e’ r,’nu’,’ h, twe’e’s r illS Av luins I c ci ,m,,d a M I ss I I s ’ CsssnI’ss t s ’ r I a I is t hue’ I r n,s’m,s ry s- I ruc t u ri
l’us )‘u’g I In w I I is , 5 isi is Im~s I un t ,sn-s ks s ’ I I I,.’ Tl’IC re - s 5 s s I ru I .5 n 1 e’ss s 5 sn ta 1 mime, n’s I l,;mti fssuiid in n ins’ AC . I is add I t iu’nn
lh ~s’ ‘ 5  rs ,, ’ m sen.’ o f  t l s i s  ms’ssc.’ny Is ci II I rn,’,s i . A miss i le -  comp uter  is a black bssx , It is progran~ se d once’ and

‘ . i I a ,ss  ‘ - c ’ ni’s - s i r  s -s  th is,  pn,,s gr5mm (e ’x u’ i5 s t for du ssi gn cls;inge.ss r I s c - s  tm s ’ss be hns ’ , , r5 s, ’ r .s Ie ’ d .11 ,j f ; ss ’ i s s n ~ ‘ s sr depot
1 eVe 1 ) . TI,,’ t vp I ,‘ .s I ,~i: , ,‘i. t he s .t lss’ r Is ,snss l , I a re’is rssgrc-mnsse.d ,s I t en  , II I f f s’re’nt I’ rssgrams a re sised for d i f fe res st
ml a S 5, ’ 51 .,,s,I e ’ nss ’o ,sns t s’ r s I t ss .m I S s’,,’s , I 5 ci I rssme ’srt ‘s I ion , rs ss n ss , I rss I nn I rig s ’s ss ’ n’ S s-s s , c t  C . C,,snse’a-ss e’ss t I i • a TS’IC ‘ a
p rungr,mm l’s ssornns.ihly sto res- I in n b,ardw ,s re’ gesm d I)niv Me’nsi,,ries (goMs) s.,I,,’n,- ,s’s sin AC ’ a prog ram is stored Its tnag use ’i ic
s ’ ,’re meIsis,sr Is’s w hich, sn , ’ ~srs s g rassunsed from magnet S s ’ tape s r tIns’ beg i in,. lis a- of ,‘.s, ’ In missions , ‘I’i,s’ u’apa ls I I its ,  of
sid ing fast  • si,’ns,’ 51501 I’roa-r;sm memory is one’ sf  t I,, I s n i s s u ’ ia - i l ss ,uv’ ; by wh ic ln tine TMC ;ss ’ hi eves It s  h i gh  s pe’e’d ,

Th,s’ esmhs ’ ulsi e’d s , , mts i re o h Ihe’ m Iss i l e ’  c ompsurs ’n a ] ,s, ‘ ,, y~ ,‘I,Is, s,,me- f,sns’ t issnn ,i l simp l i, i I y .  Because’ tl,e inpsst/
outi’ist i n s t e r l a c e ’s ns.sy be harsiwlrs ’ ,I ,mnd sls e ’c ic- l l  S el e ss lgiss ’,I, it  is n,,.t n us’ , - ,’ as. ,,v fs ,r t Ins, TMC tu, con m iun icate’
t hr,’ugln .5 55 .555 ’  r,, 1 1 zed inst er face . ‘lb I ci s - ,s vs - ’ s  h,’t Is lns,rdw,, ru I ,sg i ,- ,u,n ,I I ins s r  f ;ss I ng t inns’ ,

T) sss I,s.’it ,ltl te ’ns ’snc ,’s ,s lsusc,’n inn Table 4 .ini’ h’ro hsibiy 5 Sun ’ mssst obvi ,,uu’s , A ta, t icc- I guided m i s s - i  Ic’ Is a
piece of u’x ~ ,’ssdahls ’ or dnanc e’ , an ; , i n c ra f t  is nu ’t , Cssrrse ’qsus ’nt l~~, miss i l e ’  comp,~nem t ss must be lower In cost  and
5’ roeissui e’d I Is I scrgu’ r sissant I t ic’s t hsam t Is,, a,’ s r a I re r,n I t

Pro,~ rannssssIng t ine Tac t i c a i_ Mis s ile’ Co~~ e s i e ’n’

The h5r~”V i0555 sec tion has ssh,’w,r tha t the ’ spe’,’iat req esirem e’nt s ssf tI,e’ tactical missile application yield a
umnique snom 5ssm t cr s-t ructure’. These sc-mu’ requirements ne’verse’ some of the cssrrent trends in the way in wI ,ich
compute rs i re ’ used. Thrsissg hs.ss ,t trass t c- f t h e  csens~p,sts ’ r industry there Isas ,snisen a consciousness of the extreme ’
cost of au’i tware’, (‘omp uter programming is very labor intensive. Moreover , modern computer programs have
becom e hsig lsl y complex. This complexit y hc-s led to sys-tem s whs Ic)s arc e ’xtreme ’ly d i f fi c esl t tee Validate usr even

‘ v e r i l y .  Further , sa st computer controlled ‘systems are constantly being revised , updated or Improved . Thi.n

re su l ts In t hus )sl gli s-c -s r of s- - ,s l ’ twa re’ becoming a recurr i,sg o ne. As a resul t  alnnsosl any 5sr ic u ’ w i l  1 he paid to
si,nnpl i fy  the pre’par5st ion , slo,’esmemtat Issni and mai ntenance of s o f t w a r e ,  h-Sigh Order Language (HOL ’ s) sn,’
beco ming mandatory (o r nsss t mi l i tary systems and in sidd lt iss n, there ,‘sre sev,’ral on—going e f f o r t s  to de’ve lu,5s ss
singl e standard 1101, for all military applications, Coup led wi ti, the Incre asing cc-st of software is the
dec l i n i n g  cost of hardware . ThIs Inc-s led many system desi gners to use hardwa re mechanisms t o  ab sorb .sofrwars’
func t ions . An example of this m end is t h e  growing popularity of hardware based flusat ing point arithmetic
e lements.

In most mi l it .srv systems tlne,se trends arc- completely )ustifled . Ihowever , in curre,st tactical missiles .
they are not • The u se ’ of sm 1101. can Iss, ’,,r .‘s signif icant pena l ty  in exec nst ion speed and program memory s ize’
over assembly language programs. These in turn result in increased harslware complexity and c’u s s t ,

As descri bed in tIne previosis section , ;i m i s s i le  comp sst er is an embedd ed “ b l a c k  box ”. It is repro grannm~euI
Very infr equ cntiy ansd tlse ss only at the factory or depot level. Conseqsient ly, software costs are  non recesr nl ng.
Hardwa re costs , howev er , are still recurring. Furths er t h e  lange production qesant i ttes involved with most
missile systems genera te a large ’ mei h tip hv in g factor for the cost of any isardware addition. Missile sy stems
simply canno t affor t to ,55~ a }IOL and sill progra ssaning is done in A ssembly Language. F ,srthner , the decisi on so
add ahardware element such as a floating point aritmusr etic element is made’ on the basis of Its impact on

‘ sys tem ~ss’rfsersssancc’ and life cycle cost~ not on its effect on simplifying the programnm ,ing task.

This does not mean tha t software costs are’ ignored in the development of TMC ‘systems. a-vets If is is

nonrecurr its g , the high s’,’st o f program ds’vu’lsspme’nt c;nnno t he Ignusre’,l , css 5ss ’ c ial I v when devc’lopme’nt I s b id in a
cuimpetit ive environment . As a cc-nsequsenc e most of tIne medern sof tws ,re de’velopmeot mc’thced,’log is’s ,,rc’ app I Scs I
to miss ile desi gn. Thea,’ inclu de the ’ ess e o f ” t op — d,~w m ” progra ming wi t ) ,  “ c h le ’f p rogr ans mier ” t ype  t s’a ms an, d
t he use of strss ,’t,ired pnogranmning.

The INC ’s software , like th e TMC its ,’If is . ,s,s e ’  nnbe’dded part ,sf tine missile. Cost t rade’—,sffs invs ’lving

‘ this missi le component mssst he’ snasde on t he’ hc - s l s -  of s ,verall system l i fe’ s’v,’ Ie cost  ratl,er than )ust Ils i s ’s -  , 5

of the software or hardware c-lone.

Fu t,ire Tactical Mtsss i l e  Computer Os’s i’n8
‘ 

To t his point the dis cu ssion has centered on the trends and trad e— se ffs involved in pre’sc’nI TMC desi gns.
The central process ing approach using one of two generic types of compslt. ’rs has been chosen hasted ,‘n e’x is i  Inca-
technology ansi t ire examp le’s used have been of  syst c ’ ms t hat sn , ’ css r remt ly  in p ro t o t yp i ns a -  dir p rs e de s ct ls ’m, Th,is
section w i l l  present the aut hors ’ pr,eje ct Is, ns ssns h ow fss t nine reqs, I rement s a,rd te’clsnsels sg Is ’s w I l t  e l  5 s , ,’i the ns,’xl
generation of TMC ’s.

The c ,srrent trend In miss i le  design Is t,, denn sssn,) mere’ fs ,nct Ions in ,n snnnsmll, ’r s i zesh ansI a ls ew, ’ r .‘ ,‘a l

str ,mdture . The next generation missi le w i l l  reqes ine ’ the eompie’x ltv  o f a ,‘I ; ,ss A m i s s l i s ’ l i e ’s ’  Table ’ 1) w i th ,
the price of a c l , s s s  B mis s i Is’ , Fsirther it cc - sn he expec ted t hsa t llsese S su ,n,’ t ions w i l t  he’ h’ e’rfs ’rmeih In a 5 ” -

8” diame ter airframe as opposed to the i2”  — II” diameters in today ’ s nns l,sslle,s , S,si~’ u’S t lle ’ driving rs ’ r , - ,’s
for the tncns’ased guidance comp lexit y are’ the’ de s i r e  l ,sr  nr.ult ims’sle mis,slhi’s which nnstghl s’ont,,lnr 1cc-t b 18 and
radar (mi l l imeter wave) glsidsince capab i l i t y .  Fssrtl, ,’n . in tin” in teres t  ‘si I,ie.,,’r cost ‘s s-s - te ’ ms there is .5 a S rs sun a -
desire to dcc rease th e’ allowable gei Isla m , ’ ,’ error hemel get and hns ’s ss ’ s’ sr i low ama I l,’r warhead si 7,’a . A l l  I I,.’ ’,-
added comp lex i t i es  w i l l  have the ’ net c I t e s - I o f increasing the a ndes isst ‘ 5  f ,sncl is’n pe’rfsc rme el by the t.,,’s I,’;,l
missile comput ed system.

Fei tsi n i’ semi condnu ctor device te u’hno lo gY w i l l  ,‘Ile’r 1w,, snl tc ’rnal Ii’,”s Is’ ilnce’t  Ing  SI,, ’ demanding ns’qsstni’mc ’sst a

- ; of new tact  ical missiles. The archi tec lesre ,‘f t hee f s s l , , r e  TM(’ w i l l  she a-end sen which I va-c o f se ’m is ’u’nsI ,ecs s ’ n
technology is chosen, TIre fIrs t of the tes’hnolccgy t va -c ’s i s very I~igh spe ’s’~) ls’gl~’ . ln cl, m,)ed in this opti c -n
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follows . 
partial d.’ rlvatsve’ s ‘ S~ ‘s /, and ‘ t 1 ~ \ 

~, 
c a n  Ire’ e x p r e s s e d  anal yt ica l l y (for  a z e r o  drag 1,0mb) as
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2 I ti

si re 5 ,sl h l , u n s u  ;\s’ n;, ’ ,s t , I , ’ Fl~’ ld I , S S e s t  I r , s , n ’ s i - ; S , ’, 1i,\:t F ’ I ’ 15  I,’ u” , i’ , I s , s s s ’ s ’, ‘ s ’ s ’ s  I I,’~ S s s s s s  1 5 , 5 5 ,  ‘ s n .  - S S’S I5 ’ .l , S ‘ ‘ . 5 5
is ,,,, ’ t  is ’ s ,  I,’g 5 , ’ ,s,i,h Is s I  ‘ s I I’ 5 , 5  1 1 s I n;,’I .s S s ’S F,tsi I I i n  5 ,‘s ,

~
s I ‘ ‘I I ‘u’: i’ I I’’ I ’S. ) , I t , , ’n . , - 5 s’ s ’lsssoh sn gls _ ’’s a- i I I -u 5 s -n ’

assl ss sc - sss _ss, 5- ,’ ,, s I  ssrs ,s b s .ig,st is ,un d,’ i . sy ’ s  ,i,u,l a i r S ,  tI,,’ 5 ’ss t , ’nSI u I  s i  ,, s ,’ ,’ , I . , s b nns s a t  us n , ’ s s I , - s Is ’  snssgsnIi ~ s~I~’ Ss . ’n S s n ’ tS ,;suu
tuscl . is’ ’ a , ‘ ‘ ‘ 5 ’  .5 I’ ’ ’~ ’’ i s S  ‘- , ,  S I’M, ’ ‘ u s - s - sI ,‘,s 5 5 , , ’ ’,,- 5uI~ie’ n I sat  s i s s  5 s ’ ,’ , w ,’su Isl ,sg,s IS I  I’, ’ , s , ’, lit n;s I s s ~ s s s ’ ’ . n s  5 , ‘l’ I,u-
iuu, ’s ’ ,,, 5 ’ - , ’ s I S ,u ru , - i  i,’ ur . s l s ’ s ~s sI ’ i I it is ’,; w , ’ su l,S I ‘s ’ s l ’ s  5 i s ie -s I I Ss , ’ ,’s s g ls li ss ’ i s , ,  ‘ s .  s - s-  I a Ia ,s s , ,S s ’ s - n  , ‘ us s hs- sb S ims ’ - -Ii. ,, inc a-

,s v , s I l u l l , - , I’ , , I , ss ’ r , s , , , u S ,‘I~ , tI,,, S s i tusne ’ ls i gb s ’;ps ’ s - . I S s ’ s Is s u s ’ I ’ ’5’ i s ’ ’ , W i  I I , - 5 5  5 ‘ ‘ ‘ ‘ ‘ 5 . .555s I  i~ 5~’ n ’ . 555 5, 5 5 5 ’ 555 , 1 1 Is ’s .,,sd ‘ ‘ ,
~

‘ s

; s b i n s s i l’.s I  5 , 5 5 5 ’ s  ,‘I 5 5,, ’ I’~
’’’ s -u ’ uu l  b n i g is s- ‘ s ’ s ’ I b, ’,: i s ’ I s s n i s I is ’’; . I n; ~ 5 5 ; .  s . I e n’ ;, ‘ 5  i v , s s  is,5: I n s ’ s ’  I.,’l,I,,d IS s, ’ u  5 5 ‘s ’ , I. ’~’s s - s n l

is; t lse ’ 5,5,5 i 5,5  r ,snu s,’ , dm15555 ‘n nsr,sn ke ’t . I t 1st us,,I I is’ I s. I ls; n I 5 S ,, -s ’ s. 5 1 1 s ’s ’ , 5 I’~’ , uv , s i I uS - I ,‘ sI I s’s.’ t su,s , - t  us sr, , ,  I s s s ’ s t  s ’,
5 ,, ,- 55~’ s5, S is , ’ ’’, S I ,‘r ;s l .m r ~, ‘u ’ ,, snnisre’r,’ t ,s i  ,,s.ss ’ ks ’i . S’S ,e - ‘ ‘ i sp , - n I . u ’ ; S  5, - v  5 ‘ s - - s I ’ s ’ ,’ s ,n’n , ’s, i I s’ u s  s ’ ,’,; , ,,n,’Iu I,uI’ ,’n,,t,’n’ i s ’’ .
5 I,,: 5 5 ’ - ‘ “ .5 5 1 uI ’ i I I S 5’ to ni I n; - ; S I ‘‘ i’s’ mu’,si ‘ ‘I’ 5 5 , ’ ‘5 i a - u s S ,; .5 5 I s’ s .  5 5 5 s-’ .’ s’ s ’ .s i’ s- S 55 t Ii,’ 5 5 ,5  5 5 5 s ’

II,, ’ is. ‘ ‘ s nd s,s ’,~ t n_ ’ u’ S u n s us ls _ sg’.’ t s ’ i n s ’ i’ S I s, ’ u , ,’ . ,b, - si,’ I : I  I a- I ,’ . u s ’ isu, S , ’ s) u s ,  S b l is .  ‘ ‘‘I ’ I s s ’~s sn’ s ’ S sr 51:1 st  s , b
lns _) e ’ u’ r iss,s I s ’ u ’ : i ’ ’ I I’ S i  • a- I I Is - u s  ss ss a - s b ’ S , ,  ‘‘~~

- i’ s ’ sss I s  I , n~, 5 5 5  5 5  5 Ms ’ S  .s I s ’’ is Is ’ a- ,’ n , is ’ ,,n, ,l ,,s - I , s s - ( a - I’S s ’Ms,:;~ Ic-a - i’ • ,sss,I II
l’ er l ’ usi ’ sn.n s lu - c - M,’ S , s I  is _s i t S , ’ a- ,’ss ui,’ ,ssn , ls ,s ’ r , sn ’  I S SM s ’’i S 5,., ’ s ,  , I I  s , - ., i. sss , I I s ,- ’  a l  I I ‘5’ s ’ S’ ,s l s I s’ 5 ,,- s ’ ,’ n , ’ a - s ’ . 5 5 i ;, ‘ ,.
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SUMMARY

Th i s p a p e r  d e s c r i b e s  a r e l i a b l e  and s u r v i v a b l e  System (RHEAS for i n t e v c o n—  5
nec ting real—time processing elements. M ot iVA t Lons are given for tir e choice of tin e two—
l eve l  RSIEA s t r uc tu re  : a d i s t r i b u t e d  ‘ ir regu lar n e t w o r k ”  a n d  a se t of loca l  “ s ta r  Struc-
tu r e s ” . T h e  i r r e g u l a r  rsetwork has active nodes that carry out automatic si gnal ro u t i n g
w h e r e a s  tine star s t r u c t u r e  has a passive central node based on a loosely”coupled pulse
t r a n s f o r m e r .  Two types of communicat ion  con t ro l  are p r e s e n t l y  ss nder  anal y s i s  s “ Co nten-
t ion co nt ro l ”  a n d  a “ d e c e n t r a l i z e d  da i sy  chain ” s the f ins l  cho ice  w i l l  be based oh Se-
cur ity and modularity c r i t e r i a ,

IN T R O D U C T I O N

The last few years have been marked by a spectacular p r o g r e s s i o n  irs the
complex i t y  of  the s y s t e ms tackled by automatic control and computer science . Th is is due
to t ine evo lu tion  o f the m iss ions  a s s i g n e d  to Man wh ich  r e a c h  and o f t e n  p a s s  the limits
of his poss ibil i t ies. T his is pa r t i cu la r ly so in a e r o n a u t i c s  as a c o n s e q u e n c e  of  the
missio ns that are assigned to him t r a n s p o r t ,  i n t e r c e p t i o n ,  g round  a t t a c k , . , ,  Th is  pro-
g r e s s i o n  has been made poss ib le  thanks to the techno logical revo lu t i on  wh ich  has led to
the ava i l ab i l i t y  of h i g h l y — i n t e g r a t e d  and m o d e s t l y —p r i c e d  p r o c e s s ing and memory  ele-
me n t s .

