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ABSTRACT: This dissertation reports the development of digital compuier
techniques for detecting changes in scenes by normalizing and
comparing pictures which were taken from different camera
positions and under different conditions of illumination. The
pictures are first geometrically normalized to a common point
of view. Then they are photometrically normalized to eliminate
the differences due to different illumination, camera character- S
istics, and reflectance properties of the scene due to different B
sun and view angles. These pictures are then geometrically :

g, registered by maximizing the cross correlation between areas in ;
o them. The final normalized and registered pictures are then
, @- differenced point by point.
The geometric normalization techniques require relatively Sl
accurate geometric models for the camera and the scene, and g

static spatial features must be present in the pictures to allow v
precise geometric alignment using the technique of cross correla- : s
tion maximation. f%_-a

Photometric normalization also requires a relatively accurate
model for the photometric response of the camera, a reflective
model for the scene (reflectance as a function of the illumina-
tion view, and phase angles) and some assumptions about the
kinds of reflectance changes which are to be detcected.
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These techniques have been incorporated in a system for
comparing Mariner 1971 pictures of Mars to detect variable
surface phenomena as well as color and polarization differ-
ences. The system has bDeen tested using Mariner 6 and 7
pictures of Mars.

Although the techniques described in this dissertation were
developed for Mars pictures, their use is not limited to
this application. Various parts of this software package,
which was developed for interactive use on the time-sharing
system of the Stanford Artificial Intelligence Laboratory,
are currently being applied to other scenery.
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CHAPTER 1
INTRGDUCTION

The general pleture comparlison prob|am Is to
geometrical|y and photometricaliy normajilze and registar
Images w0 that true dlfferences |n the sacane c¢en be
determined; rather than differencas In condltions of

viewlng, and to anajyze thess d|fferences,

The geometric analysls of photographs balongs to the
sclence of analytlcal photogrammetry (Doyle [1966]), wh|ch
generaljiy deals with the triangufation of aerfal photographs
to generate topographic maps, Most results In this fle|d,
however, are approx]mat|ons which solve sultably |lnear|zed
versions of the equatlons, Even negiecting this deficlancy,
these technlques are of {lttle use except when extremaly

gacourate mode|s exist for the camera,

Mi]ltary aerla| pegonnzlisance probab|y rapresents the
majer current appljiecatlion of plcture compar!son technojogy,
Most of the known tgchniques |n this fleld rejy on manually

operated, anafog |mage gorrelators, apnd var{ous other ana|og
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hardware, There |8 |{ttle In the I|iterature to desgribe
vhat dlgltal computer teghniques, |[f any, have bean

deve|oped for this purpcoe,

The systsm described |(n th|w diasertation |s the ean|y
system knewn %o scive the probjems of [mage normalization ;

and reglstration,

1,A THE MARINER 19714 MARS MISSION [1]

The primary obJjectlves of the Mariner Mars 1971 Preojsct

are the obseryation and mapping of Mara by twe orbliting

!f ': spacacraft beglinning |n November of 1971 and continulng for 5 .
§ at |east 99 days (JPL L[1978)),

;: An orblter has the advantage over flyvby missjons, auch {

{1] Mar|ner 8 was |aunched from Cape Kennedy on May 8, 1971, %;.
and falled to make Earth orblt, Therefors, the nominaj Z

o Mar|ner /71 mission plans must be ohanged, It la not known
at thia time whether the Varlabls Featurss Mission, which !s

the purpose of this research, wll| be attempted, Since most

L of this dissertation was written before May 8, many of She
' verb tenses referring tc the Mariner 71 Mission shouid be

ohanged to reflact the current slituation,
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as the Mar|ner Mars 1964 and 1969 miss|ons, that
observations from orblt can be made over an extendsd perjod

of time, thus permitting the study of tempera! c¢hanges an

AR T L i R b

the Martian surface,

The Mariner IV, VI, and VI] miss|ons could make anjy
{imited obsarvat|ions of <the surface of Mars hacause they
were |[n the planet’s vicinlty for & very short time, To o
accumuiate more extensive data |t [s necessary to orbit Mars .
as planned [n the Mariner /71 Mlsslion, or orbit and fand eas

planned In the 1975 Viking mission,

The two |dentica] Meriner /71 spacecraft wi|l| perform 5'1
separate missions designated as misslons A and 8, MIsslon A ‘j
Is primarily devotaed to routins mapping, attempting to v]ew ;:g
a large portion of the surface of Mars wlth the highest i

possible resojution,

Misgion B s oprimarlly devoted to studying ¢ime A

variable features of the Martian atmosphere and asurface, It

will uti|lze an orbi%t which wll| glve repeated ¢overage of e

several different surface areas under essantj|ajly oconstant

e

WA AP L Ry

filuminatlion engls, view wangle, and spacegraft alt]|tude

{Sagnn [19691), Wlth such an orblt, |t Is possible to study

these araaps of the surface to detest changes durlng the

90~-day misslen,
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The types ¢f changes whiech are expected are e|ther
transient or diyrpe|ly or seasonally recurrent, Transient
phenomena that have been ohserved on Mars Inojude clouds,
hazes. and bright spota, Whitr ciouds haye been seen of g||
s|izes and shapes, from terminator haze |asting a few hours
vo dense, 1202=ml|s glants |asting days or weeks, Yel|ow
clouds vary from smaf!, dense, orange or ye|low oblects
fasting from ocne to a faw days, to objects whloh start |arge
and 9row |arger untii they bacome a yeljcw vei| covering
most of Mars and |asting & month or more, These ye||ow
clouds mre a|most unlversal|y accepted as being dust clouds,
The Mariner ‘71 television observations w|l| yleid data on

atmospher|c clrcu|ation by fellowing ¢loud mevement,

The most obv|ous Seasona|l changes on the Marijian
surface Invojve <the pojar caps and the wave of darkening,
The surface a(so exhiblts seaxsonal changes [n color and sven
changes |n the size, shape, and Internai appearance of the

varjous dark areas on the planet,

The polar caps ars be{leved to bea deposits of s0|ld
carbon dlox|de condensing during the fali and winter in sach
hem|sphere and then subliming during the sptring and summer,
From many blologlcal polnts of view, the receding pclar cap
|s a jogafie of great [nterest, and wi|l be observed during

the Mariner ‘71 mission,
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The wave of darkening Is probably Mars’ greatest enigma
and |s the most dynamic event on the planet, It has besn
described ns a nrogressive decline in the raflectivity of
the dark surface aress {and [ncrease In contrast with
surrounding bright areas) starting In |ocal springtime from
the sdge of the vaporizing polar can, and moving toward and
across the squator, Whethsr the darken|ing agtuaily ogcyrs
as a "wave" from the pole has been argued, Thls darkening
might sfso be accompanied by c¢ojor and pojarization changes,
Accordimg %o the blologiea| axplanation for these seasonal
changes, Martlan cgrganl!sms [nhabi{t the dark reglons; and
their springtime growth |In response to the Increassd
temparetures and humidities Is the gause of the darksning
avents, Severa! ajternative non=blological hypotheses have
heen proposed, !ncluding ome |n whigh seasonal changes |n
v!'ndg patterns (due elther to mer|dional clreujation or
dust=devi|s) redlstribute the particie sizes |n the bright

and dark areas and prodyce the albed: changes,

In seiecting sclentiflc objectives for the Mariner (71
Mission, the study of the wave of darken|ng was sinsled gut
for speclal consideration, since during the 19780 to 1980
degade; the wave of darkening In the southern hemisphere can
en|y be abserved [n 1971, The soutnern ham|Sphere conta|ns
most of ‘the parmanent|y dark ruglons and IS considered the

more Interesting hemisphere |[n whioh to study this
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phenomanon,

The twy zpececratt are |dentical and contain a varlety

sf acjentific Instruments Inciuding two teley|sion cameras,

an uliravjojet spactrometer, an infrared [nterferometer, and

e ol S T e e -5t e R A S ey B

an Iinfrared radiometer, In termeg of vol|ume of data
%.f gollected, the te|evision experiment data wii| outweigh al|

L other data by severa| orders of magnituds, ' ﬁ;

The two tejevision cameras are designated as cameras A

and B, The A camera hed a focal length of 50 mm, giving 1%

an 11 by 14 degree angujmr flold of view, The B camera Hhas

a focal length of 50¢ mm glving 1t a 1,1 by 1,4 degrea flald b

of view and hence 10 times the rescjution, Camera A has a !
cojisction of 8 cojor and polarlzation fiiters which can be 1

arbltrarily selected, The B cosrmera h&s & single fixsd

R R e

{minus bjus) color fiiter, The wava of darkening and other
variable surface festures wii| be studlied primarl|y using A

camera piotures whisih are takan before perlapsis when the

“&ﬁ et .

gun and uwpacegraft vactors are nearly vertleal to tha )

surface Jn the area belng photographed; thus minimizing

e . g :

uncertainties due %o |lght sea%tering, Most of these Eiﬁ

mlotures wl!]l be taken under an orange cgojor filter which,

2 en the hasls of ground obssrvations, shouid make It easlest o
: to detect olimnges [, albede, % ;
! | %
_ The telovision oameras are vidloons, which are .
: “
f. é 6 ¥




e e FIRT TR I S, T TR R T AT e T .. Te TR g R C8 iishind ChFahin il 3N
il o 2y 103 T - PR A T . Al L EETTTY EUTRRL TR ETRY Ll

T TN - R R AT

SR e e TS :,wz_,.;;;.-:f‘,ﬁ,,5(.,:*:,:-.-*,,a.ﬁ;mm-ﬂ;wwgw%‘ﬂ?ﬂ"m‘WW__ i AL

shuttered at speeds ranging from 6 to 192 mlljIseconds, The
Image on the vidicon target |s digitized In 42 seconds [n a
format of 9 bits per polnt, 832 polnts per |Ine, and 729
{Ines per frame, Ofgltized samples are stored on a dliglte|
magnstlc tape recorder which ocan hold approximate|y 36
plectures i'nti| [t !s possible to transmit the nictures to

Earrth,

Each spacecrafy hayg a rxdlo reps|ver which Is used %o
eontrol sugh things as propu|sjon, scan platform siewing,
cojor fliter sejection, camera shuttering, and tape recorder
playback {(and transmissien}, Each spacecraft alse conta|ns
a 18 or 20 watt 2309 MHz radlo transmitter whlech during most
of the mlssjon wl|| be able to transmit experiment and
spacecraft data to the 210 foot Goldstone antennw at a 16
kbps (kijo=bits per segond) rate, At this rate, sach
ploture requlres about 5 minutes transmission time, A dally
tape recorder load cons|sts of absut 36 pictures, which wll|
require a transmissjon time of I hours, This Is about the
jongest parlod of contlnuous communication between <the
spacecraft and Goldstene which can be guaranteed on every

orbit, ({Briggs [1971]),

To maximize the sclent!fic raeturn from the Mariner /71
mission, I%t 13 necessary to control ths ploture taking
segquence to concentrate surface coverage In those surface

areas whlech show the greatest varlabliity., Thls reguires
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that pletures recelyed at Earth be analyzed as gqulicekly and
sensitive|y as possibie to detect differences from previous
plectures of the same area, This dissertation |3 the resuit
of research In the developoment of digita| computer
technlauss %o perform such analysis on pleturas from the

Mariner '71 misslon,

1,8 A SOLUTION TO THE MARS PICTURE COMPAR[SON PROBLEM

In response to the needs of the Mar|ner ‘71 Varlabis
Features Team, Image processfnq technigues have been
deveioped by the author at the Stanford University
Artificia] Intejljgrnece Project, utillzing w PDP=ig
interact|ve time~sharing computer system, These technligues
mave been Integratsd jnto a system which compares palrs of
images taken at different times, from dl!fferent spacecraft

positions, and perhaps even d|fferent spaceccraft,

Flgure 1=1 shows the structure of the system, In this
figurae,; the rectangular blocks |Indicate programs which
implement the technjgues describad In thls paper, Where
appropriate, the block oontains the chapter or segtion
number whers the technlque |s descrlbed, Oval bjocks

Ind!oate data (usuajly pletures),

GECOMETRIC NORMALIZATION: Since the Images are d!fferent

perspective views of a spherold, with no surface sjevations
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mssumed, s geomstric normallzation Is required to relate

sommon  surface polints, In partloular, emch Image s
transformed to the asame orthographic prolectlon ¢f the
spherold, If there were no errors in our kKnowledge of the
spacecralt positlien and orlentatioen, and no  geometrie
dlstortions [n the optical and slsatronic systems of tha TV
camara, and [f our object were a perfect spharold, then the
two nermaj!zed images should be In exact geometric
correspondeance, Chapter I deseribes geometric

morma|lzation In detall,

GEOMETRIC REGISTRATION: Unfortunately, many Sources of
gecmatric srrors ax|s%, wlth spacecraft orlentat|on
oontributing the japgest error, In order to remove thesme
geometrje afignment errors, It |Is necessary to align
geomeiricaliy corresponding areas <(fesatures}) In the tyo
images, A tachhlque was deve|oped which disp|aces one Image
reiative to the ather, searching for a {dx, dy} transiation
vagtor whieh maximizes the cross gorrefation of the Imagss
over a specifled area, Maximum cross correjation ocours

when the [mages are propar|y regl|stered |n that area,

It we know the ({dx, dy}) trans|ation nacessary to
properly register every point In the gesometrical||y
normai{ized |mages, then we can anal|yze the Images point by

point for differences,
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The assumption |{s made that the misregistration veetor
az a sgfunction of poslition In the Image, |s = smooth
continuouys functliont which can be mode|ed by low order
pojynomials |n two var|sables, This assumption {s reallstlc
It the rodel of the oblect |s accurate (|, surface
elevations are smal|i or visw angfes are simijar) and |f
eptical and alectronie djstortions are smooth and

aontinuous,

In praoctice, when we perform a jeast squsras flt of [ow
order polynomials In %wo varlabjes to a set of ortime|
trans|ation vectors on normalized Mariner 6 and 7 Images, we
get very smal| resliduai errors, In particujar, when fitting
ist order polynomia|s (which haye I degrees of f{freadom) to
trom 1P to 100 data polnts, we usualfy ¢get resldua]
a|ignment arrors of |ess than one rpeloture unit (pixe}|)
standard deviation, This, at least smpirically, Indigates
that the predominant sources of error cause =& smooth and
continuous misa|lgnment between the two images, For Mar|ner
6 and 7, the known geomatric errors are primarily |In
spacecraft (camera) orlentation, which would omuse primar|ly
a irans|at(onal, and to a |esser degree, rotationa|
misal]ognment between two |meages, and therefore 1st order

poiynomiai{s |In two varlab]es are a good approximation,

Having an accurate mode| for the misa|ignment betwesn

the two Images, we o¢an recalcujata the orthographilec

11
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projection for ons of the Images, taking Inte acecount the
misa|jgnment mode|, The resuiting [mages wil| be recisteread
to the accuracy of the misregistration mode|. Chapter 11

ceoribes geometr|c reglstration in detali,

PHOTOMETRIC NORMALIZATION! Sines ths [mages are taken
under different |[jumination and view angles, a photometrie
sorraction is required to relate ||oht Intens|ty levels
rece{ved at the camera to albedo on ths surface, If there
were ne srrors [n our know|edge of the |[ight scattering
function at each Jocatlen on the planet, and no errors [n
the nhotometric response of the vidlcon, ther, In theory, we
should be abie to precisely determine ths albaerdc at each
point In the [mages and perform ajbedo compar|sons wo detect
variabie features, Chapter IV describes photometrlc

norme|izatlion In detali,

PHOTOMETRIC REGISTRATION: Detecting variable features
mecessitates a high degres of photometric acauracy: since
some of the varfations anticipated are refativeiy smaji (5%
or less) &lbedo changess over rather [arge areas of the
pianet, These afbedo changes may |ncrease the contrast
between two areas, or may oeniy change the aversge absoiute
[fght Jevel In both areas, If the errors and/or noise In
the cajlibratjon of the camera system are |arger than the
a|bedo changes to be datected, then we must Improve the

