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A, INTRODUCT]ON

This report reviews the work of the Stanford Artiflc'al
Intel|lgenoe Laboratory done under NASA Grant NGR=B5-P20-508, For
the purpose of this report the work I|s dlvided Into ¢three areas:
Image Information management, automated Image diffsrencing, and
stareo Ima’e processing, Section B dlsgusses some of the problems
Invoelved wlth handling a large vojume of Image data and some of the
sojutlons, Sectlon C reviews the Image differencing work together
with varlous Input processing steps used In proparing the data for
dlfferencing, Sectlion D describes work done In the area of near=fleld
stere0 Image analysls orlented towards the Viking 1975 lander camera
system, Appendicles A and B are two term papers related to the
ouestlior of stereo !mgge Processing whigh were supported, In part, by
this grent, The data bas® used In thls work has ocme from ths Mariner
Mars probes of 1969 and 1971, from prototype Viking 1975 camera
equlpment, and from locally produced |mages of earth soenes,

In addlition to the above mentjoned grant, this work recleves

support from JPL Contract 952489, Langley Contraot NAS 1-9682, and
ARPA Cortract SD=-183,



B, IMAGE INFORMATION MANAGEMENT

An Information retrleval capablility has deen Implemented a¢
the Stanford A/] Project which enabies wus to quiok|y roview the
planey ooyerage of .he MM=71 TV Mlsslon, 1I¢ Is orimisl|y orlenged
toward reveallng he extent of repeate TV ooveraga of any ar®a
specifled by latlitude and longlitude, It enablee the user to aulokly
determine If an area has bsen photogrephed, and |f sc, how many
times; an which orbits, by whioh camera, and by which plotures within
an orblt, On a display screen |s shown the disk of the planet, the
footnrlnts of the Images, and veotors Indicating view and eun angles,

The correspondence between DAS shugter time _ and the
orblt=camera~plcture within orblt (Experimenter) identifler leo ajlso
shown, The user {s also able to ajter the soale of the dlsolny to

Improve clarity, Most of the Input data for this system oomee form
the MM‘'71 LIBSET eystem operated by the Solence Data Team (SDT) at

JPL

As additionu| TQL (preliminary navigation parameters) Ploture

catelog data is recefved It merged with the data previously rooolvod
and etored on the disk system, This operatlion provides us with t¢the
navigation data neocessary to perform the geometric oroJootlons

described bejow and a|so provides the |ibrary Informatlon used %o
locate Images on the Image data (PTV) tapes and the JPL f|Im
products, The exagct manner In whiloh ths above has been dons has

varled during the mlesion elnce the rellabl|lty and timsiinses with
which we have rscelved the TQL and Ploture Catalog data tapes has
varleg, We began recelving the Ploture Cataloo data on tape near
the end of the nomina| misslion primarlly In an attempt to make up for
the absence of the compiete SEDR, S0T alme Incjudes the IPL
Ennancerant Log on the tape whigh Allows um to autometion|/iy rev]ew
tha ROR (final| degm|lbration procenslng) status,

As additloma| data on the Images |s more resd||y aval inb|e,
It wll| becomas & part of the syatem, [n the ashort time that thes
system han besn gperational |t has proven to be a valuabi® msset,
Since more than alx thousand (mages sxist, the need for guch = system
s oovieus, {ts Importunce wil| grow as the number of |mages,
and the Informaticn about these Imagee,; Imoreasss, This cacmblilty
goule prove agulte yseful (in ploture targetine and janding mlte
selectlon for the Viking mimslion,

It |s 'mportant to note that this is an Intermctive wsyotem
orlentea towards the nesds of the sglentistes, Its success depends on
Its ablilty to present data In a manner oonelstant In format and
organization wlith the way the experimenters view the objeot under
Investigation, ‘

The above mentioned oapablility actually erepresents the

Initial phase of the p:ocess for the projeotion and dlfferencoing
operation, With the ldentiflers and footprints of all ¢the Images



befcre the user the |jst can be pruned untl| Just the footprints of
interest are present, The user can then proceed direotly 0 the
projection and differencing steps,

One area whlech deserves additional attention Is ¢the
cataloging of output products, When simple operations are porformid
on a single |Image |t l2 generally aqulte easy to oatajog the output
products, The probjem becomes somewhat compiex when several Images
ape combined as In the ocase of Imnge differencing, oojo,
reconstruction, and polarization studies, The approach ws are using
involves the use of 2 header of arbltrary slze whioh g stored with
every processed Image, Actually, two headers are wused; one Is a
"short form" which simply Indicates the Images and procssses used to
create the Image {n question, the other Is a "jong form" whlgh
Includes the actual parameters used In each of the processee, The
benlfits of such a system come only with the abllity to aulckly
retrleve Images utl|lzing the Information 1In these headers and
informatlion about ¢the orlginal I[mages (looation on ¢the planet,
cajéra, filter, shutter tipe and date, orblt, and eto),

The above caraclty, when combined with a diso based storege

system (see Input FProcessing below), glves the sgclentist o
slgnificant degree of flexibl|ity to review the Image data and the
processing carrled out on it,



C, AUTOMATED IMAGE DIFFERENCING

Inout Processing

The processing of a series of Images Is gsnerajly Inltiatsd
by an Investigator supplying us with a |ist of ploturs ldent!flers
(elther DAS time or orblt and ploturs within orblt) of ths images In
which he s Interested,

The ldentifliers are entered at a terminal and a searah of
Ilorary Information Is made to determinsg It navigaslon duta s
avallabje for the Images, |f ths PTV or ROR tapes for the Images are
avallable In our |lprary, If the Images have ajready been |oaded Into
our dlek system (seg be|ow) as the resujt of previous prooessing, and
other Information relatsd to the Image (fliter, exposure tims, and
ate),

1f the |mage has not been opreviously oproosseed but Is

avallable in our tape |lbrary It Is mounted on a taps unit and read
in, Severe| operation are applied to the data at thic time, A "flrst
order” ophotometric correotion e made ueing a two d'mono lona|
Interpolation of a matrix of vidiocn reeponse parametere, Ressau
marks are also |ocated and square areas (wWhlieh approximats thelr
actual shape In an Image) are set to a zero DN value, thus ldent!fing
those points as Invalld data for |atey o Torntlona, Next, a
ncustering” operation Is psrformed to idsntify bit droppages In ths
Imags data, This 1s done by comparing ench point to the msan of a
three by three areg around It¢, A ¢lfrereance of more than three
standard doviations from ths mean ldontlflou It as and error, This
procedure also hag the effect of ?ont!fylnq as orrore the various
"fringes" left as the result of modeling the Images of the reseaus as
squares, Finally, these pixels identifled ag errors are rgp.n?ld by
averaging the nsighporing polnts, Ths rceeult le an |ma 2
reasonable dedree of photometrlo Integrity (slgnifloant errore stl||
exlsts along the sdgeg) with rsseaus shown as square arraye of
Invalld (Zepo) data,

