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A, INTRODUCTION

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 1into three areas:
image Informatlon management, automated Iimage dlifferencing, and
'stereoimage processing, Sectlon B dlscusses sone of the problems
Involved wlth handling a large vo|ume@ of Immge data and someof the
solutlons, Sectlion Creviews the Imuge differencing work together
with Vvarjous Input processing steps used in Preparing the data for
gifferencing, Sectlon D describes work done in the area of near-field
stereo inmmge analys!s orfented towards the VIking 1975 lander canera
system  Appendlcies A and B are two term papers related to the
auestior of stereo imade Processing which were Supported, In part, by
this Want, The data base used In this work has come from the Mriner
Mars probes of 1969 and 1971, from prototype Viking 1975 canera
equipmenrt, and from locally produced.|images of @arth scenes,

In addltion to the above nentioned grant, thls wark recleves

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






8, IMAGE INFORMATI ON MANAGEMENT

An Informationretrlevajcapabl|ity has been Implemented at
the Stanford A/] Project which enables us to quick|y review the
iplanay coyerage of ,he MM71 TV Mission, It |s primarljy orlenged
toward reveallng <(he extent of repeated TV coverage of any area
specified by fatltude and longitude, !t enables the User to aulckiy
determine |f an area has been photogranhed, and if so, how many
times, on whlch orbits, by whieh canera, and by which Pictures within
an orblt, On adisplay screen |8 shown the d'sk of the planset, the
footprints of the Immges, and V9otors Indicating vliew and sun angles,

The correspondencs between DAS shutter time and t he
orblt~camera=picture within orbit (Experimenter) identifler i3 also
shown, TheusePisalSoabletoalter the scaleofthe dlsplay to

improve clarlty, Most of the Inputdataforthissystem comes form
the MM'71 LIBSET system Operated BY the Sclence pata Team (SDT) at
JPL, '

A s additionalToL (preliminarynavigation parameters) Pleture

catalog data'!s recelved It merged with the datapreviousiyreosived
and 8toredon the dlsk system, Thisoperation provides us with the
navigatien data necessary to perform the geometric proJjections

described below and also provides the |(Ibrary information used to
Iocate Images on the Image data (PTV) tapes and the JPL flim
products, The exact manner In whlieh the above has been don8 has

varled durlns the mission sincetherellabl|lty 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 nomlinma| misslionprimarily In anattemptto make upfor
the absence of the compiete SEDR, SDT also Includes t he IPL
Enhancement Log on the tape whigh Allows U8 to automaticaliyreview
the RDR (fina| deca|ibratlon processing) status,

As addltiomnal data on thelmagesis nore readl||yavallabje,
It will becone apartof the system, In the short time that the
system has been operatlonal |t has proven to be @& valuable asset,
Since nore than siX thousand images exist, the need for 8sughasystem
is obvious, Its Importance W!ll orow asthe number of Imagas,
and the information about these Images, Inoreases, This capabillty
could prove aulte wuseful in ploture targeting and landing site
selectlon for the Vikingmission,

It Is Important to note that this ls an Interactive system
ortented towards the needs of the sclentists, [ts success depends on
ltsablliity to present data Inamanner consistant In format and
organizZatlon wlth the WaY the experimenters view the obJect under
investligation,

The above mentloned capabl|ityactually represents t he
inttial phase of the process for the projectlonand differencing
operation, With the \{dentiflersandfootprintsofal| the Images



befcre the wuser the |ist can bepruned Until just the footprlints of
irterest are present, The user can then proceed diregtly to the
projection and diffgrencling steps,

One area which deserves addlitional attentlon Is the

catalogingofoutout products, VWhen simple operationsare perforned
on & single |Image it . !s generally qulite easy to catalog the output
procucts, The problem becomes sonewhat conplex when several | mages

are comb! ned as Ln, +he case of Imge differencling, colo,
reconstruction, and polarization studies, The approach we are uslng
invol ves the wuse of a headepr of arbitrary Slze which Is stored Wlith
avery Processed Image, Actually, two headers are used; one is a
"short form" whichsimply Indicates theimages and processes used to
create the Imagein aquestlion, the other 1Is a "jong form" whlch
includes t he actual parameters used In each of the processes, The
benifits of such a systtm come only With the abllity to aulckly
retrieve 1Images wutillzing the Information in these hecaders and

informatlon about the originalj Images (logation on the planet,

capéra, fllter, shutter tineand 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 flexiolllty 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 suppl¥Ing us with alist of pleture Identiflers
(elther DAS tine ororblt and pleture within orbit) of the inage8 In
which he is Interested,

The ldentiflersareentered ataterminal and asearch of
library information tsmadeto determine: Ifnavigation dat a Is
avallable for the Images, Ifthe PTV Or RDR tapes for the Images are
avallable inour library, !f the Images have already been |oaded into
our dIsk system (see below) as the resujt of previousprocessing, and
other Informatlon related to the Image (flliter, exposure time, and
etc) ,

1f the Image has not been Previousl|y processed but is

avallabie In our tape |ibrary it 13 mounted on a tape unlt and read
in, Several operatjon are applled to the data at this time, A "fipst
order"” photometric correction I8 nmmde usSing a two dfmenslonal
interpolation Of a mtrix of vidlieon response® paraneters, Reseau
marks are &l80 located and square areas (which approximate their
actual shape in an Image) are %8t to a 28r0 DN value, thus Identifing
those opolntsaslinvaliddatafor |ater operations, Next, a
vcustering" operation Isperformedt o identifybitdroppagesinthe
Image data, This is done by comparing @ achpointtothe necan ofa
three by three area around %, A difference of nore than three
standard deviations from themeanidentiflesitasand error, This
procedure also hag the effect of Identifyinga8errors the various
“fringes" left as the result of modelingthe Imagesof the reseaus a3
squares, Finally, these plixeisidentifiedaserrorsarse replagedby
averaging the nefghporingpoints, The result I8 an Imagee with a
reasonable degree of photonetrto Integrity (signiflcant error8 stil|
exists along the edges) with reseaus shown as sqguare arrays of
invalld (zepo) data,

