| STANFORD ARTIFICIAL INTELLIGENCE PROJECT
MEMO A IM-166

STAN-G-72-281

c COMPUTER INTERACTIVE PICTURE PROCESSING
BY

LYNN H. QUAM SIDNEY LIEBES, JR.
‘ ROBERT B.TUCKER  MARSHA JO HANNAH
BOTOND G. EROSS

‘ SUPPORTED BY

3 NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
AND

ADVANCED RESEARCH PROJECTS AGENCY
ARPA ORDER NO. 457

APRIL 1972

COMPUTER SCIENCE DEPARTMENT
School of Humanities and Sciences
\ STANFORD UN IVERS ITY







\NFORD ARTIFICIAL INTELLIGENCE PROJECT APRIL 1972
MG AlM=166

JMPUTER SCIENCE DEPARTMENT
EPCRT CS-281

COMPUTER INTERACTIVE PICTURE PROCESSING

by

Lynn H, Quam_ Sidney Llebes, Jr,
Robert B, Tucker Marsha Jo Hannah
Botond G, Eross

ABSTRACT:

This report describes work done in image processing using an
interactive computer system, Techniaues for Image differenclng are
described and examp|esusing images returned fromMarsbytheMariner
Nine spacecraft are shown, Alsoc described are technliques for stereo
image processing, Stereo orocessing for both conventlonal camera
systems and the Viking 1975 Lander camera system is reyieyed.

This research was supported by the National Aeronautlecs and
Space Administration and the Advanced Research ProJects Agency,

The views and conclusions contained {n thls dooument are
those of the authors and should not be Interpreted at necessar|ly
represerting the officlal policles, efthar expressed or Imp| ied, oOf
NASA, t-he Advanced Research ProJect Agency, or theU,S, Government,

Reproduced in the USA, Avajlable from the National Teechnical
Information Service, springfleld, Virglinia 22151, pricer full size
cory $3,2083 microfiche copy $0,95,






TABLE OF CONTENTS

Seot lon

A Introduction

B Image Information Management

C Automated Image Differoncing

D Viking Lander Imagery Investigation
Appendlces

A Camera Mode|sand Stereo ImageProcessing

B Color Information | N Stereo Image Processing

ii

Page

11






A, INTRODUCT]ON

This report reviews the work of the Stanford Artificlal
Intelllgence Laborator, done under NASA Grant NCR-05-020-508, For
the purpose of this report the work la dlvided Iinto three areas:
image Informatlon management, automated image dlifferencling, and
'stereoimage processing, Sectlon B discusses some of the problems
Involved wlith handling a large volume of Image data and someof the
solutlons, Sectlon C reviews the Image dlifferencing work together
with Vvarijous Input processing steps used 1in Preparing the data for
differencing, Sectlon D describes work done in the area of near-field
stereo image analysis orlented towards the V!king 1975 lander camera
system, Appendlcies A and B are two term papers related to the
auestior of stereo image Processing whigch were Supported, In part, by
this Want, The data base used In thls work has come from the Mariner
Mars probes of 1969 and 1971, from prototype Viking 1975 camera
equipmenrt, and from locally produced.mages of earth scenes,

In addltlon to the above mentioned grant, this wark recleves

support from JPL Contract 9132489, Langley Conttaot NAS 1-9682, and
ARPA Cortract SD=-183,






8, [IMAGE INFORMATION MANAGEMENT

An Informationretrlevalcapablility has been Implemented at
the sStanford A/l Project Which enables wustO quick|y review the
iplanay coyerage of ,he MM-71 TV Mission, It Is primarljy orlenged
toward reveallna the extent of repeated TV coverage of any area
specified by latltuge and longitude, It enables the User to aulckly
determine |f an area has been photogranhed, and if so, how many
times, on whlich orbits, by whioh camera, and by which pictures within
an orblt, On adisplay screen |s shown the d'sk of the planet, the
footprints of the Images, and v9etors Indicating view and sun angles,

The correspondencse between DAS shutter time and  the
orblt~camera=picture within Orbit (Experimenter) identifler i3 also
shown, The useris alsSo able to alter the scaleof the dlsplay to

improve clarlty, Most of the Inputdataforthissystem comes form
the wMM'71 LIBSET system operated by the Science Data Team (SDT) at
JPL, '

A s additionalTaL (preliminarynavigation parameters) Pleture

catalog datals recelved It merged with the dataprevioysiyreoceived
and storedon the dlsk system, Thisoperation provides us with the
naviqation data necessary to perform the geometric proJectiens
described below and also provides the |lbrary information used to
locate Images on the Image data (PTV) tapes and the JPL  flim
products, The exact manner In whieh the above has been don8 has
varled durlns the mission sincethereilabl|lity and timeliness wlth
which we have recelved the TQL and Plcture Catalog data tapes has
varied, we began recelving the Picture Cataloa data on tapenear
the end of the nominal missionprimarily In anattemptto make upfor
the absence of the compiete SEDR, SOT also Includes the [PL
Enhancerent Log on the tape whigh Allows usto automaticaliyreview
the RDR (fina| deca|ibratlon processing) status,

As addlitional data oON thelmages|is more readliyavaliablje,
It will become apart Of the system, In the short time that the
system has been operatlonal It has proven to be a valuable asset,
Since more than si{x thousand images exist, the need for sughasystem
is obvious, Its Importance wlll qgrow asthe number of Imagas,
and the information about these Images, increases, This capabillty
could prove aulte wuseful in plecture targetino and landing site
selectlon for the Vikingmisslion,

It Is Important to note that this ls an Interactive system
orlented towards the needs of the sclentists, |[tS success depends on
itsabllity to present data I!namanner conslistant In format and
organizatlon wlth the wWay the experimenters view the obJject under
investligation,

The above mentloned capabl|ityactually represents the

inftial phase Of the oprogess for the projeectlonand differencing
operation, With the ldentiflersand footprintsofal|l +the Images



befcre the user the |ist can bepruned Until just the footprints of
irterest are present, The user can then proceed diregctly to the
projection and differencing Steps,

One area  whiech deserves additional attentlon Is the
catalogingofoutout products, When simple operations are performed
on a single 1Image It Is generally quite easy to catalog the output
products, The probjem becomes somewhat complex when several | mages
are comb! ned ®8 Ln, +he case of Image differencling, cojo,
reconstruction, and polarization studies, The approach we are uslng
involves the wuse gf a header of arbitrary slze which Is stored with
avery Processed fimage, Actual |y, two headers are used; one is a
"short form" whichsimply Indicates thelmages and processes used to
create the Image|n aquestion, the other 1Is a "jong form" whlch
includes the actual parameters used In each of the processes, The
beniflits of such a system come only wWith the abllity to aulckly
retrieve Images utillzing the Iinformatlion in these headers and

informatlon about the original Images <(logcation on the planet,

capera, fllter, shutter ti@eand date, orblt, and ete),

The above capacity, when combined with a dise based storage

system (see Input processing below), gives the sclentist a
signiflcant degree of flexiplllty to review the Image data and the
Processing carrled OUt onit,



