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G,E01YCETRlC-OPTIC1CL SITUATION 

,In photographie flights, the pilot keeps the aeroplane at a 
dons·tant hight and flies along a p,redetermined route at a con­
stant speed, the influence of cross-wind being largely elimi­
nated oy setting the longitudinal axis of the aircra:ft at an 
angle relative to the flying direction. This angle of att(~3.ck 
1s set by the pilot according to verbal feedback with the pho­
graphy navigator. 'rhis procedure cannot fully eliminate devi .... 
ations, 1I,,11.ich have to be compensated by rotating the camera. 
The si tuat ion i8 ShO'tffl on the diagram (,Fig.. 1) .. 

The measuring system required :for such rotation consists of 
two parallel CCD rows arr}lnged at rlght angles 1,\rith i;he direo-
tion of i{?;ht.. The COD rO'V1S scan the terrain stripwise through 
an optical system •. How I captures a strip ahead o::f the plane, 
ro\'l II one b(~hind the plane. Afterthe :first cyclio exposure 
cf row I, row II 1.8 exposed repeatedly until i t recognizes 
the strip p.reviollsly registered by rOi;" I. Until that recog­
nition. a certain time b.as passed d.urin.~ which the plane may 
have turned' through the an,gls Ll I<. (yavl) so that the tvV'o sensor 
images are shifted relative to one another, both angularly 
and especlally, linearly. ~rhe digi tized brightness profiles 1 

filed in the memory of the coutrol computer, can then be shif ... 
ted back re~tivH to each other until the best possible a,greement 
is achieved, the amount of shi:ft f'" being a measure of the 
angle A Je/., .. Recos;ni tion 1s im.paired urimarily by parallel shifts 

'C, f '_. -. t. , 

of ~he pla:t;e s longitudinal ~xis and by the plane s l?ngi-
tud1.nal aXJ.s and. by the plane s roll. The errar resul t~ng 
from the angular offset of the re{;istered. brightness pro­
files due to yaw CcID be kept small by frequent scanning and 
optical smearing. 

"CJ1.e second variable quantj.ty to be registered i9 the speed­
-to-height ratio (v/h). It i8 recl1.1ired for setting the frame 
rate so that all photos have the pre:3et degree of overlap 
and for the correct compensation of fOI"1.'lardmotion during 
film exposure. :?ig. 2 il1ustratos the process oE:' determ1J?ing 
the v/h ratio • Ase,uming tk,Jat rüV! 11 is exposed at short tJ~me 
intervals of At, n· At :Ls the time that passes nn"til rOvl II 
recognizes the brightness profile reg;istered by rO'll I n steps 
earlier. Then distance covered :Ls v·n·At, 13.11d 1tlith a simple 

proportional equatiol1 the dependence v/h ::: v/h Cn ) can be 
determined. Given the fixed ro'vv spacing d, the focal lene;th 
of th,e lens and the known scanning time Llt, we have 
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The measurement i8 deo;raded particularly by 'vibrations o~f 
the plane about its cross axis. The er1"or caused by the lack 
of ce1"tainty 'f1l',hether 1"0\'1 11 actually Beans the very st1":i.p 
previously registered by 1"Ol'" I can be reduced by optical smearing. 

PROCESSIN'G OF THE OBT.AIN1~D DAT! 

The compa1"ison of the brightness profiles of rOVl I and rO"/1 
mentioned above means adetermination of the degres of co1"rela ... 
tion bet')Jeen the two 1"0\"18. Row 11 has recognized the bright­
ness profile of 1"011{ I if the correlation measu1"e adop'ts an 
extremu.m. the time available (llt :::: 50 ros) i8 -too short to 
alloi,.f -t;he correlation function to be determined .. As a sub-
sti tute, the mean of the absolute di:fferences (IvtAD) of the 
plxel ,ralues 18 formed. ThisH.AJ) function has a minimum viThere­
ever the cor:relation :Lunction has a ma:xirnum /1 I. :l:hus, the 
search for rna:x:imum correlation 'vilI, herea:fter, alvlays be a 
search for the minimum of thc rlUlD fu.tl.ction .A9 the formation 
of the mean of absolute differences always extends OVE:1r the 
same n1li1J,bel" of pixel pairs, d.ivision by the number U 0::1: pixel 
pairs may be spared. Then, the:formula for computing the HAD 
:Lunation 1s 

u 
m ( IU ) == ~o I a (i + IU ) .... b ( i) I IU == - j ..... + j ( 2 ) 