Whe t,  one adds to this the c r i t eria of  opera t ing  c o s t s  and v e r s a t i l i t y ,  o n e
is nat urally led to the not ion of  d e c e n t r a l i z a t i o n  of the p rocess ing  r e l a t e d  to the
d if f e r e n t  f unc t i ons  to be c a r r i e d  out and the not ion of the in tegra ted  s y s t e m .

H o w e v e r , a sign ificasr t factor s low ing  down the p r o g r e s s i o n  of  s y s t e m  auto-
mation anu integration has been the lack of confidence in distributed computing systems
regar ding their aptitude to satisfy the operational security criteria s reliability ,
availability, surv ivability (issvulnerabi lityl, maintainability,...

The s e c u r i t y  ob j ec t i v e s  of  a d i s t r i bu ted  comput ing s y s t e m  must be sa ti sf ied
at two l e v e l s

— r e s o u r c e  managemen t  l eve l  s m e a s u r e m e n t  of  the s t a t e  of t ine r e s o u r c e s ,  r e s o u r c e
all ocation in func t i on  of  the s y s t e m  o b j e c t i v e s ,

— communication level s realization of ass operational y sec ure s y s t em f o r  t r a n s m i t -
t i ng d a t a  bet ween the computin ~ elemen ts.

Thi s paper p r e s e n t s  a s tudy  concerning the l a t t e r  l eve l ,

In d i s t r i bu ted  r e a l — t i m e  comput ing,  the global r e a l - t ime c o n t r o l  p r o c e s s  is
d iv ided into t a s k s  that may be e x e c u t e d  in parallel. Such a decomposition is a t t r a c t i v e
for seve ra l  reasons

— f rom an app l ica t ion  v ie w po i n t  n p a r t i t i o n i n g  the s y s t e m  into t a s k s  is c o n c e p t u aly
simple , this is e s p e c i a l y  so s i n c e  systems are frequently defined on a subsystem
by su b s y s t e m  bas is ,

— f r o m  a tecluno log ica l  v i ewpo in t  ; if s u f f i c i e n t ly simp le , t a s k s  ma y be e x e c u t e d  by
co mputing e l e m e n t s  r e a l i z e d  w i t h  a relatively slow technology whereas the o v e r a l l
system tlsroughput may be increased,

— from an operational security viewpoint 1 tasks may mutualy survey each other arud
initiate task reconfiguration upon detecti crs of an anomaly or ma l f u n c t i o n ,

Th is work was supported by the Direction des Recherches, Etudes et Techniques , under
co n t r a c t  H 71 ,/2 7 4
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allocated ,rccordiu ,~j to two philosop hies

— ph y s i c a l  c e a u t r a l i z a t i o n  s the tasks are fu s s c t i o n a ly  d i s t r i b u t e d  on a s i n g l e
p arallel processing machine Cl)C2)

- physical distribution u the tasks are functiona ly and physical y distributed on
d i s t i n c t  suach ines r3 ’)

The first approach leads to the r e a l i z a t i o n  of a f a u l t — t o l e r a n t  multipro-
Ce s s i n g  mach is s e  that c o m m u n i ca t e s  w i t h  tine s ys t e m  s e n s o r s  and a c t u a t o r s  o ve r  one or S e —
v e r a l  fast i u u p u t _ c u t p u t  c h a n n e l ( s ) .

The second approach mear ,m chat the tasks are executed by a set of phys icaly
d i s t r i b u t e d  comput ir ,s3 elements, These computir ’sg el ements , together with sets of sensors
as,,l actuators , i;sr ;;; a set of loosely-coupled “subscribers ” that must communi cate with
s,’ , s c s ;  otis-’r in order to co— ox ’ dinate their actions so as to achieve the global system

— objective ,

The study presented in this paper adopts the second approach irs order to
‘ realize a system that is comp letely distributed , both functionaly and ph ysicaly.

The ISHEA system , wh i c h  si g n i f i e s  “ SM s e a u  H i i r a r c h i s é  pour E n v i r o n n e m e n t s
A g r e s s i f s ” ( “ l ii c r s rc h ic a l  N e t w o r k  r ,n r  A g r eis i v e  E n vi ro s n m e n t s ” l  is  t i _ u s  a i ; s nc i  at  t h e
reliable and survivable interconssection of relatively autonomous subscribers (sensors ,
com puting elements , actuators), in an enlargened set of failure hypotheses which are
c h a r a c te r is t i c  of  r e a l — t i m e  c- nd ou,- L,’ ,srd s y s t e m s  ‘ u c  , n ;,,s, ’ ,n;;,’flt f a i l u r e  mec l ;a , , ica l  ni,,nn,r -~,
electromagnet ic perturbations.

~ reliable and survivable interconnection system must feature a good Opera-
tional security at three levels

— the architectural or structural level ,

— the physical implementation level ,

— the communication control level,

The first part of the paper thus g ives the motivations for the choice of
the SHEA structure which consists of two levels

- a distributed “irregular network” ,

— a set  of local “ s ta r  s t r u c t u r e s ” .

The second  par t  of the p a p e r  d e s c r i b e s  the  p h y s i c a l  imp lem e n t a t i o n  and the
opera ting princip les of the SHEA structure.

T h e  thi r d and l a s t p a r t o f th is p a p e r d e a l s  wi t h r e l i a b l e com m u n ica t ion
control which is an essential part of any operationaly secure data transmission system.

I. DEFINITION OF THE RHEA STRUCTURE

1 .1. The data processing structure

Current distributed control systems are normaly realized according to one
of four data processing Structures C4] . These structures are shown in figure 1. It
should be underlined that these structures are defined according to a data processing
def inition that results from the way messages c-re vehiculed between computing elements
and does not necessarily infer a physical imp lementation of that structure. An example
of a structure whose physical implementation is fundamentaly different from its data
p r o c e s si ng definition is OSIRIS [I] I~5J . In t)sis System a central fault—tol erant multi-
processo r communicates with input—output organs on a master—slave basis , messages are
either master to all slaves or Slave to master. The data processing def inition is t/ su s
that of a g lobal bus with a central switch (see figure 1). However , the physical imple-
mentation of the OSIRIS system is not at all a bus structure but takes the form of an
irregul ar network.

As described in the introduction, we are interesrtej in realizing a highl y
secure loosel y—coupl ed system. Consequently, the global bus structure would seem a lii,’-
ly cand idate since all the subscribers are connected together homogeneously and t I n ’s ’ ,’
is no central point susceptible to failure otlner than the “bun s” or commur ricatio ,u T;.’~l u u m .

u n  real ity, the subdivision sc-f a control system into tasks often least s to
gr oups of physicaly localized tasks that communicate more frequently among ttscm seives
than to other tasks in the system. For this reason, a hierarchical structure such as tS,e
bus window approach wouLd seem interesting.

The SHEA system consists of a two—level h i e r a r c h i c a l  bus window St ,uctu rs ’
and can be represen ted schematically as shown in figure 2.
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The two d i f f e r e n t  l e v e l s  of c o m m u n i c a t i o n  m e d i a  d e f i n e d  in p a r a g r a p h 1.1. 5

may be studied as irudepen d ant global “bus ” structures fn~~ wh i ch the  p h y s i c a l i mp lemen-
tation must be chosen it, order to obt ain a hi gh operational security.

W ith this aim in mind , we have c arried out an analysis of several hypot ise—
tical ph ysical structures realizing the global bus data prove s-sing function. These
Structures are defined and commented in the table of figure 3.

A complete comparative study of these Structures must take account of di-
verse c r i t e r i a  r e l a t e d  to o p e r a t i o n a l  security, u p e r a t i n g  costs and v e r s a t i l i t y .

The initial study that we have carried out is a qualitative anal ysis i n—
voiving mainly two components of the operational security n r e l i a b i l i t y  and s u r v i v a b i -
lity.

This wilt later be completed by a quantita tive study including other cri—
teria such as maintainability, cost, versatility, etc ...Tlnis .5 .sa nuatati v e stud y will be
carr ied Out according to two hypotheses

- an unma intainable environment s repair durin g the’ mission is impossible and suc-
cessive failures must be envisaged , thu is study makes use of both the MAREOV and
the minimal path approaches [1 2] t’~

)
— a maintainable environment u repair during the mission is possible and the cor-

responding reliability models may be simpli fied by a s s u m i u g  that no further fai-
lure occurs during the repair periods tl 4J .

The q u a l i t a t i v e  anal ysis enables the choice of one of the six structures
defined in figure 3 in function of the environment and the geographical distribution of
the subscribers.

1.2.1. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

When the su bscribers are geographicaly distributed , the star structure may
be eliminated due to the hi gh implied wiring costs,

A l s o , a n o n — h o s t i l e  e n v i r o n m e n t  means  a v e r y  low pr .babi tity of multiple
l o c a l i z e d  fa i lure s we need Onl y acc ount for single random failures. Consequently, all
those structures intended to provide multiple paths (network structures) are needlessly
comp licated.

Thus , the structure most capable of tolerating random sing le failures
is the protected bus structure , the node bus brings unnecemsary complication only in
order to tolerate bus section short circuits.

1. 2 . 2 .  E t 5  9~~0~~ta~~~ic~~~~~~d t r i bu ted  hostile environment

The star structure may be e l im ina ted  for  the same reasons as above,

A ho stile environment means that we must account for multiple localized
failures due to physical damage (accident or agression) or electrical perturbation.

Conseque ntly, all the bus structures must be eliminated since the busses
must all meet  in c e r t a i n  p laces  such as the actual connections to the subscribers.

The only structure permittisug multi ple local feilures without total dis-
ruption of communication is the network structure. Due to the constraints imposed by the
geograp hical location of the subscribers the topology of the network is usually irre gu—
l a r .

However , when ac tive nodes are considered the problem of supp lying them
w ith electrical power is posed. It is often supposed that the subscribers are indepen—
den tly powered and the choice of an irregular network is justified by the fact that tln e
nodes may be powered from the same source as corresponding subscriber.

L ~~~ - -- -~~~~~~~~~~~ - - ‘- -- -. --- - .i__ _ _ , 
- -  - -
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In real i t y ,  s- ‘ 5 , 5 , 5  ic - l y in on—board system , power is .s ,st r ibuted to su b ssu r i—

be rs ‘ u r - ,  ,, a central point Ei~~J .ss, i it is no use pr ovidin g a hi g hl y-secure damage-proof

~(‘:l- L/ ic-ta communication tr u c t u r e  i s the power distribution system does slot present t5.~ same
o”_ q u a lit i e s

— if power is distributed by a cable harness then the equivalent ic -ta commun i ca—
t io n s t r u c t u r e  is t I , .~ star str uct u re ,

— i power is d i s t r i b u t e d  by b u s - I c - r u ,  thin t5 ,s,’ e q uivalent data ~~~~~~~~~~~~~~~~
structure is a bu,, s t r u c t u r e ,

Conse que nt ly , if subscrib er e le ctrical power is not , ‘i st s’nde n t ly prov i ued
the irregular data commus,ication network may onl y be ju stif ie d if it is accompan uvi by
as, irregular network for power ii ,; tri l, u ti osu .

1.2.3.

In the s.,sse of geograp hi c al y Is,~~slize s,I s ub scr sbc r s , the fact as to ws,ether
or not the environment Ic l,ostile is irrelevant since an exter,,al 5 ,er T ’~ rba tion could
affect all of the system as easil y as a part of it.

A l s o , the star structure no longer presents any w l ri u s g  prob leun s and it is
in fact this s t r u c t u r e  tha t  seems the best if tee  c e n t r a l  node c a n  I,,.- d e s s 5 1 e ’ -,, in s , e l , a
way that no sing le failure leads to total loss of communication ,

1 ,3 ,  Final choice

The SHEA System Is intended to operate in an environment where physical
damage is a possibility and as a result of the above anal ysis the p hysical structures
chosen for the two levels are I

— Level 1 (geographicaly distributed) Irregular network ,

— Level 2 (g e o g r a p h i c a l y  l o c a l i z e d )  u S ta r  S t r u c t u r e .

Ar , e x a m p le topology is g iven in fi gure 4.

II. DESCRIPTION OF THE SHEA STAUCTURE

11 .1 . Level 1 s an irregular network

The heart of the RHEA system is the geographical y distributed irregular
ne twork providing fault and damage tolerance .

In such a network , the nodes must be active in order to prevent pulse dis-
pers ion due to multiple signal paths and , in non fiber-optic systems , to isolate link
shor t—circuit failures. As a consequence of the former point, each node must choose one
port at a time as an input port. One way of achieving this is to control the directivit y
of the node by a control algorithm [I)

The method used in SHEA is to carry out signal—routing automaticall y by
“ electing ” an input port by arbitration of the received si gnals and retransmitting the
elected input out of the remaining ports.

11.1.1.

The block diagram and the timing diagram of a s e l f - r o u t i n g  node is g iven
in fi gure 5.

The output signal X of the detector circuit is Such that it rises just
a f t e r  r ecep t i on  o f the first received si gnal and falls a time £‘

~ after the end of the
last rece ived si gnal. The rising edge clocks a pair of latches whose outputs 0 se-
lect the appropriate “elected” input of the multi plexer. In the event of sim u l~~aneous
arrivals at the node , the encoder circuit chooses one of the inputs on a priority basin ,
an independent choice is unnecessary because the inputs si gnals are cop ies of the same
signal (we assume in this section that only one subscriber at a time may transmit ).

The guard time S,~ e n s u r e s  that  si gnals to not propagate unending ly around
the ne two rk  and the delay L~ in the mu l t ip lexer  input paths avoids shortening of the
first pulse du e to the input selection delay.

To give an idea of the simp licity of the no d e , a f u n c t i o n a l  circuit
without  a u t o t e s t  h.’~ been rea l i zed  us ing e l e v e n  o r d i n a r y  S S I -M Sl  TTL circuits,

11 .1. 2 .

As s h o w n  i n  f i g u r e  5. the nodes have been p rov i ded  with four I/O p o r t s .
This f igure was  chosen so tha t a subscriber (connected to one of the four  p e r t s )  may
have th ree conne c t ions to the n e t w o r k .  The n e t w o r k  so o b t a i n e d  may thus  be three-connec-
ted result ing in a g u f f i c i e n t  connection r e L i a b i l i t y  for most applications [16]
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However, if a hi g her cos,necti vi ty is requ ired , the nodes are completel y
m o d u l a r  ; tw o  f o u r - p o r t  s uode’ s s a y  hi’ corur sect ed t~~yi ’ t l s u r to form a sir ,g ls’ s i x — p o r t  e s s d , - ,
three four—port nodes forns at, ei g ht-port node , etc.

1 1 . 1 , 3 ,

T , , le r a n c e  o f  l au lt s  as u d d a m a g e  is ,usI , ,u re ,u t to a r , i ’ two rk  s t r uc t u r e  but tt,e
basic suode concep t given above is i rusuff ie ie nt for LS,ree reasons

— failure of a node leads to tlue lo us of a subs cr ib e r s this ma y not be acceptable
for thu e more c r i t i c a l  subscribers ,

— s y s t e m  r ec o n f i g u r a ti o n  w i l l  be more e f f i ,  1e,,t if th,- t o t a l  s y s t e n s  s t A t u s  may be
observed at any i n s t a n t ,

— the nodes must not feature ra ul ’ ar ,- modes tl,at are c a t a s t s - , s 5 i s z  to o ve r a l l
n e t w o r k  co m rnunic- , s lu on .

Two levels of  o p e r a t i o n a l  s e c u r i t y  th is  a p p e a r

— k n o w le d ge o f  the s t a t e  of  the  n e t w o r k  w h i c h  can  be achieved w i t h  self—checking
n o d e s ,

— f a u lt — t o l e r a n t  nodes  fo r  C o n n e c t i o n  of  c r it i c a l  s u b s c r i b e r s  w h i c h  cou ld  them-
selves be f a u l t — t o ( e r a n t l

The second level is obtained simp ly from the first by virtue of the con-
nectivity modularity of the nodes u associatin g two self—checking nodes (with self—
disconnection in case of failure) Leads to a fauLt-toLerant node with one degree of re-
dundancy,

This solution , which enables a graduation of fault-tolerance v ,- s j,Se,, t ,cal
elements , was thus 5’rv~~ered to the TMR solution w h i c h  has  a l s o  been  c o n s i d e r e d ,

The c h o s e n  f a u l t - d e t e c t i o n  m e t h o d  is a d u p l i c a t i o n  and comparison struc-
ture , Two elementary nodes as defined in f i g u r e  5 are connected in parallel and their
o u t p u t s  a r e  compared  w i t h  a s e l f — c h e c k i n g  c o m p a r a t o r  us ing  rsorp hic boo lean  log ic [ 1 7)

~18] [19) [2i] ( f i g u r e  6)

The ou tpu t  si gnal o f  the S e l f — c h e c k i n g  c o m p a r a t o r  is processed in order to
f i lt e r  out p a r a si t ic  errors and upon detection of an o u t - o f - c o d e  si gna l , p ow e r  to the
n o d e  is removed,

An original a s p e c t  of t h e  S e l f - c h e c k i n g  c o m p a r a t o r  is the m e t h o d  u s e d  for
e n s u r i n g  e r r o r — d e t e c t i o n  in the c o m p a r a t o r ,

The p”’sbLem is due to th,e fact that the four outputs T , u€[O ,3Jot l-5~~,which are compared ~~ th the comp lemented output H of N
2 , are in fact four copies of the

same signal. Consequently, i f  two pairs~~w s~~ ~w S .~~are compared by a l-out - of- 2 compa-
rator , the input signals onl y describe one -t(a Lf o~ the comparator input space ( ~O (J 01~and 11 01 1 iol ( . The outputs f f , gj  thus remain fixed at 01 and the cosu’parator is no
longer s e l f — c h e c k i n g .