As these prooeeses ars bsing .appiled, the Image Is bsling
transfered from the tape to the gensral system diek area, One
additlona| operation takes place, ThHe aToooonlva dlfforonooo bstwesn
each plxel and Its nelghbor on the jeft is cajoulated and = histogram
of all thess vajues is developed, This histogram le uasd to duevs|op
a mod|fled Huffman coding scheme for the differsnces, this Is a
varlable length coding system with whioh we are abls to compress the
Images by a faotor of bstwesn two and three (much better on satelllta
Images) wlithout any {nformation lose, As thle compressicn is belng
done ths resuiting data |s storsd under our User DIisk Pack (UDP)
arrangement on the [BM 3330 disk systenm, Thle facliity allowe &
user to have an exchangsabls disk paok for hle own uss, We expect to
be able to store about 208 oomplets Images con a single disk paok



using the above compression scheme,

The user |s thus jeft with the compressed version on the UDP
for future reference (after decompression) and the normally ocoded
verslon on the genera| fl|le sy=tem, The normal one |sg wused as
describea below to satisfy the current proocessing request and
afterwards |s deleted, ‘

Image Differencling (1)

Two 1{images are differenrced by transforming them to the Ssame
projection, allgning them, and then subtracting the alligned Images,

The user !s able to select any portion of the Intersection of

two Images for differencing, Actually, what |s selectd Is a
rectangular window in an orthographlic proJection for whioh there |Is
data In ooth Images, Thus, two new Images are oreated, However, they
are not accurately allaned due to errors In the navigation (TQL) data
that Is wused In developing the projections, These errors In
alignment are determined by successively allgning subareas of the
wingoWw usin@ a «cross correlation technlaue, For each sub-area an
error Vector Is thus determined, One of the original proJections |Is
then vrepeated Incorporating this error Information and the result Is
two Images that are generally In allgnment to within a plxel,

Thesae two a|igned Images, call them A and B, are then
subtraotd, The dlifference Images A=B and B=A are greated and
displayed on a standard TY monlitor together With the Images A and B,

Output Products

The experimenter |s then abje to make 4" by &" Polarold

prints of the images displayed, Also produced Is a computer
prirt=out descriplino the nrocesses by Which these Images were
generated and the parameters used In each prooess, This log Is

maintained automatically by the Indlvidual prooessing steps and
resices en the disk system,

The capaclty also exists to put these resulting [mages, and
notations describing them, onto magnetic tepe In a form that oan be
reaa by the JPLeIFL Video Fiim Converter for production of hard copy,
These products are then entered Into the Sclence Data Team’s data

tibrary,

(1) See "Computer Comparlison of Plctures”, LYnn H, Quam, Stanford
Artifliclal Intelligence Project Memo AIM=144, May 1991,



Exarples of Image Differencing

Discussed bglow ape some examples ef |mages whioh have been

projected, allgned, and differenced uelng the technliques disscussed,

FIGURE 1 shows, at the top, portions of two high resolutlon
Mariner 6 Iimages taken of the Thy|es Mons reglon of Mars (75 deg, S,.
165 de9, W,), These were taken undep a|moet Identical |liyumination
and viewing angles elghteen days apart (upper left on Orblt 113,
upper rlght on Orblt 158), The upper framee show the the [mages after
they have been transformed to a common proJection and allgn.d as
previously described, Even with this processing dene, It Ia difflcult
to eaccuyrate|ly determine the ohangoc that have taken pllco. Tho
botgom f.ameg ghow ghe!, diffe,ence s lofs minyg plohy and plaohg
minus |eft, The subtle ohangos whleh ﬁlvo oceurrod ln the u.thu..n
are clearjy brought oyt In theee jower frames,

Flaure 2 |s an example of a remarkable change in a dark tall
strikingly brought out by the ploture differenoing teohnlques, These
images of the northgrn part of Thaumasia were taken nlineteen days
apart under siml|lar |ighting conditions and viewed near verticle but
from oposite directions, Note the emaj| bilack tall in the ypper right
of the area, Since |t has not ohanged It Is cleanly removed by the
plcture differencing prooess,

Two views of a portion of Pyrrhae Regio appear In Filgure 3
and show socme prather obvious ohanges, Dark materia| has appeared
along scarps, crater walis, and other topographical boundarles,
Although the major changes In the top frames are easl|iy Jeteotable by
the eye, the minor ones emerge olearly only In the difference Images.

In Filgure 4 |s another portion of Pyrerhae Reglo, Again, dark
material has appeared along a crater wall, These examp|es are from
the same orlginal Images ae thoee In Flgure 3 und, |lke Flgyre 3,
have siml|lar I{lumination oonditions but viewsed |Im opposite
directions from near the vertiole, The toppodraphic features are
completely removed In the ploture difference, lsaving only the true
albedo changes,
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D, VIKING LANDER IMAGERY INVESTIGATION

The effort has been devoted to problems associated wlith the
extraCtign of nea.~fleld ,anging Inf, mation feom |ande, oamera
stereo Image palrs, This latter work, whloh has used ¢ths
facllities of the Stanford Artificlial Intel!lgence Laboratory, |s
descr!bed below,

Floure i fljustrates a stereo pair of images rscorded of a
portable terraln modei by a |ander camera prototype, Ths fioures
displayed In this and ths foljowing ||lustrations are reproduotions
of Polarold plctures taken of the output of a compytsr drlven
video=synthes!izer, Ths upper and |owe: |mages represent |eft and
right views, resbect!vely, o0f the mode| as rooordo? by a single
lander caméra prototype |ooated at two d|fferent positions 120 om
apart, approximately 135 om above the mode| and at roudhly 100=202 om
horlZontal range, The mode| consists of an undulltlnﬂ surface of
cdark sand upon which have been placed four oonsplcuous rooks and soms
smaller pebbles Since the hor|zonta| range |s compargbis to ths
inter«camera 'Bplacamsnt. hsnceforth called the "basa||nen, the two
views of the scens appear appreclably diffarent, It has Dbeen
determined exper!mental|y that It is Imposelbje to vlsun'ly fuee suoh
disparate Images, a prerequisite to vieua| depth peroeption,