C, AUTOMATED IMAGEDIFFERENCING

Input Processing

The processing of a series of imagesis generajly Inltiated
by an investigator supplYing us with alist of pleture Tdentiflers
(elther DAS time ororblt and ploture within orbit) of the image8 In
which he is Interested,

The 1ldentiflers are entered at a terminal and asearech Of
library information fs made to determine: Itnavigation data Is
avallable for the Images, |fthe PTV Or RDR tapes for the images are
avallable Inour library, If the Images have already been |ocaded into
our disk system (see below) as the resu|t of previousprocessing, and
other Information related to the Image (fliter, exposure time, and

ete) ,

1f the Image has not been previously processed but is

avallabie In our tape |ibrary it 13 mounted on a tape unlt and read
in, Several operation are applled to the data at this time, 4 "first
order” photometric <correction Is made using a two dfmsnsloml
interpolation OF a matrix of vidliecon response parameters, Reseau
marks are also located and square areas (which approximate their
actual shape in an Image) are set to a zero DN value, thus fdentifing
those polntsaslinvaliddata for |ater operations, Next, a
ncustering"” operation lIsperformedto identifybltdroppagesinthe
Image data, This is done by comparing @ achpointtothe mean ofa
three by three area around I¢%, A dlfference of more than three
standard deviations from themeanidentiflesitasand error, This
procedure also has the effect of Identifyingaderrors the various
“fringes" left as the result of modeling the Imagesof the reseaus a3
squares, Finally, these oplixeisidentifiedaserrorsare replacedby
averaging the nefghporingpoints, The result I3 an Imagee wWith a
reasonable degree of photometrto Integrity (significant errors stil|
exists along the edges) with reseaus shown as square arrays of
invallid (zero) data,

A s these processes are belng applled, the image is belng

transfered from the tape to the general system disk area, One
additlonal operation take8 Place, The successlive differences between
each plxe] and it3 nelghboronthe|eft iscajculatedand a histogram
of all these values ts developed, Thishistogramis used to develop
a modifled Huffman coding scheme forthe differences, thls Is a
varlable length coding system withwhichwe e reabletocompressthe
images by a faator of between two and three (muchbetteronsatelllte
Images) wlithoutany|nformation loss, As thls gompression is belng
done the resulting data Is stored under our U serDlisk Pagk (UDP)
arrangement on the BM333@ disk systenm, This facltiity allows a
user to have an exchangeable diskpackfor hisown use, We expsct to
be ableto store about 208completeimagesonasing|/ediskpack



using the abovecompresslon scnems,

The user Is thus left wW!th the compressed verslon on the UDP
for future reference (after decompression) and the normally coded
version on the genera| flile system, The normal one |Is used as
descrlbea below to satisfy the current processing request and
afterwards ls deleted,

Image Differencing (1) -

Two images are differenced by transforming them to the same
projectlon, al lgning them, and then subtracting the aligned Images,

Theuseris able to Select any portion of thelntersectionof

two Images for differencing, Actually, whatls selectdis a
rectangular window in an orthographic projection for whigh there is
data in ooth images, Thus, two new images are c¢reated, However, they
are not accurately al!igned due to errors in the navigation (TQL) data
that |s wused In developing the Projections, these errors In
alignment are determined by successively aligning subareas of the
wingoWw uUsing a cross correlation technique, For each sub-area an
error vector is thus determined, One of the original projections is
then repeated incorporating this error information and theresultls
two Images that are generally In allgnment to within a plxel,

These two a|tgned Images, oail them A and B, are then
subtractd, The difference |Imgges A-8 and B-A are greated and
gisplayed on a Standard TV monitor together with the images A and B,

output Products

The experimenter is then able to make 4" by 5" Polaroid

orints of the imagces displayed, Also produced ls a computer
prirt=out descriping the Processes by which these Images were
generated and the parameters used imn each process, Thls log |s

maintalnedautomatically by the Individual Processing steps end
reslces on the disk systenm,

The capacity also exlsts to put these resulting images8 and
notations describlng them, onto magnetic tepelnaform that can be

reac by the JPL«IFL Video Fiim Converter for production of hard copy,
These products are then entered into the Sclence Data Team"s data

Iibrarb'.

(1) See "Computer Comparisono fPlctures”, Lynn H, Quam, Stanford
Artificial Intelligence Project Memo AIM-1448 May 1971,



Exarples of Image Differencing

0Discussed below are some examples of Images whigch have been
projected, a | 1gned, and differenced using the techniques dlsscussed,

FIGURE 1 shows, at the top, Portlons of two high rescliutlion
Mariner 9h ages taken OFf the Thyles Mons reglon of Mars (75 deg, S,,
165 ¢eg, W,), These were taken under almost 1identlical ||lumlnatlion
and vlewlng angles eighteen days apart(upper Ieft on oOrblt 113,
upper right on Orblt 15@8), The upper frames show the the |mages after
they have been transformed to a common ProjJectlonand al igned as
previously descriped, Even with thls processing done, It |g difficult
to accurate |y determine the changes that have taken pjace, The
bottom frames ghow thel, diffe,ence al.gs l6f¢ minyg plght and ,lohg
minus Jeft, The subtle changes whleh have occurred iIn the "rHFles"
are clear|y brought out In these lower frames,

Flgure 2 Isan exampleof a remarkable changelnadark tall
strikingly b rought Out by the plcture differencing techniques, Thess
images of the northern part of Thaumasla were taken nineteen days
apart under 3imlitap |ighting oondltlons and vlewed near verticle but
from oposite dlractions, Note the small black tall In the wupper right
of thearea, Since It has not changed It Is ¢ieaniy removed by the
picture differencing process,

Two views of a portlon of PyrrhaeReglo appear In Figure 3

and show seme rather obvlous changes, Dark material has appeared
along scarps, Crater walls, and other topographlcal boundaries,
Although the maJjor changes In the topframes arc 8as! |y detectable by
the eye, the minor ones emerge clearlyoniyin the difference Images,

In Figure 4 Is another portion of Pyrrhae Reglo, Again, dark
mater lal has appearedalongacrater wall, These examp|es are from
the same orlglinal Images as those In Flgure 3 and, like Flgure 3,
have simillar Illumination oondltlons but viewed |n opposite
“directlions fromnear the vettislse The toppographle features are
completely removed In the pleture difference, leaving only the true
albedo changes.,
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D, VIKING LANDER IMAGERY INVESTIGATION