The s o l u t i o n  to this problem is to provide a n o t h e r  pa i r  o f  i npu ts  tc-  tins’
comparator which is obtained by a simp le division by two of  the  node o u t ps u t s i g n a l s .  The
first comparator thus receives signals that describe all of its input space ( {oi1 ~ol~
I io~ 1011 i j o i~ ~ io~ , ~ ioJ 1101 ) and the e f f e ct  is c a s c a d e d  to the otl,er c o , , p a r a t o r S

(fi gure 7)

The outputs of the comparator stages are no longer constant , their com-
p lete input space is described and self—checking is thus maintained,

1 1. 1 . 4 .  Si~~nal~~~~ th

When these self-routing nodes are connected together to form a network ,
si gnals are propagated from a transmitting subscriber along a t r e e — l i k e  pat ls to every
other subscriber in the network (fi gure 8)

In such a network , si gnals arriving on the input ports of a particular
node may ori g inate from either a subscriber or a nei ghboring node. Consequentl y, the

5 maximum delay between the first and last received signal s is equal to 2T where T is
the maximum node plus link propagation delay. This is due to the fact th~~t the
case delay corresponds to the “e cho ” of the “ elected” input si gnal from a nei g (uboring
node ,
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5 1 5 ,s 5 ,‘ ,I lu .1 s I - ’ . , , ’

‘I l,,’ ,, ‘, ( u , ’,,t 5 ,’su tl,,, t u s ’ ,, s ’ ’ ’ su ~ ’ I ’ ~~ ’ ; s u u s s  i s  , ( u , ’wu, u s ,  5 u , t ,s s s ’ ‘5 , i t  5~~. h ’  I : ’ , ’ , I s ’s
5 5  u, ’ ,,’ ,,’ s ’s ,I I ,‘ , ‘‘  ‘, ‘h ~ ‘ — i - ,’ ‘ 5 1  l s ’ sI l 5 , 5 I u 5 ’ 5 s , ~ u u u , 5 ,‘ u s u s , ’  ~~,

‘ l ’ (ue ’ .I u us, ‘ ‘ 5  5 ( us ’ h s ’ , ’ - , ’  h a -  - s ’ s  u~ ’ ( s ’ ’l t 5 c - s u u ; t e s s s s u , ’ t  u , I , ’ i ’ s ’ ’” 5~~~~ ’ 1 , - s ’ u , 5  5 , , ! su , ’,h ,’
t 5 , _ s t  I s - - u  5 , 5 5 , ’ ’  - , ‘ u , ’ 5 ‘5 u I u s ,  ,‘ i s , ’ , u I u i  s i t t  i,’ 5 ‘ ‘5  ‘u ( ,‘ , ,u su u,u ussus ,- ,, 5  u s ’ s  I’ I Iii. ,‘ u i t  . 1(u ~ 5 I , , u , , , 5  ‘ ‘~

u’ . ,, h s — ,’, ‘ 5  e ’ ,h , u u ,s I I s , s ’ 5 ,‘ 5 I , , ’ I ‘u. s ,  , 5 ) ’  I i u s ’ s  , 5 ( 5 ’ ’ ’ ’ ( u ’ s  5 ,‘ 5 5 , ‘ s I 5 ‘ I  ‘I l’ 5 ,,,t i su,~ 1 ‘s ’ ,~ 5 , 5

, I s  I ~‘~ - t ~~~~~~~~~~~ s c , , t  u c i ,  is e ’ t  W ,’ ,’ u u  5 I~~’ ,‘ s  (u , , u, , ,,,I 5 us . , , .  , ‘ I t s , ’  1 ‘ a s  ~t s s, 5 u s  ,‘ u’ ’ 5 ‘A I u , ‘ s ’ I s u a p  l u ’

‘ . 5 , 5 5  ‘ 1 ,1 5 ’ , , ’ ,i ‘i s  -C I ’ ’ ’’~ 
‘ - u  ‘ u  1’, s e -  5 5 u s - u u s , ’ WI 5 I ’ 5 ~~ ’ 5 Iu, 1 , 5 , .  u s , , , ’ u u , , ’ 5 , 5  5 , S t  e ’ .t It  .1 : u s , , u l , ’ 1’ , s s s t

‘I’ ) u, ,),, 5 5 — ‘
- I S s’u 5 5 5 u,,i ‘(‘s’ u i  ‘ u s , ,’ ( 5 , ,  ‘ ‘ I ‘, ‘ ,‘, S v e ’ I u 5 5 ‘ I  I’ ,’ 5 Is S I ‘ ‘ 5 , ’ 5 , ,- ,, I I y

, I uu , h 5 , ,  
~
‘, ,,,‘ t  5 ,  5 ’ , h” s , ~ s , s  ,‘ It, ‘ l u ’s- ’ , t t u , ’ ;~~, h ’ .s ’ s u ’ u ’ p s ’ us,; ,’ h e ’ S  w , ’ s ’s ,  5 u, w s u , , h e s  u , s , s ,’ 5 ,s 5 I , , ’ ’ ’ ’

w u  5,1 5 5 5 - 5  h s ’ , ’ - , ,  I ~ 
- ‘ ‘ s t i u s , . I s u s ; 5  ‘ 5  ,55, ’ s  WI, ,’,, I u s , ’ 5 Is 5 5 ,u w s  u s  u u s  5 0 5 ~‘~~‘ ) ‘ 5 ’~~’ t i S e ’ I 5,’ us ’ s  usu, s I y

I ‘ ‘ _ , , i  ,‘,I - ,  us , I  - , 5 5 ,  ‘ , I - 5 - 5 5 s - 55  5 5 e ’ .I

i s ,  ( ‘ 5  , u , - t  5 , ~~, ’ , ,‘,‘ s  1’ I ‘ ‘se ’ s ’  ~5 i ’l , s ’ s  ‘ ‘ 5  5 u s ’ l ,’,,I , s s , s iy  1 ‘ s ’ ‘ 5  5 u s s , ’ ,I , , s u ,i 5 1 s ’ ’  5 5 ,‘. 5

5 ’l ~ ls , ’ s  5 ,- u 5 ,‘ us 5 5 5 5 5; Iusu ( ’ s ’I s - , ’ ;  5 C I’ I , ‘ , 5 5  s - u s ,  -5’ , 5 ) s - e s ,  s u e  I ut  5 ,‘ ,u u u, I t 5 ,’ su 5 u 5, s - s e , ’ I y i’ s
I’ ’ ’ ’ I 5 ,‘s,., I 5 .‘ S I s , ’ s - ,’ , s i’ I 5 5u s I  s ’ , ’ ,  5 5 5 .‘ i s i S  5 , I s u s t  I I,,’ ,‘;s s ( ‘ S i t  ~5 5 ‘ u s ’ ’ I is , , ’  - 5 l ’ s ’ e u ~u~’ (  u 5 , ‘ 1  ,,u,,l i , ’-

5 - 5 ’ us ,; 5 i 5 is 5 e’ ,I , ‘t’ h ,,‘ i’ I 5 ‘~ ~ 5 5 5 5 ,5 ’,’ ,’ :’ ’’ u 5 ’5’ I ,‘ S I h u 5 ‘: us u, , y l’~’ I’ ’ ‘‘. ‘ - ‘ ‘ ‘ ‘ I 5 s ,‘ ,s u I ( us ’ ’ , ,u u u, ’ : , ’  u u , s e ’ ,s ‘ , t Is,’
- ‘ i l - - ,, - ,  u t ’ s ’, .,s u ,I , u, , , . ’ u u : ’ s ’ ’ 5 ; s u ’ uu ~~ ’ , s s u y  w s s , , l u , u , t  0 5  i,,I s ’ s  I 5 ’  ,‘ I , , u  Iii,,’ s s u u y  h’ s ’ ,ie,; s ssu u l , u t , ’ , I  t~ ’ -~
‘~ ‘,,,l ‘ ‘ ‘ ‘ s ~ ‘‘‘ ~ ,~ , I ~~ ‘‘ ; ~ u , ’ , ,  e ~ h,,, ’  ~,‘ , , u s , , i l s ’ - I’ ’’ u s~ t 5 ,,, I o t s ’ I ‘ , , l  u 55 ,5 5 s ’ 5 i ’t I I  ,- ,‘,,u , u s , s , , u  —

u s e , ’,, , I u ’ - s ~~s j ’ 5 e ’ uu .

so M,\IIE, 5 ‘I I,, ’ ,  I e s  ‘ . 5 5 , 5 , l u s s , ’ ,uu ,sy u I  ‘ ., ‘ I , ’ , s ’ , u t  5 , ~ s ’ ,s ,5’ .u u,~, 5 u I ’ s  ,‘~~s i i I s ’~ ’ )u s s s s I ~~’ . s y  5 ’ . u s u , ~ -~~
u u S I s ’ s  i ’ ’ 5 5 ( ’  1 5 s 5 q  .‘ I , 5 s .u , , s u ’ I I I ,

s,s l u s t , ’ , s ’ ’ ’. s s u u ,s t , , ’,us S I , , ’ t s ( s ’ s ’ p l u s - ‘.‘ e s ’ i.’ ( ’ s ’ u , , s ,; s uu~ ’ ,’ .1 ( 5
u i ’ , ’ , I’’~~’ ’ -  5 , u t u s s e  5 15, ’ . , i s t s , ’ s ’(’ I s~~’ . u (  , , t t , ’s , i s . , s u , ’ su , iI,’w , ’v , ’ , , s; I s;, ’k - , u t — o s u , ’

5 .1 u 1 , ; s s ’’ ,’ 1 5 Is , ’ :,,, I’’ ’, S ii’,’ , I u i5 hut  ,‘s,, s 5 5 ‘‘ s e , , ’ s o t  5 ,s 1 ,‘ , ,, 5 ,‘ 1 . 5 :  u s u  5 I,~’ I , s , ‘ ,5 I y — - s ’ ’ u s p I e ’ sI
5 I  . I s , ’ . I  , ‘ I s s s , ’I

1 5  5 . ,, ‘5 ’5 1555 N [ i A ’ S ’  [ uN  ‘ , ‘ , ‘Ti I’ I.’ , ’ l ,

ii s ’ s  i , ,  5~~ ’ ~us - , ’ , . 1  . ,uu ~ - ,’ ,’ u s  s . s ( s ‘ s t  u i ’ s ,  u s ,  e s ,s s r h  ‘ h ’ ,, S ( , u ,:s ,I. ,5 .1 1’’
5 5  5 I,’ ’ u  u o - u  I S t s . , 5  s ’ o,s ,’ s u s u  u s - ,, 5 5 ,‘su , , u ~ t s o )  :. I , , ’s i l , I  .5 1 ’,’ 1’~’ ‘ ‘ sss ~ ’ I s ’ s  ‘ 1  y - I s - - i  i s~ ’ su 5

1 5  t h u . ’ l ul l  ( 5, 5 5 , 5 u s  u ,  5 .1, ’ ,- ,’ si t  s e t s  ,‘ . , s u s ’s,  s t ,  t s ’ l ’ s ’ ‘ l ’ s . , , us, ’ , h  s ss u s i ’ ) u I t  5 ,‘ s u S  , ‘ u s  s 5 ,uuh t  l’ s ’  (:55 ,_I
5 I,.’ ‘ - s - , s I ’ s 1 , 5  y s ui t S I , , ’ i s is , I .s , u s  y 5 ’ u  S I , , ’ , ,‘ s u l s , ’ l ,,,,‘t

S w , ’ us , ’ ’  . 5  1 s k s ’ ( 1’ ,’ , esu , I u , I , s t  ,‘:. s ’ s  ,ess i’~’.’ 5 , 5 1 s ’ i s u l y s ’ s s u s , ’ .ts ,,i u,u ,’ , l u , l , , u
us,, 5 - ‘ ‘ 5  5 ‘ 5 u  - ‘ se  5 s ‘ h  ‘t

‘ ‘ us  5 5 , s 5 5  s o u l s s ’  I [s’) ~ i1] I I 5 , 5  u s ,  “ I

— is ’ s ’ us 5 5 ,, I u ,‘ ‘ I  , i , s  u - .~ - ,’ Is ’ s ,,, [ , ‘ .‘J II I , I lS t  ,‘ 1 5

5 5 5 . 1 .  ,‘ ,‘s ,, us ,uu ,s u ,- .,I ‘ u ,  ,‘ ,‘ s , t s , ’ (  ,‘ s ,  S I , , ’  s t i l e  .5s  ,,,‘sw , ’sl.

5 1 5 , 1 . 1 ,  - ( 5 , ’ s - l  s I  ,‘ . ‘ s s s l , , ’ I  ,‘,, t I,, ’ ui, ’ l s’ ’ ’ u k

II,,’ ,’ s’ , ’ u s t  , , 5  Is ,’ ,’ -  - s , I ’ : ;s ’ s  , I ’ , ’ s _ ’ , ’ .,l , S s  S i S s J  5 5  , u ussuu s : ; : u , ’ ,s : ,  . 5 5  5 5 5s55 ’ s ; uS
. 1 , , i u ’ • s~

’ 
s s ’ ’ ’u ’ ’ - . 5 5 ~

- s l y  . 5” i sis s ,‘ I .1 ,
~ 5 s ’ S  1 5 5  ‘ ‘‘. . es s ~’ 1 ’ ’  ‘ I  ‘.,u . - I, .s u 5 s s . s  5 5 ,,eu 5 5 I s , ’ 5 5 u5iu ’ :. m s  k,’ ,I

5 , ’ , - , , .  5, ’ ( ‘ ‘ m l - . , , u , - II,,. l u m u s , ’ ’ ;  i i  w I u s , ’ t u  ‘ s o s , , , 1 ’  I s v  s , ’ ,- ,’ s s ’ ,’ ,I s,- l s , ’ 5 , 1’ I:. S l u t ’ s , ,) ,
I , s s , ~. - s - i l l s  u s ’ , ,  S l u t , , ’  ‘ ‘ u  ‘

~~
‘ ‘ ‘ -‘ ‘ ‘ I ,, ‘ u u ’ - l  , s s s i  ) , II,,’ ‘ I ’ S 1 , 1  I’ ’’’ 1 ‘ ‘ ‘ ‘ 5  ‘ ‘ ‘ - 5 5 5 5 ’ ’ 5 . ’ 1)1,’ ,’ (,‘,‘ s s ’ .t

~ ~~~~~ 
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u s .  ,‘ 5 Is,’ is.,,),’ ,s ,, S ,‘ I , ’, K ,‘ ,i ,‘ ss i s ’ I Is , ’ s ’l,’ ,’ I ‘ I  u us p,u 5 5 s omit S us ’ I’e’i~ ems , , 5 5 , 1  ‘ h  S Is.’ -~~
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F i r s t l y ,  an acknowled ge message may be sent by th u e d e s t i n a t i o n  s u b s c r i b e s ,
Lack of receip t 0 5  an acknow l ed g e m e s u t  m e s s a g e  w o u l d  meal, t hat  S i , s ~ t r a n s m i s s i o n  has beez u
p e r t u r bed and the message must be r e t r a s s s m l t t e d ,  This m e t h o d  I ~s . s ’s s l u t e s u t s o n  d e t e c t s , , ,
[sc-s two ds :,advasstages

— c o n f l i c t s  are d e t e c t e d  on ly a f t e r  the e ,,,i of .i m ess age ,

— an a c k n o w l e d g e m e n t  message me an s t h a t  a L - , s ’ , e  IC ,s ’,t 5, -I,’ I s  l i s t  5 ” ,sssbl e .

T h e  s e c o n d  w a y  t o de’ t i’,-t cons li. is [Sp it .’ ’. , m. ,, j iI 1. ,st 5 - i s  I . - tI,e, I ‘ Is’ a in
orde r to d e t e c t  the 1 c - ,.’I t ha t  d i f f e r e iu t us , ‘‘ “ I’e ’ 5 .; .5 5 , - , 

~~ 5 C c  I I m s ’  I t ’ s  2 , 5, , 7 atud
8 in figure 13) . This may be achieved e , I I s s ’ ,  l y  I c ..- I. fl u J t he •r’.s,. - z ’  ‘s -- I  isy s i m p l y

compa zing the i n p u t s  of each node wi th S Sue’ i s sc -u s i 5 s . The I I i ‘ 5  set i s ’ S  I s c - I ’ . to cons i -
d e r a b l e  c o m p l i c a t i o n  of the m ode and the second imp i s ’ s  s ’ -sS r u . t L o r ’~ ,s’, S -  f lue m a x i m u m
delay p e r m i t t e d  f o r  a m In tel  -s ; , ’ ,_I e’ l i sn k .  A us - h , ’  t L , s 5  5 . 5’ .’. Is  , u S ’ s ’  l ’ s  ~~~s ; . is  a p u l s e  on
i ts ouputs in order that  neiq hboz ’ irsg sn,,,de ’,. m a y  - s h s o  l e t ’  - s S t  o s ’ -  . ‘ C i t  l , ’ i 5 . Tius c o n f l u ’  5
si g n a l  thus “ b u b b l e s ” out to tl;e’ s o u r c e s  or the c . -s ;  f i i , t ; :  u t r a s , s . l s s 5 , _ ’,ss.