Flgure 2 indicates the szme palr of Images upon whlch have

been overlayed two smooth curvVes:. These ourVes have baen gonstruoted
as follows, A plane, henceforth referred to as the "oamera~osnters
plane”, Is defined to contaln the two effeoctive oamsra=center
positions, This plane has been rotated about the base|ine until ¢
passes through the se|ected polnt of |nterest In the left view at tha
center of the prepositioned box |ocated direct|y beneath the gentral
rock, This piane proJsuts Into the jeft and right camere views as
the curves shown, The fact that the plane proJects 8 a oupvs
rather than a stralight |Ine Is a oonsequsnoe of the oounn ng noomotry
of the facsiml|e camera and of the aesoclated disp|a orm.t.
Speclfically, ths camera scans the scens, point by point, Yn uniform
polar and azlimutha| steps, The display format le |inear |n polar and
azimutha! angles, and henoe represents a |Inear mappling of tha
original reoording, The lowest polnt In eaoh of these ourves
corresponds to an azimutha| viewing direotion psrpendlicular to the
baseline a, ,he camsra locagzlon In q es.lon, Soene polings |ylng _on
the cawera-&entors plane anu oomm to both views muot nsoessarl |y
ife on the proJections of this plane ln each image,

Flgure 3 lljustrates the same Image palr overlayed wlith Image
polnt location boxeg,used in the soene ranging mode, The box In saoh
view has been Visua|ly positioned to a soene point that lo common to
both views and Is ¢to be ranged, The positioning procedure Is as
follows, The box Is flrst Interactively cente;ed about g polnt of
interest In the |eft oamera Image, A oamsra=oeénters pjans |s then
tilted to contaln this polnting direotion, . The ophysloa| polnt of
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interest In the right view now must |le on the projection of the
nlane In that Image, Thus, only a single degree of freedom remalns
for the gefinition of the corresponding box location in the righthgnd
view, Tlils latter parameter has been arbitrarliy chosen to be the
xecoordinate of the point, in Image coordinates, The loocation of the
matching point In the right view Is determined visually, The box Is
then brought to position by the adjustment of the xe=ooord!mate, The
assoclated value of the y=coordinate of the point Is then Immediately
evaluated, remaining parameter,

Once the corresponding pointing directions In the two soenee
have been estab|ished, we have sufficient information to evaluate the
spatial locatlion of the selected point re|ative to the ocameras, The
ranging Information s opromptly computed and recorded and/or
displayed,

Followlng developnent of the above Programs we moved on to a

famillarlZzatlion study of some of the charaoteristics of ¢the unligue
data format, opreparatory to Investigating aytomation of rangling and
contour map production,

A flrst step In this process is indloated Iin Fligure 4, wnlch

contalns additiona| overlays to those discussed above, The
osclllatory curves appearing in these viewe represent plots of the
scens intensity scanned ajong the camera-centers plane end
parareterized |Ingarly In the x-gcoordinate, It wili be noted that
the |ines of constant phase for the sand ripples running aorose the
lower lefthand portion of the left view are roughly orthogonal to the
basel lne, These same waves, when viewed from the righthand camera
positlion are observed obliquely and oonsequent|y exhiblt
foreshortened proJected wavelength, The rejative distortione

assoclated with the grossiy different perspectivee of the the twe
views pose speclial picture point correjation problems for automation
of ranging,

Flgure 5 Iljustrates a remapping of the I[ntensity plots of
Flgure 4 Into a format that would be more amenable to a
one-dimensional corpeiation of deta from the two scenes, The

intensity curves in Figure 5 have been obtained by transforming the
curves In Flgure 4 +o the appearance they woul|d have if pegorded dy a
camera l|located at ¢the mide~point between the left and right oamers
positions, undar thg assunption that the scene Is perfectiy flat,
horizontal|, and at the nomina! value of observed relative ejevation,

The horlzontal scale has been changed to util.ize the ful| width of
the screen, The mapping between the scens and the Image now le
non|lnear and the mytual interrelationship no longer Iis as readlly
discsrnavle as I the previous Illustrations, It s evident,

however, that one-dimensional picture point correlation would be more
reaclly conducted In this transformed image intensity space than In
the inltlal space,

We do not pjan to proceed further along the above |lnes.



Rather, we are considering a more genera| and powerfy| approach
toward the deve|opment of near-fle|d automated ranging, fThe propoeal
Is to explore the portion of the 3Jespace mutuaily acoeseablie through
the left and right windows, by correlation of |eft and right Tmagery
data over a variousl tiited and positioned probing planar patoh,
once It has basen determined, by presoribed correiation oriteria, that
we have succeeded In "jand!ng” on a surfuoe, we oan "oraw|" over ¢the
surface In any manner desired, acounulating ranging Informatlon as we
go, Eievation contour Ilnes couid for exampie be generated by
instructing the probe to expiore at f|xed sjevation, An automated
contour map could thus be constructed,

We also are oommmencing varlous Image traneformations
directed both toward oompensating for Inherent proJeotive distortione
and toward facliitating the comparlson both of Images taken from the
same carmera under different recording oonditions and of Images taken
from tha two different lander camera positions, FIGURE CAPTIONS

13
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IFIC3 TP SB-MDV-17T1 2148 72

Figure 5,

A stereo pair of images recorded of a portable terrain
model by a single lander camera prototype located at
two different positions. Upper image left view;

lower image right view.
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Figure 6.
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IFICS TP se-—HOV-19T71 Z1a8: 23

Overlay of a projection of the camera-centers plane onfo

the stereo images.
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1 Figure 7, Stereo images overlayed with image point location boxes

in the scene point ranging mode.
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TP S —eari- T 2152, @9

Figure 8, Overlays of the scene point intensity along the camera-
centers plane as a function of the x-coordinate of the

image point.
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Figure 9,

r

Overlays of transformed scene point intensities.
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PREFACE

This pupar raports progress made on a system of programs for
processing mnedlum=zngle 3tereo Imagces, The paper takes the form of
dosumrentation on what the Separats programs written for thls oproJject
do, wWlth c¢omments as to how they flt together, None of ¢the
descriptions are Intended to enable the casual reader of thls paper
to use the proorams involved, Anyone desiring to onerate any of thesSe
orccrams Is uxovised to contact the author for a demonstratlon.