A s these processes are belng applled, the immge is belng
transfered from the tape to the general system disk area, One
additlional operation take8 Place, The successlive differences between
each plxe|l and it3 nelghborontheleft iscajculatedand a histogram
of all these values 1s developed, Thishlstogramis used to develop
a modifled Huffman coding scheme forthedifferences, Thlis Is a
varlable length coding system withwhichwe e reabletocompressthe
images by afaator of between two and three (muchbetteronsatelllte
Imges) wWlthoutany|nformation |oss, As thls compression is belng
done the resulting data Is stored under our Us erDisk Pagk (UDP)
arrangement on the IBM333@ disk system, This facliity allows a
user to have an exchangeable diskpackfor hisown use, We expect to
be ableto store about 208complete|magesonasinglediskpack



Uusing the above compgresslon scheme,

The wuser Is thus left Wlth the compressed verslom on the UDP

for future reference (after deconpression) and the normally coded
version on the genera| flile system The normal one s used as
describea below to satisfy the current processing request and
afterwards s deleted,

Image Differencling (1) -

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

Theuserls able to Select any portion of thelntersectionof

two Imaaes for differencing, Actually, whatls selectdis a
rectanguldr window in an orthographic BroJection for whigh there s
data in ooth images, Thus, two new images are ¢reated, However, they
are POt accurately aligmed due tO0 errors in the navigation (TQL) data

t hat ls used fn developing the Projections, these errors In
alignnent are determined by successively alligning subareas of the
window uUsing a cross correlation technique, For each sub-area an

error vector is thus determined, One of the orfiginal projJections is
then repeated incorporating this error informationand theresultis
two Images that are generally In allgnment to within a plixel,

- These two aj tgned Images, o0ai | them A and B, are then
subtractd, The difference Imgges A-8 and B-A are ¢reated and
gisplayed on a Standard TV nonitor together with the images A and B,

out put Products

The experimenter is then able to mrke 4" by 5" Polaroid
nprints of the images displayed, Also produced s a2 computer
prirt=out descriping the Processes by which these Images were
generated and the paraneters wused {im each process, This log Is
maintalnedautomaticallyb y the Individual Processing steps end
resices on the disk system

The capacity also exlsts to PUY these resulting imges8 and
notations describlng them, onto magnetic tepelnaform thatcan be

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

librarY.

—eoeomey

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



Exarnles of Imge Differencing

0i scussed below are soMme examples of Images whigh have Dbeen
projected, a 11gned, and differeanced using the technliques dlsscussed,

FIGURE | shows, at the top, Portlons of two high resolution
Mariner 9h ages taken Of the Thyles Mns reglon of Mrs (75 deg. S,,
165 ©¢e9, W,), These were taken under alnost identlcal ||lumination
and vlewlng angles ecighteen days apart(upper Ieft on Orblt 113,
upper right on Orblt 15@8), The upper frames show the the |mages after
they have been transformred to a common ProJectlon and a1 igned as
previously descriped, Even with this processing done, |t Ia difficult
to accurate |y determine the c¢hanges that have taken place, The
bottom frames ghow thel, diffe,ence jal.g, lef¢ minyg plohg and plghg
mnus |eft, The subtle changes Whleh have occurred In the "r]fs!es"
are ¢lear|ly brought out In these lower frames,

Flgure 2 Isan exampleof a remarkable changelinadark tal]
strikingly b r ought Out by the pPlcture differencing technliques, These
images of the northern part of Thaumasia were taken nlnsteem days
apart under 3imlltapr |ighting oondltlons and viewed near verticle but
from oposite diractions, Note the small black tall In the upper right
of thearea, Sinmge It has not changed It Is ¢leanly removed by the
picture differencing proocess,

Two views of a portlon of PyrrnaeReglo appear In Figure 3

and show Sone rather obvlous changes, Dark material has appeared
along scarps, C(Crater wal 18, and other topographlecal boundaries,
Although the maJor changes In the topframes arc 8as! |y detectable by
the eye, the minor ones energe clearlyoniyin the difference Images,

In Flgure 4 ts another portion of Pyrrhae Re@io, Again, dark
mater lal has appearedalong@ acrater wall, These examp|es are from
the sameorlginal Inages as those In Flgure 3 and, |1ke Flgure 3,
have simi|lar Il1lumnation oondltlons but viewed |In opposlte
"directlons fromnear the vettirle The toppographi¢ features are
completely removed In the pleture difference, leaving only the true
albedo change s,
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D, VIKING LANDER IMAGERY INVESTIGATION

The effort has been devoted to problens associated with the
extractign of nea,-ftleld panging Infgoematiysn from lander camera
stereo imge palrs, This latter work, whieh has used the
facilities of the Stanford Artificlial Intelllgence Laboratory, Is
described bel ow,

Figure 1 | l|lustrates a sterecPair ofimages recorded of a
portable terraln model bY a lander Canera prototype, The flgures
displayed in thisandthe foljowingi|lustrations are reproductlions
of Folaroid plctures taken of the output of a conputer driven
video=synthesizer, tThe upper and lower Images representieft and
right vlews, respectlively, of the model asrecorded by a single
lander cameéra prototype located at two dlfferent positions 100 ¢ m
apart, approximately135 cm above the nodel and atroughly 100«288 cm
horlzontal| range, The nodel conslists of an undulating surface of
cark sand upon Which have been placed four consplcuous rocks and sone
smaller pebbjes, Since the horizontal range Is comparahle %0 the
inter-camera dlsplacement, henceforth called the "base|lae", the ¢two
views of the scene appearappreclably different, It has been
determined experimentally that It Is impossible to visual||y fusesuch
disparate images, a prerequisite t 0 visua|depth perceptlon,