gallbratlion using Informatlion In the {mages,

12
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The Known repeatabls sources af photometpric errors ars

such things as vidleon shading (non=uniform response) and

rasldual imegesn, bhoth of whlah ocan be handied in a
systemat{c manner T[1], The primary scurces of error which
cannot be predloted are an absojute galn error, and an
absolute offset error resembjing scattered llght, Thege ?E;
errors; wh,ch may be caused @&|thesr by errors in ocamera |
calibratlion, op by srrors {n the [|aht scattering mode| for
the surface, glve a system output ¥ as a functlon of |lght

input X ast Y * aX + b,

Using this mode| for the photometric misregistration ;2@

function, wWe can ochoose arsas In the twe images which are

B T T LR P T e °

agsumed to be photometricajly equjvalent and soive for a

SRR b oy e

eombined galn and offset arror which wi|) minimize %the
difference between the nmreas using conventional |east

squares technlques, Chaptep V descrlbes photometric

(1] JPL has prosessed the Mariner ‘69 [mages fto reduce these

errors, Non=unjform vidicen response 1[% corrected fronm

extonslva cajlbratlion tables fer the vidicon, Res|dua| 2}@

Images are the contributions of fprevlous Iimages to the

VT

1

vidleon output for & glven Image (1/e, <ths vidleon surface
i

has a mamory), Res|dua! Images are partially removed using

o cajibration tabjes and previous Images,
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plxe}] by plxe|] ajbede differences be rsduyced to area

reg|stration n detaf],

DIFFERENCE ANALYSIS! Once two Images are both

geometrical|y and phetometrically allgnad, the analys|s of ;
differances betwean the Images cen blglh. Certaln classas ?
of known d|fferences are axpected, These |nclude a|bedo
differances due to errors In the photﬁmntrlo mede] of the
planst; varjations of %the photometric function from place %o
place on the planet, and errors due to tho effects of sjopes ;°_g
(such as orater rims} on the photomstric function, Y
3
Glven Images whioh were tsken w|th approximately the i;f;
same ||luminatijon, view and phase anglies, the mbove sources %? ;
of error shouid be minimized, The Mar|ner ‘71 Mission B f_jé
fmages near perjapsis are Intended to satisfy the above 5;{J
requirements, and hence thess sourcss of error <(except for %' %
raglorm| varlation of +the photometric functlon) can be gﬂ,?
largely fgnoped, ?; f
55‘3
The remaining albsdo differsnces can be attributed to ]
tempora| varlations of the photometric function due to such é;té
phenomana as clouds, dust storms, etc, ;? :

Ansiys]s of these albedo variatlons requires <that the

differences and other graphical robrusantatlons. One usefuy|

torm of arsa difference display |83 a drawing of a|bedo

difference contour {ines, [f the ajbedo difference has a

14
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weii defined outiime +then a drawing of this outline |s | ;
usefui, Anothep useful dispiay of dlfferances is a graph of 5'3
the size of &n ajbedo dlffarence area varsus time (for a ]
5

fixad differsnce |ave]) or & granh of the magnltude of the

albedo diffarence versus fime (for a flxed ares),

Chapter V]  describes these dlfference anajysls ;3
tephniaues,
1,0 NOTATION é
To facl!ltate the printing of this dlssertatlion by the
IIme printer &%t the Artiflclal Intsljigence ProJect, smome
compromises |n mathematieal notation were made, In : }
particulars superscr|pts and subserlpts ars not possible, S
and many gstandard mathematical symbols do not 8xlst, i '?
Consequent!y; the scholar|y uss of an abundant collectlion of ?'_5

Gresek letters other thanm o, 8, and €& w|[l] not bs found

here,

ZERQ! Zero Is printed with & slash through [%:

zarg = ¥

EXPONENTS: Exponents =&pre danoted by the ALGOL 68

notatlon, A to the power N |8 written asi

A*N,
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INDICESt Indloss of vectors and matr|ces are wrltten In : i
the ALGOL 68 notatlon as:i

AL12J] » VLK]

VECTORS! Vactors whlgh are formed from a cof|ection of

gcs|ar expressions mre suprounded by parentheses:

(rv? 2 (X2y22) ? o

S

When It |s necessagry o s=peclfy & ocojumn vaetor, %the g ‘
transpose notatlon |s used! ? ;
(xeyr2)’ é 3

L

MATRICES! Matr]lces which ara formed from a ocaojlection :

of scajars expressions are wepitten using as many |inss as

there are rows In the matrix, Thus,; the 3x3 ldentity matr|x

would be wrjtten: :

1
:
3
it
4

The Inverse of hatrlx M Is wplttent

j 19 g o

1 1 = @210 :

: ] ;

- The tranaposs of a matrlx M |s welttent E i
i {

2 transpose {M) = M? |

& :

Iny(M?
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? ‘E INNER PRODUCTS The Innar produot of two vactors Vi and V2 Is

é f% writtens

§_ ? VL, Ve> ;
% EXPRESSIONSt Ar|thmetic operationa between sce|ars,

f.% vaoctors and  matrlces are dencted |n  aonventiong! f *{5
.-'ﬁ mathemat|ca| notation whenever nosslibie, Consequentiy, a ﬁ :
| 'g particular symbo), such as *, can mesan dlfferent operations é )
E E depsnding upon the gontext, f %
L
3 % EUCLIDEAN NORM: The |enath of a vector V (Euc!|dean -
%3~5 morm) Is wrlttent g ,?
o VI
F v
X INTEGER FUNCTION: The Integer part of a reaj number X i “

(l1,8sy the greatast Intezger not exceading X) s writtsnt ; ;

“ £x3 f Aé

- ;é SUMMATION! The sum of &n expression over an Index %,
E ? varjable Is wrlitien wusling twoe |Inesi the fler8%t contalning ? .fé
i, the word "sum" fo|lowsd by the expression, and the sesond é_ fé
i I1ne containing the name and range of the Index of summat|on ‘ %
under the word "sum®, Using thls notation; the product of ?
'ffa two matrices A and B wouid be wrltten!
- CCI,J1 3 sum ALI,kI#BCk,J3 i .
S 15Ksn LT
i .? INTEGRATION: The Integra| of an expresslion 1s wrltten ; iR
.:i; :% Af;
s 17 L
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anajogous|y to a =mum, The Inteara} of fungtion f(x) aver
the range (=1,1) |s writteni

Intagea! f(x}
"y S%%Y

1,0 VOGABULARY

Some of the words used In th|s dlissartation are
yngommon, 8some afe |oca]isms, and some are hlghly technigal,

Tharefeora, some such words are defiined!

a{bado = The ratle of the ref|sgted |[ght +to thes Incident
Ilaht norma}l to = supfaocas, A white Lambert|an
surface, normg] to the Inaldent sun|lght, would have
an albedo of one,

apoap8ls = apogee ~ The polnt In the orblt most distant from
the planat,

parieps|s =~ per(gee= The polnt In the orb!s ejosest to Lhe
pianaet,

pixe| = Abbreviatlen for "plotupe ejemant®, referring to the

flght valus at a polnt In a8 pioture,

The naext four ohapters dsscrine in detal | the

teghn!aues far normailzing and reglistering Images,
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CHAPTER {1

GEOMETRIC IMAGE NORMALIZATION BY "DEAD RECKONING®

Imege norma|lzatien by Ydead reckonling® refars to
techniaues whlch gesometr|ecal|y and photometrically reglster
Images using onjy cailbration |[nformation sSush as ocamera
position and orlaentation; oxmera sensl|t|vity, ete, rather
than Information contalned wlthin the Immages themae|ves,
The quality of sugh normajlzatlion teohnlaques |3 determined
by the guallty of the callbration Information, For Mariner
6 and 7, errorg |n the callbration result (n a geomedric
mispegistration of 5 %o 1P plxels (25 to 50 kilometers on

tha surfsacga),

PROBLEMI Glven two Images  taken from different
spacecraft (camera) nposltions anmd orlentations; possibly
from different spacecraft (cameras?, geometrically transform
the reglon |n each |mage whigh 13 common |n the scene (on
the surface of the planet) so that the iwe |[mages can be

compared pixe] by pixel,
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DEFINITION! An jmpgs is = rem| funct|on of twe variabjes
Flusv) reprasen@ing +<h: [lght |ntansity regelved at polnt
{u,v} on the InRgy pinns ¢f some [meglng devige (eg, a

cameral,

All of the "wepgy scanning systems of Intersst,; however,
are dlsorete sy:tame whioh gquantize the I{ght leve| at a
fixed number (eg, 512) of jntensity levs|s over & ¢|xed

ractanguiar apray of poeints (ag, 945 x 782),

Sucgh dlacrete imaglng systems, furthermore, encade the
flght J{eve| Integratad over an area rather than at & point,
This Intagration can be forma|lzed as!

FExs¥) = Integrei ( P(usy) #* gix=u;y=v))
""<U’ V¢ kw
wherea ¥ Is the |ntensity functlion at a point and ¢ 1s the
"oelnt @pread" funatlon of +%he Immging deviece (Rosenfaid
£19691:p 44}, which s wususliy adJusted by optlical or
alsoirenic defosusing to minimize the srrors dus te gliaslng

Introduced by disgrete samplling,

In terms of acens coordinates, thara ex|st  two
geometric transformations Ti and T2 which map ceordinates of
polnts In the Images !1 and ]2 |nto sgene goordinates, sugh
that when (ul,vi) and (u2,v2) vrepresent +the same poinpt

{x,ys2 In the scens, the followling Is truet
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Ti ul,vi) = (xpys2) = T2(u2,v2) (2,1)

The next sectlons derlve transformations Ti and T2

using gsemetric models for the scene and camera,
I1.,A GEOMETRIC MODELS

PROJECTIONS OF SCENESt A projJegtion of a sgene |3 soms
geometrioc mapping T{x,¥.2) whlech maps the coord|nates of
nofnts In the 3«0 scens |[nto ocoordinates of the 2D
projected image, Soma pointa In the acene 4o noet map to the
projJeoted image (e,g5., polnts on the opposite ajde of an

obJect being viewsd by the aye),

The most famj|jar proJection |Is the perspeat|ve

projection (Flg, 2=1m), whieh maps the point Ps In the 2«0

scane Inte the point Pi which ia the |Interseotion of the
image plane and the stralght |lne through the |ens genter O
and Ps, If there !s any other peint Pu on the |Ine betwean
0 and Ps; then Ps |8 szid %o ba "age|uded™ by Pgq, Occjuded

pointe are rnet mapped to the |mmge plans,

Angther useful proJection = the ofthogrephlc

nrojectien (Flg, 2=1b) whleh maps %he polnt Pas In the 3I«D
scene Into the point P! sysh that Ps |s on the |lne norma]

to the Imrga pilane at P,

CAMERA MODEL! The gamare can be geomeiricaliy mode|ad

ags x lans center and an image plane (Flg, 2=in), At easnh

21
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polnt Cusv) en the Image plane, the ocamera records the
amount ef |lght recetved from <the scens ajong the |ine
through ths |ens center and polnt Susv), Thus, the camera
s sald to generate a parspective |mage of the =mgene, In
order to normalize |Images taken from different camera
pos|tlona, 1t ls negessary te determine the seane

coordinates of points In the perspagt|ve |mages,

SCENE MODELS: Theoretica|ly, genera| mcenss are easy fo
mode| geomstriae|ly, but In npractice this ean be vapry
diffleuit to mcoomp|ish, A very genera| class of scenes may
bs modeled by assuming that the sgene [s made from obJacts
whose maurfages are opacgus and ere deagribed by & funct|on
H{xsys2)8B, A soene conslsting of a sphere of radjus r

cantered at the orlgln can thus be modejad!
HixX ysZ) = xt2 + yt2 + 292 = re2 = (2,2)

The planet Mars can be approximated by an oblate spherold
wlith equator|al radlus Reqx33?T,4 Kkm (eguater In the xwy
piane, wlth z=0) and pelar redlus Rpoi=3375,6 km (polses

along the zwaxis), With this model, H begomes!
Hixsyp2) ® x?22 4+ yt2 * {(z#Roa/Rpo|)*t2 = Raq*2, (2,7%)
11,8 THE INVERSE PERSPECTIVE PROJECTION

Inverse proJections map coordinates of polnts In Images

which are proJegctions of scenes, back |nto goordinates |n

25
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the scene, Geomatrlc modeix fopr the scene and the

projection are regulred In order %o Invert the prolecilon,

The Inverse pepspective Imaga proJection K] the

proJjectlon from two dimanslonal perspegt|ve Image

poordinates to thres dimenziona| spatlia) eoordinates, Thls

|
‘

projaction maps Dpolnt (u,v) In the perspective [mage plane - 3y
to the cliosest polnt (x,¥,Z) In the 3I=D gcene which Is ajong %
the |Ine through the |eans center and {(u,v), Any peint ajong % E
that Iine 18 glvan |n camera relative coordinates (the lens é 1
i.fé genter ls the orlglpn, with axes u,v, and w! as a funotion of % 'vf%
3'3 the depth parameter o as dwfu,v,;f}, whare f |5 %he |mage 3 ,;
?;@ dlatance of the camera (Flg, 2=ic), é i
Es_ To transform camera relative occordinates |[nto scens ; ff
E'; rejative coordinates, a |lnsar transformation L Is definedi % i%
E Ltusv,w)) 2 RlusvyW}t + Pg (2,41 *
?* whaersi i |
: 1) R Is a rotatlon matrix from camers space orlentation to i é
E'Q Bcene oflentetlion, Appendlx A derlves matrix R from % é
é_é geometrle callbration data, % :
555% 2) Pe |s the positlon ef the ocamara r2iztive %o the %
E,i origln of the scens coordinate system, ;
=
5'1 Using these definitions, the Inverse perspective |
§  nroejectlion T of polnt {up,v) |8 definad In scens goordinates f o
26 B
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by finding the unknown depth parameter d such that’

TCuyv) » L{d¥(upyvef)?’) {2,52)

s R{d#tuyvsf)!) * Po (2.5b)

x d#Rluyyv.t)? + Po (2:5¢)

auch that d>2, damin, and (2,6 )
g =H{ Tlusvd) ) (2.7a)

= H { deR{y,v,f)* + Pc ) (2,7b)

where the primed vectors denota oojumn veoters, Equation
{2,5) requlres that T(u,v) be a parapect|{ve viaew of the
sgane from a camera at position Po wlith orlentation deflned
by R and with Image dlstange f, FEquation (2,72} requlras
that T(u,v) be a polnt {n the sgens, and (2,6) raquires that

it be the polint closest to the camers,

Using the above dafinitlions, the perspective project|en
Tt |s the Inverse of T and can be defined as fo||ows!

Laet the transformat|on T" be defl!nedi
TU{xiys2) = |nviR)&({xsy,2)!=Pg) {(2,8)

where [nv(R} |s +the Inverse of matrix R, Note ths

followling!

[+

T*{T(Wav)) TH(R{d#{u, vy f)*) + Pe) (2,92}

% |nv(R)#{R(d#(yUsv,F)') « Pg + Pg) (2,9h)
S tnv(R)#{Ridx(u,v,¥) ")) (2,90}
= del{yav,fi’ (2,9d)
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If
(UyveW)f = TH{X,y,2) (2,4idn}

then, the perspectlve prajection T' Is defined ast

fu,v)
Ti(x’y.z) -] f ¥ Awmwmow (E'iﬁb)
W

Note that Wedef,

11,C SPECIAL CASES OF THE INVERSE PERSPECTIVE PROJECTION

Ecduatlons (2,5=2,7) are In gensral vary diffleult to
apjve becaumss of the complexidy of H, Thi!s sectlon derlvas
thelr selutlon for the =pegial ocases of spherical and

spherolda| snane mode|s,

SOLUTION FOR A SPHERES The Inverse perspect|ve
trsneformation probjiem can be eguily solvad fop Known camsra
pos|tlon and erlentation wlth respsgt ©to @a saphere, In
particular; for & sphare of radius r oenterad at the 3cans

sriglins we have for a glven polnt P an the sphere!
l]F‘l ®r ‘.B| Px?E*Py‘PE*FZ*E Ed F?2| (2.11)

So, civen the perspective rroJestjon of P In  Image

noordinates (u,v), w»& know thatt
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B = [ITCusv)[|*t2 = pt2 (2,128)
® | |Red#{yu,v,f)*}aPg||*2 = ped (2,129)
2 [ |R|[*2=]|delu,vsF)?[]22 (2,120}

* PedR(dely, v, )i ,Fg>
“ | |Pol|t2d = pe2

de2 # | |(upvef)| |22 (2,12d)

“

+ 2%d % <R{uyv,?)’,Fe?