INTROOLCTION

Suppose one were given two plctures of the seme sgene taken
fror moderately different viewlno polnts, By moderately different 's
meart that the change In view point oauses the plctures to dlffer by
more then an Infinitesimel amount but not by so much that an obJject
nresent In both pictures |s not.easlly recognizable as bging the came
oblect, Mathematicaliy, thls can be characterlzed by thinking of the
focal axes of the *wo cameras as vectors and deseribing &, the angle
betweer these vectors, For the purposes of this report, |a|<x/8 I8 ¢
reasonable arproximagtion to the phrase "moderately different viewlrg
poirts",

Given two such nictures, one would |ike to know how they
relate to one anothgr, How were the cameras that took them arranged
wlith resmect to each other? What clues are there In the two plctures
as to slze and positlon of the objeots?

Several thinos are known to be wundeolidablie gliven Just the
information In the plgtures, Absolute position, for Instance, 18 not
derlvable, that Is, it }s not possible to 3ay precisely where In
3-sgace one of the camerasS was or to glve the exact three-dimensional
co~ordinates correspondiny to a given point In a plecture, Likewise.
It is Impossible %o say exactiy how |large or how far away & 0lven
objeet Is, Both absolute bposition and absojute size reaulre
knowledge not contajmed In the pictures,

1t Is poSsibles however, to derive rejative positions and
relative slzes for obJects 1In the opictures, This 1s done by
assianlpro an arbltrary position and orientation to one of the cameras
and by fixIing some dlstance, usuaily the baseline distance between
cameras, From these starting pojints, the orlentations of the
cameras and posltions of objects which appear in both pifstures can be
calculated,

Thls project, <then, was a start toward automating the
calculation of said relative orlantations and positions given "o more
ther two stereo views and a reasonable guess as to the basellne
distance,

THE PROGRAMS

Work on this prolJect was segmented into separate tasks, each
performed by an Indecendent SAIL prooranm, This segmentation was

force. to some extent, by the fact tnat the system usual|y does not
Ilve long enough to support one Jong program, Thus [t beoame
advisable to have several small oprograms whloh depended on user

interaction rather than one jarge program which would run by Itself,

The baslc sections and thejr funcclons are PARSET, whloh
filnas pairs of polnts using no outside information about the

la



pijctures, CAMERA, wyicpn Usas pojnt=pa;rs to f|nd approx|mate camera
modelse and CAMECH, which finds pales of polNts using camepa models.

PARSET

The purpose of this oprogram Is to find a Set of palrs of
points, one polnt out of each nicture, which matzr, Intuitively, two
points match 1f thev bnoth are oprojections of the gsame three-
aimersional pofnt, Computationally, the criterlion for metch ie that
the nor,.,a.lzed CFOSS‘CQTFQ'ati(’n betwpaehn the 2n“'1 X Zn"‘l W|ndows
immeclately gy,.oynding sach of gne ¢wo pointg be high enoygh, Since
the cornutational brocsss can onl, sa, that polnt A matches polnt B
with protahiiity P, this proaram’s purpose is to find palrs of points
which match with fairly high probability.

As &« preliminary to *he matching process,» this program
searents poth plctures itn overlapning areas, wusually 22 pixels
souare, It them computes the mean and varlance of each ares In each
picture and sorts sach plcture’s areas by varlance, keeping track of
where In the picture each area came from,

The matching process bhegins by selecting an area at random
from the top enc cf the variance |ist of the first oplcture, uSuajl
the top 25%, This |imitation |s imposed because tho measure of matc
peint used-= normaljzed ~ross-correletion-~ works best where there Is
a larce amount of i{nformation present, which is symoptomlzed by the
variasnce belng laroe,

Since areas which ma*tch shouid have similar varlances, the
selected area of “he first picture Is compared ,Ith each area of the
seccrd picture whoSe varlance Is Wwithin 20% of that of the area under
consideratlion, (In the followings let the prefixes "first=" and
"second=" stand for tne moditylno phrases "of the first plecture" and
"of the <gcond picture” respectively,)

tach eliyiple second-aree |s {nitlajly tested to see If |ts
meun is simllar that of the first-area, If a second~area passes this
test, a Search s mpde to find the second=point (some polnt In or
near the second=area under consideration) such that the 2n+i x 2n+1
winccW sureounding this second=point iIs the best match for (he? the
hinhest nornellzad cross=- correlation with) the 2n+1 x 2n+1 window
surrounging the center coint of the first-area, The Search strategy
useg |Is essentlialiy that used by Quam (1771),

For computational expediency, the above search |s carr[ed out
usire a small wircdow, typically 7 pixels Sqguare, As the program
oroceeds tnrough the second=areas, the N second-areas (where N s
usually 3) yielcding the nighest correlation values are kept track of
anc #re re-searched using a larger urea, typically 21 pixe|s square,
to check that the areas do inrdeed matgh,
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Tests are then mate to determine whether the best match found

was nood enough, First of all, the correiation must be above ,5,
slnce a correlation lower than ,5 can occur between areas whioh do
not rea||y mateh, Seconrly, the top two correlations must dlffer

sianiflcantly, Faliure to do so would Indigate that more than one
match was posslbies, castin? doubt on the vaildity of elther match,
Faiture in elther of these tasts causes a first~area to be rejected
as havipa no reliable match, and another first-area Is tried,

Note that, when thls process IS finished, the center point of
the first-areu has been palred with a second=-point which has Integer
co-ordinates, In oractice, however, the proper match for a_ @liven
firstepolnt will be a second=point wlth non=integer co=ordinates,
Since the only correlation values which are avaiiable are those at
'hteger second-points, some form of [nterpojation Is necessary,

Therafore, the final operation on a mratch |8 an
Interpolation, A furction of the form EXP( = (Aex+2 + Bax + Cexey +
{eyez + Eay + F)) s fitted by least squares teohnigues %o the -
torralation vajues between the window around the flrstepoint and
simllar d|lndows around points In the nelghborhood of the
1gcord-point, colving this functlon for a maximum results In elther
\ new match at some non-integer Second=poin%, of in an error it thare
's ne maxlmum within a one-pixel radlius of the matching seoond=point,