1 1 1 . 1 . 3 .

In a d a i s y  c h a i n  c o n t r o l  s y s t e m . c o S , t l I , _ s s  m u S ’ I- ” I~ 5 ,  - 5 , 1  10 , ‘, de , 5 . ,,
de tect d i s y n c h r o n i z a t i o r n  and to i n i t i a t e  a,, l u , u t s , s l s j a t l i ,,n 1 s ’’ - e ’ t u , e ’ ,

W i t h  the ir r e g u l a r  s u e t w o r k , ~s s s e ’ W , I~ - 5  s i,i ” ,l~ , I , _ u o s s f l  s .  t de S . ’ , I soIl is to
include the contents of t h e  counter as a word en eis,h ,i ,- - - .a ~~,- t l , t ii5 S l t t e ’ I I i S u c l u u 9 s lng
the s y n c h r o n i z a t i o n  m e s s a g e )  If a s u b s , _ , i E ’ s ’ r 5 , 5 , 5 - - s  - I E S S e ’ss.si,,’ i e ’t w,’ , -s s i i:. CousiteI
an d the corresponding word iii a ru,’,,- , 5 V i’d sue 5 : 5  se , 5 5 5 ,k,’ - . S in,’ t,’ ’.(- ’ s ;s ,s b ’i I It ’,’ 01 5

ini tializing the system. This may be done’ by :.s ’m s .hlnq ,i ss.~s,.e 1 at a , j u i l , ’, e ’t i t tr e qu c ’si s.uy
which the nodes detect as a priorit y sispual t)u at i : s t s ’ r s u p t s  t ins . i- I t’ ted isnpu t .,nd is
r e t r a n s m i t t e d  over the ouput p o r t s ,

III.2.  Co mmun ica t i on  c os s t r o l  on the s t s e r s t r u c s , s , ’

In the s t a r  s t r u c t u r e’ , c o n f l i c t s  may  Ii’ .ls ’ t, ’0t ed I’’,’ a l i nt e ’ s , - w I;ils ’— t al k
d e v i c e  tha t de l ive , s’ s an i n t e r r u p t  to tIn e s u b s c r i l - , ’r t f  th e e’ ri’ c e ’ive ’ ,h asud t r a n s m i t t e d
si g n a l s  do not c o n c o r d .

Thus , et t l u e r  of  the t w o  e n v i s a g e d  commun ication con tt i ’ l method s is equally
appl i c a b l e .

111 .3. Choice of a c o n t ro l  me thod

The c ho ic e  b e t w e e n  con tesntion contr s-l and a de s ,,e ’u ,tralized daisy chain w i l l
be made a f t e r  a s tudy  w e i g h i n g  t h e  a d v a n t ag e s  a r - d  d i s a d v a n t a g e s  of  botlu methods. Tlnis
study is p r e s e n t l y  be ing c a r r i e d  out w i t h  the aid of  a d i s c r e t e  t ime  s i z t su la t i os ,  us ing
the IBM GPSS s imu la tio n p r og r a m .  This simulation will tniqh l i g ht the ’ prop ertu i’ s OS tIne
c o n t r o l  methods  c o n ce r s u i n g

— the i r  ap t i t ude  f o r  r e a l — t i m e  c o n t r o l  (transmission b locking times ),

— their behav ior  in the p r e s e n c e  of subsc r i be r  f a i l u r e s  ( the  r e— s y n c h r o m s i - .uation
prob lem)

— t h e i r  p o s s i b i l i t i e s  f o r  c a r r y ing out s y s t e m  r r ’ c o n fi qu r at i o n  ( r e d i s t r i b u t i o n  o f
s y s t e m  t a s k s )

CONCLUSION

In this paper , we have g i v e n  the r e a s o n s  f o r  f lu e c h o i ce  o f  a t w o — l e v e l
h i e r a r c h i c a l  st r uc tu re  fo r  c o m m u n s c a t io s n  b e t w e e s n  r e l a t i v e l y  a u t o n o m o u s  s u b s c r i b e r s  car -
r y ing out r e a l — t i m e  c o n t r o l  in an env i ronmen t  where  plnys i ; ’a l damage us  a p o s si b i l i t y .

The s t r u c t u r e  chosen fo r  the  l owe r  l e v e l  is a s t a t  structure t h a t  in our
op inion p r o v i d e s  the hig hes t  s e c u r i t y  f o r  co m m u n i c a tt o i n  b e t w e e n  s u b s c r i be r s  in a qe ’ is-
gra phicaly l o c a l i z e d  c l u s t e r .

G e o g r a p h i c a l y  s e u p o r a t e d  s u b s c r i b e r s  or c l u s t e r s  ma y commu si i ,- .nI, ’ v ia an ir-
r e g u l a r  network that t o l e r a t e s  ph y s i c a l  dama ge. TIle ms - ste ’ s of this sSetwork are’ very
simple and carry out signal routing automaticaly. A ssi’twork st r u c t u r e  us a l to very s u l -
ta ble for fiber—optic technology since all l i n k s  are p o i n t - t o — p o i n t  w r i t s  no powe r  d i v i -
s ion .

The v e r y  p r i n c i p l e  01 input  p o r t  s l i t  1,5,1 t ;’ ,u, ’ t l s u ,’r w i t l n  s cu d s ’ : ; , ‘ l t— . ,’ he ,_’ k a —
bi l ity  leads to a high modu la r i t y  on boI ls tIn e func tiosu ,e l ls’vel (c~’is,,s’ ,’ts v i t ’ , ’( ,ein ,t tu, , ’
s s p era t i o n a l  s e c u r i t y  level  ( f a u l t  t o l e r a n c e )  by s imp le  p a r a l l e t i m n g  ,‘f t s , , ’  5 5 0, 1 0 5,
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~ 2 .1)

The choic e of a cos ,munic at ,ion control metisod and the v a l i d a t i o n  of the
sys tem are being C a r r i e d  out at several l e v e l s

— by a d i s c r e t e — t i m e  s i m u l a t i o n ,

— by the c o n s t r u c t i o n  of a prototype system ,

— by the application of the system to a typical avionic integrated data processing
s t r uc t u r e  c a r r y ing Out the navi g a t i o n  and gu idance  f u n c t i o n s  (23) .
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William J. Steele
J ory I . Sch 1 e ts ,~er
THE SINGER COMPANY
KEARFOTT D I V I SION
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SUMOARY ~

COi”~’’.NDS is ,e COMMunication And Navi gation Dynamic Simulator. This simulator is
beinq used to develop and validate the avionic software contained irs Sinqer—Kearfo tt ’ sn
Class II Joint Tactical Information DiStribution System (JTIDS) terminals.

Multi-Sensor Communication and Navigat ion Sys tem a v i o n i c  sof twa re is compr ised of
a redi—time airborne opersstinq system (RTAOS) , a communica t ion subsy st em based on th e
time division muxiplexed access (TDMA ) method , a tactical naviqation (TM’AN ) S11t)SyStem ,
and a relative naviqation (RE L NAy) subsystem.

Since th is avionic so f twa re  was w r it t on  in assembly lanquaqe there ex is t ed  a
very stringent requirement for a dynamic simulator for both development and s’alisl.it:i on
of the avionic software. COMMANDS was developed to meet this requironient for an
economical tool that would support the test requirements of both the ccummunicatiors

5 (TDMA ) subSystem ’s h i gh data ra tes , and the complex computational requirement cut’ ti lt ’
Relative Navigation System. The COMMP,NDS simulator is resident on a mini-comput,’I
and is physically connected to the JTIDS Class II Operational Fl i qht Proqram te rmin a l
through the opera tional input/output I/O devices. This allows the simul ation of the
avionic box which is receiving the same inputs in the laboratory test is it will under
flight conditions.

A t r a jectory is a presc ribed sequence of input data which will cause the - as’ ionic
software to perform the desired function and issue specific responses. Validation 5

of the airborne software consists of exercising a set of tra Issc torin ss we designed to
completely encompass the operational functions deemed testable.

The limitations of the mini—computer are removed by dividing trait’ctnsries into
a baseline portion, and a real-time closed loop portion . The baseline portion is
that unaffected by the response of the airborne so f twa re . The baseline t r aj e c to r y
is generated of f - l ine and input to the COMMANI7S via magnetic taps ’ . The real - t ime
closed loop portion is dependent on data from the OFP airborne computer. P,’ut a
transmission acknow ledge , buil t—in test (BIT) wraparound , range error modules , a n d
status processing are examples of items in this c lass.  W i t h  the div is ion of t r aj e c to r y
generation respons ibility, the min i—computer can readily process the dynamic simulator
requirements of COMMANDS.

Most of the data out put f rom the a v i o n i c  sys tem is acs,’epted Isy COM.M1’.NPS. Some
data is processed immediately , but all data is recorded in rea l  t i m e  for f u t u r e  dat,n
reduction . Data  correlation is performed wherein each i tem from t h e  output tape is
compared parameter by parameter to the corresponding item in the “trut’-w csrld” tape .

This permits a t r a iec to ry  to be exerc ised which produces  many thousands of data
points. These data can subsequently be compared to acceptable ’  l im i ts , ,and onl y , lata
exceeding these limits wil l  be typed for analy t ica l  i nves t iga t ion. Addi t ionall’,’ ,
the COMMANDS has tested the comple x I/O of this terminal since all S r ,aje ’ .’tories
transmit and receive data over the operat ional devices.

The automatic fea tu res  of this development and v,ilidation tool  further enhance
software rel iability. Val idat ion depends on automatic acceptance of data and
identif ication for analysis of all data exceeding the establ ished error bounds.
Pre— defined t ra jector ies are ce r t i f i ed  by the requirement personnel t o  fos ter
complete testing and ,issure that t ra jec to r i es  are developed which encompass .ell
functional requirements.

Since the actual I/O is exerc ised during these tes t s , s o f t w a r e  )‘i’ it ,’ rmance in
f ield tests w il l  be the same as in the dynamic simul.itor. Finall~’ , th is  mettso ,t is
inexpensive to generate , exerc ise , and maintain. The comb ined e f f o r t  y ie lds a ‘,‘ery
powerful , rea l—t ime dyn.smic simulator for consiiunication nav iga t i on  systems .
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LIST OF SYMBOLS :

AGC Automat ic  Gain Control for a TACAN System

A/J Anti-jam communication technique

BIT Built-in Test  So f twa re , used to t e s t
flight sys tem

C&C Command and Control

DC TACAN System Dig i tal  Control

DME Distance Measurinq Equipment

0/P Dead Reckoner Navigator

DU Display Unit

HELOS Helicopters

HP21MX Hewlet t -Packard Mini-Computer

I/O Input or Output over a communication line

MCU Mode Control Unit

OFP Operational Flight Program

REL NAV Relat ive Navigation, a subsystem for
local grid navigation

RF Radio Frequency Mossaqe Processor

P1W Remotely Piloted Vehicles

RTAOS Real Time Airborne Operating System

RTE—IIB Hewlett—Packard Real Time Executive ,
Version IIB

Su r f a c e— t o — A i r  Missile

TACAN Tactical Navigation System

TDMA Time Division Multiplexed Access ,
a method of communication

TOA Time of Arrival of communication signal
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INTRODUCTION :

COMMANDS is a Communication and Navigation Dynamic Simulator. This Simulator
has been used to develop and validate the Avionic Software contained in Sinqer-Rearfott ’s
Class II Joint Tactical Information Distribution System (JTIDS) terminals.

Mul ti-Sensor Communication and Navigation Avionic Software is comprised of
four subsystems . A Real-Time Airborne Operating System (RTAOS), a communica tion
subsystem based on the Time Division Muxiplexed Access (TDMA ) method , a TACtical
Navi gation (TACAN ) subsystem , and a Relative Navigation (RE L NAy) subsystem. The
f l i ght software executes on an SKC312O which is a 16-bit fractional computer capable
of supporting 641< words of instruction/data memory .

Since this avionic software was written in Assembly Language there existed a
very str ingent requirement for  a dynamic simulator for both development and validation
of the avionic software. COMMANDS was developed to meet this requirement as an
economical tool that would support the test requirements of both the communication
(TDMA ) subsystem ’s hi gh da ta ra tes , and the complex computational requirement of
the Relative Navigation Subsystem.

The COMMANDS simulator is resident on a mini-computer and is physically connected
to the JTIDS Class II Operational Flight Program (OFP) terminal software through the
operational Input/Output (I/O) devices. This allows the simulation of the avionic
box which is receiving the same inputs in the laboratory test as it will under flight
conditions. The decision to host COMMANDS on a mini-computer has both advantages and
disadvantages . The principal advantage is that the simulator is connected to the
software via the operational flight hardware . Effects contributed by delays in
transmiss ion  of data throug h the hardware , noise errors in I/ O devices , A i rborne
Computer roundoff and truncation errors are all simultaneously tested within this
simula tion approach. The sole disadvantage of hosting the simulator on a mini-
computer is that the mini-computer is not capable of performing the required
computations in real time.

A trajectory is a prescribed sequence of input data which will cause the avionic
software to perform the desired function and issue specific responses. Validation of
the airborne software consists of exercising a set of trajectories we designed to
completely encompass the operational functions deemed testable. Some software is
explicitly tested by a trajectory ; e.g. , the Relay Message function of the Comonuni-
cation subsystem is tested by inputting Relay Messages. Other functions are tested
implicitly by this dynamic simulator; e.g., the matrix multiply rou t ine  mus t be
correct if the REL NAy trajectories are to be successfully executed , even though the
matrix multiply itself is never explicitly tested .

The limitations of the mini-computer are removed by dividing trajectories into
a baseline por tion , and a real-time closed loop portion . The baseline portion of
the trajectory is that portion unaffected by the response of the airborne software .
The baseline trajectory is generated off-line and input to the COMMANDS via a l600bpi
9—track magnetic tape. The real-time closed loop portion consists of the functional
capability that is dependent on data from the OFP Airborne Computer. Data trans-
mission acknowledge , built—in test (BIT) wraparound , range error modules , and status
processing are examples of items in this class. t’lith the division of trajectory
generation responsibility , the mini-compu ter can readily process the dynamic
simulator requirements of COMMANDS .

In addition to off—line baseline trajectory generation , a “true—world” magnetic
tape is created. The “true—world” tape is a frame-by—frame pred ic t ion  of what the
correct airborne fligh t software should generate. The “true—world” tape is the
standard to which the output of the OFP software is compared.

Every item of data output from the avionic system is accepted by COMMANDS .
Some data is processed immediately , but all data is recorded in real-time for future
data reduction . This data reduction consists of two phases. First , the content of
messages is printed , status data displayed , and relative naviga tion in fo rma tion
presented in eng ineering units. Output can be a printout , or a p lot of the da ta .
DATA Correlation is the second phase wherein each item from the output tape is
compared parameter by parameter to the corresponding item in the “true-world” tape.
Associated with each parameter is an expected error range. Parameters which exceed
the allowed error  range are identi f i e d  by param ete r ,  i rame , and error value. Output
of the data correlation phase of this simulator can be a printout , or a plot of the
errors discovered. This permi ts a trajectory to be exercised which produces many
thousands of data points while all are thoroughly examined and compared to acceptable
limits. Only data exceeding these limits will be typed for analytical investigation .

COMMANDS has been used to develop and validate Multi-Sensor software a t
Singer-Kearfott which is currently in Advanced Development and Prototype testing.
The separation of tra jectories in to  base l ine , and real—time functions was previously
developed but was not fully applied to communication systems until this project.
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RELAT IV I-? NAV 101c r ION SUI3SYS I’EM

The Res l ,itiye N.i’,’O~ation (RU b NAV ) suhsl’stemsm in the Multi—Sensor Operational
Flight Program his ‘seen designed to provide the capability for each member of a
cooperat ive community to derive the benefits afforded by a s ensor at any oth er
member ’s location . This is accomplished through ttso use of a dual—grid navigation
technique. In addition to navigation in the conventional geodetic frame , a rel ative
grid is established. The key element in the dual grid concept is the Time Division
M u l t i ple Access (TOMA) ranging as’sd communication system. Its member—to—member distance
mneasuring capability provides the precise ranging information necess,ur’.’ to lock each
member in a common yet arbitrary relative navi gation grid , whils’ i ts eumnsunication
capab ility provides the means for dissensination of sensor data.

The Relative Navigation (ME L NAV ) capability affords members of the same
community the ability to acquire targets and share the target sensor data for all
grid members , effect rendezvous , exchange pos i t ion  da ta and del iver  weapons e f f e c t i v ely
and accuratel y . Accur ate re la tive n a v i gation within a community implies that there
exists azimuthal as well as position and time correlation among the community members.
That is , any member possesses the navigation accuracy to touch any other member w i t h
an imag inary stick , or perhaps more significantly to touch any arbitrary point in the
tactical reg ion that another member is touching . Each member positions himself in
the relative grid as well as a l i gning the axes of the relative grid to a common azimuth.

No community member represents an independent entity , but rather is an integral
par t of a network of users linked together by the precise RI’ ranging system. Relative
position is known so well that this network of members can be thought of as one hybrid
navigation/weapon delivery system with distributed sensors. The single relative
grid provides a measurement base in which the precise exchange of target sensor data
occurs (e.g., radar target data). For combat considerations this means that target
positions as well as navigation sensor data and other points of interest can be
exchan ged among members of the community without significant loss of precision . This
same relative grid which links all cooperative members allows for the distribution of
precise geographic position data (e.g., GPS data) as well as the mutual augmentation
of different distributed geographic navigation sensors , jus t as if they were loca ted
on the same vehicle (e.g., a doppler on one vehicle being utilized with an inertial
system in a second vehicle to provide a hybrid doppler inertial capability). Members
carrying different sensors and sensor types , wi th different error signatures , augment
each other to provide a hybrid system which is mere accurate than any single system
element alone.