+ |[Pelf*2 = pt2

d Is found by solving the quadratlc equation!

d 3 {=h « sqrti{be2mduaec))/(24g) {2,13)
whera
& = | [Cusvefi|]22 8 ut2ayedsts?2 {(2,i4n)
b = 24<R{u)vaf)’ P02 {2,140
o % }|Peljr2=pr2 {2,14¢)

The smal|er sojutlion (= sqri} of the quadratic equat|on s
the only meaningful one s|nrge the polnt on the sphare
aorresponding to the larger sBojytlon Is at a greater
distance from the camera &and |s therefore socluded by the
polnt oerresponding to the smai|er sofutien, Comp [ex
solutions ogerrespond %o camera ray® whigh do net [nterssct

ths sphers,

SOLUTION FOR AN SPHERDID! The solutlion for & Sphere

easi |y generallzes to & sphepo|d by Introducing an
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sccentricity constant @ salony tha 2z=ax|s {(North to South

pole ax[is) such that!
K2 % y*R « (Bez)ed = p2 ' (2.15)

1f¥ the secentriclity matpix E |5 daf[ned ags?

(2,16

m

]
=%
mr |
[ R

then d |3 found by sojving the fojiowlng quadratic eaquationt

B s [|E#T(y,v)||22 = ped (2,17a)
| |[E#(R(ew(ysvsf?)+Pc||*2 = pr?2 (2,17%)
B q*2 & J|E¥RCy,v 72 1*2 (2,47¢)
“2udn{ERR(U v )1 E(PO)2
+|{[ECPo){*2 = rtd

11,0 EXAMPLES OF GEOMETRIC NORMALJZATION

Thls section contalns examp|es of the geometr|c
normafization tachnlgues applled to {ar-engounter Mariner 7
pletures of Mars, These plotures were faken when the
spacacraft was suffliclentiy rar from Mars to sae the entirs

digk of the planat,

Figure 2«3 shows the disk of the planst (the clra|e)
with <the north pale at the top as seen from an orthographlic

projection In the direction @ jatlitude, @ longltude (1,8,
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(8 lat,, B |long,) |s the eenter of the elrcle), The dottad
[inss surrounding the clrele |ndlcete the outiines of two
tietures whloh &re designated 7F75 and 7F78, The vectors in
the clrclé Indlcate the direatlon to the spacapgraft and the
sun from the oentre| polnts of the two plcturem, The Square
Indloates the area on %he surface for which an orthographl(c

prejection of emach ploture wl|l be generated,

Figure 2«4n shows the arez of the plcture 7F75 (the
dotted area) which [s speolfled by the sguare {n flgure 2«3,
The reotangle |8 ths 945x702 pixe| outline of pleture 7F75,
Simllarly, floure 2=4ph shows the arsa of 7F78 whigh s to be

orthographlior|ly proJected,

Flgures 2=5a and 2=5h gshow the pletures 7F75 and 7F78,
as #een from the spacecraft, Nota that the crater (N[x
Ojympion), whieh (8 In the upper midd|® part of 7F75, is |[n
the upper vrlght part of 7F78, Thls |5 becguse the planet
rotated by 34 degroes between the +two plotures, A s8cale

factor dlfference |s also sbvlous,

Figures 2«=6a and 2«~68b show the orthograprhle projesction
of waeh Image as spec|fled by figures 2=3, 2~4a, and 2+4b,
In these nopmalized plotures, tha crater |[0o0k3 about the
samg, and varfous features mnateh. Howevar, there [3 a

detinite gesemetrlia error In the registration of these

Images,
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CHAPTER I11

ACCURATE GEOMETRIC REGISTRATION OF NORMALIZED IMAGES

T11,A FORMAL DEFINITION OF GEOMETRIC MISREGISTRATION

Let us supposs that we have two geometrlomily
norme| lzad Images (F1,Ti) and (F2,T2) where ¢he T] gre
transformations from Image soordinates %o actual 3~spece
ecorcdinatees, rather +than those npredigted by Chapter 11,
whlch contain errors dus to ths gamepa and scens mode|s,
The Fl1 are the |[ntensity funoctions In the Images, The
images are Bald to be "gepmetrioa)ly misregisterad" at point
fusv) 1f¢

Ti(usv) 2 T2luv) (9,4

We wlll detine twoe funotlions dufu,v) and dviu,v}? whileh
represent the misailgnment of <twe Images In the u and v
dirsctlions respectively angs a funotion of the positlion In the

Imagas asl

(dulusvdodviuyv)) = {{dyu, dv)iT{uy, vI®T2{usdu,vedyv)} (3,2)
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Flaure 2=3 )
Orthographic ProlJection
of Mars

.
et

Figura 2-4a
7F75 Windaw

Flgure 2=4b
7F78 Wlindow
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These misallignment functlons te{| us that, glven & polnt i

{usv) In Immge '1, this same polnt In  the socsne Iy at ;

(uvduyvedy) |n Image 2, ?_‘ =

It we hava the mie=al|gnment functions defined at every 3

polnt In the disorete Immges, then we can def|ne & new Image -;

(F3,7T3) whioh Is exactly reglstered with |mage 1 as follows: .
FE3(usv) = F2(usdulusv)rvedviu,v)? (3,3

{assuming an adequate mode| for F2 between data polnts) ;

TE{urv) = T2{ubdulu,vdpvedviusvd) (3.4) ::

= Tituyv) 7%

.

The next sectilons emplrically derlve the misalignment 'Vi

functlons for a pale of Images, .é

111,B MODEL FOR MISREGISTRATION x
Beceusea of geometrioc errors primar|ly In the Mapriner

*69 camera mode| (camera position and orlentation), Images :

which have been geomatrically norma|lzed by "dead regkoning" :; _é

are not exactly reglstered, It can be Shown that smal| =  ;

arrors |n the camera meodel cause primarily a <$ranslatjona| ' fﬁ

migallgnment betwsen gsomstrically normallzed |mages, Thare Vi

are al|soc sma|| rotational and scale factor errors, Hlighsr R

erder errors mlght exlst dus to resldual diavertions In the é

optles and errors In the 3»D mode| tor the scene, i

.

:
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‘One might observe that glven two Images which are
apnroximate |y a|lgned, peop|e very easl|y mateh most
features (such as oraters) wh|ch correspond, However, the
mechanisms used |[n |mage match|ing by people are not
necessar||y those best for automatic Image allgnment by

computerp,

The predom|nmantl|y transiat|ona| nature of the
misallgnment of Images suggests that, when |oca| areas |n
Images are approprlately transiated, the lﬁncls wli|l matgh,
If the two |[mages were taken under sufficlent|y simi|ar
photometric conditions (sueh as ||lumination, color fliters,
etc,) then the aya|lty of the match can be measured by
statistioal cross correlation, The reglistration technlqgue
which has been developed |s to maxim|ze the |oca| cross
correjation of the Images as a functlion of the translation

of one [mage wlth respect to the other,

An ajternative procedyre would be to search one Image
for a distinet feature such as a crater or some other
topographic feature, and then search tne second Image |In a
predicted area for the same feature, Such feature
recognition, however, requlires that each Image whiech I|s to
be allgned contaln the necessary number (and quallty) of the
types of features which can be recogn|zea, Experlence wlth
a crater finder [1) shows that |n order to rejlabjy locate

craters, the contrast of the crater rims must be good, and
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that the signal=to~nolse ratle must be high, Even whan

theee condltlons are met, the cross correfation allgnment
procedure neems to be superfer, because of |ts rejat|ve ©
insensltivity to different types of terraln and teo nolse, '; V%
There si{so appears to be no Inherent spesd advantage fop a
feature deteotor, One gutstanding virtue of a grater flnder
wowljd bs the abl)lty %e locate ormters and develop a 3=D

depth mods! so that the photometrle arrors duys to crater

- g
slopes could be pemoved, Such =#|opss, however, cause Z gA%
signifleant arrors only whan the |]|lumination and vlew|ng i ,
gngles are qulte dfifferant betwsen the pictures balng ? ;]
reglatered, f‘i

Cross corrslatlion maximlzation Was selacted for

geometrio allgnment, becauses of 15 simplleity and

YL 7 oLa

appiicabl]ity te varying terralns,

b e et g e

T T I L T Y ey ey e P T L Y LY %

131 A crater finder was devaloped whljoh lpoks for high
contrast edges which contaln |arge elrcular arcs, Many

craters are recognlized by the fractien of thelr rim which Is

g hligh ocontrast crescent, The outs)de curve of the crescaent
is a olroular aro with approximate|y the same radlius and

center a5 the cratep,
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[11,C GROSS CORRELATION AS A MEASURE OF THE QUALITY oOF

REGISTRATION

Correlation Is a statistical measure of agreement
between two fungctfons, Far two random veriables X and Y
defIned on & discrete set of n polnts, fthelr normajlzad
pross correjation (gor) |3 deatined in terme of the means (E)
and etandard deviatians (3d) asi

E(XaY) « E{X)I®E(Y)

09?‘)‘.‘{) - P T L L L L ‘3'5,
sd(X?) % sqg(y)

whera
ECX) = sum (XE12 7 n (3,6)
1si%n
and
sd({X) = gsqrt ( E{(X*3) = E(X)*2 ) (3,7)

Te mpply oross correletlon to an araa of +two Imagss
with Intensity funetlons Fl and F2, ¢the one dimansiona| sum
In equation (3,6) becomes two dimenslonal, and wa make the
followlng definltions for the variablex X and Y, Glven
{urv) as the center of g (2n+1ix(2n+l) area to be corre|sted

and a (du,dv) trapnsjation veocter, define X and Y as:

XC1aJd = FL(i%umn, J+ven) @51, )%52n (3,82)
Y124 = FE(I+usmbdu, JHy=n+dy) {3,8h)

The normallzed correlation function has the opropardy

that |t does not vary wlth the sizs of the correlatlon area,

38

S T

T T NS P e

b et

e e gt

D T R I SR A T e B ;.

S .




W‘WWID'T-‘F("‘EE.WM.MTF?'”HW'-‘""'"'_‘-"“"‘"-";'TJ'-"“-“;".‘W!"‘"“W*""“CV"'r' e S T T I . )
i

P

A A .;:.._;,.:_‘;:A.' EENA ' L. . - [P O, e M

or wlth the means gand standard deviatlons of X and Y,
SubJactively fthls guaranteas that the correjation function
Is not affected by the average Intensity [eve| and Jeve| of

aontrast In the wlindew, The qua|ity of the correlation

g R Ay

measura |s, however, strondly reiated to signaj~tor~nolse ]
ratlo; Inoreased nolse  wj|] Inoreage the standard

deviatlons |n eguation (3,5) wlthout |necreasing the produet
tarm E(X#Y),

This effect can be derived by assuming that the two

windows are Ildentical exeoept for uncorrelated nolse, Then

thay can be peprasanted!?

X v 2+« NL, Y= 2 + N2 (3,%9a)

Where 2 |s thse "true" value of window, If N1 and N2 ars
uncgorrefated nolse, and have the same# st%andard devigtiens,

then, the cpross gorrefatlion of X and Y Isi

LTI o FRITTR A

E((Z+NLI®(Z4N2)) = E(Z4NLISE(Z+N2)

uof“x'Y, = VB g e N G T3 WS e N T e WD N W g BN BT e ) T e YW o we S e T (3'9b,

sd{Z+NL) * sd{Z+&N2)
E(E#Z) » E(Er*E(Z)

= L P Y DL PR LD L LT (Slga)

sd(Z+N1) * sd(Z+N2)

. ey L. o 14 P - « %

el

3

var{z)/var{Z+N) (3,9d}

y

1 =~ vap{N)/var(E+N)} (3,92}

. RN s .. e . .\ o i g s gl — e Ry AR Ak s R . Pttty l.'»:g{:!x;". u e
o TR e e i e e B R B e e R R T
e R i R i SRR A e Pl iR A S .

whers var s the varlanss, Hlgh uncorrejated nolse lavels

ot Capnalomlem S sl g o gl 3

ponsequently WIl]] decreass the vajue of {the correiat|on
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funstlon, This suggests that the correlation functjon

should be evaluated only [n arems where the standard ' ;
dlvlatiuns of the windows ara slgnifioant|y greater than ths
standard deviation of the nolse; and that the search for
max|rum gcorrelation should find a correlation  vm|ue

approximate|y equal to the va[ue of equat|on (3,%9a),

For a deslred Jeve| of correlation quality, the wW|ndow
size oan be adJusted according to the |ogea| standard
deviations of the two [mages, Inoressing the window s]|ze
{1.¢, Inoreasing n) excesslvaly wl|| cause poor results due | : >

to non=transiat|ona| (rotatlon and scale factor) distortions

hetwesn the two Images (Appandix B),

171,0 LOCAL CROSS CORRELATION MAXIMIZATION TO ODETERMINE
LOCAL MISREGISTRATION

Ane|yses of the errors |In the Mapiner 6 and 7 geometrlic
ﬂf model show that Imeagss whleh ape normal|zad by ‘'dsad

Eg reckoning® should contain primarlly frans|ational errors [n

allgnment wlth smaller rotatlonal &nd scale factor errors, o Tg

The results [n teables and flogures 3=1 to 3«7 gonflirm this , =7
= prealction, and show that constant fransjational errors 5 S

“% dominate other errors by a factor of more <than 1814, The i S

presanoe of non-transiatlona| errors puts an upper |imlt on i

the 8lza of tha (2n+i)x(2n+l) corrajation wlndow,
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Tharefore, %o allan two lwages using correlatlon, |t Js
sufficlent to find the (du,dv) transiation of one Immge wlth
respact to the other which maxImizes +the value of the
sorrelatlon functlion around sach polpt {u,v) [n the Images,
This (durdv) transiation |s oal]ed tha 'mizal|gnment vector”
for the nrea of correjation csntared at (Usv), It has not
been nocessary %o maxImize the ocorrelation with respsct +to
other parameters sych as rotatlion and scale factor changes,
bacause the magnltudes of these arrors are smal| rajative to
trans|ational errops, and %t |3 posslible to ?ind the |veal
corre|atlon maximum using enly %ransfations, Thess higher
srder a&rrors are found when many different misailanment
vactors are modeled over the antipe Image as described J|n
IT14E,

SEARCH FOR MAXIMUM = STRATEGIES! The subjsot of thls
saction s to describe two d|fferant strategles to seareh
for the <trans|ation vegtor whloh odroduces the maximum
porrelation beiwsen two Imagas, The predominant constant
transiatienal mlsalfgnment suggssts that *he search for
maximum oorrelation should be oconfined to the naighborhood

of that predominant error vaector,

The primary reason for consldering thess segrch
strateglies |s to reduce the number of evajuat|ons of the
gsorrelation funotfon and thus Improys the parformange of the

Image registration system,
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The r|ignment stratesg]es aral

1) Globm| strategy! detarm[ns the prodomlnant globerl

mise|lgnment of the two Images, .
2) Loca| strategy: detapm|ne the joom{ misa|lgnmants of the ': -

two [mages by ssearching In |Imlted nelanborhoods

predlcted‘by thes globs] misallgnment mode],

GLOBAL SEARCH STRATEGY! The opurpese of the g[obal

S xearch strategy Is %o sseroh for the trans|ation veotar

ool TR

whigh produces the max!imum correlat|{on betweegn %wo Images

wlthout kKnowlsadga to limit  the ssapch %o a s8mal|

4
.
3
;
1
:
3
-

nelghborhood, Becau%e the correlat{on functlon |8 evaluated

only at Integer values of the (du,dyv) d!splacement vector,

the @lobal seargh strategy could be Implemented by A

exhaustive evajuation of <the coerrelation functlon at al]