In the jatter case, the first-area s salid to have no
reilaple rateh, and the rrogram continues to another flrstearea, The
most comrmon sause of sucn fallure Is a strong [inear edge with Ilttie
information on alther Sige, in which case the chances of error are
sifflclent to cast any such match In doubt,

It the match passes this finaj test, it |s recorded for wuse
1a 2 |ster prodram, and this program proceeds to another tirst=areas,

CAMEKA

The Jjob of this program |s to find camera mode|s, A camera
model econsists of Sgven numbers which specify the focal| |engths of
the twe camerasS and the orlentatlion of the second oamera wlth respect
to the flrst, {

The first camera i3 taken to have 1its foosl point at the
arigin, its foeal axis along the z-axis, and Its image piane the
plers 2z=F1, (See ll|ustration 1,) The focal polnt of the 8Second
camera is a point whigh |s described by the baseline distan.e and two
angles, The two ana|es are the ang|es by which the first camera must
pe nanned, thea <t!jted, to point at the second focal polnt, (See
Iliustration 2.,) The focal axis of the socond camera |S degcribed by
twe more ancles, They ara the angles through which the first camera
must be panneg, then tlited so that Its axis paralleis the axis of
the second camera, The image Dlane of the second camer2a {5 the plane
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perpandicular to the focal axis at distance F2 from the focal polint,
(See ljliustration 3,) Tne orlentation of the Second image plane is
descriced oy the z2ngie throuah which the flrst image plame must roll
(after having oeen opanned and tl|ted to make the axes parailel) In
order to bring tha two "up" directlions Into agreement,

This proara~ takas as Innut a set of palrs of flrstepoints
and sacgond=solnts found t0 be matches and attempts to find a camera
mocs! whlgh would agcount for these polnt=palrs, ODetermination of a
modet Is dene by nminimiziny a measuce .0f camera model 8rror,

The error rMgasupe IS the average error In match taken over
the poi~t palrs, For each vpolnt palr, the error 1n match Is
getermlrag as fol|ows: UYsing the camera model, the first-polnt s
projected Into space, yielding a ray from the focal polnt through the
image neint, This ray 's then oaock-projected Into the image piane of
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Iilustretion 3,

Co-ordlrute system with sec2ng camere In place, flrst camera panned
an< tilted so Its fgral ax!s paralliels that of the secong camera.
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the <8cond cupmer3, yie|dln3 a |ine segrent in the second Ipmage, The
e,p% !s taken o0 pe the gsaua,e of the dlgtance bgtween ¢he
sgconrd-point and tpis |ine saqmang. ir the Usual mathematical Senge,
(See lijustration 4,)

Actual nrinimizatlan of the error function Is carried out by
the Independantly complled subroutine MINIMZ,

N )
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"ﬁ*"l.i't i focal [
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[ ]

Co=ordlnate syster w'th both cameras in place, Showling a tflrstepoint
srojectes Into Snace and tae resulting ray back=nrojected Into the
sencrd irave,
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This sup=pregram Is a function minimizer Whiech uSeS no
terivetive informz*tion in cgekina a min|mum, Net using derlvative
infcrmation was a constraint forced by three conslideratijons--the fact
that tha derfvatives nf the camera model error funotlon are
tiscentinuous  since the fungtlon has been truncated to avold
‘Ioating polnt overflicws in the caiculations, the faet that the
lccatiors of these discortinulties are not precisely known, and the
fact that tha camera model error function Itseif does not obey any of
tha corstraints (monotenicity, lack of local minima, ete,) usually
placad on functions to be minimized by derlivative metheods,

The workhnese furction of this Sub=program takes an
n+dirensional vector (in the camera mc-de{ case, n = 7) and finds 3
starting polats 210ng this vector such that an uoward-facing parabola
can te fittes to the theee points, The Inner (o0op fits the parabo|s,
fircs the minimum of this narabola, evaluates the function at the
patanole ~minimum, and chooses wnich of the four avalliable polnts are
"hest" to flt anotnegr paratola to, This continues elther untll the
scecifled number of cycles (usually 12) have been compieted or unti|
successive parabola fits yield the same functlon valus, within a
tolerance (uysyally ,7€721),

Tne outer Joop of thils sub=program constructs a set of
artrenormal vectnars (starting with the co-ordinate axes) and calls
tne workhorse function descrlibed above along each of thegse vectors,
Wher thie set of vegtors I|s sxhausted, the outer loop then calculates
thz vactor difference netween the starting polnt for that round and
the ftinal oolnt fourd, 1Tnis vector Is then used In .constructing a
new Set of orthonormal vectors, This iteration continues untl] the
diffzrance Ir starting and finlshling function values |s less than the
sivan teclerance (as atove) or untl] the functlion value drops bejow
some pre=-set limitg,

Like all minimizers, this one can get stuck at a loeal
minivum, Tnls Is unfortunate. tecause the camera model error funotion
ascears to have = large nunoer of potentlal Jocal minima near the
actuel minlmum, However, it also appears that having more polints
available for use reduces tha number and depth of lacal minima,
reduecing tnhe changce of a spurlous minimum being taken as the actual
ninirum,  Tnls sujoests itarating CAMERA _ith the folic, Ing orogram,
CattsChy to 3et Detter ano hetter camera models based on more and more

scirts,
Reproduced from
besi available copy.

This proaram takes as Inout a camera model elther derived by
CA't"A or sJucpllec 5y some other means, To match a deSj{gnated flirst-
poirt, this proQpeam orojects the first=noint Into Space,

CAMSCH
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back=prolects the ray S¢ produced Ipte the sewsgnd 'mlﬂto thep
searches along the resyl¢ing Iine, (See Il siraglon 5,)

The actual search consists of stepping along the |lne,
starting from the Infinity polnt (the polnt of the |Ine gorrespondling
to the point on the projected ray which Is farthest away from the
first camera, but stli| visible to the second camera), At esach step
along the |Ilne, the correlation between the window around ¢the
flest=polot u,dep conslderatlon a,d the correspgnadl 9 Wi, dgWw apqup,d
the gecond-polng cy,.en¢ly ynde. gc utiny ig calcylaged, ) stepping
continues, the besE N such correlations (agalin, N Is usua?l 5) are
kepot track of and a local search for maximum correlation |sg one In
the relghborhoud of each Such second=polint,

Testing whether or not the match Is sufficlent|y good and
Interpojation are similar to the Same procesSes described for PARSET,