The software mechanization for the dual grid navigation consists of a Kalman
fil ter which models those independent states necessary to develop two complete sets
of navig ation parameters~ a rela tive set and a geographic set. Of utmost importance
here is the fact that the pilot does not become involved with any of this data. The
seemingly complex decision as to which grid to use for any given problem is transparent
to the pilot. He is not required to make real-tt me selections of position or any
other data. The system is programmed to address - ‘-se selection of which gr id  in form a t ion
should be utilized. The relative navigation coordinates which are available as filter
Outputs are utilized for relatively derived target data , whereas the geographic
pos it ion outpu ts are used for  geog raph i ca l l y  designa ted targets.

The concept of having to select  from two d i f f e r e n t sources of position is n o t
new to the weapon del ivery software designer. Most tactical a i r c ra f t  are equipped
with both a radar alt imeter and a bare-altimeter, one providing relat ive (ground
referenced) altitude , the other providing a measurement of absolute (Sea level
referenced) altitude. The use of two altimeters wi th the associated question of
which to use at any given time is well understood and the app lication—related
solution taken for granted. Use of the dual grid data is no more complex than this.
In a direc t air-to—ground attack of a target acquired by the aircraft ’s own ra da r ,
the sof tware establishes its own local relative grid for navigation to determine when
to release the weapon. Since it is a relative problem use of geographic pos ition
directly is meaningless. In addition, any updates to the geodetic system received
during that time would be ignored insofar as the position computation is concerned.
Over the short period of time (approximately 5 to 10 seconds) from target designation
to weapon release , the integral of dead-reckoner velocity, with its inherent short
term stability , represents the best estimate of position change.

This single aircraft example is analogous to the community problem where the
target is acquired using the radar on one member ’ s a i r c r af t , and this target must
subsequently be at tacked by another member aircraft. Usinq the relative grid
coordinates , the f i r s t  a i r c ra f t  can ac c u r a t e ly transmit the location of the target
to the second aircraft , just as though the radar had been mounted on that second
aircraft. The second a i r c ra f t  can then attack the target continuing to navi gate
using the same common relat ive grid. Any geodetic navigation position observations
processed durin g this time will not impact the relative navigation solution. This
is accomplished by the dual g r i d  capabil i ty a f fo rded by the terminal where navigat ion
is essentially independent between the two coordinate frames or grids. Updates to

L - ~~~~~~~~~~~~~~~ .
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S ls s ~ -u ’ ; ; - ; m  -~i~~~ ’’ Sl’ , ; S s ’l’s ;~
‘
~ I I . o s  r, ’,’ ? S ~ ‘ s - g e ,  s.~ m i ~ ;i;i e pos~~t 1s) o , but s i l l  s c o t  cause short

S s ’ S ‘ ,1n~ 5 ‘5 ’ 5 S’ e,’ I ,i t i ~si’i 5,5 1 
~ ~~~ i t 1 , ‘ 5; ci , 5 1 .1 i I’S ~ I ;s ’ rs ‘ 1 , s t i Se g s i 1 I raise .

A seco nd ;‘X.lssi pI i. , . , s sa  i 51 i’ s ’,~ j nms ins; w i  1 Is thu cons.,ontional s i sic lo a s rena f t case ,
c_ is ; L~s - ut i 1 i .s ’ ,l S s ’ 1 ,‘i’ s,, s i ’  , ; S m .0 n’ s’ lss ’n pos i tion s l it s irons the geograptsic frame would
i, ie ld ~ ‘ s t t 5’ r nesul ta . A t .s i s ,  t is sis’~ ignat cc l i,’, a forward observe r us inq geoqraphi c
151 15 ’ ;‘O,’S - S  1 1’,,I t i’s . An st  S ,t, ’k on such a s ; s ’os S r . l s ; I s i  s,’,s l  1’;’ ~i’,’ s i q m s j t , s ’ ;i t a ry ot  should be

11,1,15 ’ 1,ss ,~,t on t i m e ’ eli z ’C m , l ?  I ‘ S I,isst ,i’ ,’ , ij l ,s b l s ,  googr.ip ts ic  posi ti , ’ ’;. Al l  geographic
position I;psi ,, t,,-c; ,1’,’ail ,ilsls ’ prior to ti;, attack would bs~ u t i l i zed to improve his
C s S t l i S ; , I S c ’ 5 , 1’ geoq r’.ip l s s ; ’ poc; l l ion  and compute a more accurate weapon release point.

S i d s i l a rlI’ , i t  this  morwarct s ibss ’ n 5 ,’en info rmation  is received by a community member
S ;;s~ ’s ’~’d s’ s S 5 the dual qm id navs. ; ,s t  1 ( 5mm capab i l i t y  of t he communication (TDMA ) terminal
t 1 ~ .st  ;s ’ s ’s l,’t  a i r c r a f t  would ,ilso uSe isis best estimate of geographic position . By
ut i 1 ; .~ 5 ss~: da ta  s s c ’s?: t 1~e ;i s ’s ’’lrat ’hic grid ,. he a l s t s ’ S s s , i t  i s -al  ly s’s’~’ei ‘,ses the community ’ s
be st  e s t s ; s s ,s t i - c s t ,meocm s ’a ls h t v  pos it ion , w hich has been derived using essen t i a l l y  all
s 5 ’c)~5rap(s ic  update im s ~~ormss.ition .is.’,ii l,,ble to c’~ ls ,ls of the community members .

The app lications 01 the TDMA svs t e rss  take advantage of severa l  d is t inct  features
which are intc ’,snal to t Is e  co mnm unic.Its; ’ms t e r c ’x ssa l .  Certainly the relat ive navigation
capab i l i ty , ,‘s~~ c’ c i a ll ’,’ w i l l;  • };e ,iual gr id n av i ga t ic s ;  jus t  descr ibed, is extremely
v e r s a t i le .  This capab i l i ty  bi’ s ’ors ;s’s (‘von ,snore powerful when utilized with the data
link of the ‘I rMA svc ;t e ps  and the inherent time synchronization of all participating
community nsem ssbe rs. The f~~l 1s’s ’ 1n5i examples i l l u s t r a t e  the use of several  of these

eat  ;ines

MISSILE GUIDANCE AND CONTROL

Tb,’ utilization of a TINM,\ terminal for missile guidance and control is parti-
cularly efficient. There is a significant savings which results from the fact that
the bas ic  ‘I’DMA link can provide the time of arrival (TOA) signals , which  w i l l  a l l ow
for computation of the  tar~~c,’t missile (SAM) relat ive posit ion as we l l  as being used
as the link for quidance commands .

A typ ica l  scenario is depicted in Figure 1 where the target  missile is
detected by airborne and seaborne elements which are operating in the grid: 1) The
target position is f ixed in the grid based on the detection elements , A , B, and C.
2) A TDMA command and control (C&C) member (C) is assigned. 3)  Guidance p lane
info rmation may be developed based on the selected launcher position and an extra—
polated target position. 4) The SAM launcher vehicle (B) is selected.  5)  Command
and guidance data may be t ransmit ted to the SAI5I from the C&C ship. 6)  The SAM
wil l  respond to these commands signals and provide TOA signals to the airborne
elements. 7) The TOA signals then may be retransmitted to the C&C ship. 8) Upon
recept ion of the SAN TOA signals , the  C&C ship develops the SAM posi t ion in the
TDMA grid.

Based on the position in the grid , new guidance vector commands may be computed
and transmitted over the same data link for SAM guidance . If the SAM possesses a
terminal sensor , then TDMA guidance need only continue to place the SAM within the
,Jcsm uisition “bask e t ”  of the terminal sensor.

Other SAN scerserios are somewhat similar and , in  f a c t , may operate s,’ i th a
passive system aboard the SAM . Then the SAM position may be establ ished by tracking
by TDMA community members , as was the target for the scenario presented.
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I N T E L L I G E N C E  (;ATHi: R I N G  AND DISSEMINATION

These activities can be described as re~ uiring signal intercept , select ion of
s ign i f i c a n t  or co r re l a t ed  si g n a l s , p r o v i d i n g  e m i t t e r  loca t ions  where  possible ,
identilication of emi tter  type , correlating data and reporting to command.

As part of the emitter location process , it is advantageous to utilize the
hi gh accuracy relative navigation capability provided by TOMA especiall y for
redundant reception of emitter transmissions and the subsequent correlation of the
data. Another extremely important feature in terms of data correlation is provided
by the ability to “time tag ” data accurately for processing and correlation with
data from other sources. The secure data distribution capability of this system is ,
of course , important for communications with other operational elements.

RPV/DRONE CONTROL AND GUIDANCE

Althoug h nissile guidance techniques utilizin g Distance Measuring Equipment (ONE)
and signal Time of Arrival (TOA) measurements are not new , a TDMA compatible terminal
offers great simp licity over current systems . Utilizing the TDMA tactical link , a
complete dedicated separate guidance link and system is not required.

A TDMA terminal is also applicable to Remotely Piloted Vehicles (RP V) . A
simp l i f i ed term i na l  woul d provide the A/J data link and relative navi gation capability
for both the missile and RPV application.

There are a full range of terminal versions to meet a spectrum of vehicle
applications. For simp le low—cost glide weapons , a basic terminal is ideal as it
exhibits a balance between basic guidance features and low cost. For more capable
gl ide weapons and air—to-ground missiles , additional terminal capabilities can be
added such as a terminal with an additional receiver , thereby enhancing the anti-jan
properties of the basic configuration.

Finally, for more sophisticated vehicles with the capability for self—contained
gu idance , a different terminal is in order. This is a fully passive terminal
(without transmission capability). Since it does not transmit , it is a more secure
terminal but it must now synchronize itself passively into the TDMA slot structure .
Relative missile location is now computed on board the missile from the TDMA position
reports of the other tactical net members.

Typ ical operation of this terminal is as follows: (Figure 2) A message (for
example , ~n RPV command) is transmitted over a predetermined missile slot. This
message, complete with synchronization and header information , is received and
recognized by the terminal. A reply signal is assembled containing externally
supplied data (targetting, etc.) or a fixed ranging reply. This reply message is
then transmitted to the command ship either directly or through a relay aircraft
or RPV after a fixed time delay . On the command ship , relative navigation computa-
tions are performed upon the receipt of TOA da ta , thereby p lacing the RPV in a
relative grid. Command information is then uplinked to the RPV in the next chosen
TDMA time slot and the process repeated. Note that for navigation , two other net
members are shown (Helos). They are not required , however , if relative navigation
is not to be performed by TDMA equipment. Also , they are not required if relative
navigation is to be performed in a single update mode .

OTHER POSSIBLE NET MEMBER S
TDMA EQU IPPE D

RPV

S..., 

~,

COMMAN D TARGET
SHIP

RPV SCENARIO

FIGURE 2



23-9

AUTONOMOUS OPTI ON FOR NAVIGATION

For certain mission applications it may be desirable for the RPV to remain silent
until reaching the terminal area. This requirement can be met by utilizing autonomous
navigation capability with the TDMA terminal. This is a feature which already exists
in the Class 2 terminal , whi ch has been developed by the Sinqer-Kearfott Division .

A form of relative navigation is performed by the RPV terminal. Once the terminal
is synchronized into the TDMA slot structure accurate range measurements are performed
in the RPV terminal (passively). Relative navigation processing of these measurements
permits the RPV to place itself in a relative tactical grid continuously during flight.
Navigation and hence guidance compu tations are per formed in the RPV in a completely
self-contained fashion.

There are several reasons , however , why this capabili ty may not be worth the extra
complexi ty. First , the ship must periodically radiate a transmission to the RPV for
relative navigation. This radiation may be detected by unfriendly vehicles (provided
they are within line-of-sight range). In the simpler active terminal , the RPV must
radiate to the ship which then performs the guidance computations. However , this
radiation is aimed toward friendly forces and away from unfriendly forces. Since the
ship retains the command function and has greater data processing capability , it makes
sense to place the navi ga tion and guidance authority here as well.

For compara tive pu rposes , Figure 3 indicates the data f low in an au tonomous
mode . As shown in this figure , one way transmissions are made from one or more TDMA
net members to the RPV. These transmissions consist of normal TDMA Position messages
(con taining posi tion , velocity ,  heading , information). The RPV accepts these messages
by listening and decoding the data in each assigned vehicle slot , then performs relative
navigation computations and locates itself in a relative grid. This location technique
is superior to Simple multilateration techniques as it is based upon optimally
f i l ter ing both range (TDMA derived) and dead reckoning derived data. Furthermore ,
wi th this technique (unlike multilateration ), TDMA range measurements can be processed
at various non—synchronous times. It is this fact that permits relative navigation
to opera te on a “single range update” basis , i.e., updated navigation between Only
two TDMA net members. With the singular , non-autonomous RPV terminal previously
described , naviga tion and gui dance computations are performed aboard the command ship
and are based upon TOA multilateration computations.

POSITION MESSAGE

OPTIONAL 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

NAVIG ATION

SHIP

AUTONOMOUS NAVIGATION FOR THE RPV

FIGURE 3
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; n ~ ’i s s l s y  W i  I i  i l  I lie i O i l  — ‘ l i ’ i~ i i  Ic. ‘lb is h i t  e r — l ip e r ib i  l i t  v of t i— m i  ri ,tl~ i s  im p or t  t n t

i i t l i i i  15 Si  O0t’ t h e  t ir e ’s  I , I i  I I ‘ i s O it  vehicles used I i s e , i r s -h , i n s b  mi scue
0 } i ’! .11 i ons may lii- sp i t  t o  v i i  i c t  s t e p e r i r l i n t  i l l  t l is ’ n at  l i i i ’ s i t  t t l e i i i s ,~~I a t  i n n  t r o t  I hi t’
i v a i l , t b i  t i t y  o h  v i O l i s O  s - i n n  li ’c,it i ii) .

- l A S ; F r I  1N ~ l S l N C  I 1 I S T R I I ) I ’ITP N O ;

I i i  l i - I l  t i i - i  O r y  t i e  , e o i }  I i s t l o i t  115 i n i  t h e  UI 1Ms \  t e r m i i i , s  1 by C i t  b e t  t ie  I vo m r r l i i I ‘ m m ii
of  JO i’fl’ i I I  e t  ‘ ‘ I  1 I iv , -  I i i i ?  t t i i s ’a t  \‘i l i  t 1001 i on .

F i i  I i - N , ‘~ - - - S - t  i I I 0 t I ‘I’ l l I i l l  I s’li(’ l i ~~ ’ in  01011 ‘I~~~~ t S t I s  I t s r  I s ’s ’ I ’ S  0 m o un d
i n s t i l  l i t ‘ r u . ‘r i  t I ’ r ’ t i t i ’ P~ 7 ’ s  On i t t l f l h t l t i i I I  thli ’Ilil ’i ’FS t i n ’ 1 5 5 ’  t h i s  iS 1 l 1 i l i ’ t l . i I l i S u i u l S S i ; ’II m i t

i me I Si; I s i  i l l ; t t i e  U :  “ ‘s  y n s ’h I i i i  i~ ,~~~ ) t isle. A s t r O l l 5 1 1 1 , 1  t o i l  Command ins t  Cu ll I n i t  ( In  it
h o  • ‘ i - . s i 5 5  i ‘ - i ’ n ’ifl I I ‘ - n l i r J t I i i i)

I- ’ i n s t  r h ‘s. ’ . s i t  I I  i t  i ’ l l  in  wIt  1 s 1 1  mi’ml senis slay vs ’r’ i t v a t Ii m e a t  b I I I 015 1 li i i  n i l  a
i i  1,0 . rh ,  t i e  i t  i n  m v  I , ’ s i t  i i i  ,o ’ t  t r y  t h e  i l l  I I i l t i n , i t  l i i i - I i t 0 l , l t  t ( A )  as w e l t  m u

by it  t i e r s - i  I ‘ i ’ e l - s i T u ;  I t  s t i n t  C)  in o i n l e t  t o  i m e v  i t o  e m i t  t i  h o s t  1011 j I l t s i  ‘ I I )  I s S l .

l i i ,  I I  i t t  .- m l  o -t i  s t  t h e  di s t  n i t r t i t e d  u 5 I ~~n u 5 i I  S r  l l n s ’ p t  i l l  l ’i l lh  i i It i c t  l i i i )  1,1 l i i  a p r o ’ I  sn ’ l y
l i t  in e s t  i i - l i t  is ’, - i n  t d  11 t h , t i l r I l l , r l l  I s~i ’, h t i m e  f rom h it , ’ ‘IlOtA s iy s t i ’t l i 

~‘ roV i , h o u ; a i ~ I t r ~ I l I l t , ’

,m;i ;sl i s i t  1 1 5 1 1  ‘ i  I ‘ I l l  ‘ 1  _ ‘a)s itsi 1 i t  i i ’ s , t i e t r ’t  s i t  s i n ’ li s t a v a i l  t h I s - t o  s ’ s r _ s 5 r i ’l  i t  i vs-
s ’i~ tt Uflhi t 1 i t  Y~~~’i’ ’ ’ I it  1 1 1 1 1 .