1,i~here(u ~ ~.e~i~n~t~s the S~i~t oOf. r?w 0;1'1 r~~at1v~a. t~ r?\.v I. 
The qtl3..t."Y).t~t~eo a and bare thv d~gjft?;\j1 o.rl,,:)htneo~es of the 
pixels of rO"tv land 11 , resnectively. Frequently the diffe­
renee of the~ro\Al means ~ ä - b) 18 subtracted \ifi thin -the absolute 
value signa. This m.easure vJ'ould be of importance especially if 
the rows ware exposed for different times or if different 
drifts of the equal shares might ooeur in. case of different 
temperatur eoeff'icients due to temperatuTE:1 variation. To 
solve these problems, exposure times are determined ane'iV p::elor 
to e-very ~osure cycle and maint~ained through the respective 
cycle for both rOV18. rrhe temperatur problem i8 further reduced 
by :mountin,g l)oth cen rO"JVs on a ceram,ie base .. 

In the devlee here described, t~h.e rOi,lS have beeu extended at 
either by /j I pixels, so that alto,gether 15 shifts are 
e.x:arnined .. r.rhe p:i.xels used for row c~x::tension have -to be so 
selected that they 0.0 not in any oase exhibi.'t a correlation 
'tvith rOvf 11; they only serve the purpose of al11\fays having 
u pairs of values in order to save the division. Fig. 3 ShO\\78 
the resulting representation of functions for five exposures 
of .rOtV' 11.. Irhe ,graph also indioates that, l#i th an assumed 
shift of three pixels, the correlation maximum, i. e. ·the l',1AD 
minimum, is found after .fOUl" oOl'"relEt.tions. Thus, -the v/h ratj~o 
is n=4· and the drift angle ;U == 3.. It should be added th,at tn 
our instrument a shift by seven. pixels corresponds to the 
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reglstratlon of a drift angle of 100
; this i6 dlle to the row 

geometry and the dimensions of the lens ... :Problems in ascertain­
lng the H,AD minimum arise if di,sturbi.ng factorsprevent 'the 
formation of a function ntrough't and the' HAD function dege­
nerates into an 1no1ined strE1.i,r::"'ht I1ne.. In that oase the al­
gorithm :finds a minimum at the' bou.ndary, 'I,hieh of courße has 
to be discarded.. 

)\'T:EASUHl~S TOBLlliflINATE DISTURBAl~CE 

~IProm the previous ,passages i t i::::, evldent that the state vari­
bles n and IU are subj eCted to a variety o:f disturbing inf'lu­
enoes.. It sU,g.gest~:;. i tself, therefore, thatthe values ascer­
tained should be filtered. before feeding them to the control 
elements" '3ince i t is, posaible to define- alinear, thou,gh simple, 
model of the aj.rcraft s motion, to classify the disturbances 
vJith regard to th(~ir IJoints of attack Etnd to estimate their 
standa,rd devi.ations, an optimum linear :filter (KALIv:L4.N filter) 
Canbe devisec1, we assume independence be"bieen state vari­
ables and disturbs:i.nces as 1/'1e 11 as indeDendence of the d:.istur­
ban.ces fronT (?:t3.ch other. Such a filter has a number of advanta-

vlhich \'1i11 be later. 
The s ion model corresponds to the sy equa-
tions of the system U -ca:m,era", wi th n( t) being the 
only state variable prE~sent .. If we assume that in flight along 
a. route at a constant hei,ght and wi th preset telind correction 
angle and speed, n(t) must be constant, then chan,ges of n(t) 
ca:n exclusively caused by disturbances (turbulences, thermal 
currents, cross-'!'lind swaying) <& Henoe t we arrive at a very.. 
simple motion equa"tion: 

(3 ) 

~r!here f (t) ~tand~ fo;- system TIoise, ~'fhioh may be assumed to 
be 'i/vh~te nO~Be ... Eurtner, th9 observation equation of the pro­
eess has to be formulated: 

(4) 

in 1:rhidh N. designates discretel~"lhi te disturbanoes o.:f the 
measurements 1.1 i th a Gaussian dist111bution, and Y j stands :for 
the n(t) values observed, i.e. obtained by the measuring 
procedure described above .. :From the aboifo assumptions, the 
standard d,evi,~::rtion8 o:f the disturbing signals can be stated 
to be . 