Flgure 2 indfcates the sane palr of Images upon which have

peer overlayed twO smooth curves, These ¢Urves have been gonstructed
as follows, A Plane, henceforth referred to as the "camsra-centers
plane”, is defined to contalnt h ¢ two effective camera=center
positions, This plane has been rotated about the baselineuntiilit
nasses through the selected polnt of Interest In the left view at the
center of the prepositionedbox located dlrectly beneath the central
rock, Thls plane projects Into the |eft and rlght cameraviewsas
the curves s hown, The fact that the plane proJects ag a oupve
rather than a stralght | Ine Is aconseauence of the acanninq geonetry
of the facsiml|le camera and of the associated displa format,
Speciflcally, the camera scans the scene, point by polint, ?‘n‘uniform
polar and azimuthal| steps, The dlsplay formt I8 llnearinpolar and
azimuthal angles, and hence represents a | inearmapping of the
origlinal recording, The lowest polmt In each of these curve9
corresponds to an azimuthal viewing direction perpendlcular to the
baseline a,yhecamera |ocegion in Q88 on, Scene PolfNg Iylng on
t he carera~éenters plane and common %o both views rrus% necegsarlly
lie on tne proJections of thls planeln eaoh Image,

Floure3!llustrates the same Imagepalr overiayed wlith Image
polntlocation boxes,used In the scene rangling node, The box In each
view has been Vvisua|ly positioned to a scene polnt that |8 common to
both Vviews and Is toberanged, The oositioning procedure is as
fol lows, The box !s first Interactively centeped about a polnt of
interest ] n the left cameralmage, A camera=centersp|anels then
tiltedto containthispointingdirection, The ophysical polnt of

11



interestin the pIght view now mustlieon theprojectionof the

plarei nthat image, Thus, onlyasingledegree of freedom remalns
for the definition of thecorrespondindb o xlocatlonin therighthand
view, This latter parameter has teenarbitrar!ly chosen to be the

x-coordinate oft he point, Inlmagecoordinates, Thelocationof the
matching polntin theright view is determined Visually, The box |Is
therbrought topositionb y %he adjustment of the x-coordinate, The
associated value of the y=coordinateoft he pPolint is then Immediately
evaluated, remalning parameter,

Once t hecorrespondincpolntingdirectionsinthe twoscenes
have been established, we have sufflcientinformation to evaluate the

spatial location of the selectedpointrejativetothe Cameras, The
ranging Information Is Promptly computed a n d recorded and/or
displayed,

Following development of the above Programs wWe moved onto a
familiarizationstudy ofsomeo fthecharacteristics O f t h e unlaue
data format, preparatory tolnvestigatingeytomationofrangingand
contour map production,

A flrst step Inthisprocessi sindicatedi nFigure 4, whlch

contains additlona| overlays t o those discussed above, The
oscllilatorycurves appearingdinthese viewsrepresent plots of the
scene intensity scanned al on9 t h ecamera-centers pjlane® and
parareterizeo | inearly inthe Xecoordinate, It Wiil be noted that
the I{nes ofconstant phase for the sand ripples running across the
lowerlefthandportionof theleftviewareroughly orthogonal to the
baseline, These same waves, when viewed from the righthand camera
poslition are observed obllquely and consequent |y exhiblt
foreshortened Projected wavelength, Therelatlve distortions

associated Wlththegrosslydifferent perspectiveso f the the t wo
viewns pose special picturepolintcorrelationprobiemstor automation
of ranging,

Figure 51llustratesa remapping of the Intensl¢typlot8 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 jnFigure5 havebeenobtainedb vy transformingt h e
curvesinFligured4dto the appearance theywouldhaveifregcordedb ya
camera locatedat the mid-point between theleft and rlght camera
positions, under the assumptlon that the scene |s perfectiy flat,
horlzontal, andat the nominalvalue of observedrelative elevation,
The horizontalscale hasbeen changed to utll-izethe full width of
the screen, The mapping between thesceneandtheimagenowls
nonlinear and the mytuyal interreifationship no jonger is as readi|y
discernadlea sintheprevious illustrations, It s evident,
however, that one=dimgnsionalplicture Pofntcorrelationwould be more
reacily conaucted Inthlstransformedimageintensity space than in
theinltialspace,

Wedo notplanto proceed further along the above |ines,.



Rather, we are considering a more general and powerful approach
toward the development of near=fle|d automated ranging, Theoproposal
is toexplorethe portion¢f theJespacemutuallyaccessablethrough
the left and rlght windows, bycorrelation of left and rlght Imagery
data oOver a variously tilted and positioned Probing planar pateh,
Oncelthas been determined, b y prescribedcorrejationoriteria,that
we havesucceeded in"landing" on a surface, we can"craw|"overthe
surface in any manner desired, accumuiating ranging Information as we
go, Elevation contour Iines could for example be generated by
instructing the probe to exploreat f|xed elevation, An automted
contour map could thus be constructed,

We also are commmeneing various image transformations
directed both toward compensating for Inherentprolectivedistortions
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 CAPTI ONS

13
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PREFACE

Thispaperraportsprogressmade on asystem ofporograms for
processing nedlum=zngle stereo Images, theopapertakesthe form of
dosLrmenrtationo nwnattheseoarateprogramswritten f or thls oproJect
do, wWlth comments as to how they fit togewhes, None of the
descriptions arejntendedtoenable thecasdal reader of thls opaper
t ouse the proorams involved, Anyone dqesiring to operate any of these
orocrams IS wovisadtocontactthe author for A demonstration,



INTRODUCTION

Suppose one were given twoplictures of the same sgene taken
fror moderately d4ifferent viewing polnts, By moderately ?dffarentls
meart that the change Inview polnt causes the plctures to dlffer by
more thean aninfinitesimel amount but not by so much that an object
nresentinbothpicturesisnoteasilyrecognizablea sbeingthes ame
oblect, Mathematically, this can be characterizedby thinking Of the
focal axes of the *wocamerasas vectors anddeseriblng®, t he 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 t0 know how they,
relate to one another, How werethecamerasthat t00Kthem arranaed
withresmecttoeach other? Whatcluesarethereinthet w oplctures
ast osizea n dpositiono ftheobjects?