Thes t’ s ’r s I i n ’
~~’i s  I s  may b.’ l i t  I I i  : est  t s r  ~siovi do snt~~l I 0 1 I l l  sie t 101111 1 s i t  S i l l  b a s k e t  S Wti i I s ’

‘ l r l v i l I i i I t i i I s ’tC c i t  r;rirs’ivabi Ii ty by stect- s’ssin s i r ad ar ’  o n — t  i tite .
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A s y s t s ’n; of  t h i s  s op h i s t i c , i t i o n  w i t h  its hig h d a t u m  I a t 1~ con t imun ica t i o n s  , i l u t complex r ; t , O - —
o h — t h e — a r t  d u a l  gr id  K al ni a n  I m l  t is an a l y t i c s  r s7 i lu i  res dynamic , a l i t  of l I , u t  551 v i  1 ( n i l  i s i ) 1

‘)~~ 12 technistues to assure the integrity of t h e  S i - t I  w a r e ,  Th i s  has  motiv ated t i s , ’  d~~vi ’ h i s  i lls, ’ s t
s it  t he  COMMANDS t ac i t  i ty .

t h e  remainder of this n u l l  h’taj is t h r ec  a spect s  o h  t h i s ’ COMNANI)S svrsl s i l l . ‘ l i i i ’ s,, ’
J r 5 1 ’ i -t S are :

o C h s u r s s i d_ l&iop Rea l  Time Softwat- i’

o Baseline So f t w i i s ’

o l l ar s t s . ’ , u l  I ’ Conb (-l u rr I i s i l l

J(EAI, TIME CL SIS1 - :ID l,OI1P smhl -’TWAt (t-:

‘It i s ’ R e i l  h i l l s , , C ls r S i ~~l loop s I t  1 5 1 1  s r I  t he  s ’IS M I ’ IA N I IC  S i l l I U I i I  s ir  hiss been ; I 1 ’ r s i I l h u sI I s ’  c X l ’ ’ l i t  0
on a H e w l e t t  — P a c k a r d  h h P 2  1MX c o m p u t e r .  i’ho f u n c t i o ns  of  t h i s  s ot  t w i n ’  I n s ’ s u l l m m a m  l i s t
Its f o l l ow s :

a t  Ex s ’cu t iOn  ot  t t ea i t  R,-ckone l -  I I ) I i )  N _ i c  ig a t  ion  N ods’ I
b )  Ex , ’ cu t  ion  i l l  i’As’AN Mu s t s ’  I
C )  E x s ’s’ I I I  i n  of ‘ h I M ’ s  and  R a d io  l- ’ r o s i s i s - l l ’y (RI’) i’Ii ’ SS, lg s’ P l s l - s’ s s in s l
dl  E x s ’ ;’s i t  l s ’ l ’. s r I  ‘ ‘ [ 1  P l , r s ’1O;sS m ri~u t s r  t h e  t e r mi n a l  ‘ s I u 1 - s s i - t r ’

c r i m m u n l c at i on  ‘ ‘ I t s ,

Th~ I n n u l  — s ;; t  u-ut o i l  ion - I  I tms ’ tts’~m l r i m, ’  (‘I,osed I 5 s1’p Sot  t w , s  I s ’ c s l n s i s t  s of Luutfi -i i;

w t i s r s i ’ f u n c t i o ns  i t s ’ t o  in ~~t i , m h  i ’ e  5 1 1 5 5 0  t o  t I n  I I  i gh t  ‘ r I l 5 1 l l t , l ~~ t o  _I; t is i n t e n l ls ’n’
b e tween  t l l o  b a s e l i ne  - I s - n i - I  at es t I i , l l I i ’t i s ’ I _ it ’ s all sb t h i ’ f l i g h t  ;‘s S i i i l ’ S l t , ’ I I t s i  ms’ C s s m s b  ,il I
d , it a  t s r  subseuiueri t d a t  i r i - d s s - - t l O l l ;  I s  F r ’ s’s ’ l s t  t i m , ’ s t a t u s  of  t t m o  s’ s M ~: ’ sN h S simu l ,ut ssr and
t h e El  i gh t  Ss~ f t w , i r s ’ u11 1 i ’l l e St , a i i d  t s r  0511115  sn  e r r s r r  h e r s  -
B A S E L I N E  SOFTWARE

The b,m s e 1 i ni’ pr  I I I  I l l  a l e  W I  I t I r Ol i n  ~N S I EU ST RAN ~ nd i l l  - p r i m a  r i 1 v it o s 1 -5 l i i ’ d t o be
e X i ’s’ s i t ed  on the  I L E  170.  V e r s i o ns  01 t h e  W i t  a l u - d I R -I  S O I l  p r ogr a m s  . m r s -  W ;  I t t e l m  i n  I i e w l s ’I t —

P a c k , i  r d  FORTRAN t s r  be e xer  - i s e t  on t h e  1 1 1 — 2 1  MX c o m p u t e r  ~~r ’ r a t i n g  u n d e r  t h e  htew l et  — I’ i s’ka i l
sea I Tori ’  h’ Xs ’Oss t 1 \ s ’ 1 1 1 1 1  1 113 ) On t he  (‘ N M A N I 1 S  f t c  i l i  ty I tse If. This ’ t l s o z r a m s  op e r i  I I n s t

on t h e  l t P — 2  iN N  _ i r e  I u n c t  i o n al  ly s’quiv_ i lent I ,m n s l condi  t i o n i l  l v  1 5 51 l ii ’ l~ ’ w I  th i  t t m o i  m
c o u n te r p a r t s  wh i c h  Ope l ~i t n ’ on t h e  I 1 3 M 3 7 0 .

‘rho baseline programs s ; e ner 5 lt ,’ a t 1 me ,ir -ssss, - i a t  e l  W i t  a I r i s , ’ t e l  use as m ntrut t o  I O u ’
C lo s e~ t Loop S sr f t w , i r e , The p r s ) l r I m  c i  h s ’u l a te s  t r u e  s t i ’ s s s I r a p t h i ’ and relat iS ’ s ’ 1) i d  posit i o n s
for the test vehicle ;ind other commun it V mt ’mlser s .  it  1 ’r s iv i d i� s ranges between the OtT
vehicle and the members inch uding simulat e l  S h i r t  l i t t e r , l i s A  er r o r  and hi ackout c o n d i t i o n s .
The p r o - I r n m I i l  m aintains the ~‘ol’srlun t y  t i m e  s it  sl,sv and pr r s’ i des tom dm screte s t op r_’hanqes
in ,i lar le s-ar j e t  y of parameters inch uding cs’arse sync indis’sI sir S , R’rT range and SRN
o s ci l l a t or and  power am p l i f m s ’r r s r i s by ind ic i lsi rs , g e o g r a ph i c  update 1oirsmncters , s h i r t
J i t t e r , TOA e r r o r , f i  xcii f i r s- i t  message  he , ider s  , i n  i t  i ,m l i zat ion d a t a , lllr ’s’, S , i u l s ’ ms ’5’ i ’t i t 0511
rates internal message tie ids  , poll i nsj and  maci l  m 110 a c k n o w l e d g e  s ’\-e I I I  s il ls 1 le e  t o  x t
mess i s l e  c t m a n - l i ’s -

The program p r o v i d e s  s 11110 l i t  ,ot fixed I s r : u s i t  p o s i t  iot i  111, 505 l l r ’li ms ’so’ i i r ~ sh f rem t h e
c o m m u n i t y  members ment  ion e s t  a trove i n  s l I m  t ion  t s r I ~~X , ’ st f o r m a t  ‘;si ’i s ss ,s e r ’ru I 100 ;mnv ott~~’i-communi ty  member .  In  . i n h s h  11  Ion , I t p m v  s l ~~ r s I i s ’,’ t s’S t Fs ’n ’s’l 5 s~ n t  me s sa i e s  . Al 1 omu l , m t  ,‘d
r ecei ’,’ed messa ges have  assoc i m t  i ’ sl w i t h  t ise llIr ’ s i S . t I s ’s ‘I  I s s l  indicait m sins includi no s’sole
error counts , erasure count a n n t  e l s i ’ck s in i n n e r csrds’ p , ir  it v ‘the mi’ s’s’ is-c t h’ s sj  t l o l l —
mes sages ar e  - m l  or I irne s v t l ’tl ron i ? r ’d ,ts I - ’ i n  t , ‘ m a  I 5’ s si l  i t  l o l l  d at  a , t iflie SI  s i t  l l l i l l l I ’ n ’ I ,mn ~t
r a n g e . The h r  i l l  Il l s 5 up p  1 i r - r s  a i mu I i t  ‘ I  i n p u  I slum t ,t 1 1  - so ~ r t  I s  t t ie I i <s~n h t o  rIll a t and t I s ’s’
text sort ion in ch l i s t i n g  i - - I l - s i l t ro l  a n u h  llu i ’ rs s , t~~ ,’ 5t,i t , i  , aI ls l  5 m t l lU l a t  1’d TA( ,’AN s ion a l  d a t_ i
r e p r e s e n tin g a r , i l l g e  ansI j si’ , i r j f l .  Sr I ’ s  1 s 1  i m ; ’ l e n h i’ i l t  i t  i - r n .  I t  l s r s r v l b o s  for p e rio d i c
signal blanking ‘C , A s s ’ I s r s’k u n l i n k  , ‘s s l L t i  I ion i l l - I  s- i l u t  ins-al i51 inshi~’iI u r n s .  A l s o
im ple men t s -d is a s l S l l m l l t i ’st  s- s s — ’ls i I s l u i ’l i i i  11151 j I l t  s’t f , ‘n s l l n ’n ’ ‘ s no t , ’ . The ~r i - o~~ r -am s i m ul t I  ,‘rm
( i n  c s r n l u n s - I  i on  w i t 11 f lu ’  r n - a l  I unt o C I  ‘r i , ’ u l l s s s r ~ P e l t  s . ’ s I  s ’~~ t II, ’ I m m s ’ l t  151 s l e , m d — n s ’ ck o l lj n t
unit and provistes Oat  a 1 5 1  1 hi’ u o I s ’ i I s ’ i n  ‘ I t  I 1 1 , - I l  i n ’s ’ ,

The baseline P O s h  Sil l  l e n i n 5 1  e l  u t , I t  I I r S , ’ I ’ S  S m m s t ’ l l i _ s b t O  t t l s ’ Real  ‘rime (‘ I s r r s i s t  I
S of t wa r e  vi i i  a m i u t n u ’t i n  t t~~,’ . I 11( 11 I - s  I - ‘ I hi ’ ti . t n t e l  i nc  ;s m s r n n  r a m  si ,~ v i al ,i st  andard IllS S
f o r mat  ca rd  deck .

COMMANDS h t A R l ) W A R I

Th is sec tion  s h l ’rO’ r il ’, ’s t t i t ’ I S I l l n ’ I  i - SI m O n t  i n t e l  I s ’ 1  m t  I s il l  of I l l s ’ bi ,trs ls.’ai ’e compol i el lt  S
in  th e L ’O M M A N I T S  s i m u l  I I  s n  - t i  - su r e  7 m i  1 nh  air,l m ShO W I I l - I  I t i s ’ I l i t  OF us ’l i s in o f  I bie se
components .

The COMMA N 1)5 sys te lls c i st i r l  i S  I i ;  s t  a ct’ fl t~~~i I  L’u5ll lt iut  i ’ I 01st  ,ili lS s’n ’l at  eli pe r i p b i e i , m I
C s ju lp m e n t .

COMI’IAN DS s i m u l a t e s, i n  ri - m i  I I me , . 1 1  1 t t i c  s l i t  m l l s ~~ I o i l  ly  ru ’, - 5’i s-~’~l t r y  thic s~t - l’ h i l l 5 t e i
actual ft i;rht condi t i s s n r s  - I n  m i l d  i t  i o n , t h e  C s l i l 5 s ; l t  i ’r i - S in t  i n uou s l y n ’ I I i ’ n O, l I  t h e  s it- I’ sr u t  pu t
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st5 t ii , U l st  ( n i , i~ t 5 is ’t u tS u l ’ I ’ I s ’ Pl  i _ m t  i I e l s t ’ , r I  5 , , , ’, - 511, 1 m i  i , I  l u s t  5, t l s  55 i i l l u t a t  s i t  l i i ,t i s  i i ’u l l l i t e n t .
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i l  I csiiltbiim ~tt i , s l m , s  si t  t h i s’ Il lS - ‘ 1 1 u l I 5 ’t  i s ’l i iS I s ’ 1’ , ’ 1u ,’r t s ir m ,rc , h  IS I t l i ’ i~ t ’P .  ‘I ’ti i s , I l ien 5 5 1  ‘s m , h, — ,s

it csrmp Ic t s’ va t  i slum I i n ’11 si t  I t r ,  t I i ghi I - n ’ I w i r e  i l l  t hi s ’ I u l s i r r , s  I r i \  I I  u s  I t - ‘ I 1 i u i b m  I t i - s t  i t t , i .
I i  t i S o l  , ‘I  ~ s i t  i~~’ i ’ t I , t )i i  i i i  Illi s i u t i t  i I~~ s i l l  5i t l i ’ I ap e , l r  i s - - - w h i l  l~ - I t m i ’ _ n t  b u n  i l l  i vi ’ u s s  I i r ,-d

n O  I i i ’ s ’ n nh l i st  I h i , — Ot t’ i su t  I n u t  . s 5t  t h u  1501 1 I ’hli ’l.i h , s  i i 5 i ’n t  5 I s ’

si CR 1’ I C 5, - i  t I l t  n i l — i sv i n b e , 5  I t i O t isea li s  I i ’ I  , I I I  O i l  510 5 n ’I l li ’ 50 n ’n t  I
t I l t  1 1 , 1 1  : . m l  i s it i  O t t  .m , t o  w e l l  t s r  S ilIr i ll i l l - I
s h . i t  ~m i r l i  I I I , ’ s~ t-’I’ s n u t  p u t  h i I ’i ’ .

o s i l t  I i i t u t s ’ 5 i  ok  t b l l i  I — st o re s  t hi s ’ r u n t  I w i n , - t i,~eu t s ~il i n  t t i i  , ‘ t’ i ’ I  i t  t i it i

~s t  t h e  t e s t  s t a t  u r I S .

l i i i , — P t  t i l t  or  — t s rodu tces  .i t i u m i  it es n ) i \ ’  ‘ I t his ’  o u t  p u t  I
t his ’ I I  t~ t t i t i ’u il l it n I l h  i n

‘I’h ms . s r 1n ,i i t t  t i i r i a l  i l  u - t h t  ; , r t  I s ’ m r  , h ’ , ’ ,s t Set t i t l I s t  I s ’ s  I t o ’ d , t t _ i  I I s ’s b O u t  50011 I l l , ’ i ’h ’P -
t i t  s ’r 5NM AN I’S s t nnu 1 . m n  - ‘n  at id  I ho h ’ I  s~ ’t .IV I’ ll i t  I l~ h ’ I - ‘rhi o I’,’,s I Se t  Ci ’l it  I o t r s  t h i s ’ s’sint tt l lott  i —

i u O i i S  tn , ’t W , ’t ’nI  t h it ’ s~I’I’ . i I i ~ b I~ I’ Sl u t  i I  l n i Wr5  t 11011 1 I s ’ ,n)’en i t  i ’ i l I i I s ’I 5 i ’ I I Ih i ’ n t t  oh t t t e u ’ \ t  u i  r l , i l
I ~‘oll r~ ’ m i r  , n  - I n  mu sh t t o i l , I h i t ’ I i ’” t S, ’t ~~t s- S _ I , ters so’nt I , n I  I i  t h i , i t  5111111 1 i t o  t h u s ’  Mn - ,t ,-

Cn r l l t  i - - I  ( ‘ l i l t  i M i ’ l l  I u I i s ’I i i ’ l l i S  - ‘tho l i s t  ;Ss~t ~— i  ‘S u It ’S i l  I ~m s ’ ,- e n s r s , i r  v , iI , n s’ t sns  Slu t 1 1,01 1—
I 11110 i l l  1, - I  h i S ’  t t , i i l  I i’S 1 , 1 1 1 1 1  , h , - v  I ,

I n  i ’u i n i u ’ his i , -n I t t , — Cs ’ M N \ N l’S s~~ ,it em oh  I n I  , , i r , ’l m i t t-li ’ li iti 00 111  llis’s’t )an I _ . i I  i n ’ll t hi, mt
t ’ t v t~ h i ’5 t~~ i hi , ’ t h u — t i ’  t i u t h i  S’,’ i i t  l i t  l o l l  o t  I t s , ’ A u  n l-~ ’t  10 t I  t - i t i t  l i m i t  I s - i l  s~~.
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1 .0 t N T  5011Sf T I O N

T h i s pa~~er d e s c r i b e s  the  b a s i c  RI homing m i s s i l e  g u i d a n c e  s i m u l a t i o n  problem and s o l u t i o n u s
that have evolved over the l ast 20 years. Sta r t i n g  from s imp l e  component transfer
f u n c t t s u ,  me a surements tin the bate ~~9 4 Q 1~~ and ea rly 1950 ’ s . tin e evolution of RI h oming
gundars ce s i m u l a t I o n  techn i ques is followed to present c a y  h a r d w a r e - i n - t h e - l o o p  f , s , l l i t i e s
at Boeing, th e United Stat es A rmy ’ s Ra dio Frequency Sim u at l o n  System (RUSS), an d the
V e t t e d  States ‘i a v y ’ s C e n t r a l  Target S i m u l a t o r  (CTS),

1 .1 W h ,~ S i ’ i u t a t m ?

S im u l a t i o n  is p e r f o r m e d  b e c a u s e  i t  Is an effective management and engineering tool for
ait al y s ts , de v e l opment and test , M i s s i l e  guidance systems have become too complex to be
a dequately developed and evaluated by reliance on l i m i t e d  a n a l y t i c a l  s i m u l a t i o n s  and
s parse f l ’ 3 h 1  test programs. Manage rs are expected to make d i f f i c u l t  decisions w i t h
in c r ea snn g risk based upon dv- reas in g technical data at key pro g ram m i lestones. Yet
program costs continue to c l i m b  and a cce l erat v . further c o m p l i c a t i n g  the manager s
d e c i s i o n s  dilemma , H ardware-in-the-loop m i s s i l e  g u i d ance s i m u l a t i o n s  can provide
m e a n i u b g f u l  answers to tough system questions ,

T here is also a large f i n a n c i a l  advantage in u sing s i m u l a t i o n  ov er actua l  f l i g h t  t e s t s .
for example the Army recently performed 3(100 si m u l a t e d  fl i s jh t s in three weeks at a cost
o $100 ,000. Com parable actual m i s s i l e  f l i g hts co u l d have cost at least $140,000,000
for t hu m i s s i l e s  alone and taken at least two years to perform ,

Tec h n i c a l l y  such a s i m u l a t i o n  c a p a b i l i t y  provides a means to perform ; (1) a reduction
in development time and f a i l u r e s  for new gu id a n c e  and c o u n t e r - g u i d a n c e  syst em desi gns ,
(2) prefli ght s i m u l a t i o n  to ensure that the proposed m i s s i l i ’  fli ght test is w i t h i n  the
ca p a b i l i t y  of the weapon system , (3) post fli g ht s i m u l a t i o n  to exactl y cn ar a ctet ’ ize a
f l i gh t a n o m a l y, an d (4) simu l a t e  the effect of ag in g co sll ponents to determ i n e - the per-
f o rm a n c e  of  t he “ w o o d e n ’ m i s s i l e  as a function of storage time, (5) a thorough mapping
of the m i s s i l e  performance envelope in a c o n t r o l l e d  e n v i r o n m e n t ,  (6) support throughout
t he lif e  cycle of the m i s s i l e  system . Si g n i f i c a n t l y  h u m re wa r e-in- the -l oop s i m u l a t i o n s
bridge the gap between a n a l y t i c a l  s i m u l a t i o n  and f l i g h t  t esting.