The effort has been devoted to problems associated with the
extractign of nea,-fleld rangling Infoematiyn from lander camera
stereo image palrs, This latter work, whleh has wused the
facilities of the Stanford Artificlal Intelllgence Laboratory, |s
described below,

Figure 1 | l|lustrates a stereoPair ofimages recorded of a
portable terraln model by a lander Camera prototype, The flgures
displayed in thisandthe followingl|lustrations are reprocductliens
of Folaroid plctures taken of the output of a computer driven
video=synthesizer, tThe upper and lower Images representjeft and
right views, respectlively, of the model asrecorded by a single
lander camera prototype located at two d|fferent positioms 100 c m
apart, approximately 135 cm above the model and at roughly 100«288 Cm
horizontal range, The model conslists of an undulating surface of
agark sand upon which have been placed four c¢onsplcuous rocks and some
smaller pebbjes Since the horizontal range Is comparahle to0 the
inter-camera dfsplacament, henceforth called the "base||ne", the ¢wo
views of the scene appearappreclably different, It has been
determined experimentally that It |s impossible to visual||y fusesuch
disparate images, a prerequlisite t O visua|depth perception,

Flgure 2 indfcates the same palr of Images upon which have

peen overlayed (WO smooth curves, These cUrves have been constructed
as foilows, A pPlane, henceforth referred to as the "camsra-centers
plane™, is defined to contalnt h e two effective camera=center
positions, This plane has been rotated about the base|ineuntiilt
nasses through the selectec nolnt of Intarest in the left view at the
center Of the prepositionedbox located directiy beneath the central
rock, Thls plane projects Into the |eft and right cameéavlovn_as
the curves shown, The fact that the plane proJects as a ocurve
rather than a stralght | Ine Is aconseauence of the acanninq geometry
of the facsimi|le camera and of the associated displa format,
speciflcally, the camera scans the scene, point by polntg, ¥n uniform
polar and azimutha| Ssteps, The dlsplay format Is |lnearinpolar and
azimuthal angles, and hence represents a | Inearmapping of the
original recording, The lowest polmt in each of +these curve9
corresponds to an azimuthal view!ng direction perpendicular to the
baseline aj;yhecamera |0cegion in ques fon, Scene polnes Iylng on
the camera=éenters plane and common to both views mus ¥ necegsar] |y
lie on tne proJections of thls plane In eaoh Image,

Flgure3!l!l|lustrates the same Imagepair overiayed wlith Image

pointlocation boxesg,used In the scene ranglng mode, The box In each
view has been visua|ly positioned to a scene polnt that ls common to

both VIiews and ls toberanged, The positioning procedure is as
fol lows, The box s TFirst Interactively centered about a polnt of
interest 1 n the left camera Image, A camera=centersplanels then

tiltedto containthispointinadirection, The physical polnt of

11



interestin the pilght view now mustlieon theprojectionof the

plarei n that image, Thus, onlyasingledegree of freedom remalns
for the definition of thecorrespondingb o x!ocatlonin therighthgnd
view, This latter parameter has teenarbitrar!ly chosen to be the

x-coordinate ofthe point, Inimagecoordinates, Thelogationof the
matching polntin theright view is determined Visually, The box s
therbrought topositionby *he adjustment oOf the x-coordinate, The
associated value of the yecoordinateof the point is then Immediately
evaluated, remalning parameter,

Once t h ecorrespondinccolntingdirectionsinthe two scenes
have been established, we have sufflcientinformation to evaluate the

spatial location of the sejectedpointrejativetothe Cameras, The
ranging Information Is Promptly computed and recorded and/or
displayed,

Following gevelopment of the above Programs we moved onte a
familiarizatlonstudy ofsomeo fthecharacteristicso f t h eunlaue
data format, preparatory tolnvestigatingaytomationofrangingand
contour map production,

A flrst step Inthisprocessi sindicatedi nFigure 4, whlch

contains additiona| overlays t o those discussed above, The
osclilatorycurves appearindintheseVviewsrepresent plots of the
scene intensity scanned al on9 t h ecamera-centers plane and
parareterizea | Ineaply inthe Xewcoordinate, It will be noted that
the ld{nres ofconstant phase for the sand ripples running across the
lower lefthandportionof theleftviewareroughly orthogonal to the
baseline, These same waves, when viewed from the rlighthand camera
position are observed obllquely and consequent|y exhiblt
foreshortened pProjected wavelength, Therelatlve distortions

associatedwlththegrosslydifferent perspectiveso f the the two
views pose special picture polntcorrelationprobiemstor automation
of ranging,

Figure 51llustratesa remapping of the Intenstityplot8 of
Figure 4 into a format that would be more amenable to a
one-dimensional correlation of data from the +two scenes, The
intenslty curves jmFigure5 havebeenobtainedh y transformingt h e
curvesinFlguredto the appearance theywouldhaveifrecordedb ya
camera located at the mid-point betweenth.eleftandr'fcht camer a
posltions, under the assumptlon that the scene |s perfectly flat,
horlzontal, andat the nominalvalue of observedrelative elevation,
The horizontalscale has been changed to utilizethe ful|] width of
the screen, The mapplngbetween thesceneandtheimapenowls
nonlinear and the mytual interrelationship no jonger is as readily
discernavlea slint h eprevious illustrations, It s evident,
however, that one=dimgnsionalplcture Pofnt correlationwould be more
reacily concucted Inthlstransformed imagelntensity space than in
theinltialspace,

Wedo notpPlantoproceed further along the above |lines,

12



Rather, we are considering a more general and powerful approach
toward the development of near=fleld automated ranging, Theoroposal
is toexplorethe portion¢f the3Jespacemutuallyaccessablethrough
the left and rlght windows, by correlation of left and rlght Imagery
data over a variously tilted and positioned probing planar pateh,
Oncelthas been determined, by prescribedcorrelationoriteria,that
we havesucceeded in"landing" on a surface, we can"epaw|"overthe
surface in any manner desired, aceumulating ranging Information as we
go, Elevation contour |Ines could for example be generated by
instructing the probe to explore at flxed eflevation, An automated
contour map could thus be constructed,

We also are commmencing various Image transformations
directed both toward compensating for InherentprolJectivedistortions
and towardfacilitating the comparison both of Images taken from the
samecarera under different recording conditions and of Images taken
from the two different lander camerapositions, FIGURE CAPTIONS