A & et !

integer translations, However, some analiys|e of the
gorrelatlon funetlon, and the areas of the Images helng
gorreiated, shows that one oan {{mit the number of , ; o

avaluation= of the corrslation functlon consliderably, : ¥

If one Knows the sharpness of the correlation pesk and

its mmplltude rejgtive to other relative paaks, then onhe can

SR determine a search grid spacing®which wll| guarantes finding

the abso|ute peak, [f for Imstsnoe, the abso|ute peak |s k

i aa e ety add

unlt® Wwide at the |eve] of any othar relative peak; then %the

42

T I T T N T

3
i
|
{




TR T B

T TR

STETATGTNERRER LS ReTs  om dr

R R s AR T A ST TSR NIRRT

SR SRR e e e T e

L
B
E
)

b,
.
:

s

NSRS

T

AR T T TR R

T TR T T e e R R AT TR T e R e e S e T T T T T T TR e TR, TR A e T T T T e T R e TR ALt o T

B S N

[

global seargh can be garr|ed out on & kxk grld, reduacing the
number of evajuations of the correlation fupction by a
tagter of Kk+*2 (see flgure I=0al, Var{ous parameters {sugh
a8 window slze, spatlal aversging, ete,) can be adjusted %o
broaden the peak sufflgifently to ajlow flaxible gholge of
the grid spacing {Flgs, 3=@c mnd 3=@d show the effects of

spatlial f]ltering on correiation),

If one wants to ssarch for the correjation maximum by
evaluating the corrajation fungtlion only at pelnts on a kxk
pixel arid, then the samp|ing theorem says that one should
fimlt the freaquency spactrum of fthe gorrelatian functlion %o
spatial wavelemgths longer than 2k nplxels, This |s
successfui only |f the powsr spectra of the two {mages have
sufflclent powsr 8¢ spatlal wavejengths longer tham 2k
pixels, The dlsadvantage of |ew pess spatial fllitering Is
that hlgh spatlal frequenocy information, which usyal|y best
characterizes tepographliec faatures, Is |ost, Therefors, =z
ssgroh for +the |ogcal correjation maximum of unfiitered
Images [s des|rable In g |imlted nelghborhcod around the |ow

frequency max|[mum,

LOCAL SEARCH STRATEGY! Hhen the predom|nant
tranziationa! misajlgnment batween two [mages |s known, the
search for the joca| mlsa]lgnment can be |Imlited to a small|
nelghborhood, thus {imlting the number of svaluations of the

morrejation function, The f{oca| search Strategy beglins
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searohing for max!mym eorrejation starting with a
trans|ation vector which |s predicted by a misregistration
mode| based on the predom|nant global misregistration vector
and previous |oca| reglstration vectors, The strategy
gearcheg a |Imited distance [In 8 dlfferent dlrections
looking for a maximym, A h|||=climb search then fol|ows,
untl! a (du,dv) polnt |s found such that al| 8 nejghbors

glve & |owser correlat|on va|ue,

MODELING THE CORRELATION FUNCTION AT NON«INTEGRAL
TRANSLATIONS: Glven the values of the correjation functlon
at a discrete set of |nteger transjations, [t Is wusefu| ¢to
mode | the function at non=integral transiations wusi|ng
Interpolation or, squivalentiy, fltting ||near gombinations

of functlons (such as polynom|a|s} to the data,

In particular, one can fit a polynom|al In 2 varliabjes
to the correjation function at known transjations, and so|ve
for the max|mum of the polynomial, The method chosen wag tc
use a |east sauares flt of an Nth order polynoemlal In 2
varlables, and so|ve for |ts maximum using a 2=dimensionsal
general|zat|on of Newton’s method (Kowa!lk [(1968] pp,
65=71) |n the vieclnjty of the max|mum emplrical value of the

agrrelation function,

Although It Is dlfflcult to prove that the correiat|on

function can best be approx|mated |n thils fashlon, there [s
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- 4) Empleleal evidenset Inoreasing N, the order of the

poiynomials flt to the correlation surface, produces
quintunlies (ullJsvClJsdulll,dviiJesall3) which are
better modalad by se¢tlon I[II,E In terms of RMS
error (the cl]] are the values of the ocorrelat|on
furetlon whigh &re used as welghting coefflclents

for the |east squares |t In section I1],E),

2) Theoretlem] evidence! The correlatjon functlion tends to

be smooth and radlafly symmetric about [ts meximum
valua {(see figs, 3=0a to 3I=Bd), From the Fourler
ana|ysls point of view, the Fourler transform of the
corrala.lon surface Is the product of ths Fourler
transforms of ths two Images (compiex conjugets of
ons of them), 1If the two Images correiate we|],
then  the correlation surface 1Is approximate|y
equivalent to the autocorre|[ation surfaces of elthae
cf the Imagss, whloh tend %o be radiajly symmetr|c,
If both Images have most of thalr specgtra| power at
low spatlal frequsngles, than the correlation
surface wll] also have most of [ts spectral power at
low aspatial frequsngles;,; and the correjation surface
w|l| be sorrespondingly smeoth and broadly peakad

aroynd ths nomina| misragjatration vegtor,
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EXPLANATION OF FIGURES 3=Pa,b,g,d! These flgures show

windews from pairs of pletures, and cross sactlons of the L

sorrejation aurface [n the vioinlty of the correlation  ~€
maximum, These oross sectlonms ars graphs of the value of
the correjation functlon wlth one of the varlabies dx and dy o

changlng and the othar constant,

A E I Fa g L i e S

g Flgure 3=8a shows the corrajation functlon for a window
b
% containing the c¢rater Nix Ojymploa, The cruds J@x306 plxel :
L
‘ % windows are data from the pictures 7F75 and 7F78, The first
;r ; graph 18 ths correjation funetion wlth dx changling and dy =
3 E
" i 8, The second graph shows %the correlation functlon with dy
E changlng and dx = 35, Tha gorrelation surface is modeled by fj'i
i L
| | fltting a second order polynomial In dx and dy %o pelnts P
; | around %the sorrelatlon peak (dx =% 35, dy ¢ #4, The maximum '
£ é polnt on this surface Is found %o be (dx = 8,08, dy = 35,38)
F attalning a correlation va|ue of V75, ueling a
f' ¥ two~d|menslona| Newton’s method,
? ] Flgure 3»Bb shows an area which does not eontain any 3
E : particular features, The correfation function In this area o
- - L
§ : s also smooth and symmetric,
S Figures 3=8¢c and 3I=Bd show the bshavior of  the
é / gorrelatlion functlion when Jlow freauency |[nformation |s
i ; §
E ¥ removed from & plcture (these areas are from different
E |
: H Mariner 6 and 7 plotures}, Flgure 3=0c |3 tha correlation g
B!
3 o
: 3 1
; L 47
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functlon for an area contalning several craters, Flgure

‘3=fd shows the ocorrelation funotlien for the same area after

fow spatlial frequangles have been removed (subtracting the
local average Intenslty computed ovar a 10x1P area from each
pofnt), Removing low spatlal frequsncies ocjear|y reduces

the wldth of the goprelat|on peak,

IIT,E MODELING THE MISREGJSTRATION AS A FUNGCTJION OF POSITIOGN
IN THE IMAGE

There are severa| alternative mathods avallable for
modeting the misa|lgnment funetlions, Cne method ls Mth
order interpolation (usualjy M=2) In 2 varjables in joce|
reglons of the Images, Another method {(which was ehosen) |s
to flt polynomials In 2 varliables *to thes antire set of
misaltgnment vectors, and then minimlze the mean sauared
error bstwean the po|ynomjals and the empirical data polnts
{the mathod of least squares), I#terpojation Is good {f the
errors In the empirical data polnts ere sma|l ¢(that s, the
corrsfjation search always works wei|), and |f there are
enough data polnts to adeguately cover the entire Image,
Pojynomja| flts %o the entire images were chosen begause

they have geod smooth|ng pronsrties on noisy data,

The misreglstration funotl!ons dufu,v) and dviu,v) are
ampirlieel |y der|ved from n quintuples of the form

(uClJsvCtdedulldedvC(],ell13?; where (dulll,dvli]}) Is the

48
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¢ransiztion veetor whleh maximlzes <the correfation gf}l
ketwaen the 2 [magaes over a window centered at (ulld,v[il),
For simpllicity, thaese funetlons wera ohosen to be Nth order
pojiynom|ajs In 2 varliebles of the formi
dutu,v) = sum AD|y Jd*usjsve (3,19)
Bsi+JSN

Tho :radlitional {east squares approach |[s to choase dufu,v)

such that!
sum {dutulfkl,viki)=dulkji}*2 = min (3,11
K
= sum ( sum AC|,Jl®ulk]tisvik]®] = dufkl)e2d (3,42)
k led

This Jeast squares problem degenerates to the solution of an
{N+LI*(N&2) /2 ordgr system of ||inear equatlonsg, The

polynomiel| for dv ls conetruatad similariy,

The RMS srror of the polynomlal flt to the emplirlcal
data Polnts is & good measure of whether the order N 0?7 the
nolynomialzs |s high enoygh, and |& |n fact npojynomials are
the approprlate funotions to flt to the data, To account
tfor tha number of degrees of freedom |n the pojynomlial 1%,
the foljowing measure |3 ysed!

(dufulkIsvlkli=dulk])+2
grt ( aum comuscaceraswmsercemm——— p (3,13

k Nik = (N+L)#(N+2)/2

where Nk |s the number of data polnts,
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Stnce the emplrics| data polnts represent a sampling of

a surfaces we would |Ilke tae poiynomlals to model that

surface everywhere as wel| as samp|e polnts, A useful ‘test

Is to flt polynomlais to ons set of sampje points, and %then

E;

,: 3
¥
-
P

measure the RMS error between these polynomlals and another

sampling of the surfage,

é ,. The above jeast squares biwvarlate po|ynam|a] }
é';  approximations have been used successfully to mede| the . i  §
;:}  misreglstration vectors hetween Images, Tables 3=1 0 3«5 :
| and flgures 3=3 to0 3=7 shaw some actual misregistration

veotors and the rosults of fitting polymomials of varlous

e AT TR ARY LRy

orders,

The tables contain the m|sallanment veectors (DU,DV)
which mraximize the correlation funotion over a 21x21 pixa|

windew centered at polnts (U,¥), COR Is the maximum va|ue

B i st ol
e e
A (Y

é- of the correlation fumgtlon, The resldual error veptor : i
;- {DUerrsDVerr) Is the d|fference bstween the emplrice] ] |
E 1 (DU,0V) veetor and the vector predicted by the polynomiaj ; g
E' ' model; J|error|| Is the Euc|ldean norm of +the residual g :.%
E 1 error vactor, E |
g_g- i

] The flgures graphlicelly show the data In  the ;

oorresponding tables, The square on the {eft represents the

gentire area of the 200x209 plixe| pletures; The veetors |n

R T O TR S S v

é the scuare start at points (U:V) &and have |ength and L
3 50
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direction (4B#DUepr,1B+DVerr), The single dlalt at (U,V)
represants the vajue of the correjatlion maximum ([,0, 20%
to 29% {8 represanted by 2), The clrcle represents resliduai if s
srrors of one standard deviation, The endpolnts of the .
residual veotors (DUerr;DVerr) are plotted rejative to the ;f ;E

canter of the clircle,

Tabhtes and flgures 3=1 to 3=3 show residua| eorrors
hefore bad m|sregistration vesptors have beenm e|Iminated by ') fi
"hlunder pemove|" (explalned jater), Table and flgure 3=]

show the residua| errors from zero ordapr poiynomfal flte %o

14 data polints, The pradom|nant <trans|ationa| error |Is }

DU=34 and 0OV=9 pixets. The welghted RMS error s 5,25

plxe|s, where data polnts are welghted agcocording <te ‘thelr
gorrelation value COR, The ecorrected error of squation
{3,43) |=s 5,65 plxa|s, To compare the quallfy of the f|%,
these corrected errors wil]| be used, Table and flgure 3«2

show the restdual srrors from flrst order polynomlal fits to ; 3

the same data pojnts, The correpted error, which is 4,47 “ _5%

pixels, has not been reduced much, Tablie and figure Jw»3 j .

R s e SR

ghow the resldua| ereors from & sSegond ordar flt, The

e TEEEEAEEREAESTTE T SRR AT S T @ e B s T e e

¢ gorrected error |s 4,25 plxels, which Is not & slaniflgant - ]
k i -
'-ﬁ reductlion,
_§ Tabjes and figuyres 3=4 and JI~5 show resldual ©&rrors
| % gfter 4 "Zlunders" have besn removad, Blundere are
1 % misragistration veators which do not fit any esystemat]c %
3
; 51

.




Tl A

moda i, These veetaps resu|t from cross correlating areas
where these |s some form of systemat|c dlifference betwsen
the plgtures suech gs clouds, or crater "shadows" which have
moved due %o changes [n I||uminatien, These bjlunders are
removed by flnding residuals (0DUerr, DVerr) whioh are iarge,

and do not cluster wlith the other res|duals,

Table and flgupe 3«4 show the reslidua] errors after g

first order f[t, The corrected arror |s now 1,83 pixals,

The sscord order flt of table and flgure 3=5 has a hlgher

eorrectsed error of 1,18 plxels,

Fligures 3-6 gnd 3=7 show the resfdua| errors from first
and sSscond order polynomla] flts to a much larger (about 62
polnts) set of misa|lgnment vectors, after blundar removal,
The flrst order flt hes a gorreciad error of 1,26 plxe|s,
which Is falriy consistent wlth flgqure 3«4, The second
order fit has a corrected error of 1,42 pixels, which |s

somewhat better than the flrst order ¥1%,

52

T S T e g AR R e©

IO e

A

s e ke . a Li VD 2 mddaleg el

e Rdae il Lt



e AR T

2 e et

o RS R LT MR T ey o e e T E R e

T T

TTRET Y

T PR B

i3

T AT SR S R et T

SR oyE TR LTy

TABLE 3~1

DULU, V)= 34,34
DV{U,V)= 8,991

U v U DV COR DU arr
60 =60 30,16 10,73 (68 =417
=60 =20 32,64 24,73 87  =2,33
«60 29 32,08 19,90 B0 -2,34
=60 6@ 32,88 9,81 74 wi,d6
=20 =6f 33,92 4,89 .25 -, 41
20 «28 31,77 8,70 .88  =2,56
-28 20 31,87 7,50 ,82 w3,27
~28 63 38,87 6,66 87 =3,47

20 =60 37.17 7,68 77 2,83

20 =20 36,13 8,69 79 1,79

20 29 35,65 6,68 0 73 1,31

20 60 35,18 6,57 .85 , 85

66 =60 38,00 7,60 0 3,66

600 2@ 41,11 6,00 .53 6,77

68 28 44,63 9,23 51 7,29

68 60 39,19 5,46 .38 4,76

e

TOTAL WEIGHTED RMS ERROR= 5,25

/)
iy
N

\

Cul1]e 34,34, CV[11= 8,99
b 2,870 DEV= 9.23

BV err {lsrror]||

1,73
11,74
1,01
82
'4315
-, 29
1,49
-2,33
-1,31
-, 30
2,31
-2,42
~1,99
“2,99
,24
3,54

FIGURE 3~1 RESIDUAL ERRORS FROM TABLE 3=1,

53

POLYNOMIALS FIT TO ORDER @ BEFORE BLUNDER REMOVAL

4,

11,97
2,55
1,87
4,12
2,58
3,60
4,18
3,12
1,81
2,66
2,56
4,17
7 4
7,29
5'93

P

P N N I i PR L prarat |
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DV arrp
2,63
8,18
»1,75
=1,15
wb,21
1,61
"2.g1
-2, 05
-~1,18
83
-,58
.11