1 .2 M~~~~~~R I G u i d an c e  S l m u l a t i o r t F , m c i l l t i e s

T he RF homing m i s s i l e  g u i d a n c e  and co -i trol s i m u l a t i o n  pr o b l e lul is to r e a l i s t i c a l l y c r e a t e
an RI target and background env i ronment , su bject the RI homer to this environme n t , close
a m i s s ile g u i d a n ce loop around this RI homer , perform r e a l - t i m e  h a r d w a r e - i n — t h e - l o o p
g i udance tests which result in miss distances the same as actual missile test fli g hts .

Earl y s i m u l a t i o n  techniques were done on a piecemeal basis. Tests were run on motors,
wind tunnel tests were performed for aerodynamic information , open loop RI hotter tests
we re performed, measurements were made of targets and a l l  were then m a t h e m a t i r m l l y
mo deled; these models were then put in an analog computer and a m i s s i l e - t a r g e t  enr iage m eul t
sc enari o flown, The prinlary Output was the syste m .miss dist a n c e .  This was c h a r a c t e r i s t i c
of the period up to the m i d d l e  1960’ s,

1r s the middle of the 1960 ’ s Boeing developed it ’ s Terminal Gui dance Laboratory (TGI).
This labora tory employs a 25’ 5 25 ’ 5 50 anecho ic cham ber , a 1 6’ \ 16 e l e c t r o n i c a l l s
s teerable target array at one end of the chamber and a fu l l  scale hy d r a u l i c  f l i g h t
table to hold the m i s s i l e  homer at the other end of the chamber, This laboratory was
used to make direct comparisons between actual m i s s i l e  fli ghts and s i m u l a t e d  f l i g h t s .  The
results demonstrated the v a l i d i t y  of this type of sin l u l a t i o n

In 1975 the U . S . A rmy 1 s Rad io Frequency S i m u l a t i o n  Syste m (RISS) became op e r a t i o n a l .
and the c h a r a c t e r i s t i c s  of this f a c i l i t y  are described along w i t h  some u’e pre sent ative
tests . This fac Il is the most sophisticated of i t ’ s I m d  in the free world .

1n 1950 the U. S. N aval 11s-si ’ t r ch Laborato ry w i l l  b r ing o n i - l i n e  their C e n t r a l  Target
S imulator (CTS), and the general cha r ,ic t e r i s t b c s  of t his f a c i l i t y  w i l l  he described ,

F i n a l l y, a look w i l l  be taken at the future i n c l u d i n g  the e s c i t i n g  flew radiometu - i c ,juu tl
m i l l i n s e t e r  RI homing s i m u l a t o r  area wh i c h  is in’t ’ort a nt for new a p p l i c a t i o n s  such as
an ti - t a n k  m i s s i l e s ,

2 .0 RI HOM I NG M I S S I L L  GU I DANCE AND CONTROL S I M U L A T I O N  PRO PS [MS

Mode rn day RI homing m i s s i l e s  mu s t  operate in an electromagnetic environment ch.i ra cte ,-i—
zed by mane uvering tar g ets , mul t i p l e  targets, background c l u t t e r , m u l t i p a t h a n d CM .
F igure 2.0-1 illustrates this for an ac t i v e  a i r — a i r  RF h on ti nq m i s s i l e ,

2 . 1  ~j~~~1e Ma n e u v e r i’ njj~~~~~~

This Iarp’ t s i t u a t i o n  i s  c h a r , i c t e r i ~~~ed  115 u ’ a p i d l s  s- h a n n q i n s s  t f l s i h h  I i b s s I I I , i t l C c  ,ind rad ,u r
signature - As the target ma neil ye rs pri o r  In i n t e r c e p t  . it w 1 1 1 5 5 5 5 ’ s  ‘1s t ,S m i l k  i rs’ vu
a t  to the R F h one r and it ‘ basic x i i  nat sire w i l l  s h a n  q e , T h r  ‘, t~~n at u u r ’ w 1 1 1  S I l l s1 s- i _ - I s ’
w ide v a r i a t i o n s  in a m p l i t u l d e  due to the c hat lil in g aspect of Ill, ’ ta - s i t w i t h  S ’r’’I’ n’s t  Is’
the RI homer . T a r g e t  a n g u l a r q l i nn t , anb p l t i d e  s c i n t i l  l , m t i o n . a n , 1 - s51,s r cr s ’’s~~i’s t  ii’ s a l l
chan ge i n  a dynamic manner during the tat-get us ba tleu ver.
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i s  i t t

A L w a 1 t I I mu - i s ’  I a i g e t  15 n i s  r 1 -- ,- t o  a n t nag e p h e l l o t I e - n  a ~~5 sly , ’ in I 1 9 u r 0 -
- - - 1 - S o n ’ s f  ) 

~/ Ci
I ’ ’ 9 u 1 i i r m r ’ s t q n ~~l i - ’ l e - ’ 3 ,  t s s i s i l C e s  o ff t h e  t s r - g i l on to t i n t ’  s e- a ( o s  g r o und) ,s n ri g i ves
r i 5  i ’ t o  its a s I r  cii t I t o i l l I l y under  t i ne  se - a  a t a d n s t i r  - i -  equal t s’ the re - al a l v i  r a t -
1 ’  t i  s~~ e a -  r t P r -  S i - -i T i r e  g u t  1.1 n c e ) r  1) 11 1 isIs ~s s u r s when t I i’  is is 5 i be - ll si u, i s  - s 6 0 1 5  e

0 ’ ’ ’  t a r g , - T or ‘ i t’ s s t i s ’~~~, T i ’ls t r a n s i t l ~,sis c’ m u u m u r ’~ w h e n  t h s -  m i s - _ t I e  mu l i s t ’s i s  ra i squ-  t o
t ’ s’ 5 s sj int  w l s  s - s i - t’0t~’ I , i r s l e t s  are no 1011gev - III t h u  l s s s r r i - r  ‘ 5 all t e n n a be an s , and t h e  m i s s i l s ’
Pn .m S I ciloose ‘r i , ’  t , i i 5 t ’ t 0.’ I_ Si ’  O t h e r , T h i s  is a very d l ’  I l i u l t  c h o n ~ e and is fre’s; ,si - r s t l
n - m t  so  1 i t m ’  i i ’  t b ,’ svr t ,’rcr , t that th e - miss l l m u t , s rs c m - i s s i g n i f i c a n t l y g re - at s’r t h an
t i m ’, l i i i  a S l i r 5 5 p t a r g e t .

2 .3 ~ssl tI p l e T a~~~~Ps

or ‘ir s s r  i’ t a r g e t s  i n  c l o s e  I s r ’- s j t i o fl h ,smu i ’ a i i ’  t1 ~ d i l i s-rt ’nt tar ge t Si g n a t u r e  than a
s l n g l e  t i r 5 s - t . At s a n g 1 - ’ , where t h e  t w i s  t a - g e t s  a r e  no t  r e s c u ed Ii til e hon i’s ’ s a nt e - m y r a
(I  l - ~,,i, ’ 3 — 1 1 , th e .5 0 0 _ i ’ m - n t  t , i r s; is t C i ’ l s t s m s l ,l or h o m r n is I c l l l t c a n  I’ ’’ v e I l  is t s ,id e - all
i ” , m l l s m i s  s s  51~~ r i - s i ’ s ’  t -s s t e  15 t s r i t h  t a r  o r ’ 1 5 . ‘ S I S 1 S d u e  to  t h e  i i s d v  s i d ua  I s i g na  I s  ro m n h  Is
t a rget ss t u -s l i - s i s s y w i t h  each oth e r ill the hmus s s s r r ’ S s i g n a l  ‘ s i ’ c u - s s i r i s s  syst em. A s the t,s r ,irtS
c a n n o t  ‘r e p 0s - r v . ’ct ‘C ,m t i r j n t h e i r  return si g n a l s  a l t s ’r t s a t e l s  add m e d s u I t s - a c t  as th e
t a r g e t s  “ js ’s . k i ’ y . 2 5 1 ’, g l ~~ e - s  r i s e - t o  l a r g e  a nqu l ,sr g l i n t  ,s ss 1 , i s s ’ ; ’ l l t u m l ,’ s c i r u t i l l a t i m u s s s

l i t t e r

F i g u r e  .2. 4-1 , hmu s w s both s l d e b o b e  c l u t t i - s and ‘ s i r s  be ,m ss s u, l s s t t t ’ s . C l u t t e r  is ,m much
st n i ’ 55 ; i- r si gnat than the t a s l i t  • a n d w 1 t t  r u s S  t S r ’ target un less some 5- nt  hod of c 1 a t ’ e’
s’ ;’, r i ’ s i ,  ion is u— n - 5 s  I s s  ii ~ 2 i s  t vs i ~s 1s”  ts r , i5 ,~ s s s ~s’ • a i s ;  i t ’ • -r ni m u s t  oc it ii a t  ‘s q a r -  the c Osiss’sO 5 ’
‘ s t rS,s, l -, c- s’s i t o y e d ,  T I ,, - t ins- c l , t t e r  e r s s l r s r r s ” e n t  Is,m s e s t e n s i o n s  i r s bo th s p a c r -  and t i m e
,, ‘ s l c h  ‘s c s I  h i’ s i m u l a t e d .

2 . 5  i s U -

Is  ;ss r ’ u’ ,‘ S — l  s~’~~s t n , s C M  s t t , , a t s o n  t y~ ical of today ’ ’ ss’ i s s r l s ’ - t a r ge t s - n c o u n t e r s .

s’ s e ll  — s c  nc r  s l i ng  o f  -
s ,i sri - er ( i s  S i )  i s  e f t  i-c t i ttm w I s e r ,  t he  t a r g e t  i S v i  t in i n the isa in b r as s

of the h , sn ’ i ’ s antenna, ‘he t , m r s ~s- t  ii ’n e rat p s d e c e p t i s t i  s i s i n a l s  ( t s ~ i a s i l s u s  m e a n s )  w h i c h
s ’ a k i -  the homer b e - l i i ’ mui - the ’-e j r - i- O t her targets d i s p l a c e d  in a ng ls ’ or r a r s g e  i s -Wr I S t ’
as t s ~J I t a r g et.

The s e l f - s c reeni n g nr’ ’ ,’r m a k e s  t he  sii’ m u s ’ 5 ’ t I V e -  t a r g e t s  s t r o t u g e - r  in s i gna l a s ’ s p l i t u d e  t h a n
t h e  r e a l  t a r g e t  re t u r n  and  t h u s m a C , - t hen  a p p e a r  more  a t t r a c t i v e  to  the  homer ,

i r I c l t v i s’i g e n e r a l  t y p e  ~ f ( S M  is  d e n i a l  [s : M i t s  w h i c h  a s t a s s d s s t f  ,la m ns e ,’ ( S O J 2  g e n e r a t e s
s i g n _ i T t  v b 5 ~~b a re  much  s t r o n s ~i’r T h a n  the ri -al target re -turn w h i c h  hides th e r e a l  t a r g e t
f rom th e ~~ ‘en -

n ‘su s” s” a i’ y . thi’ a c c u r a t e  d y n a n s i c  s i m u l a t i o t t  o f  t h e s e  e v s s i r o n n s e n t s  in s p a c e .  t i s s s s ’
and f r e q u e n c y  is  I-b ,’ s,s’rs tra l R~ home s m i s s i l e  , ;ssidance and c o n t r o l  p r o b lem , The nest
5s’ s. t s O s’ C O v ’ r ’ r t h e  e a r l y a t t e m p t s  a t  s i n r u l a t s n g  t i l e - se  e n v i r o n m e n t s ,

3. 0 1a r t ,~ ~ i s r , b  , m t u o n Te ~~h n i o u~~s

E a r l y  s i m u l a t i o n  te~~~r si ques (circa l~~
1s ’ to l 0 I i )  a r e  c b a r a c t e r i : e d  by t h e  m eth o d ols ,ns i s

d e p i c t e d  in F i g u r e  1 . 0 _ I .  Mo ts i s - tests w e - s e -  run at i d from the test resut ls ns a t h e m a t i c a l
models were develop ed of the - m i — s i t e  p r o p uls iov i per~ sss-’” 1m n ce - ; w i tt d tun n el tests we -v-c
ts~5 1f O r r red and ss ’athi’ -’ ,t tic,m l models were devel o p e d of the a e r o d y n a m i c  o t - r f o r m a n c e  of  t h e
m i s s i l e - ;  hOli er t es t were ;‘I’s ’forflse.l a g a i n s t  s i n s u l a t s ’d targets ar i d m allie ,s ’ ,,t j cal models
,Ii’mus’l O pe -d 51 s s r  the honii ’r a c q u i s i t i o n  and  tens er  t r i c k i n g  is e r f o r - s n a nc,’ . r r , d tar g et radar
S i s l r i a t u r e s  w e r e  r’ u’ m s u r e d  A l l  o f  t h e s e  m a t h u ’s ss , , t i c a l  m o d e l s  wu ’r,’ t~ s s ’ s s  Ini’ s’g v- um lsm ed in an

na 1 og c s~ s - i s  u t c v ’  . — s ,  pr  1 5 5 ,55 ’ s r o n  u l  I v s  nu i 55 s I r  S I s ’ ’  51 a S s 1 t h i’ 5~’fl 5 1  I i s  i t s  ~~ fli i S S

d i s t a n ce to  v a r i o u s  s~~s t e m  V e ’ - v o r n s a n c e  pa r .Isri - t i ’ r - s. w a s  sss s ,t ’,um’ ed .

To i l l u s trate the de ve bo p ss r s nt of th e s’- ,m t h em a t i c a l  r ’ode - ls ,urs,i t h e  t e c h n i ques  used  in
es~~i’r im e n t a l  nii ’ds ur ens p n i ts , I-i,  fo l  l s ’ w i s s s ~ - i ’ c t i s r n s  ~~i 11  ~ s’s , ’s’ t h e  derceliu s’ s ”i’r s t of the
r’ . ,t f u  m o d e l s  o f  t h e  hss n - e r .

3 , 1 S l n ~~I e -  N o s - M a n , ’ m u m u s ’ r ’ i s s s j ,  T a r g e t s

F i g u r e  3 1 - 1  s h o w s  t h e -  t h r i’s ’ s t , m q e c  in d e v e l o p i n g  the  i nat hen sa t ic a l s -- ss i t e ls  of  t h e  hs s s s ’ i’ r
d u r i n s i  t he ’ ear ly days of s i n s s ( a t i o n .  A s c e n a r i o w a s  ; r o s t u l a t e d  isi sn ls i c h  t h e - m i s s i l e
c l o s e s  on the  t a r g e t  in ra ‘~ne - T h e m i s s i T e Is s isr is ’ s’ ‘ 5 a hi l i t  s t o  a c q u i r e  and tn -ac  I, t in ’
t a r g e t  w e r e  s t a t i s t i c a l l y m e a s u r e - s i  and p e r f c u r n s a n c e  mode l s  m l e v e l o p e d  ~r0nr t h e -  d a t a ,

t 5 se s t a t i s r ss , s r y  to rts w a s  placed in lin e - far f i e l d  of  t h e  hønie r ’ s a t i t e n n a .  a t r a n s p o n d e r
c o n n e c t e d  t o  t ine ho rn , and i t d j u s t s r s i ’ n t s  nuade t o  t he  s i g n a l  s t r e n g t h s  so t h a t  s p e c i f i c
r a n g e s  c o u l d  be s i m u l a t e d ,  T h e -  O u I p u I  o f  the  homer  w a s  r e c o r d e d ,  and t he  d a t a  a i ua l y z ecl .
T h e  i t e t i ’ s t io n  prsn ba h i  1 i t s  o f  t h e  hom e r w a s  t h e n  ns o d e l e d  as a f u n c t i o n  of  t h e -  s t r e n g t h
of  the  s r i n d  return t r o m  t ine  t r a n s p o n d e r  Is’ t he  honr e- r as  s h o w n  in t h e  I iq u r e ,  in
a d d i t i on ,  the  a b i l i t y  of the  homer to  t r a c k  t he  t a r g e t  w a s  m e a s u r ed as a f u n c t i o n  ~f
r a n g e  and a mod e l developed. The d o t t e - l i  line In the fi gure In dicate - s that t h i s  oorti on
of  t he  mode l w,t s b a s e d  upon o t h e r  experiments w h i c h  treasured the - eff e ctive angular g l i n t
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c h a m b e r  to  t i n s -  a r r a y  w ls ,-r e ths ’ y 5 5 1 1 1  hi- rs - s _ ,’ive d. tins’ RFS S 1SF g s- v i s ’ s s_ s t i n n s  s y s te stn w s l l
p r o c e s s  t i n s - s e  S i r j n u a l s  a t s s l  p r o v i d e  de si i’ ed target sI s jts a ls ts r t h e  a r r r s _ y for disp lay and
t’et s ,I S s -, I ’ - I ’ , S l s _ r s i  s_l s_ Sw IS th e s_ Is, i isslis-s- tsu tIl t’ s_i s _ I s v , ’  ti -e ke ,’ rno u tstl ’ s_ l s _ , t i the S1II ’ i-s- — a n j ’ , fI i s _ m t

s_I bI e - Tins ,’ f Ii q it t tab ls’ p l O y  I ‘Is ’ ’, the Iv  s m s -  m s~ I c  tit t a t i 011 ,s I I ’l l,  Ii — rs _ i 1 1 and yaw I s _ m i ’ s _ s
on tin e ‘,S’s’i s _ I ’t ’ , Phi ’ rj u l s l s n i s _ t ’ I i ’ s _ S I ’  w i l l  l ’ s ’  s _ l o s e - s i  t h r o u g h l i s t ’ a u t r s ~m i l o t  ri nd c o n t r o l
s y s t e m s  ns o de - ls’d i m u  the cem itr ,s l h y b r i d  c s _ smm ’~’is t es’ s_ Ii si mi l ml e v - l ls i ’ v n — l o o p  s i s s i s s l a t i o r s  i s  an
i i t i p s _ ’ s ’ ( a m s _ t  tool and ,s Isi s ’ , -, is is m’ r i - c u r s , m r  oh r l i s s , ’ s _ h — i o o p  s sssi u l a t i o n .  In o p ’ s — l o o p
s i n m u l a t i t t n , tim , - III l s _ m is~ ’ Is  s _ l o s s ’ s_ I ( l i m O s _ s _ d i n  t he  t a i i n - i  a i ls_f S r ’ n ’ k s _ ’i’ , but the gul d arl ce loop
u s  i i ’ s-si - A S l i t  1 op s_ - s i  - loop Is-st eS,ti55 p ls ’ i 5 di ’ t 5 I S I S I l is t  t lots s _ S f  AG I’ o r d o i m p1 1 ’ ’ I s - s c  k I rug 1oo p-
n’e-sls ssm s s s’. An s’\,I ss I J ’ It’ s_ I a , I s _  il,s ihi IC i t i ’ C I l — i s _ m s _ s l ’  t est would he ,s si’ sskn ’r h e - a d  r e s p o n s e  t e s t
w i t h  tint ’ ‘,,- s_ ’k ov ’ sis s _ m s _ s ts t ed on t i l l ’  l I i s _ ; n m i table’ .