13
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PREFACE

Thispeperraportsprogressmade on asystem ofporograms for
processing nedlum=zngle stereo Imaces, the papertakes the form of
dosurentationo n wnattheseoarateprogramswritten for thls oproJect
do, Wlth comments as to how they fit together, None Of the
descriptions areintendedto enabl e thecasdyal reader of <thls opaper
t ouse the proarams involved, Anyone desiring to operate any of these
procrams IS sovisadtocontact the author for a demonstration,



INTROOUCTION

Suppose one were given twoplctures of the same sgeme taken
fromr moderately different viewing polnts, By moderately 7dffarentls
meart that the change Inview polnt causes the plctures to dlffer by
more then anlinfinitesimel amount but not by so much that an object
nresentinbothpicturesisnoteasilyrecognizablea sbelingthes ame
obJect, Mathematically, this can be characterized by thinking OFf the
foca! axes of the twocamerasas vectors and deseriblnga, the angle
betweer these Vagtors, For the purposes of this report, |a|<»/8 is a
reasonable arproximationto the Phrase "moderately different viewlng
poirts",

Given two such nictures, one would |lke to know how they,
relateto one another, How werethecamerasthatt00Kthem arranaed
withresmectto each other? Whatcluesaretherelnthet w oplctures
ast osizea n dpositiono ftheobjects?

Several thinos are known to be wundecidable g@glvenJust the
informationin the clctures, Absolute position, for Instance, Is not
derivable,t h a tls,itisn o tpossibleto say precisely whereln
3J=scace one of the cameras was 0f to give the exact three-dimensional

co-ordlinates corrasponding to 8 givenPoint in apicture, Likewise,
it is Impossible %o savaexact|¥Y how large or how far away a ¢@lven
obleet s, Both absolute position and absolute Slze reaulre
knowleoge not contajmed in the plctures,

It Is oposstples however, toderiverelativepositionsand
relativesizes for objects in the plctures, This is done by

assionlraa narbltrarypositionandorientationtoons8 Of the cameras
and pyflxingsome distance,usuallythe baseline distance between
cameras. From these sStartling points, the orientations ofthe
cameras a n d posltionso fobJectswhichapopearinb ot hpieturescanb e
calculated,

This proJect, then, was a start toward automatimg the
calculation Of said relativeoriantations and positlionsgiverno more
then two stereo views and a reasonable guess as to the bassllne
distance,

T H E PROGRAMS -

Work on this project was segmented Into separate tasks, each
perfocrmed by an Indecendeni SAIL program, This Segmentation was
forcea, tosomeextent,b y the fact thatthe system usually does not
livelong enmought o suppbort one |long program, Thusitbecame
acvisable to have severs| Small programs Whlehdepended on user
interaction rather thanone Jlarge programwhichwouldfun by itself,

Thebaslcseectlons and their functions are PARSET, whloh
finge pairs of points using no outslide information about the
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ojnt=pairs to find approxjmate camera

pjclures, CAMERA, w,1cpn UsS D
cn finds palrs of polints using camepa models.,

S
med€ls, &nd CAMSCH, whi i

f

PARSET

The purpoSe of this oprogramisto find a set of palrs of
poirts, ona colnt oyt of eachnicture, which match, Intuitively, two
poirts matgh If <they »notnh are projectionso f the Same three-
aimerslonal pofint, Computationally,the criterien for matech is that
the norma lzedcrgss-corre ation between the 2p+1 X 2p+lwindows
immeciately gy,.0yunding each of tne two poingg be high enough, Since
the corputational orocsss can ¢nlsy -that polntAmatches point B
with protahilityP, thisprooram’spurposei s to findpalrsofpoints
which match with fajriy high probabi lity,

As a preliminaryt 0o the matching process: this program
searentspath Pictures iatn overlapning areas, usual ly 22 pixels
sgla®e, , ITthenecegmputes themeansandvariance of each area In each
pictLreand sorts eachpicture’s areas by varlance, keeping track of
where Ip the picturg eegch areacamefrom.

The mateching process neginsby Selecting an area at random
from the top enc ¢cf the varlancelist of the first opicture, usually
the top 25%, This|imitationisimposedbecause the measure of match
pe | nT Used== normalized cross=-correletion== works best where there Is
a large amoeunt of infcrnationpresent, which is symptomlzed by the

variance helng laroe,

Sinceareaswhichmatech should have simt lar varlances, the
se lecteg area of the firstc picture is compared ,itheacharea of the
secord cicture whose variance Iswlithin20% of that of the area under
consideration, (In the feollowing, let theorefixes"first="and
"second=" stand far ths moditylna phrases "of the first nleture” and
"of the =econd plctiure” respectively,)

tach eliglsle second-ares isinitially tested to see iffits
meur IS similar thatof thefirst-aresa, If a second-area passesthls
test, a sezrch Is made to find the second-point (some polnt in or
nezr the second=area under consideration) such that the 2n+1 x 2n+1
wingtW surrounding this second-point Isthe best match for (has the
hisrhes*t norme|lzagd cross- &relationwith)the 2n+1 x 2n+l1 wwindow
surrnunging the gcenter coint of the first-area, The Seareh strategy
usec is essentially that used by Quam(1971),

Forcomputational expediency, the above searchiscarrledbut
usirc a small wWwirdow, typically 7 pixsls square, As the program
croceeds tarouch thesecond~areas,t h €N second-areas (where N ls
Jsualiv 5) yielcingthe nighest correlation values are Kept track of
arc #»re re-searched usinga larger area,typically2lipixels square,
to check that the zareac c0 i1rndeed matgh,
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Testsare then made to determine whether the best match found

was nood enough, FirstOofall, the correlation must be above .5,
since a correlatign |cwerthan ,5can occur between areas whleh do
not really mateh, Seconrly, the top two correlations must differ

siqrifleantliy, Faijurete d 0 so would indicate that more than one
match was possible, castins doubt on the velidity of el ther match,
Faf |lure in elther of these tests causesaflirst~arsatobe rejected
as hrevirg NOreliablemateh, and another first-areaistried,

Yote that, when this process is finished, the center point of
the first-area has been pairedwlithasecond=polnt which has Integer
co-crdinates, In oractice, however, the proper match for a_ @glven
fi, steproint will be a second-point with non-Integer ¢o=ordinates,
Since the only ccrrelation vajues whlichareavaljable are those at
integer second-oofnts, some Tform ofinterpolation is necessary,

Therefore, the final operation on a match Is an
internolation, A functionofthe formEXP( - (A#X*2 + Eax + CexXey +
te«vyt? + E#y + F)) s fittedbyleast squares technjigquestot h e
correlationvalues between the wlindow around the TFirst-point and
timilar Wi ndows around points i n the neighborhood of the
tgecord=point, Solvimg this functlionfor amaximumresults In either
tnewmatcha tsomenon-Integer second=point, or In an error if there
's ne maximum within aone=-pixejradiusof th ematchingsecond=point,

