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NOTICES

When US Government drawings, specifications~ or other data are used for any purpose other than a definitely related
Government procurement operation, the Government thereby incurs no responstbthty nor any obligation what-
soever, and the fact that the Government may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or otherwise, as in any manner licensing the holder
or any other person or corporation , or conveying any rights or permission to manufacture, use~, or sell any patented
invention that may in any way be related thereto.

Please do not request copies of this report from Aerospace Medical Research Laboratory. Additional copies may be
purchased from:

National Technical Information Service
5285 Port Royal Road
Springfield , Virginia 22161

Federal Government agencies and their contractors registered with Defense Documentation Center should direct
requests for copies of this report to:

Defense Documentation Center
Cameron Station
Alexandria , Vi rginia 22314
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Service (NTIS). At NTIS, it will be available to the general public , including foreign nations.

This technical report has been reviewed and is approved for publication.

FOR THE COMMANDER

F .,_ • 1

WILLIAM J. GANNON
Aasociate Director
Biodynamica and Bioengineerlng Division
Aerospace Medical Research Laboratory

AIR FONCI/567$o/22 Ju n. 197$ — 150 

-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



/

SECURITY CLASSIF ICATION OF THIS PAGE (W~,.n Data Entered) 
_____________________________________

READ IN STR UC TIO NS rR EPORT DOCUMENTATION rAG BEPORE COMPLETING FORM “
~~

I. REPORT ~~~~~~~~~~~~~~~ 2. GOVT ACC E SSIO 3. RECIPIENT ’ S C A T A L O G  NUMBER

/ AMRL_TR_77_84J( ”~~ p
.o.. 

____________________________( / ~~~~~~ 
e ,— 

.—-——- ---.---- .~~
———.‘ 

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

ERRA IN cONTOUR J.IATCII N4G SEN~ tT~~~jY~ TO Mar 75 — Auq 77.
A~D c,ROUND-SPEED E ORS~ ,~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 7 AUTHOR( .) 9. C O N T R A C T  O R G  NU~

i c )j ~~~ k~ 4.~/C non, J r 
(

7

~~~~_ ---..—————--—-----.
~ ~/ ~9. PERFORMING ORGANIZAT ION NAME AND ADDRESS 10. PR GRA LEMENT. PROJECT . TASK

AR ORI( UNIT NUMBERS
Aerospace MedIca l Research Laboratory, Aerospace
Med i ca l Divi sion , Air Force Systems Coc ia r~’~ 62202F; 233 04—16
Wri ght—Patterson A i r Force Base, Ohio 45433

II . CONTROLLING OFFIC E NAME AND AD D RESS 12. REPORT —-

May m78
Sane as bloc k 9 13. NUMB

21
14. MONITORING AGENCY NAME & AD DRESS( I I  different from Controlling Olf tr e) IS. SECURITY CLASS. (of this repoflj_

1JNC LASS i F l Ef ) .’~ ,~~ 
) —7~Z, -~

~~~~
ISa . OECLAS SI F ICAT ION ’ DOWNG~~A~~[MG

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report )

A pproved for publ i c release ; distribution unli m ited

17. DISTRIB UTION STATEMENT (of tha abstract enter.d in Block 20. ii different from Report)

19. SUPPLEMENTARY NOTES

19. KEY WORDS (ContI no. on r.v.r.. aid. if n.c.saary id id.ntify by block numb.r)

Terrain Contour Matching (TE RCOIl)
TERCOM liavigation
Pattern Recoanition

20. A B STRACT (Conilnue on r.v.ra. aid. If n.c.a..ry and Id.ntiO. by block numb.r)

, A simu l at i on of the TERCOf~1 nav i gation system Is presented and the effects  of a
number of error sources are studied. Two error sources are course heading and
nround—speed variation . A th i rd source is the fact that the radar altimeter
samp les the terrain at geonraphical coord i nates Iv ino between coord i nates that
soecify the locations of terrain altitudes stored in the on—hoard comouter. The
latter is shown to be an ins i~ riifIcant error with the 400—ft distance between —

~~

(Continued on reverse) ~
DD , 

~~~~~~ 
1473

,fr 
EDITION OF NOV 60 IS OBSOLETE

SECURITY C L A S S I F I C A T I O N  OF THIS PAGE (W hen Data Enterad)

/ / 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _1~1l.U B INMU~~~ uP~~-~~~~ i~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-
~~~~~~~- ~~~~~~~~

. . -
~~~~~~~

- _ _ _ _

SECURITY C L A S S I F I C A T I O N  OF THIS PAGE(ITh an Data ftnt .r.d) 
-

20. ABSTRACT (cont )

‘ sample points. Course heading and ground—speed errors are shown to be critica l
prob l ems when they occur simu l taneousl y4 i’~ximum acceotable errors are aperoxi—
matel y two degrees course heading at ~~ 3%1 expected ground speed .

— -t ~~
. ,  — ~~~~~~~~~ ~~

S

SECU R ITY CLASSIF IC AT ION Of THIS PAGE (When Itat. Fnleredt

—5 -.
~~~~~~-- ,- .- —



- ~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,- .
~~~~~~~~~~~~~~~~~.--~~- --v-- 

- 
~~~~~~~~~~

.