Several thinos are known to be wundecidable gilvenJust the
informationin the clctures, Absolute position, for Instance, s not
derivable,t h a tis,itisn o tpossibleto say oprecisely whereln
J=space one of the cameras was 0F to give the exact three-dimensional

co-ordinrates correasSponding to 8 givenPoint in apicture, Likewise,
it is Impossible %o sayvexactiy how large or how far away a @lven
oblJeet s, Both absolute position and absolute slze reaqulire
knowleoge not contajned in the plctures,

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

assionlroa narbltrarypositionandorientationtoOn8 Of the cameras
and ryflxingsome distance,usuallythe baseline distance between
cameras. From these Starting points, the orientations ofthe
cameraSa n dposlitionso fobJectswhichappearinb ot hpioeturescanb e
calculated,

This proJect, then, was a start toward automatimg the
calculation of said relativeorientations and positlionsgiverno more
then 1two stereo views and a reasonable guess as to the bass|lne
distance,

T H E PROGRAMS -

Work on this project was segmented Into Separate tasks, each
perfoermed by an Indecendenti SAIL program, Thls Segmentation was
forcea, tosomeextent,b vy thefact thnatthe system usuallydoes not
livelong enought o supoort one |ong program, Thusitbecame
acvisable to have severs | Small programs Whlchdepended on user
interaction rather thanone large Programwhichwould fun by itself,

Thebasicseet!ons and their functions are PARSET, whleh
fings pairs of points using no owutside information about the

la



pjctures, CAMERA, wyich us2s pojni=pajrs to find approximate camera
medels, and CAMSCH, whicn finds galps of points using camera models,

PARSET

The opurpoSe of this oprogramistofind a set of palrs of
poirts, one colnt oyt of eachpicture, which match, Intuitively, two
poirts matenh |f they Dnoth are projectionso f the Same three-
aimersional point, Computationaliy,the criterien for mateh i8S that
the norma lzedcrgoss-corre ,ation between t he 2p*1 x 2p+l windows
immeciately gu,royncing each of ¢ne two polngg be high enough, Since
the cornputational orocsss can Qnlsy .thatpointAmatches point B
with protahilityP, thisprooram’spurposeis to findpalrsofpoints
whichr match with fajrly hign probabi lity,

As a prelimimaryt o the matching process, this program
searentspoth Pictures {v“tn overlapning areas, wusual ly 22 plixels
sgLate, , Itthencgmpites themeanandvariance ofeacharea In each
pictureand sorts eachpicture’s areas by variance, keeplng track of
where In the picturg eegh areacamefrom.

The matching process negdinsby Selecting an area at random
from the top enc c¢f the varlancelistofthe first opicture, usually
the top 25%, This|imitationisimposedbecause the measure of match
pe | nc Used== normalized cross=correletion== works best where there s
a larce amount of infcrmationpresent, which Is symptomlzed by the

varisnce helng larove,

gSinceareaswhichmatech should have simt lar Vvarlances, the
se lecteg area of the firstc picture is compared ,itheacharea of the
seccrd cicture whose variance Iswithin20% of that of the area under
consideration, (In the following, et the orefixes"first="and
"second=" stand for ths moditylno phrases "of the first mlegture” and
"ot the <econd plctiure” respectively,)

tach eligible second-ares S initiallytested to see ifits
meulf 1S simi lar thatof thefirst-areg, If a second-area passesthls
test, a sezrfch |s mmde to find the second-point (some polnt in or
nezr the second=area under consideration) such that the 2n+l X 2n+l
wingtW surrounding this second-point ISthe best match for (has the
hisrnest normallzad cross- &relationwith)the 2n+1 x 2n+l1 wwindow
surrnunging the zenter coint of the flrstearea, The Seargh strategy
usec iS essentially that used by Quam(1971),
ForcompJtational expediency, the above searchiscarrledbut
usirc a small wWwirdow, typically 7 pixsls square, A8 the proOgram
croceeds tarouch thesecond~areas,»t h e N second-areas (where Nis
usualiv 5) yielcingthe nighest correlation values are Kept track of
arc =re re-searched usingea larger area,typically2lipixels Ssquare,
to check that the areas c0 indeed match,
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Testsare then made to determine whether the best matech found

was 700d enough, First o fall, the correlation must be above .5,
since a correlation |cwerthan ,5c¢anoccur between areas whleh do
not real|ly mateh, Seconrily, the topt wo correlations mst differ

siariflecantly, Faijurete d o so would indicate that more than one
match was possible, castino doubt on the validity of el ther mat ch,
Faf |ure ijn elther of these tests causesafirst-aresatoberejected
as havire noreliabjematech, and another first-areaistried,

Mote that, when this process i3S finished, the center point of
the first-area has been pairedwlthaseconq-polntwhich has |nteger
co-crdinates, In oractice, however, the proper match for a_ glven
f i, steroint will be a second-point with non-Integerco=ordinates,
Since the only ccrrelation vajues whichareavalliable gare those at
integer second-oofnts, some form Of interpolation is necessary,

Therefore, the final operation on a match |8 an
internolation, A functionofthe formEXP( =~ (A#X*2 + Pux + CoXey 4
tevyt? + E#y + F)) s fitted byleast squares technjquestot h e
torreiationvalues pbetween the window around the first-point and
timilar Windows around points i n the neighborhood of the
tecord=goint, Solvine this functlionfor amaximumresultsIn either
inewmatcha tsomenon-Integer second=paint, or In an error if there
's ne maximum Within aone-pixejradiusof thematchingsecond=point,

In the latter c¢ases the first-area Is said to have no
rel iable matech, andtherrogramcontinuesto anotherfirstearea: The
mostcermoncauseo f sucnfalliurelsa stronglinear edgewithilittie
information on gaither Siage, inwhlchcase the chances oferror are
st fficlenttc cast any such mtch In doubt,

If the match passes thls final test, it is recorded for use
it~ a leter proaram, andthisprodramproceedSto anotherflrst=area,

CAMEFRA

The job of thisprogramlisto find camera models, A camera
model consists Of seven numbers whichspeclfythe focal | engths of
the twc cameraszna the orlentatlon of the second camera with respect
to theflirst,