In the latter c¢ases the TFirst-area Is said to have NO
rel iable mateh, andtherrogramcontiniesto another first=area, The
mostcormoncauseo f sucnfalliurelsa strongiinear edgewithilittle
information on gaither sige, inwhlghcase the chancesoferror are
st fficlentte cast any such match In doubt,

If the match passes thls final test, it is recorded for use
1= a2 lster program, andthisprocdramproceedSto anotherfirst=area,

CAMEFRA

The job of thisprogramlIsto find camera models, A camera
model ennslists OF seven numbers wWhilchspegl!fythe focal | engths of
the twc cameraszna the orlentatlonof the second camera wlith respect
to theflrst,

The firstcameraistakento have I|ts focal point at the
ori¢gin, its foeal axis along thez-=axis,sandlts imageoplanethe
plarne z3F1, (See [Illustration 1,) The focal POINt Of the secend
camera is a polnt which is described by the basellne distance and two
anales, The two angles are the angles by which the flirstcamera must
pe nanrred, then t!|%ted, to point at the secondfocalpeoint, (See
Illustration2,) The focal axis of the second cameraiSdescribed by
two more an¢les, Thevarethe angles through wh‘chthefr?stcamera
must be panned» then tl!itedsothatltsaxisoparallels the axis of
the second camera, The imageplans of the second cameralstheplane
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~n 1] A4
/ +eocal axis

;'.\‘s e p‘a ne

)
>
‘.eu' x
PO“\
Iliustration 1.
Arbitrary <CcO-Ordinate system with first camera In place.,

f

‘ fost fled ?‘-ng X

. Camera Ll M‘"\ e

See uu\ cou) ro'u\"'

Il justratlion 2,

Co-crdinate system with first camera pPanned and t!lted to | ocate
foca | o int of Sacond ramera,
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pergandicuiar to the focalaxisatdistancef2 from the focal point,
(See lllusiration 3,) Tne oriantation of the second imageplaneis
dezgcricted oy the anglethrocunhwhichthe Ffirst imageplanemust roll
(after having oeen ognned and tl|ted to make the axes parallel) in
order to bring tre two "up" directions into agreement,

This prorra~ takasas inndt a Set of pairs of flrstepoints
and Second-z0ints foumd to be matches and attemptstofind a camera
mocel whigh woul< agcount Ffor these polnt=nalrs, ODeterminatiom OF a
moijellsdonebyninimizinta measuce OF cameramodel error,

The arror rmesasure is the average error in match taken over
the point palrs, For each colnt pair, ths error “In match is
astermirsg as follows: Using the camera model, the first-point is
orosected into space,yielding a ray from the focal polint through the
image neint, This rzy Is then vack-proJected Into the image olane of

N Parq' lel ‘c.cc,
axes

camera Y
baseline m‘m’e
Suo-\J piane
g‘tc,
rﬁ‘m*

l 1lustraetlion 3,

Co-ordlnrate systemwith secoand camere inplace,flrst c¢camera Panned
an? tiltedso 1ts fgoeal axisparalliels tnhnatef the second camera.
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the <sceonS Cxmer2, yie|0ind 2 | | nesegment in the second Image, The

e o] ' 3 n 0 o '

ree 's tave t te the squa of the distance be+wean h
seconrd-peint  2nd this l'n°539”°“§ inthe USLJalmathematTgnlsenge?
(See Jijustration 4,)

. Actual rminimizatinan o fthe error function Is carried out by
the incenengently compi|ed subroutine I IMZ,

Foioc{‘!é

\\
ray \ \ v

1
-

\
/ %.';J focal v l\ fecand l,

rr';:f‘c/ = \\ axis /

S:v\'g" !ﬂd’t
Sunet lan \ ) back- projechon
&““ frne \ \ R P’;"!‘:‘hj
pormt X > _ / rq
camera \ s""‘J \maqe
EQ ‘m rﬁkﬂ
CQ\ [ \\ ¢
N/
W
Sﬂ:o-\J
o
Po.n

Tttustratinn «,

Ci-crdirate syster wite nbotncameras inplace, Showing aflrstepoint
orosecten Into snace ano t7e resulting ray back=projected Into the
cencrd iraae,



Ml]eg

This sup=program s a function minimizer which uses no’
terivetive infocrmz*tian in ssekina a minimum, Not using derlvative
irnfecrmation was z canstraint forced by three considerations--the Tact
trat the derivatives of the camera mode I error functlon are
1iscentinuous since the funegtion has been truncated to avold
$lnating p2int overfigws in the calculations, the fact that the
lceatiors of these discortinuities are not pregisely known, and the
fact thaxt the camera model 9iror functlion itself does not oObey any of
tl 2 corstralnts (monotonicity, lask of local minima,ete,) usual iy
plzced or functlions to be minimizedby derivative methods,

The wWorkhnese furction of this sub-program takes an
n<dirensional vector (in the camera model c¢as®e, n =7) and finds 3
starting pelnts 2long this Vvector Such that an upward-facing parabela
can re fitTted to the three points, The inner |oop flits the parabola,
fives the minimum ©of this narabola, evaluates the Ffunction at the
naranolsg minimum, znd ¢chooses wnich of the four avallable points are
"nC.st" to fIt anotnegr paravola to, This continues eitheruntl|] the
sgacifled number 0% cyclieas (usual ly 12) have peen completed or untl|
succesSSive parabola fits yield the same function valus, within a
tolerancge (ysually ,72€701),

Tne outer loop of this sSuo=program constructs a Set of
artrenormal vecinrs (startingwith the co-ordinate axe€$) and calls
tne workhorse fungtion described above along each of these vectors,
wWhzr this setofvegtors 1S axnausted, the outer loop then calculates
thz Vactor dlifference netWeen the Starting point for that round and
the tinal point four<, 7Tnl svegtor Is then used In constructing a
new set of orthomarmal vectors, TRis 1iteration continues until the
rifferance Ir starting and finishing function values is less than the
2iva~ tclerance (gs atove) or until the Tunction value drops below
some pre~set limit,

Like all mimpimizers, this one <can get Stuck at a | oca |
=mirimum, Tnls fsunfortuna“e, because the camera model error funetion
acrears 1o have = Jarge nurmoer of potential I oca | minima near the
actus I minjmum, Hgwever, it a|so appears that having more points
available foruse reduces the nunber and depth of I %¢cal minima,
redus _ing taha chzngeof a spurious minimum being taken as the actual
¢ golomi0%%  Thts suggests idtsrating CAMERA with the follo, ing norogram,
CaMsCh, to 3Jet Detter anc better camera models based on more and meore
DO;"*S-