PREFACE 
~~~~~~~~~ 

‘
~.

The work discussed in this report was performed under Work Unit 72330416 , Self-Organizing C#ntrol/RPV
Augmentation~.Thia work autpn lamsnt M~L l~e~hniç~j  Ren MRL-TR-734.~.Q1 TERCOM Performance:
Analysis and Sim~~ation , by presenting the effect of two common ermrs~~eading à~d ground speed , on the
TERCOM model derived in that report . improvements of terrain generation have a!ao been incorporated so
that realistic non-Gaussian terrain may be treated. The analysis and simulation work was performed in the
Mathematics and Analysis Branch of the Biodynamics and Bioengineering Division , Aerospace Medical
Research Laboratory during the period March 1975 to August 1977. 
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INTRODUCTION

The’ terrain contour matching t ’FE}U’OM’I navigation system is proposed as an automat mc updat ing dev ice’ to be
used as a supplement to stsnd~rd inerti al nav igat ion systems. The aircraft using 1’I’ Rt ’OM mampks th e’
terrain amplitudes beneath its flIght path by means of a radar a ltim et er and stores a string of N sitmpks in it
tempora ry on-board computer memory . This vector , composed ofth t ’ N-terr a in samples. is t hen compared w it h
all N-component amp litude’ vectors extracted fro m an ampl itud e arr ay in permanent memory . representing
the topography of the terr aI n over which the aircraft is expected to be’ flying The’ best match between sampled
and stored vector determines the ground tra ck over which the air cra t~ htt s,iust flown and hence it s

geographical posit ion~ This system requires that the inert ial system be’ accurate’ enoug h to place the an’crafi
Inside ’ t he boundar ies of th e’ terr ain map store’d pe’rmane’nt iS in the ’ omi .hou rd comput er . A typi cal in issiem

would consist ot’ a number ot’ i nert ial legs w ith  a ‘I’KRt’OM posit ion cheek at I he e’nd ol’e’iteh to assure more’
accurate ’ navigation (h a m s could be’ achieved wi th  I he’ inert ia l  system alone ’ , The’ algorithms proposed t~,r use’ in
matching the ’ stored terrain vector wi th  th e’ sampled t errain vector a rt ’ the ’ M At m ~mui n imeim aver age distanceit
classifier nail the’ MSFm tnsini mum mean squared distaiwt~t dassit\ e’r. flu’ MAI l  elnssmt\ e’r . wh ich is prt’fe’rre’d
because’ ot it s computational simp licit y was studied in a pre ’vme ’eis report rt’t’ I and was shown to give ’

essentia ll y t he saint ’ pt ’rtltrmanet’ as the MS1) chtssiftt’r under ti lt cond it ions stutho d unde ’r re’f I
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TERRA IN SAMPLIN G ERRORS

In the previous report (re f 1) the terrain amplitude sampled by the aircraft was assumed to have had the same
geographical coordinates as some subset of the terrain amplitudes stored in the on-board computer memory .
Such a condition is shown in Figure 1, in which a sample terrain section is shown. The h axis designates the
terrain amplitude above (or below) some reference plane. The amplitudes representing this terrain that are
stored in the oct-board computer are denoted by the length of the vertical line between the reference plane and
the heavy dots at the intersections of the X and Y grid lines. The row of crosses running across the middle of
the terrain represent the location of the amplitudes sampled by the aircraft as it flies over the real terrain.
Gaussian noise was added to the stored terrain to account for aircraft sampling errors , errors in stored terrain
altitude values and all other possible errors. This was certainly an oversimplification , si nce all noise sources
were assumed additive at all levels. This assumption is not true for a combination of heading and
ground-speed errors, as shown later in the report.

FIgure 1. Terrain sample showing stored amplitudes and sampled amplitudes for original TE~~COM
analysis.

A more realistic approximation is shown in Fi gure 2 . where the aircraft sampling of altitudes may occur
anywhere on the x , y plane, Figure 2 shows a possible sampl ing t rack in which the distance between aircraft
sample points ~~ R A t is still equal to the distance between the sample points stored in memory ( .\X T~ and the
track runs parallel to the axis. Figure 3 shows a condition where aircraft ground speed is sli ghtly faster than
the programmed speed , so thedistance between aircraft samp le’ points ~ \R~ t is greater than .\X+ . If ground
speed were lower than the programm ed speed , L~R~ would he less than .~s X~. Figure 4 shows an examp le’ of a
course heading error r. The track is no longer parallel to the X axis , hut .\R .~ 

-= .‘\X ,. so the ground speed is
correct. A final condition where both ~\R~ and ir vary was studied so that  the interaction between the two could
be investiga ted.
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FIgure 2. Terrain sample showing stored amplitudes and sampled ampLitudes with no groundapeed
or heading error.
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FIgure 3. Terrain sample showing stored amplitudes and sampled amplitudes with a groundspeed

error but no heading error.
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Figure 4. TerraIn sample showing stored amplitudes and sampled amplitudes with a heading error.
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TERRAIN GENERATION -

.

Experience with terrain generation gained in previous work showed that typ ical real terrain arrays contain
both fiat and hilly areas (ref IL Amp litude histograms computed from a large area of real terrain appeared to
be nearly Gaussian. However , amp litude histograms computed from smaller areas of this same terrain array
were non-Gaussian. (The distance between sample points on these arrays was 400 ft.~ The non-Gaussian
behavior of the smaller terrain samples and visual inspection of these same samp les indicated that more
realistic terrain could be generated from a non-stationary amp litude distribution. The comparison of
simulation runs for real and art if iciall y generated terrain in ref I showed that  TERCOM performance over