The firstcameraistakento have Its focal point at the
origin, its foeal axis along theZ-axis,andlts image planethe
plere z3F1, (See Illustration 1.,) The focal point Of the Second
camera 1S a polnt which is described by the basellne distance and two
anales, The two angles are the and|es by which the flrstcamera must
be nanrned, then tt|teds to point at the Secondfocalpoint, (See
Illustration2.) The focal axis of the second cameraiSdegcribed by
two more anules, Theyarethe angles through vmlchthefr?stcamera
must be panneds» t hen t!itedsothatlitsaxisparallels the axis of
the second canera, The image?olana of the second cameralsthepliane
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Illustration %,
Arpbitrary CcO-Ordinate system with first camera In place,

I

‘ fiat ficd plare X

Cemera Ll “‘n\ e

See oa‘ ‘CDGA' ro‘m*

I1 Justratlion 2,

Co-crdinate system with first camera Panned and tl!ited to I ocate
foca | o int of sacond ramera,
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perganrdicular to the fogalaxisatdistancef2 from the focal point,
(See Jllustration 3,) Tne oriantation of the second imageplanmeis
dezcriced oy the z2nglethrounhwhichthe first imageplanmemust roll
(after having oeen ognned and tl|lted to mmke the axes parallel) in
order to bring tre two "up" directions into agreenent,

This prorra- takasas inndt a Set of pairs of flrstepoints
an+d sSec¢ond=z0ints found to be matches and attemptstofind a camera
mocel whigh woul< agcount for these polntepalrs, Determlinatiom OF a
modellisdonebyninimizinta measuce Of cameramodel error,

The arror msasure is the average error In mtch taken over
s point npalrs, For each colnt opair, ths error “in match is
termirag as follows: Jsing the camera model, the first-point is
nsected into space,yielding a ray from the focal polint through the
age neint, This rzy !s then vack-proJected Into the image oplane of

“\’urtnel L;ccl
akes

Camera
baseline “l"‘}e
ane
SC:.«J P
%f.s‘
rc;-\*
I (lustratlion 3,
Ca=prdlpate Qy;tenw th secand camere inplace,flrst camera Panned
an® tiltedso its fgeal axisparallets thatef the second camera.
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the :eicnd C=mer3, vie|aind 2 | i nesegnent in the second Image, The
erpt ken t0 pe g i
re¥e 's taxen 0 be the squa,e of the distance besye
- . ’ . - ‘ n h
secord-peint a2nd tnis llnesegmeng; inthe usl]almath.mat]g‘ISQNEO?
(See [ijustration 4,)

Actual rinimizatinan o fthe error function Is carried out b
the incenengent|y cormpiled subroutine MINIMZ, y

'fo:'tc{‘td‘

\\
roy \ \ v

i /
//f-.".a focd ¢,
. axis
Fig; / )
/] .

. r.r.*' tnaﬁt : .
furet olane back- prejechian
;"5‘“* ° Pn‘ledo
pon x’, _ rey

camera \ ] S“’“‘i \‘W\Q ¢
blt!\.\n [ P ane
W/
W
second
o
Pocn

Iitustratinn «,

Cu-crainate syster witey hnbotnczmeres inplace, Showing afirstepoint
orogectes Into snace ang tne resiyiting ray back=projected Into the
sencrd iraae,



Mg

This sup=pregra~ s a function nminimizer which uses no’
terivetivg informztian in ssekinn a minimum, Not wusing derlvative
irfcrmation was z canstraint forced by three considerations-=-the fact
that tha derivatives of the camera ode I error functlon are
1iscenTi nuous since tha function has been truncated to avold
#inati=ng point overficws in the calculations, the fact that the
Iccatiors of these discortinuities are not pre¢cisely known, and the
fact that the canera mnodel 8iropr functlion itself does not Obey any of
tla corstralnts (monotenicity, lask of local mInima,ete,) usual ly
plzcead or functions to be mimimizedby derivative methods,

The wWorkhnerse furction of this sub-program t akes an
n<dirensional vector (in the c¢camera mpdel casS®, n =7) and finds 3
starting polnts 21ong this Vector Such that an upward-facing parabela
can re fittesd to the three points, The inner |oop fits the parabola,
fives the minimum of this narabola, evaluates the function at t he
naranoles minimum, and chooses wnich of the four avallable points are
"ne,st" te flt anotner parauola to, This continues eithearuntl! the
ssacifled nunmber 0% cycles (usual ly 12) hava peen completed or unti|
cuscesSSive parabola fits yield the sSame function valus, within @
tolerance (ysually ,7€701),

Tne outer loop of this Sub=program constructs a Set of
artrnrnorrmal vectnrs (startingwitn the <co-ordinate axeS) and calls
tne workhorse funstion described above along each of these vectors,
Wwhzr this setofvegtors is axnausted, the outer loOop then calculates
thz Vactor dlfference netWeenthe Starting point for that round and
the tinal point four<, Tnlsvegtor Is then used In constructing a
new Sset of orthomarmgl vectors, TRi8 iteration continues wuntil the
rnifferance Ir starting and finlshing function values S less than the
2iva~ tclerance (gs ab%ve) or until the function value drops below
some pre~set limt,

Like all mimpimizers, This 9one can get Stuck at a [ oca]
irnirum, Tnls isunfortuna“*e, because the canmera model error funetlon
o] re to have = |arge nurner of potential I ocal minima near t he
actur I minjmum, Hgwever, it a|So appears that having nore points
availabte foruse reduces the number and depth of I 2¢al m ni ma,
redue ing tha chzngeof a Spuricus mnimum being taken as the actual
¢ ooleeill's Thts sujgests itsrating CAMERA with the fol Iowfng program,
CatsCh, to 3Jet better ana better camera models based on more and more
n rt

Thi3 proaram takes a3 inputacamera model eltherderivedby
CA“e=A or sJiopl ies sy some other means, TO match adeSignated first-
coirty this oradram orolects t he first-ootnt I nto space,
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back=prolects the ray So produced Into the seoond Tmaghthen
searchesalong theresyl¢lngllne,(Seelllysgraglon 5,)