L 29
,19
4,21
1,24

jlerror]]

2.69
8,34
2,64
3,44
6,21
2,34
2,84
2.76
1,22

' 73

:76

61
1,94
1.58
4,87
1.27

F Bt L
|
| TABLE 3=2
; : POLYNOMIALS FIT TO ORDER 4 BEFORE BLUNDER REMOVAL
- DUCU,VIE 34,78 + ,7638@=1%X =,B8290-24Y
- DV(U,V)= 8,783 = ,5617@~14X =,1997@=%#Y
EN u v DU DV COR DU err
f 3 w60 =60 . 39,16 10,73 68 -, 56
: 7 60 =20 32,81 29,73 , 87 1,64
. 63 20 32,00 10,92 B0 1.98
; i 60 6@ 32,08 9,81 74 3,21
; § w20 w=bp 33,92 4,89 .25 , 14
: % -20 =20 331,77 8,78 .88 =1,66
L -20 2B 31,87 7,58 82 2,01
S -2 6@ 38,87 6,66 ,87  =1,86
S 29 =-6p 37,17 7,68 77 , 33
? 3 20 =28 36,43 8,69 .79 -, 36
; o 28 2B 35,65 6,68 71 -, 48
i ¥ 28 63 35,18 6,57 .85 -, 68
% ¥ 60 =-6p 38,00 7,80 8@ =1,90
L ép -2 41,11 6,080 .53 1,56
] 66 2B 41,63 9,23 51 2,44
B 69 66 39,10 5,46 ] 26
i TOTAL WEIGHTED RMS ERROR= 3,51

S ke o S - i bt S
e

a4

|
VL

FIGURE 3-2

cul1)= 34.78,cVl1)= 8.7
M= 1.57D DEV= 4.51

RESIDUAL ERRORS FROM TABLE 3-2
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3 TABLE 3»3

A POLYNOMIALS FIT TO ORDER 2 BEFORE BLUNDER REMOVAL

B DUCU V= 33,35+,88510%X+,B88580-3#X2

g v, 312504 Y~ ,3B67@n3uxXeY+,6157@-42Y2

P DV(U, V)= 8,861~ ,85670%%+,9649@=~3#X2

: ‘ "'|7672@"2*Y+'25@4@-3*X*Y".913ﬁ@'3*Y2

| U v ou pv COR DY srr DV arr {lerror]|

I ~68 =6p 30,16 10,73 68 -, B84 =3,00 3,20

o -60 ~2¢ 32,01 20,73 .87 77 4,90 4,96

g «6¢ 2p 32,806 10,00 , B¢ , 33 w4,92 4,93

PE 60 6p 32,88 9,84 74 ,58  =1,28 1,43

o -28 -6p 33,92 4,89 .25 1,42  =~2,96 3,28

:E -20 =20 31,77 8,70 .88 -, 35 «1,57 1,61

o 20 2@ 31,87 7,50 ,82 w,B6 w2,26 2,42

S -28 6@ 30,87 6,66 87 1,87 .33 1,12

ok 20 =64 37,17 7,68 77 33 2,69 2,74,

o 20 =20 36,13 8,69 79 , 29 8% 94

;o 28 28 35,65 6,58 .74 63 =1,02 1,19

I 28 69 35,18 6,57 , 85 77 1,91 2,086
68 =68 38,00 7,00 28 =6,01 1,80 6,27

41,11 6,00 53 =1,27  =2,42 2,73

69 20 41,63 9,23 '54 167 51 ' 85
39.12‘ 5.46 |3ﬂ "162 ".63 '89

5 T e
o o
= =

]
o [} ¥]
= =

- T —— -

TOTAL WEIGHTED RMS ERROR= 2,43

\ o/ o
\}\

e Ty
i Exan
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Cul1}= 33.35,CV[1]= 6.96
H= 2,570 DEy= 2,43
8

FIGURE 3-3 RESIDUAL ERRORS FROM TABLE 3=3
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TABLE 3=4 :
3 a POLYNOMIALS FIT TO ORDER 4 AFTER BLUNDER REMOVAL :
. . : £
ﬁ DUCU, VY= 34,64 + ,1813%X = ,02093#Y ]
DV(U,V)= 7,738 = ,0256%X = ,ALB5@*Y
U v DU - DV COR DU err DV err |lerrori|

a 60 =68 30,16 16,73 , 68 .95 .34 1,01

o -60 =28 32,0L 20,73 80 - 3,63 11,88 11,66

- -6 28 32,00 10,00 , 00 4,46 1,18 4,59
- -6f 68 32,88 9,81 08 6,17 1,64 6,39 _
- ~26 =68 33,92 4,89 .90 , 65  =4,47 4,5 ]
w20 ~2p 31,77 8,70 , 88 ~, 66 08 67 _

20 280 31,87 7,50 .82 ~,53 -, 38 ,66

-20 6p 30,87 6,66 ,87 .11 -,48 .49

2p ~6@ 37,17 7,68 77 -, 16 - 66 .68

26 =26 36,13 8,69 79 -,36 1,19 1,15
29 35,65 6,68 .74 -, 00 -,18 18
2@ 69 35,18 6,57 , 85 .37 ,46 ,59
68 -6g 38,80 7,60 B8  =3,38 -, 31 3,39
; 66 =28 41,11 6,89 ,53 .56 «,57 .8
; 69 28 41,63 9,23 B0 1,92 3,40 3,90 B
5 6¢ 6p 39,10 5,46 , 30 .23 36 43 v

TOTAL WEIGHTED RMS ERROR= 72

N
«

F I T L RN PP Py - WY - T LT W]

A
g/ 6

» 7 ' 7 :
.: -.’
i ;
] d N 3 "
. CUL1]= 34.@4,CV[1]= 7.74 ; g
o M= 1,870 DEV= .72 1
3 i i

= FIGURE 3-4 RESIDUAL ERRORS FROM TABLE 3«4 L
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RESIDUAL ERRORS FROM TABLE 3~5

4 TABLE 3-5
A POLYNOMIALS FIT TO ORDER 2 AFTER BLUNDER REMOVAL
3 BUCU,VI= 33,51+,1815%X+,2499@~3%X2
: -, B1951%Y+,16B5p5uX#Y+,1330@~34Y2
i DVCU, V)= B,0803-,821225X-,1949@=3%X2 o
g = BL9BE*Y ¢, 3108@mg X3y m, 7619085
; ?é U v DU DV COR DU err DV err llerrorl|
B 6@ =60 36,16 18,73 ,68 19 (11 ,22
% -69 =28 32,01 20,73 B 3,24 11,42 11,87
B -6 29 32,68 10,00 , 80 4,82 2,23 4,59
- -68 6@ 32,88 9,81 .00 5,25 3,82 6,49
B 20 =6 33,92 4,89 , 09 69 w4 75 4,80
g <28 =20 31,77 8,70 .88 -, 25 -, 14 .29
- B =20 20 31,087 7,58 ,82 ~,18 -, 30 35
& -20 6  3@,87 6,66 .87 -, 02 15 ,15
L E 28 =68 37,17 7,68 77 -, 12 -, 37 39
B 28 =20 36,13 8,69 ,79 B4 ,95 ,95
o 26 28 35,65 6,68 71 .35 -,52 62
AR * 28 68 35,18 6,57 ,85 ,23 .16 .29
SRR €@ ~60 38,00 7,00 B8 =4,14 1,17 4,31,
e 68 =28 41,11 6,00 ,53 (17 -, 02 ,17
b 68 68 39,10 5,46 .30 -, 72 -, 23 .75
ST 2 U ;
E s TOTAL WEIGHTED RMS ERROR= .47 i
o '*
E_ ; 'i
; (i 7
b * g 34
S
] ] r 7
S i
S :
Ll 1
ii 9 ~3 :
i
b Cult]= 33.51,CVE1]= ©.0@
il = 2,STD DEV= .47
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CUL1]= 34.20,CV[1]= V.38
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FIGURE 3~6 RESIDUAL ERRODRS FROM POLYNOMIALS
FIT TO ORDER 1 AFTER BLUNDER REMOVAL
DUCU.V)= 34,280 + ,1G83%X =,0141=Y
DVIU,V)= 7,297 =
£ — 3
d 1 3
ﬂ\\'\% — 8 7
8 -8 \ = g
a ¥ Fo 7 6
> 8 % 7
= > 1 —
v & o B 7
1Y 12 7 e
FIGURE 3«7 RESIDUAL ERRORS FROM POLYNOMIALS

FIT TC QRDER 2 AFTER BLUNDER REMOVAL

DUtU,VI= 33,20+,1174%%X+,5789@~3#X2
- BL50#Y+,1627@mndudsY+,13738-3uY2

DV(U,y)z 7,294~ ,8730@~24X~, 8608@~4%)2
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I11,F RENORMALIZATION OF ONE IMAGE US]ING THE MISREGISTRATION
MODEL

Ones the geometric migregistrat|on betwaen two
normallzed images A and B has been detected and modelsd, a
new Image B’ can be gsnerated usling this mode| such that B¢
Is In geometrioc &a|lgnment with image A according to eauat|on
3,3, In prastlce, this reaulires the substltution of
urdulu,v) for u and vedviu,v) faor v In squatlioens (2,12) to

(2,17),

Flgures 3=%a fo 3=16b show the rasults of the
reglstratlon techniaues preaentad |n thls chapter, Flgurss
3»98 and 3=9b are ths same as f|lgures Z2~-6a and 2-6b, Flgure
Jeifla |g the samg as figure JI~9a, Flgure 3=10b shows the
result of renormallzing 7F78 to allgn wlth 7F72 using +{he

sagond ordar reglistration polynom|a|s from fligure 3=7,
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CHAPTER [V

PHOTOMETRIC NORMALIZATION BY "DEAD RECKONING®

The photometric normallzation probiem |s to determine
two functions  Ritusv) and R2{usv) which deflne the
raflectivity of the scene at point (u,v) In the respesct|ve
Imgges (and ‘therefore &t polnt T{u,v) In the scens), The
raflectivity functlion oan be determ|ned by "dsad reckonlng®
{(frorm accurate callbratlions and modeis) If the response of
the vidlicon and the ref|ectivity function of the scene as a
functlon of the [ogation In the scene and the |i|juminatlon,
view, Bnd phase angles are preclse|ly known, Images can be
nhotometrically reaglstersd wlth respect o some type of
errors in the photometrlio model, As for the geometric
mode | s the combination  of the dead rackon|ng and
misreglstration models ts used to deflne the reflectivity

function Riysv},

Given the geomstrio and photometrioc narmallzation
functlions (R1,Tl) and (R2,T2) for & pelr of |mages; the

ploture comparison problem becomas ona of comparing the
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reflectivities of gorresponding polnts In the [mages, |,a8,,
for all peint palrs (ulsvid {u2,v2) éuch that

Titul,vld=sT2C(u2,v2}), compare RLI{ul,vi) with R2(uz,v2},

Iv,A PHOTOMETRIC MODEL FOR THE SCENE

The scattering of |Ight by a syrface Is a very complex
functlon of the spectra| cemposlition and polarization of the
Incldent |lght, the compositien of surface materlal, and the
varfous angles bhatween the incident |lght and the surfacge
{angle |} tha emergent |[lght and ths surface (angle ¢€) and
betwean the Incldent |[ight and the emergent ||aht (phase
angle), For some syrfaces, w|th known |Iight 3sourges, the

roefiectapmece function Is falrly well understood,

The reflesctance functlon of the moon can be modeied by

the Minnaert law {Minnaert [19611):
Eout/Eln ¥ cos(€) = A # (gosl(e)*gos(]))+k t4,1)

where & Js the albedo of the supface, EIn and Eout =are %he
{1ght &nergy incldent to and emergant from the surface, and
k s & parameter particular te the surface and the phase

angle,

Young has found (Young [1971]) +that regions of Mars
aoversad by tha Mariner 6 antd 7 plictures abesy the Mlnnpaert

law fairly wel]l he found valuss for k rangling from ,46 +to
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«71: and vajuyss for A ranging from ,B87L %o ,146,

4
&

Pollaok has shown (Pe|laok L[1969]J) a phasa angle
dapendence for the value of Kk, Although agtua| data exlsts
for anly a |Imited number of different phasa ang|es, Pollusk
suggests that [t is reasonabie to [nterpolate the followlng ?i- *

tabled

TABLE 4=l

phaze a0gle i :
? deg, |5 !

- i i b A i o e

50 V7 :

189 1,0 % s

1v,B INTENSITY MODEL BETWEEN DATA POINTS f

Rt L b

:
To compare two Images (F1,Tl) and (F2,T2) whieh weare .
taken from from different camera positlons and arlentations j

it Is nacessary to compare plixelas Jn imede 1 with those

pixels In Imege 2 whlgh correspond {n the scaens, For

discrete [mages, exact plxe| correspondence does not exist

k-

§

; g

since tha projections of the plxe|s from the Images onto the P
nlanet wi|l not mateh In [ocatlion, slze and shape;, and slnce é

T L R T R R R T e T Ty e e

LA -
TR i i 2 rol i Ed AT S ST A i e e N T TR T e T R ";-‘.'_u;‘-’:5‘*".3'.‘3"—15:J!"£‘"’i='f': e i b (g A s g R ST
BT bt 2 M P L vt S e s o Ak e il s = %

the orlentatien of the Image coordinate =systems (scan

glrectlion) may be different,

i ek

gl

Consequent|y, [n order to gompare such |mages [t s : '

R ke SRR L SR

necezsary +to0 mode| the [ntens|ty function between glven
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plxsls (Rosanfe|d [1969], np2@=-21}),

ZERC ORDER MODEL: The simplest mode| for the [ntepsity 3 ;
functien F at nonegrid polnts |2 the ®@th order meds| b _ ;
FA{usvdt f
Fotuav) = F(lp ) (4,2) : E
where (1,J) Is ths closest sampi|e polnt to (u,v), If one
assures that F s defined wlth ([,J} spaced an Integer t :
values, then the @th order mode| FB Is equlivalent to: ? é
FBCu,v) 5 F(Lu+,5]sLv+,53) (4,33 F
; o
k whare [x] means the gregtest [ntegepr whlch does not exceed : &
A ! i}
F Ly .
|
% E FIRST ORDER MODEL: The 1st order modet Flluev) Is 3
E Vf E
E % bilinear Interpojation which computnay a welghted avarags of : %
E: E F at the four sample points whieh are nearest to (u,v), { .
E FLCusv) = wiwf(1,J)  + w2sF {41, )
E E SwI#F (g J41) + wqsF ([+1, j+1) (4,4) ;
.4 : .
5 whare % ' i
o f
o |2Culy JsLv] (4,52a) 4
'.‘ _}~ ' I
L;% pzy~[ul,asvelyv] {(4,5b) : .
: :
- Wiz {iep)#(Ll=g) (4,5¢) g J
W2%{l=p)¥*g (4,5d) L %
) W3zp*(1=q) (4,5e) 3
i, i wéd=p#q (4,5+) _?
u |
o :
o 64 X
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Notes that PSwll|l2i and wl+wd+udiewdel,

HIGHER ORDER POLYNOMIAL MODELSS If higher order
surfaces are used for Ipterpojation, [(nstead of the bi!lnasr
model, one cen reaquire elther that easch plegs of surface
pass exactly through a |azrge numbsr of wmamplewpolnt
Intensitles, or ajtarnatively, one ¢an requlre that ¢he
pleces wgree, not only In intensjity, but alse |n the valuss
ot the varlous derlvatives, along their ocurves of
Intersection, B0 that the resujting [nterpolated surfage |s

not oniy continuous but also smooth,

SAMPLING THEQRY MODEL! From & samp|ing theory polint of
view:r a dlscretes Image c¢an be thought of as a bandw!dth
jImited funct|ion of two varlables, whare the polnt Spread
fungtlon W determ|nes the maximum fregusncy contalned In the
dlscrets Imange, Glven thle mode|, the furetion F can be
exactly reconstructed from the sample polnts using a
gedimengional genarpilzation of the Shannon sampiing theorem
(Shannon L[1949], Prosser [1966] pp, 574-584), Howevap,
this mathematlica|ly sound mede| for F Iy wryeedlngly
expensive oomputationally, and of questiopable practicsa]
improvement  ever simpler mode]s  for  tha Intended

appllcation,

If It were hecessary to meageure the geometric positlons

of edgee of features such a& eraters wWlth errors of
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fractlions of a plxe|, then a higher order mode| would be :
mecessary, For the Mar|ner 771 varlable features prob|eam, j
photometr|c acecuracy |s more |mpertant than such geometrlo z
accuracy, and consequently. the flirst order mode| (bil|near f
Interpolation) Was sa|ected beceuUss of bath Its é
computational simpliglity and |ts smoothing properties, ;
4 ]
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CHAPTER ¥ ]

ACCURATE PHOTOMETRIC RECISTRATION OF NORMAL]ZED IMAGES ?