artificial terrain was the same as for real terrain i fa  certain parameter ratio . r , o~, was the sa int ’ for both
types of terrain. The parameter er , is defined as er ,’ E {(X 1 — X 1,I~2} where ’ E denotes expectation and the X 1
are the terrain sample points. ir 1 is Just the var iance  of the  samp le amplitude ’s. r , gives a measure of terrain
roughness, but it was found that r, ir ~ was more informative than (r / atone. A small (T / O~ indicates smooth
terrain with l i t t le  variation between the sampled amp litudes , but possible large , slow fluctuation s in
amplitude over the entire area. A large (0 ,’e r r) indicates large variation between adjacent ‘iamp le points hut
possible small variation in overall amplitude. It was found that r 1. r 1 values in the range required could not ht ’
produced by artificial terrain generated by a stationary Gaussian process. The first method used to introduce
nonst at i on ar itv was simp ly togenerate a Gaussian distr ibution of terrain amplitudes and then ii) set all
amplitudes in a number of adjacent rows of the array equal to zero to produce flat areas. The number ot’rows
set equal to zero was adjusted u n t i l  the value of (T Z. (TT matched that  of a part icular  set of real terrain
amp litudes. A different approach was clearly required to remove the amp litude discontinuiti es present in th is
procedure . The al gorithm fina l ly derived involves the generation of a Gaussian , correlated-n mp h t ude array
from the method developed by Moshman tref3~ and described in Appendix B of ref 1, and the mult ipl icat ion of
this array by a gain function that varies with  distance in one direction across the ’ array.

The gain function is
where X is the  X coordinate ’

G X I ,~_ - 
of the center point of the array .

t l  * X x 0r~
In terms of terrain sample points . X 1, where i = 1, 64 ,

(~~X 1 = - - 
I where X 0 32 ,

( I  +- X , I

The value of~r , r r is adjusted by changing X 0, the coordinate where ( ( X 1~ .25.

This is the  form ofG ( X ~ used by the computer program in appendix A. A typ ical terrain array generated by
t h i s  progra m is shown in Figure 5. An ampl i tude  histogram o f t h i s  array , shown in F’igure 43, disp lay s a
nnn-Gauss~an shape. However , ten arrays were generated . and when all were normalized to have the same’
mean amplitude of zero, the histogram resulting from the combination of’ all ten is essentially Gaussian. as
shown in Fi gure 7.
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Figure 5. Typ icaL terrain array.
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FLIGHT SIMULATION PROGRAM

l’hts program was separate from t he’ te r ra in  generation program tenet used ten pre-prt ’pare’d te’rr aifl ar r ay s  to
simulate TERCOM runs w i th  var ia t  ions in ground speed and course’ heading . The ’ program read in a
part icular  64x434 terrain  arra ~ and set up tw o rt’pre’se’ntat ions of the ’ terra in coniput e ’r me ’Iueirv. 0n’
represe’nt at ion ar r ay  ~t as served te s the’ array stored in the ’ aircraft ’ s on-board me ’tueiry . Noise ’ of a se’lecte’d
le ’v e’l was ttet.ded to th is  array , poi nt by point to s imulate  e’r tors  introduce ’d in t ranscr ib ing terrain  amp litude ’s
froni sn iall  se’a It ’ ae’rutl photograph s or maps ref ~ This noise ’ rii ~e~ b ’  correlated or unco r rt ’late ’d~ hot Ii typ e’s
we’re’ tested .

i’he’ se’co nil re’pre se’nt at ion in  rr av R I was used t e s. ii itla t t ’ the ’  ae’t int l t e’rrn in  over which  th .’ z ii rc’ra f’t was fl y ing.
The ’ radar a It i itiet j~t- valu e ’s we’re’ obt iii ne’d from t at s array The’ t rae’k le’ngt h of each ‘FE RCOM run was 4$
po int s  out ot ’ the ’ iivz i i lable ’ e . t I”ol lowing the ’ informat  ion in re ’t 2 . the ’ ci ist zence’ bet wee’n points was se’t equal l i i

404) t’t Fit ch such dist ance ’ te i l l  he’ re’t ’e’rre’d to as a cell le’ngt h I’his make’s t he’ ave’rage’ 4$-cell t ra ck  le’ngt h
equal to 19.2(10 ft or tebetei t .~ t~ mi le s ‘l’rack s ta r t ing  coordinate ’s we’re’ chosen at random but l imited to assure ’
tha t  the ’ e’nt ire ’ 4$- poi lit t rack would li e’ w i t h i n  t he’ 434 x64 at -rn

The’ runs proe’e’e’eled in a d irec t ion par allel  to the ’ X a~ 1s It was assumed th a t  te ’rra in samp ling noise’ in the ’
radar a lt i m e’te’r sample’s fro m array R would be’ much smaller  t han  errors prt ’se’iit in the ’ on.t i etard e’ompute ’r
re’prt ’se’nt at ion , array Si re’f ~! I - ‘l’he’re’fore’. no noise’ was adele’d to the ’ t rack obtained froiii a r r ay  R .

:~ 5 iii e ’ri t iei tu ’d e’ar l ie ’r , t h i s  s i m u l a t i o n  al lows the ’ t r ack to be’gin at any X and I coord in at e ’ t t h a t  wcmld allow
the ’ tra ck to he’ comp le’t ely w it  hi ii he’ array tind not just at the  discre’t e’ points re’pre’sent ed in the ’ em-board
I e’rr a in  ar t -nv Both t e’rrn in nr r t i v  s re’pre’se’nt e’d in the ’ ti ight s imula t ion  progra Ui e’x is t only as ci ise’re’t e’
ampl i tude ’s at coordinate ’s ~ and v which I ~e’ill call I and ,) , respect ive ’lv . The’ me’theid used to e’xtrape ilate ’ the
te ’rr ai ii he’t we’e’n the ’ I antI .1 ctiordinnt e’s in array R . (‘or use’ as the ’ radar alt im e’t er sampled value ’s, is ve’rv
simple’ The ’ t hre’e’ sets o f t  1. .11 e’oortlinate’ pairs ne’art ’st t o  e’ach . X . I cotndinat e’ pair lire’ del e’rnii ne ’d by the ’
program , and a p liet ie ’ i s eIe’t ’ine’d 1w (tie ’ three’ sets of ter ra in  amp litudes Atl , , )L The’ terrain  amp li tude ’ at X . I
called lI~ N . \‘ i is t he’n de’ti ne’d as the ’ distance bet we’e’n this  p lane’ and th e  ii (. 1 plan e’. An i l ltis t rat ion of ’ this
I ine ’ar i lit t ’rpe ilat ion met betel is show i i i  ii l” ig urt’ S In a typ ica l  t rack ge’ne’rat e’d by the’ program , none oft  he’ N .Y
coord m itt e pa ir s coincide’ w i t h  tin I d  e’oeirdinat e pair.
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Figure 8. Terrain amplitude extrapolatIon method.

0~
7

I,
- ~~~~~~~~~~~~~~~~~~~~ ~~~