The actual sSearch conslistso f stepping alona the |lne,
starting from the !nfinity point (the polnt of the |inecorresponding
to the polnt ont h eprojected ray whichi s farthest away fromth e
first camera,butstilivisibleto the secondcamera), At each Step
along the |Ine, (he <cocrrelation between the WIndOWw around the
fipst=py) tpupder copslderatly, a d the correspopd! 9 Wi doWw argqupd
the gecompoling cu .engly ynde gc utinyis calculated, Ag gtepp[ng
continues, the be:tNsuch correlafions (agaln, Isusuﬂl ) are
kepttrack of and a local search for maximum correlationis one |n
the relghborhood of each such Second=polnt,

Testing wIJether 0F not the match is sufficiently good and "’
interpoletlionare simlilarto the samebprocessesdescribed for PARSET,

One search=pruning heuristlic . usedinb ot h PARSETa n d CAMSCHK
neecS: perhaps»to be justified,I n PARSET,Ifthe center point ofa
given second-area does not show a positive correlation with the

I Illustratlon 5,

A palr Of stereo Vviews
showing a polntandlts
surrounding correjation
wincow overlaldo n the
top | mege and the |ine
that the ro1nt projects
to overlaldonthelower
image, Polarold picture
taken ©f Data Dlsc whille
CAMSCH was In ooerattOn'
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nter roint of t41e fi.rst-area, %he second-area is rejectad as beling

ce
an irpreratle place to ook for a matech, CAMSCH, Instead of
xzrintrnn avery rgint alona *ne line prolJectsed Iinto the second imge,
exarines every \=th point, where N is half the radius of t he

cCcrrelation wWingow £eirg usecd, ThusS, in both programs, decisionsare
mzde on the hasis of the value of tae correlation functlon at sone
sccend=point n2ar (but nct at) the matching second=poinmt, This, It
turrs out, is a rezscnatlething to do, Taking any cross-section of
rhne correlation fyumgtion will yiald a granh shaped somewnat |ike
CXP(=X*2), necause cf this, a correlatio atasecond-point near the
mater will nefairf{y niche=-at|east,apove the noise level, Hence a
verylowccrratationvaluecan be taken to mean that there is no
atcm ir  the Vvicirity of the polint under consideration, and the
comgLation necessary tg search that area can be avoided,

It is interegsting t2 ncte that different programs redquirs
rniffereprt dedreesc f acguracy from their camera modelis,

CAMSCH, for instance, With its local search strategies, can
cet ky with rathar (nzecuratecameramode|s, Anycamera mnadel which
wiil rut CAMSCH  im the rigdt  ballpark is 900d enough to produce
~atcres foar most pecimts, Fxnerimentat i on has shown that almost any
czmerz rog2| havin? 3naverade squarad-error below ,25 pixel|s IS good
encLtn for =atchingetleast32%0f t he points tried, fhfs would
suncest not, Spending Great amounts of %time minimizing the first
ramePa recdej, 45 nas peen come in MNOSt cases tried so fat, Instead,
an inagecurate mede I can be derived auickly, CAMSCH can use thls to
fineg more points, Whicheznnhe used Ytoderivea better camer a mode |,
£te,

Cn  the ~thgr hznd, rrograms whish do depth model|lng require

£ tremel, accuracTe c:mera nddels,  For instance, on one Ppalr of
rictLres, anmdutl <% ifferent camera models werm derived, Their
scuzred=srror varies frcn 2 to ,0484, Jepnths glven for one point at
~azsurkc 61 stance 220 faet from ths camera ranged from 25 feet to
et feed In ~<engrel, moce ls with Smajler Sauared=arrors were
netter nqw these withiarger errars, However, the best nodel was
nct *hs one witn the lowest error ! Tnis WwWouiag indicate that the
~odels relne found all recresent local minima on the error function;

thC true moj-—zi hzs yet to e found,

is result leu *o further mogification of the minimizer, In
rnozes cf reing 25le tTo 78" closer to the rea|l minimum, Asvet, this
is ret pesslinle, Accurate depth ranging remains a nit-or-miss thing,
czre=alr e on  wWhether cr rot a nodel can be found whl¢h is good

There 2rg severai o0%her minor programs intancsd for
ne-crstrztions wnica fit irte This set of programs, '

ly ftT-kes = fije contalning poimt=pairsS ang
t 2 Lime, as overlays on pictures shown on Dats



DEPTH works similarly to WINSHO, except that it also asks for
a carera model, and calculates the distance from the flrst camera to
the three-dimensional polnt, 1t then displays this digstance on the
Data D!sec screen wlth the appropriate overlays representing the two
points,a t the @gnd, this procram.rounds each depth to the nearest
unit of distance and displays these distances a$ overlays at tha
corresponding points in the first picture, (See Illlustratlion 6,)

Illustration 6,

Photograph from Data Dlse
of overlald cdepths as
generatec by DEPTH,

CONCLUSICN

There are a nunber ofpoSsSible vartations on this set of
nrograms,

One possiple alteration would be to |Incorporate color
Iinformation Into the matchling process, This change Would vreaulre
using three aligned ~color-filter plctures, and mod!fying the
correlatlon function so that It uses a vector of Information at each
picture polnt rather than a single scalar nunber, This teehnique
woulc give nore informatlon at each point, making @ross mismatches

less | lkely,
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tnother imterasting icea wouid ne to use the camera model to

3nap= the correlzticr windnw, making correlation less sensitive to

~istarticns nf an o5 ect due to the aifferences In prolec tion, Thus,

4 eamera mooel Raviag mget of the change in the horizontai cdirection

woulr Le = Ce e ceuse cnrrelation window which was tall and

<nir==usinc mcra imfnpmztion in  tha direction in which little

CAistartion occurs, less in the distorted 4direction, (See

Iljustratior 7.)
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¥ ¢cx2n be done to automate these rrograms. At

. f SoUrS2, c
0 znr ms¥ for Juidance whan thare Is doubt as
.