E(b{Ct)!(S')b) = R = b2 Ö,(t ... s) (5) 

(6) 

"\'1 i th 
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The filter 1s derived in the vIJay outlined in ref Q /2/. 
Adopting the statement derived, t11.ere from the Fokker .... Planck 
equation for t11e development Q,f t11.e first ti,vo c1Lrnulants of the 
stats distribution., "\tVe ca,n g;enerally etate for linear systems: 

.. 
~(t) :: A • ~ (t) 

K(t) = A • K(t) + CA _K(t))T + R 

(7) 

(8) 

in 'itlJhich z (t) is t11e first and K( t) the second oumulant and 
A t11.e system. matrix. Substitution o~f OUt' mod.el in these evo­
lut ion e qua,t ion. 'Ni t11 

~(t) ::: A(t) and their solution Bupply the equ,ations for the 
evolution of the first t\:IO cumulants 1Jlj.th an unobserved pro­
eess. If the prooess i8 sampled, as it i8 the oase here, the 
integrals are computed on1y bet1'leen two samp1ing points .. The 
solution 18 obtainedin te:rms of the transition t'rom t:he 
so-called a .... posteriori to th"e apriori vallle o:f t:rle cumulan-ts 
vvi th sampling period I • 11'01"" the first cumulant \,re obtain, 
\·.,i th 11 (()) = 

and for the second cumulant, with K(O) :::: 

T 

( 9) 

Kj - 11? and K(T) :: KjA1 

(10) 

:Phe observat the process via the linear observation 
equation (4) permits U8 to etats the functiorl 

p (Y i/ n j ) , illhich in case of Gaussian observation noise 

is a Gaussian distriln'ltion. It termed a :Likelihood. fltnction 
and makes i t possible that the a-priori values computed. in. the 
unobserved system motion can be improved in accordance v1ith 
the informat1on obtained by observation. Hef. /2/ contains 
a (leri:vation of the transition from a .... pr:i.ori to a-posteriori 
values. 11ere it may su::ffice to state the resul ts ::1:'01" our case: 

fl. '1) J .~ 

KjA 
:::: :A.. + -.. ----

JA _i'J + K 
~o ~'jA 

1( l? :::: "'''',j K
J

$ ~ .... 

.1.1. 

f y _ ~~ ) 
\ · n J" A ~J 

1 

(11 ) 

(12) 



Thus the recursion computing the clli~ulants ls sed, anel 
the indices A,P may be dropped :Li (9) i8 substituted \.11) 
and ) 10) in (12): " 

(13 ) 

NO (K
j

_
1 + b2T) 

Kj 
::::::: ( 14) 

-rT + K
ei

- 1+ b 2T ' ~o 

From the recursion equation t,lle secand cumulant (14) it 
arent.. must approach a ionary , because no 

process ob are treated. trhe ionary value of the 
cumull3xrcs 18 determined only by estimations o::t' th(~ sta..11dard 
deviations system obßervations dlsturbances. Ii the 
iterative compu:tation o~f '''ehe second cumulant 18 performed in 

cyclic computation o:f the :fj~l tel", the behaviour of the 
approachingits ationary value may be ut ed 

for accelerat the m:inimization of errors th.at may oceur 
because of values ftrst cumulant of 

state 
In order make the 
the abbrevj.ated notations 

q~i -1 +yr 
qj :::::: 

qj-1 + t+ 1 

Aj = Aj _1 + qj (y j - -1 ) 

more lucid, let us introduee 
=: K. El.nd 

e J 

( 15) 

(16) 

A numerical s ion iB possible by avotding the divi .... 
sion. in eq. (15) *' It i9 obvious that {qj} approaches a staltona-

ry value <1
00

, 'tvhiah aM be aomputed beforehand. Then , 'the 

convergent series (15) ean be approximated by an:ther series 
",.,hieh converges the same value <1

00 
but eas to 

compute.. present oase V18 took recourse to the series 
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(17) 

'\AThich can obviously be computed by addition allel shift to 
the right (especially a point arithmetic). 

As the same mathematica.l model i6 employed for filtering the 
(:1rift deviations, the same filter structure resu1ts, but it 
has dif:rerent parameters for the standard deviations of errors /11 

The etate 'variable 1s the shift /u (t) wi th the first cu.mulant 

/11 ( t) /11 

INATION 0]' ~rHE STANDAF?D DEVIArrIONS erE' :rHE 

System di~jturbances are for by the quantity in t.he 

filter equation. one e 1mates the product b2T instead 
of t'h d d'" .. t b2 

...J-l • 1if' t ] t . ,,8 an "ar QeVla , a:..110 vJ.'1er Sl.mp lca resu .. s, 

because b2T can be assumed to be 'heights, 
the l' t'J t t ~ d cl • t· b 2 reason )81Ug .~la S "MO.ar eVla lons 
crease '\'1' i th increasin{s heigb"ts, whereas the t 
determinin,g a neVl sta"te va1uE.~ increases CI "the experience 
o:f photo,g'raphic fligl1:t navi,gators one can de1."i ve how often 
per uni t time emd by vvhat a'!l.ounts drift corrections have to 
be made.. For example, a statement that along a route of 12 km, 
length and at a f1y speed of 250 k:m/h drift 16 corrected 