. .  .
~~

- ._ . ,.. 
~~~

.
- 

—



—~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,., .~~ _~~—.~
____

.*~-— ~~
,.  

~~~~~~~~~~~~~ -

— ---— -----—-- 

_ . - Ii:----.-.___ .
~
-
~~

---- , )-‘-.-.----- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
F~~~- “~~~~~~

‘

l’o su it u la t  e groun d- spt’e’ei ,‘rr , i i s . .1 parame ’te’r m a t  It’ \‘ \‘ .es e ’ii te ’ m e ’el Ut t Il e ’ p io g rummn \‘ a~ th e’ t rue ’ 1~m o u m i e l
speed wh ile  \‘,, as the  prog m’ammed eft e’xpet ’ted gr ound speed at wh ich  ..\ t~ .\ \ I l’he ’ ui ia ~ m n u n i  V \‘,, m .et it’

used was 1. I amid th e n i i n m n m u m n  it as .9 , re’prt ’se’nting about .e 10’ change ’ in ground speed This produ ced .e
nin~ i mu iii t m a c k  lt ’ngt h of IS x 1 1 ~~ 2 S cells This Iengt he’ning of t h ’  sampled tr ack coust ta m ned th e’ ‘

t m in t  e’s eit ’ t he i n  tiel , ’ ii i l  select eel s tar t ing  pc i nu t s  to N — L I  i i i  order t h a t  I he’ e’iit l ie ’ $5 pot u t  t rae ’ k should fit
wi t hin  the ’ nr rn%

l’he’ f t m u n k  etl’e’ct it as t he’ nut re teluct ion cit cour se’ heading e’r rc ’r s l’he’ imi a te  t u m u L t  i i i  a m i ~ it lam e’m’re)r e’onsmdt ’rt ’el it .t~ S

I’his fur ther  I i m n m t e ’eI t he’ rui ne lon i st n i t  mig e’~om’d t m in t  c’s a le in g the ’ “ a’ is 1 t the ’ tt~ .i’ inut imui  pos sible ’ t ra ck le ’iigt h
it as ~‘i~ cells tititI the ’ m n a x i m u n u  angle ’ ii .t~ ~ 
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SIMULATIO N RESULTS

TERCOM PERFORMANCE WITH SYSTEM NOISE ONLY

The terrain generation and track placement methods were changed sufficiently between this report and the
previous one (ref 1) that it is worthwhile to compare some results from ref I t o  the new data. Most of the
performance results in the previous report were plotted in terms of the number of correct position fixes vs.
(J~./O~ (O~ is the standard derivation of the additive noise). Since none of the tracks in the present simulation
fall on the exact I and J coordinates of the stored terrain , a correct position identification wi ll  be defined as a
fix t in  terms of I and J) wi thin  one cell length of the track starting coordinates. The values of ~‘Z1

~ ’T for the ten
terrains generated range from .1 to .33, so the results were compared to a performance curve from ref 1 which
had been computed on terrain with a TZ/O’T of .2. This comparison is shown in Figure 9 for the case when noise
added to the terrain was uncorrelated. The solid curve represents the data of ref 1 and the points represent the
new data. Each point represents the average often runs on a particular terrain array at the level of r,./o~
indicated . Clearly there is almost no change between new and old data. Starting the track at points between
the I ,J geographical coordinates has no effect as long as the ground speed and course heading are the
programmed values. Another method of looking at the data is shown in Figure 10 where the average miss
distance is plotted as a function of (7z/U N.

100 - .. •. ,• •

0
C) +
I—
2 4 ’wo P

I I I  ‘ I i  ‘ i i i

5 I.0~~ 1 .5 20 25
Z/o~N

Figure 9. Percent correct responses (within I cell of correct location ) for TN 0 and r.~- 1024 cells.