CAMSCH

Thi3 proaram takes as Inoputazcamera model eltherderivedby
CA“e=A or sJiopl ies 5y some other means, TO0 match adesignated first-
toirt, this prodram orolJects the first-ootnt I nto space,
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back=proglects the ray Sp produced Ipnte the seoond legtothen
searchesalong theresylginglline,(Seelllyseraglon 5,)

The actual search conslistso f stepping alona the |lne,
starting from the Infinity point (the polnt of thelinecorresponding
to the polntont h eprojected ray wWhichi s farthest away fromth e
first cameraybutstillvisibleto the secondcamera)s At each Step
along thre |Iine, the <ccrrelation Dbetween the WINdOW around ¢the
the gecomoling cu .8ngly ynde, gc utinyis calculated, Agq gtePplng
eontinues, the be:‘ENsuch corrélations (agaln, N 1Is uauaTl 5) are
kepttrack of and a local search for maximum correlationis one In
therelghborhood of each such Second=polnt,

Testing whether oF not the match is sufficiently good and "’
interpoletlonare similarto the sameprocesSesdescribed for PARSET,

One search=pruning heuristlc usedinb ot h PARSET a n d CAMSCK
neecS: perhapssto be justified, I n PARSET,ifthe center point ofa
givensecond-area does not show a positive correlation with the

I llustratlon 5,

A palr Of stereo Vviews
showing a polntandlgs
surrounding correjation
wingow overlaldo n the
top | mege and the |ine
that the rolNRt prpojects
to overlaldonthelower
image, Polarold opicture
taken ©of Data Dlsc whille
CAMSCH was In onerat!on'
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renter roint of tie fi.rst-area, %the second-area is rejectad as beling

an irpreravle glace te ook for a match, CAMSCH, Instead of
exaninine avery ncint afona *ne line projJected into the second image,
exarines every \=th point, where N is half the radius of the

ccrrelation wingew seirg usec, Thus, in both programs, declisionsare
mzde Or the hasis of the value of tae correlation functlon at some
secend~point n2ar (but nct at) the matching second=point, This, It
turrs out, @S & rezscnaclething to do, Taking any cross-sectiorn of
rne correlation fymgtion will yiald a granh shaped somewnat |ike
EXP(=X*Z), nrecause cf this, a correlatio. atasecond-point near the
mzter will nefair|y niche-~at|sast,apove the noise leve|, Hence a
verylowccrralationvaliuecan be taken to mean that there iSs no
at¢em ir the vicirmity 0of the polnt under consideration, and the
computation necessary tg¢ search that area can be avoided,

It is interegsting T2 ncte that different programs reauirs
nifferert dearessc f acegu¥racy Ffrom their camera models,

CAMSCH,  for instance,» with its local search strategies, can

Py with rather (mpeccuUratecameramode|s, Anycamera mndel which
pLt CAMSCH  im the ri3dt  ballpark is godd enough to produce

es for most ncinmts, Fxonerimentat i on has shown that a|most any
z rog2l havinm? a3naverade saquared~error below ,25 pixe|s 1S good
n for ~atehin g?tlnast 53%0f the points tried, fhfs Wwould
st not, Spencding Grea amounts of %time minimizing the first
ra rcdej, 245 nz2s peen ﬁone in nost cases tried so fat, Instead,
inaccurate mgae | can be derived auickly, CAMSCH can use this to
nore ooints, whicheanhe used toderivea better camera modsl,
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Cn  the ~thgr hznd, rrograms whish do depth model|lng require
tr-’-n‘cly accurate c:mer~ nddels,  For instance, on one palr of
ictures, armout <% ifferent camera models weres derived, Their
J
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zred=zrror varies frcm e to 0994, Jepths given for one point at
-surec ¢ 1 stance Jz0 faet from tha camera ranged from 25 feet to
: feet, In cergre I, mocels with smaller Sauared=arrors were
ter than these withiargzer errors, However, the best model was
T *hzs znas witn the lowest error! Tnis wWouia indicate that the
iels relinc found a|l rezcresent local minima on the error TFunction;
C true mogr| hzs yet to ze found,
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This result tec *o further mogification of the minimlizer, In
s ¢f reing 251l¢ to ne* closer to the rea| minimum, Asvet, this
et pcssln!e. Ageurate depth ranging remains a hit-or=miss thing,
~al: on wWmether cr rot a nodel can be found whl¢h is good

Trere arg severzi o%Ther minor programs intencsd for
ne~crstrztions wnica fit irtc "his set of programs, '
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DEPTH works similarly to WINSHO, except that it also asks for
a carera mode|, and calculates the distance from the flrst camsra to
the three-dimensional polnt, It then displays this distance on the
Data D!sc screen with the apbpropriate overlays representing the two
points,A t the end, this procram.rounds sach depth to the nearest
unit of distance and displays these distances a$ overlays at tha
corresponding points in the first picture, (See Illustration 6,)

I[llustration 6,

Photograph from Data Dlse
of overlald depths as
generateas by DEPTH,

CONCLUSICN

There are a number ofipossibpie varlations on this set of
programs,

One possible alteration woul|d be to Incorporate color
informatlion Into the matehing process, This change Would reaquire
using three aligned color-filter bplctures, and mod!fying the
correlatlon function so that It uses a vector of informatien at each
picture polnt rather than a single scalar number, This teechnigue
woulec give more informatlon at each point, making @ross mismatches
less |lkely,
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“nother imterasting iCea wouid pe to use the camera model <o
snupe The correlstic~ windaw, raking correlation less sensitive to
nistarticps nf an o0sjact due to the aifferences In prolJection, Thus,
n emamera moLe| Navinag mocst of the change in the hourizontal direction
wouilr Le M= Ce e ceuse ¢ cnrrelation window which was tall and
~nir==usinc mcras  imfnpmation in  tha direction in which [little
qistartion occurs, less in the distorted 4direction, (See
Tllustration 7.)