R A R e

AN,

V,A FORMAL DEFINITION OF PHOTOMETRIC MISREGISTRATION

Assume that we have +two photometrical|y norma|lzsd

Images w|th refjsctancge (albede) functions Rilu,v) and

R2(usv); which are =s|s0 geometrieally nopma | lzed and

e et e e TR T AT

reglstered as desor[bed In Chapters Il and II], Assume g|so
! that the agtuyal scene refjeotivity |2 the sams for the two

Images, The . Images are sald to be “photometrlically

Rl 5 r Lkt 4 ot ST R e T
)

misreglstered relativaly" at polnt (u,v) |[f!
Rif{u,v) # R2{uev) (5,1

If R{usv) I8 the true scene reflect|vity then an {mags R1 ls

y sajd To be "photometrlcal|ly mlsregistered absojutely” at

palnt (u,v) 11:

TR TR T TR A, TIPS E N T AT T e e

T N P ST er) LT

f» R1tu,v) # Rlusv) (5,2)

The fellowling sectlons presant & model for Rhotometr]c | :

misregis%ratjon and deplve functlons which desor|be thls

&7
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misregistration,

V,B MUDEL FOR MISREGISTRATION

To photometricgl|y reglster Images more accurate|y than

I's possible with the daad reckon|ng® photometric
normallzation requlires that we have a mode| fer photomeiric
misregistration, There =are many potential sources of
photometrlc errors In Images wh|ch haye besen "normal|lzed" hy
Chapter IV, Scome of thgse are!
i) Cemara eprors

a) Errors In (lght transfer functien

b} Nonwunlform sens|tivity meross vidicon surface

¢) Res|dual images

d) Coherent nolse

e) Random noise

2) Photometrle mode| srrors

a) Raflectange funetion varjatlions with position on planet

b) Inappropriate values of kK in equation (4,1)

A general mode| for photometrlic misreglstration weould
be to assume that there |s a functiaoan P which desarlbes for
gach Plcture the comb|ned photometr|c characteristiogs of the
surface of the planet, the response of the vidlcon, and the
photometr|c mode| of Chapter IV, If the photometrli¢ errors

are Spat]jz|iy uniform:; that |s, the srrors do net depend an

68
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thelr loocatlon on the suyrface of elther the vidison ar the
nianst, then <the photometric registration functlion P |5 a
function only of the refisotivity R(u,v} of ewoh polnt, In
genseral, P |3 a functionm of s set § of varlablas, su¢ch as
the positlon on the v]dieaon surface, t%he position on the
planet; apd the !jlymination, view; and phase ang|es as wal|
as Rluyv)y Then, for two photometrically normallzed Images
Ri and R2; ws woul|d hmve two photometr|ic reglstration

tunctlons Pl and P2 such that!
PLIRL(u,v)18)) = RCuyv) = P2L{R2(u,v)5) {5,3)

where R{u,v) [s ths true refleotlivity (albede) of opolint
{Usv),y If 1t s net necessary to oabtaim photometrlc
reaglstration to true reflectivities; then the Images can be
nhotometrica|ly regisvered rejative to one anotner using the

functlon P12 whlch |3 defined!

P12(r.8) = PL*(P2(r,;8),8) (5,4)

whare P1’ |5 the [nyapss of Pl, or
Ri(u,v) = PL12(R2(yu,v):S) (5,5)

The Mariner 6 and 7 pleturses have besen processad
{Rindflalsch [19711) by the Jet Propulsion Labeoratory {(JPL)
to remove ag many of thess arrors as5 posslble, The hlgh
leve] of coherent nolse present In fthe Marliner & and 7

plctures resqulred that JPL devejep some rather sophlstigated

&9

s s e ey S

B O T o -

3
:
¢
.
3
TR «
%A. AL ot AR AT e ik v b 2t



ST ETE TR T T

T TR e R TR e R e TR SR R T T TR T e T e 2R

T TR AR R L s R e T
R 3 Il A

Pk it Bt

S TR R L EEER R LT O TR R A TR I

sejective fl|taring technlaues, There |5 some guestioen
abaut tha' abso|ute -photometyic eccuragcy of these §flnal
pletures, and there are st%l1]| errors dua te the res|duai

Image processing in-the area of the |Imb of the planet,

There does not present|y sx|st an aceurate mode! for
the photomstrlc errors nresent In the Marliner *69 pictures,
However, after comparlng Images whlgh were processed by the
teghnligques of Chepters 11, 111, and IV, It was found {that
the predominant srrors were dus to errors in absolute camera
sensltivity, Consequently, the following simple photometrlc

recistration functlion was used!?
P12(r,8) = a®*pr + b (5,69

where the paramster a adJusts foer errors in camera
sensltivity; and parameter b adjusts for any constant
offset, Thls model assumas that a and b are c¢onstant for

each point in Images RL and RZ.

It might be better to allow a and b %0 bhe polynomlals
in the twe varlables u and v, Sueh a mode| would correst
for arrors which are spatial|y dependent, If 1t [s possible
to amplrically derlve atu,v) and of{u,v) and |[f we could
separate the contrlbutlons due %o the camara from those due
to the phqtometrlc mode]| of tha planet, then the smplrical
functions should be ussful In ref[ning our photometrlc moda|

tfor Mars,
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V,C A MEASURE OF PHOTOMETRIC MISREGISTRATION

Obviously:s In any dlscussion of aerrors betwasn sats
pefnts % |s necassary to defline soms measuras of the "%otx,
arror", The conventlonal RMS error measurs wWas chosan
nrimarlly because the famiiiar |east squares teschnlguas

minlr]2ze that measure,

The RMS grror In photometrie raglstration bestween %wo

plectures R1 and R2 |s then deflined:

RMS{RL,R2) = sqgrt ¢ sum ({Ri{usv) = R2C(u,v3)*2) 7 N} (5,7)
Usv

where N !s the numbegr of points In the plectures,

V,0 CHOOSING A MODEL TO MINIMIZE PHOTOMETRIC MISREGISTRATION

The purposs of thls sectlon Is to emplirically dar|ve
the function P12 whlch "best" registers plcturses RL1 and R2
photometrically In terms of the RMS srror, More preclisely,

we flnd PL2(r,S) such that!

RMS(R1,PL2(R2,S5)) = m]n (5,8}

er
sum ({(Ri(u,v) = PLl2(R2(u,v};S))*2) = m|n {5,9)
urv
fFar the simple mode| of equation (5.6)y minimizing

equation (5,9) ls equivalent to minim|2zing?
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E(R1+2} + at2%xE(R2¢2) ~ Z2a#*E(R1#R2} ~ 2b*E(RL)

+ 2g0#E{R2) + b*2 = m[n (5,1¢)

where E Is the axpscgted vajlue, The sgiutlons for a and b

ares

s
"

cor{RL,R2) * sd(Ri)/ad(R2) (5,112)

or
]

E{R1) =~ a*E(R2) (5,11l

whers 8d |s the siandard deviatjon, and cgor Is the oross

correjatlion dafined by equation (3,51},

If a mors comp|icated mede] {s used, where a and b are
functlons of tha (u,v) posltlon In the image formed hy
{Inear comblnations of functions Ak{(u,v) and Bk({u,v), then
we want to find coeffleients alk] anu bLk] to minimlze!

sur ((Rif{usv) » R2{u:v) * sumlalkl#Arg{uav))

Urv k

= sum(blk]#Bk{u,v)})*2 = m|n (5,129
k

where Ak and Bk are Indexsd by ks The values of the afk)
and bLk] are found In the *traditlonal manner of |aast
squares, Intultive|y, first ardsr po|ynomials in u and v
appear to be usseful for the functlons A and B, SlInce thls
technlidue for photometrie reglstration has not yet been
usea; thes proper order and form for the A and B functfions |[s
not vat known, Only zero ordet models tequatlon (5,6)) have

acturlily been trled,
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CHAPTER VI

QIFFERENCING AND DIFFERENCE ANALYSIS

The titie of this dlsssrtatlion [s "Computar Compar!ison
of Pletupres”, but ths pravious four ohapters have al| dea|t
with Imege normallzgtion and registration, and nrothlng Hhas
realiy been sald about Image comparisen, Of course, a|| of
these pre|Iminary operations were necessary 8o that the
differances between the *t.> plgtures represent actuz|
changes In the scenes rather than differences d 1 %0 the

conaltlons af viewing and 1l lumination,

This chapter descrlbes teghnlques for Image

diffarancing and the analysis of these diffarences,
vi,A POINT BY POINT DIFFERENCES

The most obvicys form of d|ffsrencing of two normal|lzad
and rasglstered plgtures RL and R2 |3 the point by point

differepnce dafinsed py!

PCurv) = RLlusvy} = R2(urv} (6,1a)
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If the two Images hkagve not baean photomatrically reglstered,
then the following poln%t by point difference also performs

the photometric registratjon?
Dlusv) = RiCyu,v) = ACusv)*#R2{u,v) = Bly,v) (6,1m)

where A and B8 ars the photometrig misreglstiration
polynomiais derived In Chapter vV, These differenge plciures
show whare there are errors In the data due %o nolse of
varlous forms, wherg there are srrors |In the phatometrio or
georetrlc registration models; or, hopefully, where thers

are actua| diffsranges in the reflegtlvity of the scens,

Applying the |atter dlfferencing technlique to the
plectures In flogures 6~1la and é6-lb (which are the same as
3=1%a and 3-~10b), we éet the differanca plectures which are
shown In flgures 6-2a and 6~2b, Flgure 6-2a was produced by
subtractling flgure 6-1b from 6=la (and adding a constant so
that there are ng negative numbers), Figure 6-2b |s the

nggative of 6«2a,

The most obvious feature of thesse diffepence picturas
s tke large lrregujar blob !n the [ewer=right corner, which
Is dark In é~2a and bright In 6«2b, and whose cause wll| be
exnialned |atar, There are nuymerous small sircujer jlght
and dark spots whjeh ara due to reseau marks on  the
vidlecons, (In future work, these areas wil| always be

black), Raseau marks are depos|ts on the v]dleon surface
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Figure 6=3a
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for gsoretric a|lignment ef the vidigon scan, There are a|so
| lght and dark |inear horjzonta| streaks which are orlented
In the Hhorizontal scan dlrectlon |n the originai camera
coordlnate system, These streaks are probably due to
ccherent noiss [n the camera system (RIndflelsah [19711]%,
Slight geometric misregistration Is Indliecated around Nix
Ojyrplea, the large cratar locataed at the topemoenter of the
allgned pletures, A high leve| of v|sually uncorrelated
nolsa |8 ajise presant, The glebal dark to |lght shading
fror teft to right im flgure é-~2a can be explalned by errors
In the assumed dependence ©of the photometric fumection on
vigwing andfe near tha |imb, A llnear mode| for fhe
photomatric reclstration mode| of equation (5,12) would have

reduced this error,

The onjy slgnlfleant unexplalned dlffarenge betwesn
flgures 6«la and 6-1b Is the large bleb which |s brighter In
6~ib than In 6=la, This blob has besen attributed (Leovy
[19713) te a cloud sonsisting of water wvapor, Thls
dif?-"- 2 Is visibje In flgures 6=ia and 6é=ib, but Is very
difftcu[t %o see In the arlalnal plctures (flgures 2-5g and

2~5h),

Flgqures 6=3a through 6=6b sghow the results of
Introducing a third plecturs named 7F77: whligh was the
pieture takarn Immediate]y before 7F78 In the Mariner 7 fgar

spcounter Sequence, Plecture 7F77 was normalized to the same
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erthographlc proJectlion as was usad for 7F75> and 7F78, and
geometrically allgned wlth 7F75, The {flgures Show
differences betwean 7F77 and both 7F75 and 7F78, Slince 7F77
was taken between 7F75 and 7F78 I|n time, It |5 reasonable
that we smse an intermadiates state of the development aof the

¢loud,

The higher level of nolsa In figures 6=6a and 6=6b [s
due to an |ncreaged galn factor {nmtroduced by s hlstogram
nggratching” program, This Jdtretehlng Is used %o adjust the
Intensity rangse of a ploture to maximize the gontrast when
generating a photodraph, These figures a|so show anothar
camara related error aoross the top whigh Is orlented In the
horlzonta| scan dlreotion of tha ocamera, It should be
emphaslizsd <%hat theses plcturas were never gacmetriom||y
reglstered with one another, but both were reglistered to the
sgme thlrd plcture (7F75), Thare soems to be ([tile or no
extra geometr|c misraglistration due %o cumujative errors as

might bes expscted,

vl,B NOISE "REMOVAL®

The high lavels of nolse present |[n the differsnce
pletures suggests that some form of nolse remaval Is needed,
The obvious probiem wlth nolse resmoval |5 that usually one
cannot distinguish signal from nolse, and gonseqguantiy, when

performing nelse removal one al|so performs sema S|lgnal
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removel,

If the nolss !s prandom, such that the nolse In adjacent
samples |8 uncorrelated, then one way to reduce It |s by
spatial fllterlng or averaging, Flgures 6=7h, 6«8hb,y and
6~9h shaw the resuits of vreplacling each polnt In the
difference plectures (6-7a, 6=8a, and 6=923 by the |oca]
averags egomputed over an 1iixii~polnt window, Thls progess
effectivaly reduces the Javel aof rancdom nolse, but ths

¢loud, and the systematic errors In photometry stil] remaln,

Other types of nolss remova| have been developed
e|sawhere but have not yet been tried here, One such
technlaue Is "salt and pepper"” remove|, which c¢onslsts of
replacling polnts which differ greatiy from a surrounding set
of approximately equivalaent points, This ‘technique (whigh
is soretimes ¢alled "Custering™ after the wel| Kknown
Amerlcap general,; who, when surrounded by Indlans, was wlpad
out) would ramove most of thae random "shot"™ nolse In the
diffaerence plctures wlthout Introducing the blurring created

by spatial averaglng,

VI,C CONTOURING ISU-NIFFERENCE LEVELS

The teghnigue of ogonteuring s often usau I
terrestrial map~maklng to smphasize |lnes of constant

altltude, Recoanizing the utlilty of <hils techn|que,

BB

s PR TRy . m

T




il M e

S, Lu A e b

o e Lo coicariid (i bias, 2 st o

7F78

Figure 6=72a
7F78 « 7F75

Flgure é6=7¢c
- 7F75 Contoured

R

7F78

Flgure 6=7b
- 7F75 Avyeraged

Flogure 6=74
7F78 - 7F7%5 Blobs
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Figure 6=8a
7F77 - 7F75

Flayre 6=3¢
- 7F75 Centoured

Flgure 6=8b
7F77 = 7F75 Avaraged

Flgure 6=8d
7F77 = 7F75 Bleobs
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flgures 6«7¢, 6-8g,; and 6«Y9¢ were produced by contouring the

averagsd plciures 6-7h, 6~8b, and 6~9b [1],

In these flgures, the sharp dark to whlte edges ogqur
a2t dlffsrence levels of 16, 32, and 48 In the coerraesponding
spatially averaged plctyres wkose dlfference values range
from (] te 63, Computatlonaliy, these pleturss ware
wplviaily genernted by mu|tlplying aach d|fference samp|s by