It is evident that for low er 1 ir . ~ values th ig h noise levels) the error in location can be as large as 6000 to 8000 ft .
However , for values of r, er ,, greater than 1. 5 we have ’ an almost perfect correct- fix score. A similar  plot is
shown in Figure I l , where the noise added to the terrain is correlated and has the same correlation length as
the terrain. In this case, the miss distance’ does not descend as rap idly as it does in Figure 10 . and perfect fix
capability is not reached unt i l  if 1 r t 2. 5. The average miss distances at lower r,/ r 5 values are also higher
than those shown in Figure’ 10. 0
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TERCOM PERFOR MAN CE WITH VARIATI ON IN GR OUN D SPEED
AND COURSE HEADING

The effec t of ground speed vari at ion was carri ed out under cond it - iomis where ~r 1,-~r~ was great e r than 100 , amid
if , Cr~ W8M greater than 10 , ther eby minimizing noise effects ft’omu source’s either than groumiel.spet’d variation.
‘Fhi s simul a tion assume’s that the aircraft , is samp ling terr ain amplitudes at a fi x ed r ate so that variations in
gro und speed about V 1, will e’ause’ the geographical distance between sample points to vary about the expected
400.ft intervals.  The effect ot’a constant ground- speed error is shown iii Figure 12 where an asymmetry in
performanc e is evident about the value V!V~I a I. lt is seen iii Fi gur e 12 that the average and ( lie variance of ’
t he m iss distanc e grow more rap idly feti’ V V 0 1 th am i for V \‘~, ‘ 1 an unexpecte’d result . Figure 13 shows
th e incr ease in average miss distance as the ’ course ’ heading error increases from 0° (em 8” . Again , each point
represents 10 tr ials on a particular terrain , and the me’an ms computed from tOO trials distributed ove r 10
ter r a ins. Here’, ~, , r., is greater than 2; large e ’nough to t’nsure ’ an average miss distance under I cell length fur
0- heading error.

• TERRA IN CORRELATiON LENGT8
TL • 1024 CELLS

II - NOISE CORRELATiON •0
en .

:~~lO - - 0N 
t O

cu.00

(I,
cm
tO

6

(I,

F’-

v/ v 0

Figure *2. Variation In average miss distance with air craft speed for no heading error.
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Figure 13. Average miss distance as a function of track angle for er 1 er 5 . 2.

F inal l . Figure’s 14 and 15 show the ’ e’t’t’ect of gm’ound-spee’eI e ’rrom s for :1 dmffe ’re ’nt course’ h e ’aeim ng ‘m - t - i ’t s  Fig ure’
I.) shows the re’su Its for a I ,‘tick lengt h ol’ 48 cells whi t e ’  F ’igomre’ 15 shows p e ’r foriii zmiice ’ wmt Ii a she mrt o ’r I i c i t h

lengt h of :12 cells.

The’ inc reased miss distance for ground speeds lower t .haii V 0 ms moi’e’ e ’vmele ’nt for large ’r t’em ul’se’ he ading e’ri c ’t~’
and smaller track lengths.
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FIgure 14. TERCOM performance as a function of ground speed erro r with heading erro r as a
parameter .
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Figure 15. TERCOM performance as a func t ion of grounds peed error with heading error as a
parameter.
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CONCLUSIONS

This si inulat  ion provided a more’ realistic simula t  ion ofTER ( ’OM th an  the m e t  hod used in the previous report
t ref I i . ‘I’he’ s imula t ion  showed that  even whe ’ii the ’ radar a l t ime te r  samp ling points fell between the ’ X and 1’
coordin a te ’s of ’ the’ amp litudes stored in the’ on-board comput e’r , t he’ per ce’nt at posit ions identified correct ly
rema i ne’d about th e ’  same’ I’u net iou e t ’ ir ~ r ., as those ’ of re ’f I -

Apparent Is’ , t here’ is suthcie ’nt correlat mo n bet we’t’n samp le’ Po ints in the ’ tert ’aiii model so I hat correct Ii xc’s can
be made’ w i t h  probab i l i ty  .95 for r 1-er ~ - — 15  it ’ the ’ au dit lye ’ ss-ste’m noise’ is uncorre ’lated . Wi th  correlated
noise’ having  the same’ correlation lengt Ii as the ’ te ’rr ain , we’ saw tha t  the 95’~ correct fix range is if 1 ~~~., 

. 2.0.
This result is In agreement w ith  the  f indings of ’ ref 2 th aI  cori- .’lat i’d noise’ causes a hi gher e’rror rate ’ t han
uncorre’late’d noise. l”or longer track lengths , it is expe’cted t h a t  the ’ r , r.. rat in f ’or 95’~ correct tixe’s would he’
le we’r.

TER( ’ONI niaiv bt’ emse ’d w i t h  unmanned vehicle ’s such mis long-range ’ RPVs . Performance ’ of precision a t ta ck  or
re’cemna mssance mu issions wi l l  require re’niot e’ operator i at ervent ion th m i - m ng the ’ t arge ’t approach phase ’ oft  he
flight.  Present control philosophy envisions a video feedback to the ’ operator , e’nabl ing him to ident it\- time ’
target or specifi c landmarks and to make course corre ’cti omis am’ we’apons laun t ’ht’s as required. llowe’ve’r , due tel
the enemy e’lectronic detection and the subsequent j amming  thi ’eat , it  is felt that  video t i ’ansmissiem time ’
should be he’ld to a m i n i m u m , and consequentl y video f’rame rates may be less than nom ’mal . Al l  th is  imp l ie’s
tha t  the ’ RPV operator should find his vehicle close’ to the target when t ’idco transmission be’gins . or he’ may
not he’ able to locate ’ it at all.  Studies underway at A M R L  Rl3M indicate ’ tha t  even w i t h  a narrow fi e’Id of view ,
say 20 , and an alti tude between 500 to 1000 11. a positioning e’rror of around 1000 11 stil l  gives the RI ’V
operator t ’noug h tim e’ to maneuver the ve’hicle ove’r the ’ target or to rele’ase’ we’apons.