S i n c e  e r r o r s  ( ,s ss _ ss _ i, sted W I  t in ‘s ims _ Is ’ 1 IIss _~ 11011 1 s i r d  r p r o c e s s  s - s  ) a u n  choi c e - s sire a v o i d e d  by
s nc m s _ r p s _ m r i t l n m s _ i  s s _  I s _ i l l  s i ’ I ’ k s ’ I ’ ha ul w ,i n’s’ I nto the S1 T SISIaI loll , i t hsi c sslss e - s ext resis e ly i sis portailt
t h a t  tins’ Ti  r - s m s i r i ’ n n m t i n t  be “ s’ 5 ’ t r - s s - s l t e d  r e a l i s t i c a l l y  as t h e  s e e k e r s  a r e  s t i s h l u l a t e d  a t
t i n - i  r ,s 1’ u ’ r , s t its ~ w avs ’ l s’rs sjths . Ph,’ 111 ,‘Is v i rs _ i t iI si s ’ flt is d e f i s~ed Ii ’ i n c l u d e  target cross —
s e c t i s _ ’ i m , g l i n t .  ss, itl t i l l a t l o t l , I( M s_ hi tter. s n u l t i p a t h  all d p r s _ m p a g a t i o n a m u o s s s a l n e s ,  Con—

I 110015 5 i n s j S t ’,s V 5 ’ s s s _ s ’ 55 I in  I Isv’ s h i l l  Is of the RI SS to mr s _ m v  de  s_I hi g in f i d e l i t y  1S F env i rots l ssen
s-i ,t p i ’ i o v i t y  s ’ i s s _ I c’ , i yor .  ll ,- s _ i r e e s  o f  f ree - do s l l  required its c l u s _ i e Wil e- ti ,s iu d where si g n a l s
,s i’i ’e ai - ill the - - , ‘ r - k s ’ I ’  h I - I d  0 5  v i l ’w , I n-e qu ct scy, Isowet ’ ai sd si l l ,I r i,Sa t son o f  th s _ ’  1 - l e c t r o l s m a g —
ne - t i c  w,lv r ’ . C , m s m s i s _ I n - r a t l o m u  Is - i s ve it t o  IuIs j in ,t snd s _ i s , - resolut i on target ITo d elinlg.

T l ir n’ s’ kj ts ds of t , I rg n- t nsod els have - bee -n e - ns p ls m ye d lit l in e R FSS 10 the  p r e s e t t t  t i m e ,  T ine
f i r s t  target ns o de - l is r s-Ii ’rn’e d to  s_t s s_ s po ll s t t a t q e t  s r  “ f l y ing s p h e r e ” s nc ,de - l . In t h i s
niods l this s u s _ I r u a t u r e  15 s _ s _ s v m s t a n t  ,tnd app ’s _ i r s  a t  t i ne  s _ i ’ t s t e r  o f  g r a v i t y  a lo l I g  the  t a r s _ l e t
t r a j e c t o r y ,  t ins ’  p o w e r  1,-s _ n- I i s  sss od i~I a t e d o n l y by ratl rjt’ c l o s u r e ,  i s i s  sisodel i s  o f t e n
em p loy s’s_I d u r l n y  tin e’ early SI,sg e - s of a s i m u l a t i o n  fo r  i n t e g r a t i i s t t  am i d cl ueckout p urpi ns e - s

m s _ I I s us,’ ci to t’ -~ t a l’l I s u s  bas e 1 I n,’ ‘Ii’ I dii ic, - p e n - I s _ s  s’ mms ,~ i s _ - I’ d a t a  I it a b e - n i  ss ens  I I-is liIIle is t -

he- 51’ s _ i s i s _I t a m - i t  ns od el  I’ , c s _ I l l e d  t h e -  ,- s i s p i r i s s _ u l ss io de - 1  b e c a u s e -  i t  i s  based  upon t i s e - a s u r e - d
d l  ta  ( s t a t i c  or s _ I ~sm,s m i i  c ) o f  1 s s , s l s ’ or f u l l  si ze t ,s rs i s ’ t - The d a t a  a r e  normal I~y p r s ’ —
p r o c e - s s s’d to d m 5 - I s _ t e n :,- liii’ “ b n ’ i q h t  s i s o t  wass ul l’ s ’ ” s _ mI t h e ’ t a i ’ s_ I e - i  s t g n a t u r e  aI ld is sc sss m e—
ti tl e - s re - ferresh to as  lin e Is _ is, l r i ’s_ 5s _ i s ’ ms s _ s - isIs _ I,’l, S t a t i s t  ica l f l u c tis ,i t lss i is at-e app l It’ d to
the es n p i ri r,i l model to i s s r s m r l m s _ m r a l s -  f i n e  d e t a i l  or hi g h  fr eq u et t cy c h a r a C ts’n iZ a t lOIs of
the - target si gn ature , Thi s a s_ ti o tu rs ’ s n s l l s  its tine e - n s p i r i c a l — s t a t i s l i c a i  m o de - I , For
exa mp l n - , 5s_ c i i l t i l l a t i o n  I nsi g ht be - re ln re se nt ed with a R i ty l e i s iiu d i s t r i b u t i o n  ails _ h g l i v i t
n i g h t  be’ d e s c r i b e - s _ I  w i t h  a C s a i s s s i a n  d i s t r i b u t i o n .  Th e sin i sis l ations s _Is ’s  i s _ i iuer i s  f r e e  Is’
c h a i ’ a c t e v ’ i z e -  Il ,s ’ l l u c l i s , s t s s _ m v s S  e s i s p l o s i n g  s I s _ s s _ h , n c t i c  nsod e ls  of  l uis s _ h s _m s _ m s i t t g  i ll s _ si - co m - s_ l a lt c e
w i t h  h i s  i t u s i s I I s t a s t s _ i  u i l de rS ta n id i l l g  Of  t h e  t si rs _ : s’t b eh ssvio r.

There is a s t I ’ s _ Ill q cot i vat i ott to e-IIs~ li ’ s s_ h e - term ’ s 111 1 S t  Ic Im iO d e 1 s Is’ rep r s_ s r _ Is t 1S F d i SI n i  his ted
sources (t i sise - , s p a c e ,  f r e q u e n c y )  s u , l m as s_ ’st e ssde -d targets. d i s t r i l ’ i s l s _’s_ I c l i s t t n ’r at i d
d iffuse - m i s l t i p a t i n .  T his fo i l s _ n w ’ ,  tr a Its a l a ck nsf a tec h vi ic al comusen slss comucernitl y the -
s t a t i s t i c a l  behav i or sislil I’e Isr e Se -n t,i tIn un of these el el ss e - nt s of th e 1S F emsvi ri stlsss e n t - Fu v’ t in e - r —
snore - . it i s  v e r y  d i f f i c u l t  for all a n a l y s t  Is ’ 1v05 e -i h y p o t h e s i s , she - sign ,It sd cotuduct a~u
e x p e r i s l s t ’ ms t t o  t e s t  t i n e -  hypothesis. su tu d p erform tine - a n ua i ys i s ts s v e r i f y  or n io d i i s  the
h yp o t h e s i s  w i t h o u t the nItl a nt s to pt ’ithe tint ? target ch a r a c t e - n i z a t i o l t  in a d e t e r m i n i s t i c .
co n t r o l l e d  fash ion, the RFSS w i l l  have completed a n s aj o r  s l e p  in t h i s  d i r e c t i o l u  when
its dis tributed Sours - n’ ge - ne rs _ n t O r ( D S G S )  be- con ies  o p e r a t i o n a l  l a t e  t h i s  f i s c a l  y e - a t .
The DSGS w i l l  Iterl t si t  im p l elis e l ttati O n of a fourth type - of target Ts o d el , the - de - ters n i v u i s t i c
m u l t i p l e  scat terer target Ih iOd el .

In this tat-get nsod ol scat le r e rs are - located i t i  target coo i’d in sstes au sd are as si ,i s ie d
int d e ln e nd ent gain ari d p hase values. in re - al l iS le ,  i n d i v i d u a l  r a ts q e - rsmlsm t s ut a tio ni s are - lisade-
for eac h scatterer and a vect o ral c o m b i n a t i o n  is 4r 5’rf os-sis ed by i’a ntq e r esolution r n - I l ,  Thi s
co sssp l e x sumniat ion is e-ntp loy e’d to control the - g e nerati on u of RF s i g n a l s  and thei r im la ce-
ne - n t  upon  the -  t a r g e t  a r r a y .  An e x t e n d e d  t a r g e t  s i gna l i t t  at l g le an d rat~ge i s  tlleu-e fore-
d i s p l a y e d  to  t he S e e k e r  by cm ’ ea l ing power density spectra at thi’ seeker aperture where
a rea l i s t i c  r e s p o n s e  w i l l  be - provided by the - n l i s s l l e  hardware. lly sssaki n u g change - s to
sc a t t e r e r  v a l i s e s  ai l d p l a c etn er nt , m u l t i p l e  u’uns can be perf ormed to develop data for
s t a t i s t i c a l a n a l y s i s . This appt ’in ach a l l o w s  s_ sn o p p o r t u n i t y  to gain stew i t u si qlu t i tu t o th e ’
n a t ui ’e atlll tse in , sv ln ’r s _ m I  a ps i r t i c i n l a r  t a r , I s ’ I ,  s i q n i f i r , i v t t l ,y a l s o .  ve i ’ i f i c a t i n ’ ni o f  t h i s
mode l i ng  tech mu i que e v t a b l  es re- is _ u  t i v e l y e a s y  i l eve - loit sis e nt of s l lod e - l  s f o r  o t h e r  I,s r,iI’ t t y p e s
quic kly w i t h o u t  re - sorting to Iv it’ asuren ne nt pro gran i s or ove n’l y s i n t i t l i f i e d  s t a t i s t v s , s l
models . Coviparisons betwee -mi eslIp iri C al dat a rind d e t e i ’niI n i st ic data prov ide ant O l s l n o r t u f l i l n
to correlate the - two mo dels.

Mo d e l i n g  of d is t r i b u t e d  c l u t t e r  and diffu se - n s u l t i l m ,t I Is e - In p lrs y si sssi la r s nSlt war e si tu ni ha rul w ,urt’
techniques as the de t e r m i n i s t i c  t a rs _ je l model , Real wot ’ld cl l s t t n ’ r  si n s s l n i u l ti pat l t create
asymmetrical power nl ettsit y spectra which do ss _ s _ st con form tn s s a llnili,i r I s r o h a h i l i t u  s _ le - ns it y
f u n c t I ons .  T a i l o r s ’ d  de t e rns li t l s t i c  m o d e l i n g  te c h n i s i s u s ’s to provide co n utro l s _ n v s ’r t l t s ’  t i m e - .
s p a t i a l  and  f r e q u e n c y  c h a r a c t e r i z a t i o n  o f  t h e - s e  d l s t r i b u t s ’ ,l Inh e t iome - na — u i - h  us  t i t ote
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d e s c r ibed in the e x t e n d e d  t a r g e t  model can provide realistic seeker performance e v a l u a t i o n .
T h i s  a p p r o a c h  is more desirable than the sampling approach whereby one or two “tones ”
or l ines  a r e  g e n e r a t e d  and m o d u l a t e d  in f r e q c e n c y  and a m p l i t u d e  to determine the seeker
r e s p o n s e ,  The d i s t r i b u t e d  source m o d e l i n g  a p p r o a c h  i s  v i r t u a l l y  r e q u i r e d  f o r  h igh
r e - s o l u t i o n  s e e k e r s ,

Si nsulation in an e l e c t r o n i c  w a r f a r e  e n v i r o n m e n t  has p r o v e n  to be an i m p o r t a n t  a p p l i c a t i o n
of the RFSS. A number of different jammers have been incorporated Into the s i m u l a t i o n s
performed to date. These have Included denial and deception jammer s under development
and In o p e r a t i o n ,  Use of  r ea l  j am m er  h a r d w a r e  f u n c t i o n i n g  in a realistic, dynamic
environment against real seeker hardware has added a new degree of c r e d i b i l i t y  and u t i l i t y
t o  h a r d w a r e - i n _ t h e _ l o o p  s i m u l a t i o n s . Integration of the jammers into the s i m u l a t i o n  is
easily done , ECM techniques are quickly developed and optimized; operational techniques
a r e  q u i c k l y  v e , i f i e d  or modified. ECCM needs are identified , defined, implemented and
verif i ed effectively on a quick turnaround basis. Statistical simulation data are
collected to design ECM flight tests and serve as a guide during the flight test for
interpretation purposes , Flight test results are then used to validate the s i mulation
upon proper correlation.

Accomplishment of a simulation task occurs in five phases of activity . In sequence the
phases are: coordination and pl a n n i n g ,  development , integration and checkout , simulation ,
and documentation and anal ysis. During the first phase agreement is reached on the simu-
l ation requirements and objectives resulting in definition of the costs and schedu les .
Thereupon development of th e- simulation is initiated where any required facility modifi-
cations are performed , the missile and 1SF environmental models are developed , Software
is written , mi s s i l e  hardware interfaces are designed and fabricated , test plans and
procedures are prepared and the hardware systems are calibrated prior to delivery of
th e - m i s s i l e  hardware. Integration of the missile hardware with the RFSS subsystems is
then accomplished and checkout proceeds to verify everything is operating properly , At
this point the simulation is actually performed and data are collected. Finally the
results and data are processed , analyzed and documented in a simulation report. The
level of effort and time required to perform the development phase can vary greatly
depending upon a number of factors. Init i a l  development of the missile models and the
missile hardware interfaces is a complex and time consuming effort. Depending upon the
simulation requirements , modifications to the facility can be involved. Development of
new 1SF environmental models can be an extensive task. Reactivation of a simulation ~or
additional test entries is usually characterized by a greatly reduced develo pment effort
and schedule , The duration of the simulation phase is determined by the scope of the
requirements as defined in the test matrix.

5.2 Testing in RFSS

Since it was dedicate ’ in November 1975 there have been extensive miss i l e  evaluations
performed . Some of the tests are shown in Table 5.2 —1 . Figure 5.2 — 1 shows a missile
in test. The RFSS has been used to evaluate the HAWK , Standard Arm , advanced sensors,
Navy systems , forei gn systems. In all , at least 8,000 simulations have been performed
with a cost advantage of at least 1 ,000 to 1

It is possible with this system to use the fli ght test to val idate the simulation
rather than vice versa. This system can be used to explore all the performance
capability of tine system and then use the actual flight tests to spot check the
simulation results .

6.0 NRL ’S CENTRAL TARGET SIMULATOR (CTS)

Figure 6.0-1 shows an artist s view of the Central Target Simulator being developed by
the Naval Research Lab in Washington , D.C. This laboratory will be used to evaluate
EW systems effectiveness in defending carriers against enemy missiles. The simulator
generates carrier radar crosssection and EW signals, radiates these signals to a miss i l e
homer and in a closed—loop real-time situation evaluates the miss distance for various
EW techniques.

6.1 CTS Characteristics

This system has a thousand antennas , and radiates si gnals over the 8 to 18 GHz band. One
of the most significant capabilities of this system is th e - ability to generate high
power. Several orders of magnitude hi gher power are being generated in this system to
simulate the effects of the much larger target radar crosssection and electronic warfare
signal p owe rs .

Table 6 .1—1 summarizes the general characteristics. The target accuracy is 1 m i l l i r a d i a n
which is compatible with the state—of—the—art for generating these hi gh powers. The
number of targets are 28 including ECM . Update rates of as fast as 1.5 microseconds are
provided. Notice that target sizes show a significant difference over previous systems.

6.2 Tests in CTS

The Navy plans to bring their System on—line in the 1978— 1980 tli iu e period. Initial
testing will be done on high priority EW systems .
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The Navy p l a n s  to b r ing  the i r  s y s t e m  o n — l i n e  in the 1978 - 1980  t ime p e r i o d .  I n it i a l
t e s t i n g  w i l l  be done on high p r i o r i t y  EW s y s t e m s .
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