One search=pruning heurlstic used In both PARSET and CAMSCH
neecs: Dperhaps, to be justifled, In PARSET, If the center point of a
glven second~area does not show e positive correlation with ¢the

Iljustration 5,

A palr of stereo views
shonlng a polng and lgg Sy G
surrounding correjation
wingow overlald on the
top Imege and the |ine
that the point proJects
to overlald on the |ower
image, Polarold opieture
taken of Data Dlsc whille
CAMSCH was In oneratlon'
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center roint of tihe first-area, the second-area is rejectad as belng
an lrpreratie clace te 129k for a match, CAMSCH, Instead of
exzrinlne avery rcint alons *ne line proJected Into the second image,
examines every \-th peint, where N is half the radlus of the
correlation wincow geirg usec, Thus, in both programs, decisions are
mede Or the hasis of the value of tqe correfation function at some
secend=polnt near (put nct at) the matching second-point, This, it
turrs OuY, s a reascnatle thing to do. Taking any cross-sectlon of

the correfation fynstion wWill ylald a graoh shaped somswhat |ike
EXF(-X*t0), wvecause cf this, a correlation at a second-psint near the
match will pe fairjy nigh-=at jeast, apbove %“hs noise level, Hence a

very low correlatijon vaiue can be taken to mean that there IS neo
matc¢™ ir the vicirity of the polint under consideratioan, end the
concuiation necessary ty scarch that area can be avolded,

v is interestine to note that different oprograms reaulire
nifterert decrees of accurzcy from their camera models,

CAMSCH, for Ipstances, Wwith Its local search strategias, can
@et hy with rather jngzccurate camera models, Any camera mode! whlch
will pLt CAMSCH  fm the rignt ballpark is good enough to produce
m2tcres for =most oscints, Fxnerimentation nas shown that aimost any
cemera 7ogel havial an averade sauaraed-error below ,25 plxels |s good
encush for matchinc 2t jeast 33% of the points tried, Thls would
surcest no%  spending great amounts of time minimlzing the first
canera rodeé|, a5 nes peen donme {n most cases tried so far, Instead,
an inaceurate mcdel can be derived Juickly, CAMSCH can use this to
finc more points, which can he used to derive a better camera mode |,
ete,

tn  ®the ~ther hand, rrograms whizh do depth modelllng requlre
e iremel accurate camers nodgls, For instance, on one palr of
rictires, arout 23 different camera models wers derived, Their
scuared-error variey frem ,2 to ,8494, DJenths given for onme point at
~gzsurkc Cistanse 3z faet from ths camera ranged from 25 feet to
re mocels with smaller Sauared=arrors were
W
|

r\
7.8 feet, In “~engrel,
:t iarger errars, HQWQver, the bQSt ﬂ'\Odel was
ow
|

negtter thaay Those
nct the cnpe witn the €St errorl Tnis wouid indicate that the
~ozels relac found all rezresent loce! minima on the error function;
the true mud=i hzs yet ta re found,

Twis re3ult les *o furtner moclfication of the mln]m‘zer: in

roces cf Peing 25le to ne” closer to the res| minimum. As yet, this
15 ret pesslnle, Azcurzte depth ranging remalns a hlt-or=miss thing,
czmem3lro on Wagtmer cr rot a nodel can be found whlch Is good
fRowzh,

There 2rg sSgverz| other minor Drograms intanc-d  for

ngrcrstretions whica fit ir%c "his set of programs,

y Trkas = file containing pojimt=pairs and

HINSHG 5 ]
; t 2 tine, as overlays on pictures shown on Data

clave togn, ps
~
5
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DEPTH works simliarly to WINSHO, except that |t also asks for
a carera model, and calculates the dlistance from the flrst camera to
the three-dimensional polnt, It then displays this digtance on the
Data Dlsc screen wlth the aporopriate ovarlays represanting the two
polnts, At the ¢nd, thls procram rounds eaoh depth to the nearest
unit of distance and displays these dlstances as overlays at the
corresponding polints In the first plcture, (See [llustration 6,)

Iljustraetion 6,

Photograph from Data Dlise
of overialcd depths as
generated by DEPTH, i

ia THW¢ &= =il §wT)

CONCLUSION

There are a number of possible varlations on thls set of
programs,

One possiple alteration would be to Incorporate ocojor
Information Into the metechlinc process, This change would requlre
using three allgned color=-f!l|ter plctures, and modlifying the
correlation function so that |t uses a vector of Information at each
pioture point rather than a single secalar nunber, This technligue
would glive more Information at each point, making gross mismatches
less |lkely,
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Another interesting icea would be to use the camera model to
snupa the correl=%iom windoaw, making correlation less sensitive to
nisterticns of an onject due to the differences In proJectlion, Thus,
a camera mocel having mgst of the change in the horizontal direotion
woulr bte 7uce te czuse ¢ cnrrelation wWindow which was tall and
snip==usinc mora jnfopmation in tha direction in whlch Ilttle
4Aistartion occuUrs, less in the Jistorted dlrection, (See
Tllustration 7,)

*f sguPSa, much can be done to automate these program$s. At
rresent they often stoo anre asr Tor uldance when thare ls doubt as
1o wmether or no* a matcgh is g0o0d,

In PLNESET, ashere z11 matches must be aood. strengthenlng the
eriterlen for 2 match is one way to do this=-when in doubt, throw |t
ALt ‘nather methgod of insuring tnat CAMERA gets only good
anirt=pzirs Is to a|low CAMEFA to weed polnt-pairs given it 1f,
whzm a minlmum of sorts is found, one or more of the polnt-palrs are
fourn to cantribu%te abnernzlly high (or low) errors, these pairs
couit be rejecterd, and z re=-minimization done,

Th2oretical|y==-that s, Given enough time and some |cCw
~leverngzs~=It is possipble to usw CAMSCH to find a matchling zolnt for
wvery firsterolnt which Pas a match, Under tnls assumptlon, the
techrinue of paraliaxing (creatini nmappings from one olcture to
-motrer; ars fin-"}ing cara ax 274g9eS IS now feasir."a. ASSUmInq ngd
came,a rocelg, ths coggegglon of such a2 mapping makeg depth modeliing
an- tne location ¢f ceot™ edGces posSsivdle,