If ~ we’ the’n consider 8(R) ft . or 2 cell lengt u s , to be a maxi  mum acce’pt able average’ posit ion e’rrom’ , we’ se’e’ fro m
I”igure 14 tha t  th i s  e’rror occurs for m m course’ heading deviat ion of 2 from the ’ expected course’. Figure I I  shows
tha t  th i s  criterion is also exceeded for a ground-spe’e’d e’rror of’ 5’~- . The interact ion between the ’se’ two error
source’s show a in Figure 14 tel Is us that  if a course’ heading error of ’ 2 ’ is allowed , the ’  ground-speed e’rror moist
be~ l imi ted  to • :l’~~ i fwe  mire ’ to meet our 800 ft criterion. ‘l’he ground-speed erre r in the simulat ion occurs
because TE RC O M is assumed to samp le alt it tide ’s at a f ’i x time ’ i’mut e’, whi le ’ t he’ act ott i n  ircraft ground spe’ed
may be somewhat higher or lower than expe’cte’d lf’mi dopp ler radar ss’ste’m can be’ used te ) measure’ ground
speed with sulTi e’ie’nt accuracy, the ground-speed error could he reduced b,v al ter ing the’ samp ling rate ’ eif
TERCOM. Howe’vt’r, even ifground-speed errors are’ eliminated , the’ error in the ’ course’ heading must be’ ke’pt
to below 2-’ for the’ 48—cell track length. While the 48-cell track length and the ’ (i4x(i4-ce’ll terrain m a t r i x  are’
reasonable for an operational system tref 21, othe’r lemger track Ie’ngt hs and large’m’ array size’s may he’ pre’f’i’rre’d
for grea ter posit ioning accuracy -

Nevertheless, the’ calculations show that the’ accuracy of tht ’ svst em depe’nds most he ’avily on the ’ course ’
heading error. This in turn is r’Iated directly (em the’ accuracy of’ the  ine ’rt i al  navigat ion system , and cannot be’
corrected by doppler radar, as can the’ ground-speed errors. Thus , for any sys(e ’nl using onl y iner t ia l  and
TERCOM navigat ion twi t - h  no) external aids such as LORAN , this stud y conclude ’s th at  seme ’ce’ssf’ul use of ’
TERCOM depends pr imari ly  on the ’ heading accuracy ofthe ’ inert ial  navi gation system chosen for the ’ air e’rat l -

The computer programs de’velop e’d for this st t idy can he’ use’d wit  Ii large’i’ array size ’s which are’ not ne’ce’ssal’i ly
square and a longer track lengt h , permi t t ing  the ’ study of e the ’ r ‘I’E RC()M cemn figum ’ations. The’ programs which
are listed in appendices A tlerrain Gene’rationt and B iF l i ght Simu la tion 1 provid e’ a fle’xihle’ e ’omputat ional
tool for the dete ’rm i nation of acce’pt able ’ accuracies of various TERC() NI cont ’igurat ions.

0
I I

- ~~~ . . . . - - . ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~~~ ‘ - ~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~ .- - -~~~-- .‘



~~“~~
— 