. f SouUrsa, ek can be done to automate these rrograms, At

rrSsent The

[V ..J’

o
0 znr ms¥ for Juidance whan thare Is doubt as
*c whether ¢Cr nNOoT 4 t

reh 1S guod,

|1 matches must ne good, strangtnaning the
ne way to 46 %“nis==-when in doubtt, throw it
f insurinmg tnat CAMERA gets only gGooc
w CAVEFA to weed point-pairs given |t, If,
ts is found, one or more of the polnt-palrs are
ngrmztly hign (or iow) errors, these palrs
z re=minimjizatjion done,

I c
tericn for 2 N
. “pdther
r=cezirs Is tn =
- 2 ~minlrun of

or
2R Y]
ne

F

W - ot e

b
fourn~ tc ¢contrinute a
coult he rejecten, an

Thnzoretical |y==-that is, gSiven enough time and some |OW
lzvernezs=-it |s rsssicie to uss CAMSCH to find a matching point for
veryw fierste=roint whigh Pas a match, Under tnis assumptlon, the
Terhriaue of par2)liaxing (creatini mapoings from one plcture to
rntrers arcs fiptins zara; ax 2dGes IS now feasicla. Assumlng good
ssession of gush a mapping makeg dernth modelling
gotn edces possinle,

\YA)

or cra mocalg, TS
re

Tne Iccdti on ¢

O»
—h

i

Tt 3zems, Tmsn *tha®t the next moves on this prodect wlll be in
tre glrectlen of imnroverents to existing prosrams, Specl!fically,
the 10w rsunning ngces y to form the matches nesds to be developed.
TE e procrams A0o¢umen

a1 amouns H2f time anqr ~{s to the machine, Most of all, the camera
~orel prolrams  need n =e {improved sc¢ that more reliable camera
~orels are poscsitle, . .

or
ar
aq here need tc ve optimized so they can run in
2a
t

Illustratiorn 7,

tericturas”" sanwlny back-projected first-peints and the
shasec corr2lation Aindows (siZe exaggerated),
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INTRODUCTION

My projJectforthisquarterwasto startimplementationof a
system for ©processing colorstereoPairs, simllar to my systemfor
processing blacka n d white Stereo 1Images (se® Hannah, 1971, for
details o fthatsystem), Sincethe black and Whlte system was bullt
around the Idea of ustngnormallzedcross=gorrelationas a measure of
match between two Points, the flrstthingthat was needed forthe new
system has some egulvalent measure of mateh for color Images,

(Actually, ~correlation Is a measure of match between two aré&8jthe
vwo polnts referedt o are the centers of theareas, In the
followlng, the phrases "between two Points" and "betweentwo areas"
will be used interchangeably inreferring to correlation),

Baslcally,| had thecholceof somehow altering correlation
for use wlth Color Informatton o rcreatinga nentirejydifferent
oeasure of match, Havinghadllttl®eluck In an earlier attemptte
find a newmeasyure of match forthe black and white case, Ichose to
oodlfy correlation,

This document reports thederivationand Impliementationo f
color <correlation, and describes a oprogram, NEWPTS, wnhlch figds
initialpolnt=-paly matches Inelthercoloror black and whitestereo
pairs,

COLOR CORRELATION

It Is generally recognized thateoler consists of ¢three
components, A chliidlearnsin grade-school art that all colors can
bemade from red, vellow, and blue pigments, INPhigh-school physiecs,
he 1Istold thatallcolors result from red, green,and bluellght,
| ncollege psychology courses, color s dlscussed|n terms of
intenslty, hue, and saturation,

Ignoringf o r the moment the thorny questions ef what the
components of color"really" are, we shall admit only that there are
three such components, Since the <color images we cuprently are
working with were obtainedb y digitizing three blackand whlte
pictures which resulted from photographing an ordinary color slide
under red, green, and blue filters,respectively, we shall refer to
the components aS R, G,andB,

It is somewhat more  convenlent (as  well as more
mathematlical!)t O think of a color plecture as one arrsy of
vector-valued points (r)g,b) Instead of threeseparatearraysof

scalar-valuedpolntsr, g, and b, This suggests regarding the
text-book-version of normalized c¢ross=correlation

SUM( (x=MEAN(x)) # (y-MEAN(yY)) )

COR = LR N R R R e R PR R R R R R R N XX N ]

SGRT( SUM( (x=MEAN(x))*t2 ) * SUM( (y=MEAN(y))*2 ) )



(where small letters denote sample elements, SUM is the sum over some
set 0! such elements, MEAN is such a sumdlvidedbYths number of
elerents summed over, SQRT is the sguare root function, and « denmotas
multiplicatlon)

astheone-dimensionajlcase ofF a vector function

SUM( (X-MEAN(X)) - (Y-MEAN(CY)) )

VCOR T o et o e et o et e e et tn et en e r ot ot eonen Yoo Re®omm e e e e

SAGRT( SUM( |X=MEAN(X)|*2 ) * SUM( |Y=MEAN(Y)|{*2 ) )

(wherecapitalietters denote vectors, ® iIs vVector dot product, and

lAlisthe norm ofthe vector A),

Considering only the factor SUM( (X-MEAN(X)) @ (Y«MEAN(Y)) )
(gince SUM( |X=MEAN(X)|*2 ) and SUM( |Y=MEAN(Y)|+2 ) are both gpeclal
cases , of this SUM with X substituted for Y in the flpst case and Y
substituted for X |In the second) and- letting X be (xr,xg,xbyand Y be
(yr,¥9,¥b), we have

SUM( (X=MEAN(X)) o (Y-MEAN(CY)) )

SUM( ((xryxg,xb)=MEANC (xpr,xg,xb) )) o
(Cyrsyg,yD)=MEAN( (yr,ygsyb) )) )

SUM( (xr=MEAN(xPr)sxg=MEAN(XG),xb=MEAN(XD)) o
(yr=MEANCYPr)yyg=MEANCYQ),yb=MEAN(YD)) )

SUM( (xr=MEAN(xpr))#(yr=MEAN(Yr))*(xg=MEAN(Xg))*(yg=MEAN(Yg)) +
(xb=MEAN(xb))e(yb=MEAN(YD)) )

IT we eleverly notice that all three terms within this sum
are the same in form and combine them 1Into one term under a summation
which sums over aficomponents aswellasal i1 elements of components,
we get

= SUMC (X-MEAN(X)) * (y-MEAN(Y)) )

whichlst h e representative factor of the Fformula for ordinary
correlation (see- above Formula for correlation),

It is convenient (It somewhat embarassing) to have cojlor
correlation turn oUWt to be adressed unformofordinarycorrelation,
for thlsmeans that color correlatlion has all of the mathematical
properties O f ordinary correlation, this, in turn, wlll be
particulariy usefulint h elinterpojation of correlation valuesa t
non-integer points In the picture, Slnce previous|y devel oped
techniauesfor s uc hlinterpolation neednot be Justifliedagain,

Sinceboth vector and Scalar correlation havethe same form,
save for thenumber o f componentswhiechneedbe S um me dover,thet w o
orards of correlation have been Impiementeda s one subroutine;
CORLAT, in the SalL load-module SCOREL, MWhichcalculationls deone
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depends on the global Flag COLOR, For expediency iIn coemputation, the*
coefflclent is calculated as