<, and truncating the result to 6 blts (@ to 63 range},

Thegss zantour pigtures falrly well outllne the cjoud,
but thsy also shsw @& (ot of {[nas In areas which seem to
contaln no signifjecart dlfferences, In fact, one of the
contour levals eorresponds to the mean valus of the
diffarence plcture, and tharefors, one would sexpect many
eontaurs corraspondlng to small positive and nedgative

dev]atiors frem the mealn,

An Improved copntouring ajeorithm (s planned which will]|
sgleact sontour |jave|s on fthe basls of the hjstogram of the
difference oloture, attempting <o emphasize slgniflicant

d|fferences, bt not smali deviatlions from the mean,

OB e Ay EF a0 P DD WP v AN SR R AN AT B K wa BF g BT SR W A W Y T e T gy WD A 09

[4] The spatlaily averaged pleturss were used bhere because
of the hlgh random nolse jevels in the unaveraged plctures,

whieh, when gontoured, rasulted primarliy In garbagse,
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v1,D DIFFERENCE wBLOB"™ DETECTJON

Another form of ana|ysls of d|ffereance plctures s
difference bioh detection, whlch attempts to find the
autf{ines of areas (bjobs) of slgnificant dlfferences, The
signiflcence of a bjob |s determined by the magnltude of the
differences, and by the length of the edge surrounding the

diftference blaob,

Flgures é6=7d, 6=8g, and 6=9%d 8how the resujts of
appiying such a blob deteoter to the sorresponding averaped

pictures 6=7b, 6=8b, and 6=9b,

A further refinament of the blob detector (Hanpah
{1971)) attempts +to determime whlch of the undifferenced
nlectures gontalns the difference blob, This determination
!s made by Jooking In the und|fferenced plcturss for edges
in the viginity of the edges of the d[fference blob, An
edge Is deflned statlsticali{y In both plotures In tarma of
the means and varlapces both |nmside and oytslide of the
differencs biob, I1f the varlamca of one plecture Is
slgnlflcanti|y largepr than that of the other (In the vielnity
of the ©bieb), then <the bleb is attrlibuted to the plcture
with the lerger varlange, Otherw]se, |f the absglute
differance [n the means Inside and outside of the blob |s
larger In one plctura thanm In the other; then the bjlop |s

attributed to the plgturs with the larger dlfference, Thls
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tachnlaque Is still be|ng developed, and wil]

difference analysis,

Other difference anajysis technlques are

not yet Impjemented,
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CHAPTER VII

COMPUTER [MPLEMENTATION

The teghnlques described In thls dissertation were
developad for uUsse on a digltal computer, Analog
Impjementation of these techniques Is very Ilmlted because
of the dlifflculty |In performing the necesSary photomstric
and georetrjc norma|lzatlons and registrations using anajeg

dev|ces,

Except where otherwlse noted, al] of these teghn|ques
have been Implemented by the author using tha PDOP«1g
computer at the Stanford Artiflela| Intejjfgence Project,
This computer |[s attached to 128K (1K = 1p24) 36-blt words
of gare mamory, and executes [nstructions at the rate of
aporoximately ome every 3 mlcroseconds, The PDP=12 Is
"tire=shared" among typleally 20 users at a time, making [t
nossible for many wusers to deveion and debug programs

interactively with very short "turn=around" timss,
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Most of the oprograms have besn wrltten |[n SAIL

(Swinehart (1970]), a local dfa|ect of ALGOL=6@, and many of
the time consuming |nner |oeps have been wpitten |n  the

assembly language embedded [n SAlL,

VII,A BLOCK DESCRIPTION OF THE PROGRAMS

The programs are dlvided both |oglcally and physlealiy
Into bjlocks whlch operate |Independently, Most of the major
blocks of flaure 7«1 garrespond to the taghnigues descrlibed

In Chapters Il through VI,

Images are represented as packed arrays of |lght (or
albedo} values, and are agaccessgd using POP«1@ bhyts
eperators, As mapy samples as posslble are packed [m =&
word, Usually, eofither 6 or 9 blt samp|es are used, giving
either 6 or 4 samples per 36~blt word, Thys, an |mage
consisting of 200 samples per |lne, 202 |{nes, and 6 sampjes
par worg would require 6667 words of storagse, Procedures
are avalleble to transfer plctures between core and d}sk,
and to dlsplay imades on stther of two video synthesizers

{sectlon VII,B),

In the bloeck djlagramsg, prectanguiar blocks Indigate
functlora] operatlons:, and oval blogks Indligate data, The

dgesgription of sagh block foljowsd
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Vil.A,1 NORMALIZE

NORMALIZE 1s the name of the block which Implements the

el et gt e e

norrallzatlion techntquas of Chapters Il and IV, The

L o gt

Interna| structure of NORMALIZE !s shown |n some datal] In

s omih

filgure 7=2, The mgjor functions of NORMALIZE are gsometrlc

and photometric norma|tizatlon based on mode|s for camera and

P A TP TRy

scane gdeometry and photometry,

USER INTERACTION: The btlock jabelled "yser Interaction®

%j Indlcates contro} of the followlng ocarameters for ¢he ; O

orthographic projectlon: L

1) Direction (center tatlityde and |ongltude) of the f ]
projectlion, i i

2) Plxel size In the projectsd |mage (kljometers par
pixal),

3) Horlzonte! &nd wvertical sizse (In plixels) of the
projacted |mags,

4) Rotatlon of tmhe projected Image,

5) Posltlon of the center of the projected image on the
pianet,

e T T S TR TR T

The gcomblnation of the models and the user |[nteraction

generates a set of projJecfion narameters whlech contro| thas

actual| normallzat|onm procedure |abe|led "PRUOJECTOR”,

ST T S el AR T TR

PROJEGCTION ANALYZER: Thls block =2nalyzes the geomstrig : -

ea|lbration data for the spacegraft (l.e, spacecratt

AAkin AL Tadba el

nosltlon and orlentation at the time the ploture was taken)

-
é' to determine the arga on the surface whioh Is covered by the
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picturs, This analysis s wusuajly done for palrs of
pictures to determime the surface area whloh |s [ncjuded [n
both ploctures, A araphlical display of the spacecraft and
planet geometry Is presented %o the intermot|ve usepr to

enabie him to specgify the desired pprojection,

AVGWIN?! Since the Marliner 69 pletures are qulite |arge (182K
words] 1t Is necessary %o operate on windows of ent|re
nlctures, spatial ayerages of pictures, or comblnatlons of
windows and averages, AVGWIN computes an Nx by Ny spat|a|
average of an arbltrary reetangular window of a plcturs,
where Nx and Ny are the numbers of plxeis averages In the
vertical and horlizental directions, If pixels of ¢he
required oprejected Imagse correspond In s|ze to a vary [arge
number of plxels In the raw Image, then spatial averaging Is
mathematical| [y necessary because of the sampling theorem,
and corputationa|ly usefu]l to reduce the memory 5|ze

requireg for the ray |mage,

PROJECTOR: This block genepates a geometrically and
pnhotometrically normalilized plcture from a raw or averagsd
raw pleture (which |s hopeful]y correct In [ight values and
camara geometry) wusing the nermallzation parameters and
reflectance parameters, For gach point In the oproJectad
Image, PROJECTOR cajeculates I1%s position In the raw Imags,
Since thls pesltliom Is wusuajly not wexactly at a sampl|e

point, a billnear Interpolation of the |Ight values of the
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four closest polnts s caleulated, PROJECTOR |80
calculrtes the sun, view, and phase angles:, whlich together

with the [1ght valus, yle|d the &|bedo using eguation (4,1),

REGISTRAT]ION POLYNOMIALS! NORMAL I ZE performs the
renorma|lzation proogedurs described In seetion J11,F using a
pale of polynecmials producsd by the geomefric

misregistration model,

Vil,A,2 MATCH

This block Implements the techniques for determining
geometrlo misregistrat|ion deseribed |n Chapter 11I, The
Iinternai structure of this hloek !n shown In more detal| |n
figure 73, Selected nxn windows of two nopmallzed Imagss
are cross corralated according %o equation (3,5), A ssarch
ls made for the veotor (dulll).dvl]]) which maximlizes the
value of the correfation funotion for Integer values of duy
and dv, The corralation surface [s modeled by polynomials
In two varlables tn the vicinlty of the maximum using a 2«0
least Sguares pragram, Tha maximum value of thls surface |s
found by computing partial derlvatives finding the zero of
the Euclldean norm of +the partia| der|lvatives of the
surface, using a two~dimensianal generallzation of Newton’s

Method {section I11,0),
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VI1,A,3 POLYNOMIAL FITTER

This block perfoerms a |east sguare fit of two
pojynomjais dulu,v) and dvilu;v) to the empirical correiation
vectors (dulil,dvl]3) at sample polnts (ulll,vl|1), The
values of the sorrefation peaks c[l) are usad as welghting

woafflolents to the data polnts,

Vil,A.,4 PHOTOMETRIC REGISTRAT]ON

This biock Impjeaments the photometric registration
tachpniaues desgriped In Chapter V, It ocomputes the
reglstration parameters whigh minimize the photometr|c

misreglstration batween the geometr|cally allgned Immges,

VII A5 DIFFERENCER

The DIFFERENCER Impiemsnts the plxel=by=plxe]
differeneing desgribed In sestion VI.A, The dlfferencer
uses the photomatrlg reglstration mode| generated by the
techniquses of Chapter V teo compute the difference plcturs

def|nsd by equatiaon (&,1b},

VIl1,A,6 DIFFERENCE ANALYSIS

Thies blogk performs the differance analysis technjiques

desgrlibad In Chapter V!, and Is shown In more detall In

flgure 7=4,
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VII,B IMAGE D[SPLAY

r .

Images whleh are generatsd by any of the Image
generating technlauss of this dlssertatlion can be dispiayed
by elthar of two image dispiay devices, Both of these
hardware devices are conmtrolled by programs whlech [nput
pletures from the dlsk flle system, apnd output the plcturss
on a selected area of the Image generation surface, which In

each case consists of a cathode ray tube,

viI,B,1 HIGH RESOLUTION V]DEG SYNTHES]ZER

The high resolutliaon videp synthesizer c¢onsists of a
ocollectioen of dlgital and amalog clrcultry to gontro| the
pogltion and intens|ty of the beam of a Tektronmix model 611
storage osclliosgcope whleh Is wsed I[n nenestorage moda,
Thls synthes|zer gepnerates grey leve! plctures onme |[Ine at a

tima as followss

A, The 61l oscll|oscope heam |s pos!tioned at the (x,y)
goord|/nates of first point on the |[ns.

B, The 611 osoliloscope beam |8 turnad on for a duration
proportional te the Intenslty value for this polnt,

C, The beam Is defjected to the rlght one sample position,
and gontre| Is returned to step B If there are st{||
points to display on this llns,

D, Wher the |Ina ls flnished control returns to step A,
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The hardware for the hlgh resojutlon v|deo synthes|zer
Is theoretlcelly capable of 4896= by 4996-point spatial
resolutlion wlith 512 jevels of grey, The system Is surrently
limlted by the capabl|itles of the 611 oscliiloscops, whigh
limits the effective reso|ution to approximately 788 by 7480

polnts,; wlth approx[mately 64 resolvable |evels of gray,

The ameunt of <tIme requlred %o dlispjay =a plcture
depends on both the 5|lze of the pleture and I1ts gaoantent,
Bright pelints requira that the bmam be turned on |onger than
dark polnts, Typlecallys, a plcture requires 25 microseconds
per point, Thls means that a 209 by 208 oplcture would be
generated In one segond, In order to view plctures which
are generated so slow]y, a photograph must be takan, A

Palarold camera !s used for thls purposSs.

Vi1,B,2 REAL TIME VIDEO SYNTHES]ZER

The reaj=tims vylideo synthesl|zer consists of a different
callectlion of dlgltal and anajoeg clrecultry which genarates a
televislon plcturs, using as [mput B channeis from a 18 MKz
dlglta! disk (Data Dlsk), These 8 dlgital channels contaln
the blts of the binary codad sample values, which, when ysed
g8 Inputs to a digltal to analog convertor, deneraite one of

256 an&log vaoltages,

The plcoture cons|sts of 488 scan |Ilnss of 512 polnts
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per |lne, with 256 |evels of grey (approximate(y 128 usable

levels}, Thie picture tan bse elther v]jewed dlrectly or
photographed,

VII.C EXECUTION TIMES

This section describes the CPU %t[me requlrud for some
of the Important amg tima=gonsuming parts of the system (CPU
time refers to actua| processor time, rather than slapsed
tims), These t[mes are averages over %evere! passes through

the system; and are only &pproximate,

The CPU times to gensrate the 200x282 plixe| plctures

shown In this dissertat|on are as fo!|[ows!

RLROLBN CBU 3lme copwgnis

AVGHIN 19 se8c,

PROJECTOR 68 seg,

MATCH 45 sacg, tor 16 correlation windows
220 sec, for 8L correlatlon windows

POLYFIT 4 sec for 1st arder

There are the on|y programs whose sxeautlon times have
besn Mmeasured, Nons of +the othar programs require %imes

comparable to s|ther PROJECTOR or MATCH,
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CHAPTER VIII

CONCLUSION

This finzl Chapter descrlbes what has been accompllishsd
towards so|vimg the Marlner ‘71 Varlabls Features Prabjlem,
mow this contributes to the denera| sclence of ([mage
processing, and plans for future refinements and

appllecations of these technlauss.
VIII.A ACCOMPLISHMENTS

The primary gog! of thils research was the devejopment
of 1image proeessling technlques to compare pictures of Mars
whigh were taken from space under dlfferent conditlons of
viewlng and |liumination, The gsolutlon was to normalize the
plcturas to¢ the same nprojecilan usling geomsetric and
photometric modelS for the camera and the scene, Gesometric
and photometric reglistration teghnlgues were deveioped +to

ramove theg affects of errors |n thess models,
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Af¢er plotures have been normajlzed and reglsterad,
they are analyzed for d!ffersnceas, Most of the differenges
whigh have besn found between the Mar|ner 6 and 7 oplctures
are dua to nolse [n the cameras, Some nol8e rsductiion and
differonce analysis teohn|lques kave been devejoped to ald

the analyslis of the difference plctures,

The exampies pressnted In thls paper show the detsgtl!en
of & real differgnce, due t0 a oloud on Marg, The system
has bean tested with other Marlner 6 and 7 plectures, which
have not displayed such dramatic and recognlzable

diffarences,

The Jet Propulslion Laboratory devised a test of the
gapablitties of people and oomputers to detect variable
features, JPL Introduced art|fleia] differeances of 5% In
reflectance Into a Marliner 6 ploture, This modl|fled ploturs
was then geometrica|iy dlistorted to what JPL cjalmed was =
different perspective view pf Mars, The test was to sea |f
people (eor computers) could datsrmine the differences
bstween the origina| plcture and the modified, disterted

ploture,

The result was thet people wWere unable %o see fhe
differences, but the system descr|bed In this dissertatlion
was able flnd most of the dlfferences, The only differences

thet were difflcult to detect occured hecause the JPL
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distorted pleture was not a true perspective view of {he
planet, and: after geometric normaljzation and reglstration,

some hlgh opder residual distortlions remalned,

No systematlc difference anafysls of the Marlner 6 and
7 plcturas has begn attempted yet, However, thls ana|ysls
ls planned, to test the Mars globa| mode| whigh Is descr|ced

in secgtion VIII,C,

VIili.8 CONTRIBUTIONS

The major contrlbutions of thls research to the sclence
of plcture processing are summarlzed as fol|ows!