~~~~~~ —I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~ -—

APPENDIX A
TERRAIN GENERATION PROGRAM

p

I ,
~J -  - ., ‘1 I , ( 0l, PL$ T 11(tl I’UT , T .IPT I I

~~~~ I l  -~~
-
~ t~~Ci A ( ~~~’,t-~.)

1)’1 
-

‘

L - ’LL I_ ~~\ 1 J~~~~T (~ )
St  ;N C :~2-~~,

I I )
-~ .~ . 1 .
. 1 1  l t 1~~~N ’T ~~~1, 1O
JO 2 ’) 1~~t , t . ’ I M

-‘3
1-~ A (j,J )rC.

3 C O N I  INU’~xr y I . .~:. r .) ;o T3 - ‘L.
‘3 ,

~ () I U .
2 0  , t ~ I C

. ‘ ‘~C— X’ (—1 ~~/TC)

~Ct X- (—~~ H’Tt~~. I f T C )
~ 5 A C .~.’~~O / ( 1 .~~~O I)

I
C A L L  ~A N ($ ~N1, ,S J G N O , F M E A N , IC)
“(NJ ~~~~
DL ) ~L1 I~~l , I O I M , 2
l I L L  RN1, -~N’ ,S 1GNO, F?l t 4N, 10)

( I , 1 ) L ~~~~~~N 3 + S Q ~~T ( l . — R O ’ ’) ~~ .~N l
33 A(14 t,l )r~ O A (1,1).SQ~~T tl , —~~O ’?)~~RN2

-
~ N 3 A (1 + 1 , 1)

3 0  CC~~T 1N 11•
00 .~1 J ’ ? , I t I ’ 4
C A L L  ‘~AN$fl’(PNi ,RN2, S1uNO, rM~~AM, ID)

-~~~ A L  I ,J) r-~O~~A ( 1,J—j) 4S(~~ T (1, r(0~~~2)~~~Nj

JO 3 1 t ’~~, I P I M ,2
CA L L  ‘~ AN1 ) ?(~~N t , -~r - 4 2 , S j &,N O ,F M t A N , I D )

• A ( t , J ) -~31~~~( A ( I — 1 , J ) . A U , J — i ) ) + 4 C 8 ~~ Ni
I~~

,) A L 1 ~~I,J)’ACA LA( 1 , J , + A ( 1+ 1 ,J f l ) +A C B $1N2

~1 CONTIN ~)~
00 35 I’I,IDIM
00 35 J~~~1 , I f l I M
A (I,J )~~A (1,J )~~(1,/ (j.,(FLOA1IJ_ 1 )/X 0 )~~~N cX ))

35 C0~ $ T I N U ’

w~ x T:cI ) N C T - ~, ((4 ( 1,. . ) ) ,I’1,IL)IM ) ,J’1,IOIM)
luO CON TI$~lJL

r-~~NT 10,~,NC T~~,L 
-

i&. 2 FO~~”A T t 1 O X ,’NC1-~
_ ’I2,5X ,’,,~~’Ei5.7)

53 CALL. RA N G ~~T ( P )
P’~tNT 103 ,~

~ FO~~M A T  t 1 J X , ~~P ’L 1 ’5 . 7)
~E~~I N D  1

S T O P
N C  EN D

0
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APPENDIX B
TERCOM FLIGHT SIMULATION PROGRAM

P’tIlL,’~A M T i . -’~ ( I N $ ’ P T ,C ’ t ’ T P U T , T 4 ° 5 1 )
PIILNSION A co.,~ -. ,S(6’.) , A 3 I U ’ + , b O s )

01 ’i(N ~~t J N  ~N (6(.)

~Or ,H 932
N •

P N N ~~1. ~c
‘NL ’’ . L~
NOL ‘b”
NLS:NfI L ’-NL

10 !)L5=FLOA ~~(NL5)
DL 5’ Ii.
CALL .~AN SuT(r)
PL~INT 10’,E
PR INT 101

Ic ANUMrSNUM :DMSD’DsA 0~~0.
3m.) 7,2 NC=1,10
A Ol  :Spl~ ’102~ S02:Q’
$~T4O(t ) NCTR,A
PeUNT 10’.,NC

20 SUMIO rO.
SUYIII:O .
RA’20.
PHI ‘0.
PRINT 102,°HI

25 PHIrtPrII /t~ 0,)~~3.1~~ti~92b
F M t A N r O ,  J
IK’JK’6’.
O N ’ FLOA T L IK’JI( )
SUM’0.

30 8N2 :FLOAT (1K 1)
00 10 1:1,1K
00 1’) J r i , J K
SliM rS UM4A (I, J)

10 C O N T I N U E
35 AVE :SIII4FBN

SUM :0.

00 213 Jz j,.JI( p
DO 20 I~~1,I’(
SUM:SU$l4-CA (I ,J )— A V E ) ’1’ -

-

‘.0 20 CONTINUE
SIGT:SQRT (SUM/BN)
SI6NO:SI6T

~
R A

IO’l
IF(’~O .Nt.0.)GO TO 22

‘.5 RO IxO .
60 13 25

22 IF (R O,NE.i.)GO TO 23 —

ROi:i.
60 10 25

30 23 SCN :—1. /ALOG(RO )
ROt~~~XP( SQRt (2.)/SCN)

25 AC4 PO/(t .+ROi)
AC R~ SQRT (1.—2. ’((RO)”2)/(RO1+l.))
CALL RANQ2(RNi,RN2 ,S !GNO,FMEAN,I O )

55 R N 3 ’ m ~ N2
00 30 Irt,6~~,2
CALL RANO2 (RNI,RN2 ,SIG NO ,FMEAPI , TO)

I
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613 SLJ Mt~~~~N tI)’ L’+~(N(I,1)~~~~ GSUM10

SU s 11 : , ~N t t ) + ’ ~N t I s 1 ) + S U M i 1
A ‘C I, LI ~A tI , I) 4RNII )
A~4 (1,1,I) ~A (I,1,tI.~(N(I +I)

~ 3 CC’NTINU ..
00 31 J~~2,6’.
C LL L  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~N (1)r ~~J RN(j),SQ~~T (t,_ RO~ b2) .RNt
‘~N ( 3 ) ’ ACA • C ~tN(% ) . b ..’ N (2 )  )

70 SU’i I 13:~~N t  1) •~~2 s - N (  ‘)“ 2+SU’l 10
‘~t l 1 1 t ~~t N t 1 ) , R N e , 2 ) , S U P 4 I I
AFt(t, J ) :At1 ,J),~tN(1)
AO(2,J ):At2,J )ss~N Cfl

— 00 31 ~~~~~~~~~C A L L  ~ ANfl,2(~~N1,~~N2.SIe~NO,FMt A’li,IU )
,
~N (I)’ACA’I PN(I—t )+l~N tI))+A’~8 p ~Nt
kN lI ,~~) AC A (RP ~C 1) ~kN( 1. 1) ) + ACO