( n * SUM( x # y ) = SUM(x) e SUM(y) )*2

( n * SUM(x*2) = SUM(x)*2 ) e (n®SymM(y*2) = suymMiy)*2)

that !s, wlith sums arranged so that on|yonepass need be taken to
calculate ail sums, Note, too, that the sauare of the correlatlion is
usea (as It was In the black and white case), ¢trading a
multipllicatlion for a call On SQRT,

No modifications (other than a small amount of optimizZing)
have been made on the functions MATCH and MAXCOR which eal! CORLAT
and |lve In SCOREL, A separate program, NEWPTS, has been created to
serve the function of PARSET in the color case and replace PARSET in
the black and whit8 case, |t lsdescribed below as If itoperated in
color mode, only,

NEWPTS

The purpose of thls oprogram s to flnd a set of pairs of
points, one point out ef each plcture, which mateh, Intuitively, two
points match if they both are projections of the same threee
dimensional point, Since tecomputationaliprocesscan oniy say that
point A matches Doint B with some probabillty, this program’s purpose
is to find pairs of points which matech with fairly high probabllity,

As a breliminary 1o e matching process, <thls program
segments both bplctures Into overlapping areas, usually 20 pixels
square, It then computes the mean and variance of eacharea In the
ti rst component of each ooior plcture (only one component is used to
expedite computation) and sorts each oplcture’s areas by var iance,
keeping track of where In the plcture each area came from,

The matching process begins byselecting an area at random
fror the top end of the variance Ilst of e first mnlicture, usual ly
the top25%, This| imitation is Imposed because the measgre Of mateh
pbeing Used works pest where there Is g large amount of ‘nform,thn
present, which is symptomlzed by the variance belng large,

Since areas whlch match should have similar varlances, the
selected area of the First plcture is compared With each area of the
second picture Wwhose variance Is within 28% of that of the area under
consideration, (In the followlng, iet the oprefixes "flrste" and
vsecond=" stand for the modifying phrases "of the first plcture” and
"of the second plcture™ respectively,)

Each ellgible second-area is initially tested to see 1f |Its
mean is similar that of the first-area, If a” second-area Dassts thls
testy a Search s made to flnd the second-point (some polnt in or
near the second~area under consideration) such that the 2n+¢l1 x 2n+i
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wingoWw surrounding thissecond-pointisthe best match for (has the
highest normaliZed cross-correlation With)the 2n+1 X 2n+1 window
surrounding the center point of theflrst=area, The search strategy
used is essenttally that used by Quam (1¢971),

for computationalexpediency, the above search is carrled out
using onjy the first component of the colorplcture, A's the
orogram Proceeds through the second-areas, the N second=areas (where
N is wusually 5) vyielding the highest correlation values arsKap¢
track of, Later, a second search s done on these areas wusing ¢cojor

correlation to determinewnlich of the areas that matched onthe basls
of the one=componant search match bestlincolor,

Tests are then made to determine whether the best match found

was good enough, Flrst of ail, the correlation must be above ,5
(calculated square of thecorrelationabove, ,25),sincea correlation
Wmower than ,5 can occur between areas whiech doe notreaily match,
Second |y, the top <¢wo correfatlions must differ slgnificantivy,
Fal lure to do so0 would Indlcate that more than onematch was

Possible, cast!ng doubt on the validity of elther match, Fallure In
either of’ these tests causes aflrst~area to be reJected as havimg no
reliable match, and another first-area lstried,

Note that, when thls process isfinished, the center point of
the flrst=area has been paired with a second-point which has integsr
co-ordlinates, Inpractice, however, the prope8rmatchfora given
first=polnt Wi1l pe g second=polntwlthnon-integer comordlinates.
Since the onlycorrelationvalues which are avallable are those at
integer second-polnts, some form of interpolation is necessary,

Therefore, the fina| operation on a match is an
interpolation, A functionof the formEXP(= (A®X*2 + BaX + CaxXey +
p*Y*2 + E®Y + F)) s fltted byleastSQqUares technjguesto the
colorcorrejlationvaluesbetween thewlndow around the first=poingt
and s!milar wWindows around polnts In the neighborhoodo f the
second=poing, Soiving thls functionfor amaximumresults ineither
a new match atsome non-integersecond=~point, or Inan error if there
isn omaximumwithin aone=pixe|radlus of the matehing second=point,

In the latter case, the flpst-area |s said t o haveno
reéliable match, and theprogpam continues to another flpst=aprea, The
oostcommon causeo F suchfallurelsastronglinearedgewithlilttle
information on elther slide, In which case the chances of error are
sufficient to cast any such match In doubt,

-1f the match passes this fina| test, It Is recorded for use
in a later program, and this program proceeds to another flrst=area,

ACDITIONS AND IMPROVEMENTS

Ourpresant practice o f usinared, green, and blue as the
three components of the color picture has itSdrawbacks, One Would
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fike to calculate the means and varlancesofthe average Tntensities
in the three components for the purpose Of narrowlng the searches for
the inltlal polntepalr matchings, To do thlsunder theopresent
schere, One must efther calculate the averages asone goes-a rather
slow process=~or keep around an extra Daft of pletures, the Intensity
plctures~--a scheme whlc¢h enlargens (hence slows) one"s Job
excessive|ly, A solutlonto this Problem would be to have the
intenslty picture be one of the three components of the coljor
plcture,

There are at least two schemes of color representation whleh
have Intensity a 9 one component, The best known, Perhaps,is the
Intenslty, hue, and saturation scheme, Commerclal tejevislon uses

the dlfferent, although related, scheme of Intensity, x=, and
y=chromaticlity, Both of these are besed on the |dea of a cojor
whee |, le, colors arranged clreculariy around a hub, The
hue-saturation Scheme corresponds t o using polar ocO=ordinates to
nocate a o¢olor Point oOn the wheel, The x«, yechromaticity soheme
corresponds tO0 wusing a (not necessarl||y rectangular) Carteslan
co-ordlinate system to locate the color pelint,

Implementing one of these systems seems tTO be dcs]rlble.
Precisely whlch one to implement and how to de"-lvc these components
fromt h eglvenred: greena n dbluecgomponents I8g matter for fUurther
study,

Once the representation question has been settled, there are
a number of statistics Which can be oaloulated over the segmented
plctures, In addition to the mean and varlance of the Intensity,one
coule calculate the mean and varliance of the color,the mode (most
frequent|yoccuring) color, possibly the next most freaquent color,
etc, Each area!n each picture would then be assoclated with a vector
of such statlistlcs, and searches for a matohlng second-area could _be
constralned to those second-areas WhOSe vectordistance from the
first-area ls wlithinsome tolerance,

Amore thorough Investigation o f the oproperties and
representationso o j0F SeeEMS to be In order, It isIn this
directlon that this project Wil Proceed.
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