Tt 3zems, Then that the next moves on this project wll| be In
tre dlrectlon ¢f improvenents to ex!sting programs, Spec!flcally,
the low running ngeessary to form the matches needs to0 be develOped,
The prorrams Aocumentaes hare need t¢ be optimlzed so they can run In
4n amotn= nf time 2qreeabls to the machine, Most of all, the camera
=~negl proirams need to e imvproved sc that more rellable camera
~ornels are possitie, I

o

Bepiroduced from
beil avalable copy,

Iltustration 7,

Varicus "sagencenicturas” snowlny hack-projected first-points and the
accrepPizte|y shasec corrslation Windows (size exadgerated),
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INTRODUCTION

My project for this quarter was to start Implementation of a
system for processing color etereo oalrs, simljar to my system for
processing blaok and white stereo Images (seeo Hannah, 1971, for
detalle of that system), Sinoe the blaok and whilte system was bullt
around the |dea of using normallzed crosse-ocorrelation as a measure of
match between two polints, the flrst thing that was needed for the new
system was some equlvalent measure of matoh for color Images,
(Actually, correlation s a measure of matoh between two areas) tho
vwo points refered to are the centers of the areas, In the
following, ¢the phrases "between two polinte" and "between two areas"
will be ueed Interchangeably In referring to correlation),

Baslcally, 1 had the cholce of somehow altering oorrelatlion
for use with color Information or creating an entire|y different
ceasur® of match, Having had |lttle luck In an earliep attempt to
find & new measure of match fop the black and white caee, ! chose to
oodify oorrelation,

This document reports the derivation and Implementation of
color correlation, and describes a program, NEWPTS, which flinds
inltlal polint=palyr matches In elther color or black and whlte stereo
palrs,

COLOR CORRELATION

1t |s generally recognized that oolor consliete of three
components, A chil|d |earns in grade=eohoo!l art that al| oolore can
be made fpom red, yeljow, and bjue pigments, 1In high~eohoo! physlios,
he Is ¢told ¢that al] colors result from red, green, and blue |light,
In college psychology courses, color |s discuseed In ¢terms of
intensity, hue, and saturatlion,

lgnoring for the moment the thorhy queetione of what the
oomponents of oolor "peally" are, we shall admit only that there are
three such compongnts, Since the color Images we gurrently are
working with were obtalned by digitizing ¢hree black and whilte
plctures which resulted from photographing an ordinary color ellde
under red, green, and bjue fl|ters, respectively, we shal| refer ¢to
the components as R, G, and B,

It is somewhat more convenient (ns wel|| as more
mathematical!) to think of a oolor ploture ae one array of
vector=valued points (ryQ8:b) Instead of ¢three separate arrays of
scalar~vajued points r» g, and b, This suggests regarding the
text=book verelon of naopmallzed cross=oorrelation

SUM( (x=MEAN(x)) @ (y=MEAN(Y)) )

SQRT( SUM( (x=MEAN(x))*2 ) * SUM( (y=MEAN(y))*2 ) )
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(where smal| |etters denote sample eiements, SUM |s the sum over some

set of such elements, MEAN Is such a sum divided by the number of
elerents summed over, SQRT |s the square root function, and # denotes
muitiplication)

as the one-dimensiona| case of a vegtor function

SUM( (X=MEAN(X)) e (Y«MEAN(Y)) )

VCOR - .-.----.---.---.----------.---.-----.-----Q.---....

SART( SUM( [X=MEAN(X)|*2 ) ® SUM( |Y«MEAN(Y)|*2 ) )

(where capital |etters denote Veotors, ® |s vector dot product, and
IAl Is the norm of the veotor A),

Considering only the factor SUM( (X=MEAN(X)) ® (Y<MEAN(Y)) )
(gince SUMC |X=MEAN(X)|+2 ) and SUM( |Y=MEAN(Y)|+2 ) are bogh gpeclal
cases of <this sSUM with X substituted for Y In the flrst case and Y
substlituted for X In the seocond) and letting X be (xr,Xg,xb) and Y be
(yr,y8,yb), we have

SUM( (X«MEAN(X)) ® (Y«MEAN(Y)) )

SUMC ((xtryxg,xb)=MEAN( (xr,xgoxb) )) @
(Cyrsy@)yb)=MEANC (yr,yg.yb) )) )

SUM( (xr=MEAN(xr))xg=MEAN(xXg),xb=MEAN(xD))
(yr=MEAN(YP))ya=MEAN(Y@) s yboMEAN(YD)) )

SUM( (xp=MEAN(xr))®(yr=MEAN(Yr)) * (Xg=MEAN(X@))*(yg=MEAN(Yg)) +
(xb=MEAN(xb))es(yb=MEAN(Yb)) )

[f we cleverly notloe that all three terms within thls eum
are the same In form and combine them Into one term under a summat]on
which sums over a|l components as wel| as all elements of oomponents,
we get

= SUM( (x<MEAN(x)) » (y=MEAN(y)) )

which Is the representative faotor of the formula for ordinary
correlation (see above formulia for ocorrelation),

It Is convenlent (If somewhat embarassing) to have oojor
correlation turn out to be a dressed uo form of ordinary correlation,
for thls means that color correlation has all of the mathematlioal
properties of ordinary correjation, This, In turn, wlll be
particularly usefu| in the Interpolation of correlation values at
non=Integer points In the plcture, since previous|y developed
techniaues for such Interpolation need not be Jjust!fled again,

Since both vector and scalar correlation have the same form,
save for the number of components whioh need be summed over, the ¢wo
brands of correlation have been Impiemented as one subroutine,
CORLAT, In the SaIL load_module SCOREL, Which calculatlion Is done
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depende on the global flag COLOR, For expedlenoy In computation, the
ooefflolent Is oaloylated as

(n® SUM( x & y ) = SUM(x) » SUM(y) )2

( n ® SUM( x*2 ) = SUM(x)*2 ) & ( n # SUM( y*2 ) = symly)*2 )

that Is, with sums arranged so that only one pass need be taken to
calculate all sume, Note, too, that the sauare of the oorrelation Is
used (as It was In the blagk and white case), ¢rading a
muitipllioation for a oall on SQRT,

No modificatinmna (other than a small amount of optimizZing)
have been made on the funotlons MATCH and MAXCOR whioh oal| CORLAT
and Ilve In SCOREL, A separate program, NEWPTS, has been created ¢to
serve the functlon of PARSET in the color case and replace PARSET In
the black and white case, It !s desoribed bejow as If It operated In
color mode, only,