.
cy often st
-

|1 matches must ne aood, Sstraengtnening the
one way to dc tnis==-when in doubt, throw it
of insuring tnat CAMERA gets only goocd
AYEFA to weed poimt-pairs givem it, If,
= =inlmunr 0f sarts is found, one or more of the polnt-palirs are
te ¢contrinute agnernztly hign  (or iow) errors, these palrs

couilt be rejecten, ani z re=minimizatjon done,

Th20retical |y==that is, siven enough time and some low

mlzverneis==-it is rsssibie to uss CAMSCH to find a matching point for
svery fiest=roint wrich Pag a malch, Under tnis assumptlon, the
Terkriaue Of garatiaxing (creating mappoings from ong plcture to
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tne legcation of gceoct® edges possinle,

+ma*t the next moves on this prodect wlll be in
nraverents to axisting prosrams, Spec!flically,
sary to form the matches needs t0 be developed.
<24 here need tC be optimized so they can run in
sa~ls to the machine, Most of all, the camera
t

It 3zerms, =
alrectlon of
low erunning nece
procrams “A0c¢une

3 —- 0
3 3

n =we improved sc Yhat more rejiable camera

~nrels are possitle, .

A

Iflustrationr 7,

tsras” srnowlne back=-projected first-poinmts and the
¢ correlation Ainiows (SiZe exaggerated),
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INTRODUCTION

My proJectforthisquarterwasto startimpliementationof a
system for processing colorstereo Pairs, simllar to my systemfor
processing blacka n d white stereo |Images (se® Hannah, 1971, for
details o fthatsystem), Sincethe black and whlte system was bulit
around the Idea of ustngnormallzedcross=gorrelationas a measure of
match between two Points, the flrstthin@that was neededfofthe new
system has some egufvalent measure of mateh for color Images,

(Actvally, correlation Is a measure of match between two areasjthe
vwo polnts referedt o are the centers of the areas, In the
followlng, the phrases "between two Points" and "betweentwo areas"
will be used interchangeablyin referring to correlation),

Baslcally,| had thecholceof somehow alteringcorrelation
for use wlth Color Informatton o rcreatinga nentirelydifferent
oceasure of match, Havinghadllttieluck In an earlier attemptto
find a newmeasyre of match forthe black and whitecase,lchose to
oodlfy correlation,

This document reports thederivationand Implementationo f
color <correlation, and describes a program, NEWPTS, which finds
initialpolnt=palr matches Inelthercoloror black and whitestereo
pairs,

COLOR CORRELATION

It Is generally recognized that color consists of th}oe
components, A childlearns In grade-school art that all colors can
be rade from red, yel|ow, and blue pigments, INhigh-schoolphysics,
he IiIstold thatallcolors result from red, 9reen,and bluellght,
I ncollege psychology courses, color Is dlscussed|n terms of
intenslty, hue, and saturation,

Ignoringf o r the moment the thorny questionsofwhat the
components of color"really" are, we shall admit onlyt hat there are
three such components, Since the color images we cuprently are
working with were obtalnedb y digitizing three blackand white
pictures Whlch resulted from photographing an ordinary color slide
under red, green, and blue flliters,respectively, we shall refer to
the components as R, G,andB,

It is sonewhat more convenlent (as well as more
matrhematlical!)t o think of a color pleture as one array of
vector-valued points (ry)8:b) Instead of <threeseparate arrays o f

scalar-valuedpointsr, 9, and b, This suggests regarding the
text-book-version of normalized cross=correlation

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

COR = - D e e e e R e W e W G e e D ) e T oy OSSR

SQRT( SUM( (x«MEAN(x))*2 ) # SUM( (y=MEAN(y))*2 ) )



(where small letters denote sample @elements, SUM is the sum over Some
set ©Of such elements, MEAN issuch a sumdl!vidadbYths nunber of
elerents summed over, SQRT is the square root function, and # denmotes
multiplicatlen)

astheonme~-dimensionatcase of a vector function

SUM( (X-MEAN(X)) . (Y-MEAN(Y)) )

VCOR = LR K L K R R R K XN S RN R R R R R R R I AR R R I B R R R R R R R R KN

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

(wherecaplitalletters donote vectors, @ is vegtor dot product, and
listhe norm oft he vector A),

Conslidering 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,xb)and Y be
(yr,¥9,¥0), we have

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

SUM( ((xr)xg,xb)=MEAN( (xr,xg,xb) )) o
(Cyroyg,yB)=MEAN( (yr,yg,yb) )) )

SUM( (xr=MEAN(xr) ,xg=MEAN(XG),xb=MEAN(XD)) o
(yr=MEANC(YPr) ryg=MEAN(Yg),yb=MEAN(YB)):)

SUM( (xr=MEAN(xpr))#(yr=MEAN(Yr))+(xg=MEAN(Xxg))*(yg=-MEAN(YQ)) +
(xb=MEAN(xb))#(yb=-MEAN(YD)) )

If we cleveply notice that all three terms Withlim this sum
are the same in form and combine them into one term under a summmtion
which sums over allcomponents asWellasal i elenents of components,

we get

= SUM (x-MEAN(x)) * (y-MEAN(y)) )

whichist h e representative factor of the formula for ordinary
correlation (see- above formnula for correfation),

Itis convenient (It sonewhat embarassing) to have cojor
correlation turn oWt to be a dressed Uupformofordinarycorreiation,

for th!smeans thatcol or correlatlon has all of the mathematical
properties O f ordinary correlation, this, in turn, WlIl be
particuiarly usefujint h elnterpolation of correlation values a t
non-integer points In the picture, Since previous|y developed

techrniaquesforsuc hlinterpolation neednot be Justifledagain,

Since both vector and Scalar correlation havethe same form,

save fo rthenumberp f componentswhichneedbe S umme d over,thet w o
orarcds of correlation have been Implementeda s one subroutine,
CORLAT, in the SalL load-nmpdule SCOREL, Whichcalculationls denre
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depends on the global flag COLOR, For expediency in computation, the°
coefflolent is calculated as

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

( n * SUM(x*2) = SUM(x)e2 ) ° (n®SYM( y*2 ) = symiy)*2)

that !sy, Wlth sums arranged so that on|yonepass need be taken to
calculate ail sums, Note, too, that the sauare of the cwiel_atlon is
usea (as It was In the black and white case), tradling a
multipllicatlion for a call on SQRT,

No modifica¢lons (other than a small ampunt of eptimiZing)
have been made on the functions MATCH and MAXCOR which call CORLAT
and |lve In SCOREL, A separate program, NEWPTS, has beem created to
gerve the function of PARSET in the color case and replace PARSET in
¢he black and whit8 case, It 'sdeseribed beiow as |f itoperated i n
color mode, only,