three to four times by 2 - 30 each, means that b2 must be 
taken to be 0.225 deg2/s. 
]!'or the· Etscertaim.ment measurement clist,;.;...urbances referred 
to d:rift, aviation en,gineering studies have established the 
ang'ular veloc s a'bout the three main as function 
of time", :rhe measurements revial that roll movement~~ have 
greatest di,sturbing influence on d.rift control, because they 
are, unfortu....nately, amplifies by COD row arrangement", Further , 
the atovementioned studies clearly eho,,: th,e height d.ept~ndence 
o:f:' the standard deviations No. (Jfor estimating No' VTe have 

referred on1y to disturbances due to )'" To come back to 

our example: at a he of 3000 m, veloc ies of 
about 10 /s may ooeur, with maximum angular differences being 

1 50 I tl t s tun t 1n4 Q L . ~ ,..... 0',," ~. Cl ,j: 0' i?· ~,::j " • n '·,19 ... e e 1;' , _ • ..J..t::).nea~ .... U ..... lnb e.rror 1.::> mJ"bn ...... l ..... CJ.. 

to SO, SO that a standard deviation o:f N' ::: 25 del!2 is ab-o'·.) 
tained, \f.lhich at an angular velooi ty of 10 Is correspond to 

2 changes in standard deviation by No/t ::: 25 deg Is. f.ehe stan-
dard deviation ~ .. fter a t· 'T th . 1\T 1+ rn rrlh f 'lt """'. lIDe . en 1. s l'll 0 \1 110 ,.I,., .1, e 1. er 

quantity ris by 
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(b2 
0 T) / ((N /t)-T) = b2/(N /t) = 0.225/25 = 0.01 o 0 

The calculations d.emonstra:t here have to be made for mea .... 
6urement disturb,?JJ.ces at di::f'fereni hej.ghts. The results may 
then be as a table the HO!Yl. -

Concerning the state value n, the system disturbances can be 
estimated from aseries of aerial photo,graphs taken wi thout 
folloV1UP contral of the v /h ratio -. The greatet:;;t error over ... 
lap can be converted into an error of n , i.9. the numbel." 
0:1: steps until the !1AD",,·:ninimu.m. is reached 111 The dange rate 
o~f standard deviation can be estimated if the time betw'een 
titlO sures kno,,\rn and the of n values OflJ:1 

be thereto .The standarcl d.ev:Lation of the rneasurement 
or observation disturbaJ:lces can be estimated by the an,gular 
velovi ty of motions about the aeI'oplanes cr08'6 , ;ecord 
during the aviation engineering f:3tudies", The estima:tionsrnust 
be made on height" The procedure may be lar.gely 

the estimations of drift &t."'1gle dlsturbances. 

S UJ:,TIYIAHY 

Aerial carnerashi,gh-accuracy photography are usually opera­
ted manually. Automation appears to be cost-saving especially 
where photographs have to be taken rou.tinely and repeatEDLy 
and flyi.ng personnel saved .. The principle presented. in this 
article solves taslcs of drift follo\\T-up control and de-
termination the ive ground speed, \'\1'hioh otheri,'lise have 
to be performed by the operator. Conseq.uently, the automat 
oontroller has to det(::rmine continuously the angle betv\reen 
the aircraft' s 1 onF.;' i tudinal <;uis ru1.d the route direction as 
weIl as the io between flying sp(~ed and flying height .. 
r.rhese charac·berist s are obtained passively by optoelectronic 
scanning of the earth's surface. This principle i8 much chea ... 
per than. radar-based active measurinF:: methode. The measurement 
data are digi tlzed processed by two sin,gle-chip :microcom-
puters", T'he a~rt describes tb.a metrolo,ifr,ical situation and. 
t1'le t(:?'chnical p:r:Lnciple, the m.a:thematlcal-·

e 

trf)atment o:.f the 
me,:3.sured data, and the rneasures taken for eliminating mea­
suring errors. 
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Relation between rotation II Kot theaircratt' e 
longitudinal ade end reeulhng m1ealignment /11 
between the br1ghtness profiles reeorded by .. 
rowe 1 snd 11 
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Fig. 3 MAD function, with formation cf aminimum, plotted 
versus the successlve cerrelations cf the brightness 
profiles cf rows I end 11 
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