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
SU M l l :~~PI( 1)4. -iN lI ,1) ,~ U M l t
A~ i ( 1 , J ) r A t 1 , J ) , ,~~~1 ( 1

A~i ij. 1,J ) ;A ( I + l , J )  +‘~N (j.t)
3 1  COMT INU~

SUM’0.
3m) ~‘2 J’1,JK,
L)~ ‘ ‘  I~~1 ,T’(
SU.irSUM,A r~t i ,J)

‘ - ‘ (‘ONUNUL

00 ‘~~ 3 i’1,jim.
90 “~0 N ,, l ’ t , X K

AO(j, J)~~A -l(I, J )— SUM
‘-‘‘  CC’.LTINU

sJ :vN~s)-n t~ uM1D ,’wo gE .—csuM1I ,..~ 9e’.)’’.2)
IF (S V N . N_ . J . )~.~ T O ’.0
s~~-~~~1l.lt

10 ‘.1
‘3 SN’~’ S 1 , T / ~~it m/ N
‘.1 m k ~~N T 1 t 3 ,c 0fV N,Sl( ,T ,SNR

100 110 ‘ ‘ L~~t ,1C
A L L  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ID)

~ 0 C 1L ‘~~~ ‘-~N L I • I.

m N :  ~,

~~ ...‘ M~~I , ”~
I ‘ , : ~~~N m m ’ - m i ) +10
v~~”~~’;~~ ’-~ ~~

111 I~~~’ t ~~t 1 )
.‘‘l ~~1~~( X )

im - L~~’, . .  1 . 1 . 0  I i ’ —
.1  L A C  L , J ) — A  iI,J ,1 ))‘IFL1~A T l.I~ 1)
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a A t I • .0’)> — A l )  +1,0) 1 ‘ I I —~~ 0*  T I  J I
,
~ t M )  - t . l , O ,’ s A , d I$ L ,J )

.,...,~ C m ’’-4T lNJt

. 10 r~, I~~1,Nt.
SUM ~m . I M . S C 1)

-. ~ ~~~~ iN t’l

‘IC ,
~~
, ~ a~~~ I4(

S i l l  C(I)-SUM
‘- ~~ . C ’ i T INIIL

P’iL .’ at ,.,—NL~~t

-‘

CC t ’ ,’ 1- 1 , _ IN

1.1 ” CC hC N’ 1.NL2

~v tIM 0.

S U M ” . O ’
Sl I M N a  13,

1~’ ‘.~d t ” t, NL
i’. ’ Ii ‘T+ N I

SLIl” .A 1(11 ,J) •SIJM6

~ ~‘~‘i1 I N - It
S 1 IM - ’a ~~L JM’ , I I  C A l  (Nt  I
1,1 i l  l a t , N L

I’. ’ I t  •

1 1 COMI  1 N m ~
I~~i SUM .m ,~ •SUM’~ )m.’.) Tm ) es i

NJ’~ ‘~i
1-I 11 L S U M 2 , m ’.L •S U M~~.’ ) ( . O l m  t ’ $

SlJ M~~.’. M’S .’

0
t -~’ CON T INUt

A mIL S T~ SQ’~TC(r LOATtKIt .IejR))a’’etFLO*TtKJ1—KJR ))”Z)
s 0 t S 1 a S T C I F L O A T C K I t — K t R , ~) ) ” .’ + C F L O * T ( P ~J 1 — s ~J R 2 I) ” 2 )

Ibm ) PQINT LOO1AOI SI,SOIST
4flt ’4flt~ T .Aflt
Sli t •5, 1~~S T $ 5 f l ~
Acm ,~aA(I~~s T .’$ . A p , 2
502 .50151’’ ‘.502

1e~ 70 m.’O r .IT INU r
.101 “ ,t l t / t O ,
S O t . S 0 t ’ l O .

Ac ’ .’ —
SU~~ SO,’’tfl. .~ ,
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R E W I N D  I
PRINT 103 ,RA
PRINT 11Z ,R0

175 PR INT l1’.,NL
CALL RA N6ETCO D )
PR INT 107 ,00

STOP
100 F0~ MA 1 C 1 6 X ,F6.2 , 27X ,F 6 . 2 )

160 101 F O R M A T  t135 ,’MAD ERROR ’ ,2’.x,’MSo ERROR’)
102 F O R M A T C I X ,’PHI’’,F’..i)
103 FO RIlAT(I X ,’STGIS A I / SIG MA N za ,F4.,I)
10’. FOR M A T C I X ,’NCTP:’,1 3)
105 FO RMA T 1 1X , ’C OR)~ECT I.0.AT’,21 3, l0X ,213 ,I X , ’MI STAK EN FOR ’,21 3)

163 106 FORt4A T (1X,’CORR~CT I.0•AT’ ,213 ,i6x , ’CORRECT I.0.AT’,213)
107 FOR M A T (iX, ’RANDO M NUMBER :’,E1 5 ,T)
103 FO RMAT(i X ,2t 3~ 1X ,’MISTAI cEN FOR’ ,213 ,SX ,’CORRE C T I . D , A T ’ , 2 1 3 )

109 F0 RMA T C1 ~~,2I 3,1X ,’MISTA KEN FO~(’,ZI 3,5~ ,2L 3 ,jX, ’MI STA s(1N FOR ’,213)
110 FORM AT (7X,’MAO ’,325 ,’MSD’)

190 111 FO RM A T( iX, ’AVE , M A O LRROR ” ,I X , FS.I,l tX ,’A V e. MS D ERROR ” ,IK ,Fc .t)
it : FOR MA T ( I X ,’RO” ,f’5.2)

113 FO RM A U b OX , ’NOISE SI&MA ’’,E jS,T,lX ,’S IJNA L S I G MA a’,EtS.7 ,
I’S/N” ,F5.2)

11’. FORMA ~~(jX ,’TRA C I( LEN GT H “,13)
195 120 F OR M A T t I X ,’ADl”'’,EiO. ’., 1X ,’A02r ’,EI0,~~, l0X ,’S0i :’,et0. h ,t ~~,’S3 ”,

lEt 0 .’ .)
END

‘I

~~H 1SPAQ~ IS BEST QIJALITI F~~ C ’ L ~ A~~*
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~, 1 l . I .~ .’ I 1 I I t N t .~ANL 12C~~N t, RN2,SI&NO , FMtAN ,ID)

~~- .~~*NF 4 . ~ m ’’)
I . R A N C  I l IU M )

c ‘~N L . I
2 • I

m,C 10 10
N CC.SQRT(-2. ’ALCG IXI)’SIGN 0
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