NEWPTS

The purpose of thls program is to find a set of pairs of
points, one polnt out ef ecach plcture, which mateh, Intuitively, two
points mmtch if they both are proJections of the sane threee
dinensional point, Since thecomputationaiprocesscan oniy say that
point A matches Doint B with sone probabillty, this program’s purpose
is to find pairs of points which matoh with falrly high orobablllity,

As a bprellminary the matching process, thls oprogram
segments both plctures Into overlapping areas, usually 20 pixels
sguare, It then computes the mean and variance of eacharea In the

ti rst conponent of each ooior plcture (only one oomponent is used to
expedite computation) and sorts each plcture’s arcas by var lance,
keeping track of where In the plcture each area cane from,

The matching process begins byseleeting an area at random

fror the top end of the variance Ilst of tefirst ®icture, wusual lY
the tope9%, This | imltation is Imposed because the measpre Of mateh
pbeing Used works pest where there |S g large amount of nformation

present, which is symptomlzed by the variance belng large,

Since areas Wwhlch mateh should have simlar varlances, ihe
selected area of the first plcture is conpared WIith ecach area of the
second picture WhoSe variance is within 28% of that of the area under
consideration, (In the followlng, iet the oprefixes "flrste" and
wsecond=" stand for the nodifying phrases "of the first plcture” and
"of the second plcture"™ respectively,)

Each ellgible second-area is initially tested to see If Tts
mean is simlar that of the first-area, If a second-area Dassts this
test» a search is made to fInd the second-point (sone polnt in or
near the second=aréa under consideration) such that the 2n+l X 2n+1
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wingoWw surrounding thissecond-pointisthe best match for (has the
highestnormalized cross-correlation with)the 2n+1 x 2n+1 window
surrounding the <center pointof theflrst=area, The search strategdy
used is essentlal|y that used by Quam (1971),

forcomputationalexpediency, the above search is carrled out
us ing only the first component of the colorplcture, As the
orogram pProceeds through the second-areas, the N second=argas (where
N is usually 5) vyielding the highest correlation values arskant
track of, Later, a second search IS done onthese areas us ing ¢cojor

correlation to detepmimewnich of the areas that matched on the basls
of the one-component 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
(calculatedsquare of thecorrelatlonabove . ,25),sincea correlation
mower than ,5 can occur between areas Whiech do notreaily match,
Second |y, the top ¢two correlatlons must differ slgnificantiy.
Fal lure to do so would Indl¢cate that more than onematch was
Possible, ¢€ast!ing doubt on the validity of elther mtch, Fallure In

either of’ these tests causes a flrst=area to be reJected as having no
reliable match, and another first-area istried,

Note that, when thls process is flnished, the ¢enter point of
the flrst=area has been paired with a second-point which has integer
co-ordlnates, Inoractice, however, t he prop8rmatchfora given
first=point wWi1l pe g second=polntwlthnon-integer co=ordlinates,
Sincethe onlycorrelationvalues which areavallable are those at
Integer second=points, some form of Imterpolation is necessary,

Therefore, the fina| operation on a match is an
interpojation, A functionof the formEXP(= (A®X*2 4+ BaX + CaXey .
O*Y*2 + E®Y + F)) s fltted bYyleastsquares techmjguesto the
colorcorrelationvalyesbetween the w!ndow around the first=point
and slmijar wlindows around polnts In the neighborhoodo f the
second=polint, Soivingt hl s functlonfor amaximumresults ineither
a newmatch at some non=integersecond=polnt, or Inan error if there
isn omaximumwithin aone~pixejradius of t he matehing second=point,

In the latter case, the flpst-area |s sad t o haveno
reliable match, and theprogpram continues to another flpgt=area, The
oostcommonc auseo f suchfallurelsastronglinearedgewithllittle
information on elther slde, In which case the chances of error are
sufficient to cast any such match In doubt,

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

ACDITIONS AND IMPROVEMENTS

Ourpresant practice of usinared, green, and blue as the
three components of the color picture hasitsSdrawbacks, One Would
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Rike to calculate the means and varlancesofthe average Intensitles
inthe three components for the purpose of narrowlng the searches for
the inltlal polntepaly matchings, To do thilsunder the present
schemre, one must e{thep calculate the averages asone goes-a rather
slow processe=or keep around an extra Daft of pletures, the Intensity
plctures=-a scheme whl ¢h enjargens (hence slows) one's Job
excesslve|y, A solutlon to this Problem would be to_ have the
intenslty picture be one of the three components of the color
picture,

There are at least two Schemes of color representation Whlgh

have Intenslity a 9 one conponent, The best known, Perhaps,is the
Iintenslty, hue, andsaturation schene, Commercial televislon wuses
the dlfferent, although related, schene of Intensity, x=, and
y=chromatieclty, Both of these are besed on the |dea of a cojor
wheel, le, colors arranged clrcularly around 2 hub, The

hue-saturation Scheme corresponds t o uUsing polar coOwordinates to
mocate a oolor Point onthe wheel, The X«, ye=chromaticity sohene
corresponds to wusinga (not necessar||y rectangular) Carteslan
co-ordlnate system to locate the color pelint,

Implementing one of these systenms seens to be das]nble.
Precisely Whleh one to Implement and hOW to de‘lvo these components
fromt h eglvenred: 9reena n dblUe gomponegnts ISgmatter for further
study,

Once the representation gquestion has been settled, there are
a nunmber of  statistics which can be oaloulated over the segmented
plctures, In addition to the mnean and varlance of the {ntensity, one
coule calculate the mean and variance of the color,the mode (most
frequent |y occuring) color, possibly the next most frequent <color,
etec, Each areal!n each picture would then be associated with a vector
of such statlistles, and searches for a matohlng second-area could _be
constralned to those Ssecond-areas whose vectordistance from the

first-areals withinsome tolerance,

Amore thorough Investigationo f the ©properties and
representationso ., 0r seems to be In order, It islin thls
directlon that this project WIl| Proceed.
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