NEWPTS

The purpoSe of this program (s to find a sey af palrs of
points, one polnt out of eaoh plecture, which matoh, Intuitively, two
points matoh |f they both are projeotlione of the eame three-
dimensional polint, Since the computational prooess oan only say that
polnt A matohes polnt B with some probabl|Ity, thls program’e purpose
Is to find palrs of polnts Whnich matoh With falrly high provabltlty,

As a pre|iminary to the matching procese, thls oprogram
eegments both plctures Into overlabolng areas, usually 20 pixele
equare, It then computes the mean and varlanoe of earh area In ¢the
tipst component of each ocolor plcture (only one oompon.nt Je used to
exped|te computation) and eorte ®ach Dploture’e areas by Vvarianoge,
keeping track of where In the plcture each area ocame from,

The matching process begins by seleoting an area at random
fror the top end of the varlance |Ist of the flirst pleture, usually
the top 25%, This |imltation Is Imposed becauee the meagsure of matoh
pe!Ng Used Works pest Where there IS g large gmount of ntormgtion
present, which Is symptomized by the varlianoce being large,

Since areas whlich matoh should have simllar varlances, the
eclected area of the flpst plcture |s compared with each area of the
second plcture Whoee varlance Is within 22X of that of the area under
consideration, (In the following, let the prefixes "flrste" and
"seoond-" stand for the modIfying phrases "of the flrst plcture” and
"of the eeoond plcture” respectively,)

Each eliglbje second=area Is Initlally tested to eee If Its
mean Is eimli|ar that of the flirst-area, [f a second~area passes thls
test) a eearch s made to find the second=point (some polnt In or
near the second~=area under oonsideration) such that the 2n+1 x 2n+i
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window surrounding thls seconde=pcint Is the best match for (has the
highest normall2zed cross-corrolation with) the 2n+1 x 2n+d window
surrounding the center point of the flrst=area. The sSearoh strategy
used |Is essentlal|y that used by Quam (1¢971).

For computational expedlency, the above searoh ls carrled out
using onjy the irest component of the color pleture, As the
orogram proceeds thpough the sepondeareas, the N seoond~areas (wWhere
N Is wusuajly 5) vylelding the highest correlation values are kept
track ¢f, Later, a second search |s done on these areas using cojloOr
correlation to determine which of the areas that matohed on the bagls
of the one=-otmponent search match best In oolor,

Tests are then made to deteepmine whether the best match found
was good enough, Flrst of all, the oorréiation must be above ,5
(calculated square of the correlation above ,25), since a gorrelation
power than 5 can occur between areas which do not really matoh,
Secondly, the ¢top ¢two oorrelations must cliffer significantiy.
Faliure to do so would Indicate that more than one match was
possible, oasting doubt on the valldlty of elther mateh, Fallure In
either of these tests oauses a flrste-area to be reJeoted as having no
rellable match, and anothepr first=area Is ¢trled,

Note that, when thls process |Is finished, the center point of
the flpst-area has been palred with a second=point whioh has Integer
co-ordinates, In peactlice, however, the proper match for a glven
tirst=polnt wWl|l be a segond=polint with non=integer oco=ordinates.
Since the only correlation values whigch are avaliable are those at
Integer seconde=points, some form of Interpoiation |Is neocessary,

Therefores, the finaj| operation on a match |Is an
interpoiation, A funotlon of the foem EXP( « (AeX*2 + BeX ¢ CoeXey +
D*Y*2 <+ E®Y <+ F)) |s fitted by least squares techn|ques to the
color correjution values between the window around ¢the first=polint
and sSlimllap windows around polints In the nelighborhood of ¢the
second=polint, Solving this funotlion for a maximum resu|ts In elther
a new match at some non-Iinteger second=point, or in an error If there
Is no max|mum within a one=pixe| radius of the matehing secondepolint,

In the latter case, the flpst-area Is sald ¢to have no
rellable match, and the program continues to anothep flrst-qroa. The
cost cormon ocause of such fallure Is a stron9 |Inear edoe with Ilttle
information on el¢her slide, In which case the ohanceés of error are
sufflclent to cast any such match In doubt,

If the match passes this final test, It |s recorded for use
in a later program, and this program proceeds to another flrst-area,

ADDITIONS AND IMPROVEMENTS

Our oresent practice of using red, green, and blue as ¢the
three components of the color plcture has |ts drawbacks, One wWould



dike to calculate the means and var|anoes vf the averase Intensitles

In the three components for the purpose of narrowing the gsearches for
the Inltlal polnt-pale matohings, To do ¢thls under the oresent
schere, one muet efther caloculate the averages as one gocs==a rather
Slow prooesse=or ksSep &;o0und an extra palr of plotures, the Intenslty
pletures==a  scheme vhich enlargens (hence elowe) one’s Job
ex008sively, A solutlon to thls >rcbiem would be to have the
Intsnslity plcturs be one of the three components of the ocofor
pioture,

There are a¢ |east two sohemes of ocolor representation whleh
heave Intensity as one component, The best known, perhape, |8 ¢hs
Intensity, hue, and saturation soheme, Commerclial tejevision uges
the different, although related, scheme of {ntensity, xe, and
y=chromatleity, Both of these ars baeed on the Idea 1 a oojor
whes |, le, ocoljors arranged clrcularly around a hHub, The
hue=saturation scheme corresponds to using poiar corcrdinates to
nocate a oolor pofnt on ths wheel, The xe, yeohrcmaticlity soheme
correspoonds to using a (not necessarlly reotangular) Carteslan
co=ordinate system ¢to locate the color po'nt,

Implementing one 0of these systems seems {0 be deslrable,
Precisaiy which one to Implemsnt and how to derive these _components
from the glven re¢s oreen anNd blue gompongnts Is a Niptter for further
study,

Once the representation question has been eettled, there are
e number of statistlos whlch can be ~<joulated over the sepmented
plectures, [n addition to the mean and ‘.rleace of the Intensity, one
could calecufate the msan and varlancs of the color, the mode (moet
frequently occuring) color, oossibly the next most frequent color,
etc, Each area In each plcture would thsn be assoolated with a veotor
of suoh etatistics, #nd searohss for a matohing seoond-area could _be
constrained to thoise second-areas whose veotor dletance frem the
filrst-area Is within soms tolerance,

A mere thorough Investloation of the nprocertles and
reprssentations of color seems to be In order, It is In tnls
dirsctlion that this project wl|| proceed.
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