1) Accurate gapmgtric registration based on oross
norrelatlon: A[though cross correlation has been used
in character recognition and scene gongruance
(Flsehjar [19711)s apparentiy no onhe has derlved a
mpdal for thae misreglstration batween two pletures and
used this model| to produgce two plctures which are |n

geemetric ailgnment,

2) Fhotometrlic normgll2ation using the Mlnnaert scattering

mode |,

3} Development of a systeam whilch comb|nes a large varijiety of
Irege progessing teghnlquest Some of the technlauss
descrlbed in thls paper have besn used eisewhere, but

hgve naver been c¢ombjined In a coherent system which
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actually works with real (rather than synthet|e)

plotures,

r'ig -
I
!
|

4) The development of an Image processing system for

i 'mteraction wlth a oplanetary exploration miss|on: | i
! Although the system has not actuaily bean tested |n 7
| Its |ntended appllcation, It should satisfy most of }:
! the needs of variab|e features detection, The abl||ty _?
éb | to rapldly detect changes on Mars provides the abljlty i
gi to Imgresse the sglentific return from the miss|on, 3§
! ]
E__g VI11.C FUTURE PLANS
3 ﬁ Further research |s planned to refine the technligues |n }g
?; % this pRPEF, toe apply these techniques to new [mage 5€
"; f processing problems, and to develap new capabl|itjes for the f%
%? f Mar|mer 71 Mjss|an, éﬁ
i
: i REF INEMENTS! g
; é Severa| Improvements In tke correlation maximization | 'é
: E search techniaue are planned whlieh wjli} use [nformatlon ;j
% #; about the sjgnaf-to~nolsge rat|os and autocorrelation éﬁ
E. E functions of the plctures 1u adjust varlous search ‘i
i parameters, %
§% The higher ordgr photemetr)c mlsreglstration mode] of :ﬁ
%? squation (5,12) wil| be Imp|lemented, This mode! shouuld help 7?
§5 to refine the parameter (k |n egaquatlion (4,1)) of the
5 103
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Minnaert function,

Sorse nmew plgture differencs operstors are planned whigh
would wminimize the effects of one pixe| misregistrations,
This technlque finds ths difference betwaen a polnt In
plcture A and a polnt Inm plcture B which [s closest In
fntensity value and a nelghbor, An attempt wili| be made to

introduce symmetry Into thlis operator,

Tests of "aslagplfleamge”™ of dlifferences need to be
deve |oped, Presumably, these tests would he based on a
rolse model for the camera, and some knowledgde of the types

of alfferenges to expect.

OTHER APPLICATIONS!

Regeargh |s planned whlch woyuld use the Cross
corralation reglstration teghnique to match arecas of two
parallax views of a scame, Using a sgt of matech »polnts, a

depth mode! for the scene wlll be derfved,

NEW CAPABILITIES FOR THE MARINER 1971 MISSTONj

Additlonal capablllties are requ|red for the Marlner
*71 Misslon, To detect varlatiens on Mars whioh occur over
lomg pserlode of ¢time, 1% i3 necessary to maintaln a
"llbrary" of oprevious pictures, New pilctures would be
sompared with previgus pictures of the same area on the

gsurface,
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Each pleture contains approximately 5 miliion bits of
datas whileh c¢an be comprsssed by 3i1 using Huffman coded
plxe| differences, At |east 10GP pietures w]th controj|ed
sun and view ang|es are to be processed for differences,
With the data compression, thls amounts to 1,7 bl|!llon blts,
which |s about thres times the siorage cepaclty of our
presant disk ?lle system, This quant|ty of dat%ta obvious|y
witt vreaulre a cgrefully desligned data management and

retrleval! system,

A detc atructure |g planned whieh wi|| be organized by

aresa on the surface and by orliginal pleture,

The surface of Mars wijl be dlvided Into convenlant
areas, probably 10 degrees |atltude by 10 degrees l(ongltude,
For each area a ||st w!]l be malnta|ned (on the disk fl|e)

af the following Informationt

1) A {!st of ali plectures which gover this area,

2) A referonce |mage for this apea, Thls |[mage repressntis
thils area to the best of our knowjedge, The referance
Image |s probab|y created by averaging plotures which
do not demonstrate s|gnifloant differences In thls
area, An  Image whleh iﬁﬁgﬁs the plixe| by bplixel
varlances of these pletures should probably be
associated wlth the referance [magse,

I} Contro| polnts, Contro| points are features, such as
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oraters, whosa po3jtions are accurateiy Known,
peints are useful for reg[stering |(mages %o
syrface coordlnates, For each contro| point, the

structure shoyid |nclude Its planet coordinates,

These

flixed
data

and a

srall Image of the gontrei oolnt for wuse by the

correlation progedure,

4y A |18t of any slgnifiecant dlfferenges seen In this

arasa,

For each sugh dlfference there might be s difference

image, a contour map, & bleb outiine, or some

other

representat|on of the differance. The agtua)

differance |nformation nead not be currently stored on

the disk flle system, but [nfermation must be present

to retrlave |t from magnetic taps,
For each plcture the fo|lowing jlst wil| be malntalned!

1) Plcture ldentiflcation ta,9. 7F73),
2) Callbration data, 1.8, spacecraft position
oriantation, and sun angle,
1) List of surface areas covered by this pleture,
4) Locatlon Jn the magnetlc tape |lbrary of!
&) Orlginal version of the plecture,
b) Logally processed version of the origlinal,
c) A |!st of al] other |mages which were derlved

this pleture, and the necessary retrieval data,
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vIll,D PHILOSOPHICAL REMARKS

Some genera| remarks about the images process|ng
ph|iosophy are an appropriate concluslen to  thlg
dissertat|on, Therse are many dlffjcult oproblems 1In ¢thls
fle|d, whigh can be made elther harder or eas|er depending
an the approach takan to soive them, Whl|e It |s recognized
that models for the camera &nd 3cena are [mportant, onme
cannot depend totel|y upon accurate callbration of these
models to ellminate the reclstrat|cn problems, whether the
working environment |s the surface of Mars, the surface of a

fiat tables, or a highway.

It |Is 1mportan£ that technigues be develcoped which are
sufficlently genera| that they can be &pplied to
unanticlpated environments, 11t [s be|leved that most of the
teohnlaues In this paper oapn satisfy this reauiremant by

sultably changlng the varlous models,

The unmannad Space axploration programs shoul|d prov]de
exgellent appllecation areas for computer |mage processing,
since:; as the spagecraft probe deeper Into space, the needs

for onboard |[mage processing w!jl Increase,

Al] exploration of the surface of octher planets wlthln
the foraseeable fyuture must be dons by unmanned land|ng
vehicles, Amy inte|ljgent explorat|on of other planets wli{|

requlre gome |eve] of onboard Image processing gapabl|lty Tn
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ordar that the vehlecle can navigate and Interaet with |ts

snvironment,

It 1s hoped that the results of thlo and other research
In the appllication of computers w!|{ be used by mar to
bestter understand the universe areund him, and to fres man
fror the trivia of dally 1ife, rather fthan to provide man

the tool to englave others,
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ARPPENDIX A,
DERIVATION OF MATRIX R

This appendlx glves the derlvation of the matrix R of
equatlion (2,4), given callbration data which deseribe the

pos{tlon and orfentation of the camera,

The rotation matrix R |8 derjved In severa| steps from
the geometrlc callbration data, Ths first step derlves a
rotation matrix RG whleh rotates the principal ray Pp of the
camera, 9lven In scene goordinates, Into point (8,2,w) which
|s assumed to be the genter of the Image plane, glven |[n

camera coordinates,
(2,8, IPp]|)* =3 R1(Pp) (A, 1}

This rotation matrix |s easily construoted by flrst rotating
Pp In the x~y plane by matrix RL imto {(x',8,2)', and %then
rotating (x',2,2)¢* jm the x=2 plame by materix RZ Into

{g,8,z')', The matriges RZ, R1l, mnd R2 are dgflnad!

x/k y/k P
RL = =y/k x/k D (A, 2)
g 2 1
189
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where kEsgri(xe2ey*2),

z2/h B =k/h

R2 = 6 1 2 {A,3)

k/h @ z/h
where h = gsqprt(ke*2+z¢2) = sgrtixedeyr2+212),
Then we defline RG = Ris&R2, R {s not wunlqua, siree a
rotatlon around the pringipal ray 18 st|)| pessible, Thls
ambigulty Is soived by specifyina the directlon of one other
vector in both sgcene and !mage coord|nates, Glven vacter vy
In the scens and the anrgle @ between the ue=axls and the

projection of V on the Image plane the rotation matrix R3 |s

def ined!
RA{VY = (x,¥r2), (A, 4)

If the direotion of V In the |mage plarme |5 B, then cos{3) =

x/|1%x:¥1|ls and sin(BY 3 y/l|x,y|l, To orlant the vector

RB(V) In the diregtion «, 1t {s sufficlent to rotate RZ(V)

by an ang|e of ««3, Rotation matrix RY {s then def|nedi
cos(a=B) gin{a=p) 2

“siptla=R) gos{a=3} 0] (A,5)
1] @ 1

R3

Finaliy, the matrices R4 and R are deflned!

R4 = RI & RO (A,6)

P
u

Inv(R4) (A7)

For Marimer 6 and 7 plctures of Mars, the camera posltionm |s
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deri{ved from the jetitude and fongltude of the
sub=spacecraft point on the surface, and the g|tltude of tha
spacsoraft, The orlentation of the camsra |3 determinad
from the |(atitude and Jongltude of polnt Pp, the
intersection of the opringipal optic ray with the surfage,
and the angfe In the |maygs plane hatween the y=axls and a
north=pointing tangent vector at point Pp projected on the
Image plapne, If Pp 1g glven In spherfoal coordinates ast
PFp = r # { cos(long)*cos(jat) (A,8)
r8intlonglecos(jat)
ysintlat))!
where lat Ig latitude, fong |8 |ongltude, and r |[s the
radlus of the sphere (Mars), then the north=pointing tangent
veotor to the sphere at this point |st
V= ( =cos(iongi#sin(lat) (A,9)

sesinljonglwsin(iat)
ycoslimt))!
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APPENDIX B
THE EFFECTS OF NON«TRANSLATIONAL
GEOMETR{C DISTORTIONS ON CORRELAT]ON

This appendlx analyzes %the effects of non=transiat|onal

georetrie distortions batween the windows of two {mages on . j

the value of the correlation function, An upper |imit on
?5 the slze of the correjation window |s derived as a function
of the magn|tudes ¢f ths nhigher order arrors and the spatia)
freguency |nformatien in the windows, It Is shown that the

effects of non~tranglational geometric distortlion wil| be

1ess |f the Images gontain primarily low spatlal freaquensles

rather than high spatlial frequencles,
A,1 ROTATION AND SCALE CHANGE ii

Rotatlon and sgaja factor errors between correlatlioen

windows g¢an be modeled wlith & first order misajignment

L mode | i
i; U/ = asy + bey + ¢ = Sy * (uscos(w) + vegnl{a)) (B,1a)
5 v/ % deu ¥ esy + f = Sy ® (yscos(P) = u*sin(B)) (B,1b) o
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where
« = aretan(b/a)l (8,28)
B = arctan({d/e) (8,2b
Su = sart(a*2+br2) (B,20)
Sv = sart{dr2+et2) {B,29)

Presumably, the rotatlon anglies « and # are smal! and the

scale faectors Su and Sv are appraximate|y unlty,

The aralysls of the alignment errors between polnts In
two windows whose centers are properiy aligned (i,e, c=#z2)

wi{l| be presented for the speclal case of!

flu'=u,vimv|je2
= (y*(S#goglalel) + y*Seginlal))+ (B,3a)
+{ve(Segog(alel) = y*Segin{al)e2

= flusvi|*t2 # [ (1=5S})*2 + 2a54(l=gos{w)) ] (B,3p)

Hence we have & |Imnear modsl, 1,@,

Fluteysviav]| = G(e,S) % ||usv]|| (B,4)
Q(e,1) = 2#gin(as2) (B,5a)
G¢@,s5) 5 | 1-S | (B,5b)

If the centers of two correlatien windows are proparly
alfgned, then the misallgnment error dus to rotatlon and

scals changs at a polint m pixels from the canter |5 Q#n,
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Thus far we haye only estimatsed the magnltude of <he
error In the position of corresponding pixe|s based on oyr
knowledge of the distortion proocess, We now want <0 know
the offect of this misallgnment on the value of the

correatation function,

Flsohler assumes (Fisenler [1971]) that ad)acent plxels
are statistically Independent, so that there s no
eontribution to the product term E(X*Y) by multipiying
pixels whligh do not geometrloall|y matech, Flischier then
derivas {|mits on the sfze of the correjation window as a
functlion of the rotatlion and scale ghange, HI|s derivation

s reintarpreated as fol|ows!

Assume that we have two arrays of pixeje X[I1,J1 and
Y(l.J3 which are geometrically !n ajlgnment, Suppose that
we have a geometriec distortion of the coordinate system such
that & new array of pixa|s 2 |s greated, where esch plxel
2Li,J]1 ts derlved by bljinear |[nterpolation {(the same
derivation haids for hligher order [nterpofation and welghted
averages in genaral) from a polint at (u,v) [n array Y,

Let k=CLul,1=lv]} than

ZC1sJY = a®s¥Y[ky |1 + beYIk+l,|] * ce¥(x,|+1] & dsYLk+1l,[+1](B,0)

where a,b,c, and d satlsfy the conditlions of ecquatlions

(4|S.-f:l
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Let us assume for simplilelity (with no rea] loss of
qeneralfty) that the |Images have been normallzed to zaro
mean Iintens|ty values, Fischler’s assumption of
'ndependence than Imp|les that 1f Ju=|{21 or |[v~j|21 then
BL1,J) was derlved from 4 palnts of Y which are Independent
of YOl,J3 and X(1,J3, Hence, such points contribuyte
E(X)®E(Y)=0 to the sum of the X[|,jl«Y[I1,J] |In eqguation
(3,5),

1f tu=!|<1 and |v=J|<1 then

sum XC1,jI#201,J] = sum all, jlex{t,J1«Y0),]] {(8,7a)
10 d 1aJ
+ (leall,J1)eX{1,J1%({3 |ndependent po|nts of Y?
s sum all,JI#XL1,J]%YL1,413, {(B,7b)
bad

and thers exlists anm A syueh that 05AL£1l and

sum X[, JJ#*201, 0] = sum (all,JIeXC1, jleY0],J12 (8,8a)
1) [+
= A & sym (XC1,J2#YL I, 0D (B,80)
lsd
E(X#2) = ASE(X»Y), (£,9)

Tharefore the on|y effect of the dlstorted coordinate
system J|s to attaryate ths t£{XsY} fterm which attenvates the
value of the correlatlion fuynetlon, Of course, the value of
A gepends on the magn|[tude of the geometric distortjon

errors of equation (B,3},
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A ltmit . (rz +«ize of the correlation window s
gerived fruom sauvt.n. (8,4) By |Imiting the maximum aerror %o

ane plixel:

o8 flupv) (d,10a)
2 ljuteusvrav]|] /7 0(%,3) {(8,10b)
5 1/Q(qa,8) (B,18¢)

For Mariner é6 and 7 plotyres, thes max{mum comb|ned
rotation errors between two Images are about 2 degreses and

the scal|e changes are |(ess than about 2%, Therafore,

nt2 < 1/(,02+2 + 2#(3,02)#(1l=c0s5(2))) (B,1L1)

or n < 25

Filsghier’s |ndepsndence assumptlion essentially says
that the autocorrelation functions for X and Y are cpne at
uz@ and v=@ and zerp ejsewhers, We know that reasongble
pictures do noet have such autocorrelation surfaces, In
particular, the autocorrelation surfaces have central bpeaks
whose width depends on the |ow freguency power of the powsr
spectra of the Images, Consequently, Knowing the
sutgocorrejation ¢unction tells how |arge the errors in the
nifgnment of two Images cam be before the cross correlation
ils agversely changed, If one has a cholce of whigh areas |n
the two Images %to ajlgn, then the arseas can be chosen on the

bas(s of having broad|y peaksd autogorrelation functlons,
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