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A, INTRODUCTION

This report reviews the work of the Stanford Artificlal
Intejllgences Laborator, done under NASA Grant NCR-05-020-508, For
the purpose of this report the work la dlvided into three areas:
image Information management, automated image differencing, and

stereoimage processing, Sectlon B discusses sone of the problems
Involved wlth handling a large volume of Immge data and someof the
solutions, SectionC reviews the Imge differencing work together
with Various Input processing steps used in Preparing the data for
differencing, Section D describes work done in the area of near-field
stereo imnge analysis oriented towards the VIking 1975 lander canera
system  Appendlcies A and B are two term papers related to the
questior of stereo imagde Processing Whigh were Supported, In part, by
this Want, The data base used In thls work has come from the Mriner
Mars probes of 1969 and 197%, from prototype Viking 1975 canera
equipment, and from locally produced. Images of @arth scenes,

In addition to the above nentioned grant, thls wark recleves

support from JPL Contract 9132489, Langley Conttaot NAS 11-9682, and
ARPA Cortract SD=183,
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8, IMAGE INFORMATI ON MANAGEMENT

An Informationretrlevaicapabl|ity has been Implemented at
the Stanford A/] Ppeojact Which enables us to quick|y review the
iplanay coyerage of .he MM71 TV Mission, It Is primarily orlenged
toward revealing the extent of repeated TV coverags of any area
specified by latitude and longitude, lt enables the User to auickiy
determine If an area has been photogranhed, and if so, how many
times, on which orbits, by whioh canera, and by which Pietures Within
an orbit, On adisplay screen |8 shown the d'sk of the planet,the
footprints of the Immges, and veetors Indicating view and sun angles,
The correspondence between DAS shutter time and t he
orblt~camera=plicture within orbit (Experimenter) identifler i383 also

| shown, The user isalSoabletoalter the scal®ofthe dlsplay to
improve clarity, Most of the Inputdataforthissystem comes form

the MM'71 LIBSET system Operated BY the Science pata Team (SOT) at
JPL

| A s additionalTQL (prelliminarynavigation parameters) Picture
catalog data ls recelved It merged with the datapreviousjyreceived
and Storedon the disk system, Thisoperation provides us with the
navigation data necessary to perform the geometric projections
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 whieh the above has been don8 has
varied 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 nomlina| missionprimarily In anattemptto make up for
the absence of the complete SEDR, SOT also Includes t he IPL
Enhancement Log on the tape whigh Allows us to automaticaliyroeview
the RDR (final decajtbratlion processing) status,

As additional data on thelmagesis nore read||yavaljabje,

It will becone apart of the system, In the short time that the
system has been operatlonaj It has proven to be a valuable asset,
Since more than six thousand images exist, the need for 8suchasystem
is obvious, its Importance wll! orow asthe number of Imagas,
and the 1nformation about these Images, Increases, This capabillty
could prove aulte useful in ploture targeting and landing site
selection for the Vikinmgmission,

ItIs Important to note that this is an Interactive system
orfented towards the needs of the sclentists, Its success depends on
itsabllity to present data Inamanner consistant In format and
organization wlth the Way the experimenters view the object under
investigation,

The above mentioned capabilityactually represents t he
intftial phase of the progess for the projJectlonand differencing
operation, With the {dentiflersand footprintsofal|! the Images
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~~ befecre the user the Iist can bepruned Until just the footprints of
| irterest are present, The user can then proceed diregtly to the
| projection and differencing steps,

One area which deserves additional attention Is the
catalogingofoutput products, When simple operationsare perforned
on # single [Imageit Is generally qulte easy to catalog the output
products, The problem becomes sonewhat conplex when several | mages
are comb! ned as tm, +4he case of Immge differencing, colo,
reconstruction, and polarization studies, The approach we are using
involves the use of a header of arbitrary Slze whigh is stored wlth

| every Processed Image, Actually, two headers are used; one is a
"short form" whighsimply Indicates theimages and processes used to
create the Imagen question, the other Is a "long form" whlch
includes the actual parameters used In each ©f the processes, The
benifits of such a system come only with the ability to aulckly
retrieve images utillzing the information in these headers and

informatlon about the original Images (location on the planet, ~
ca era, filter, shutter tineand date, orblt, and ete),

The above capacity, when combined with a dise based storage

system (see Input processing below), gives the scientist a
signiflcant degree of flexidblility to review the Image data and the
Processing carrled out onit,



C, AUTOMATEDIMAGE DIFFERENCING

Input Processing

The processing ofa series of imagesis generajly Inltiated
by an Investigator supplY!ng us with alist of pleture jdentiflers
(elther DAS tine ororblt and pleture within orbit) of the image8 In
which he is Interested,

The fldentiflersareentered at aterminal and asearch of
library information !smadeto determine: If navigation dat a Is
avaliable for the Images, ifthe PTV Or RDR tapes for the Images are

avallable Inour library, ff the Images have already been |oaded into
our disk system (see below as the resu|t of previousprocessing, and
other Information related to the Image (flliter, exposure time, 4nd
ate),

| If 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, A "fipst
order” photometric correction [8 mde using a two dimensional
interpolation Of a matrix of vidleon response paraneters, Reseau
marks are also located and square areas (which approximate their

| actual shape in an Image) are Set to a 28r0 DN value, thus Identifing
| those polntsaslinvaliddatafor |ater operations, Next, a

ncustering” operation Isperformedt o identifyblitdroppagesinthe
Image data, This is done by comparing @ achpointtothe ncan ofa
three BY three area around 1%, A difference of nore than three
standard deviations from themeanidentiflesitasand error. This
procedure also hag the effect of Identifyinga8 errors the various
"fringes" left as the result of modelingthe Imagesof the reseaus a3
squares, Finally, these oplixeisidentifiedaserrorsare replagedby
averaging the nelghporingpoints, The result Is an Images with a
reasonable degree of photonetrto Integrity (significant error8 stil]
exists along the edges) with reseaus shown as sguare arrays of
invalld (zZepo) data,

A s these processes are being .applled, the imge is belng
transfered from the tape to the general system disk area, One
additional operation take8 Place, The successive differences between
each plxel and it3 nelghboronthejeft iscajculatedand a histogram
of all these values 's developed, Thishistogramls used to develop
a modifled Huffman coding scheme fopthedifferences, Thls Is a
variable length coding system withwhichwe e reabletiocompressthe
images by afaator of between two and three (muchbetteronsatelllte
Images) withoutany |{nformation |oss, As thls compression is belng
done the resulting data Is stored under our User Disk Pack (UDP)
arrangement on the [BM3330 disk system, This facl|ity allows a
user to have an exchangeable diskpackfor hisown use, We expectto
be ableto store about 208 complete |magesonasingle disk pack
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Using the above compression scheme,

The user Is thus left With the compressed verslom on the UDP
for future reference (after deconpression) and the normaily coded

| version on the genera| file system The normal one Is used as
described below to satisfy the current processing request and
afterwards |s deleted,

Image Differencling (1) -

Two images are differenced by transformng them to the sane

projection, al !gning them, and then subtracting the aligned Images,

Theuserls able to Select any portion ofthelntersectionof

two Images for differencing, Actually, whatls selectdis a

rectanguldr window in an orthographic projection for whigh there is
data in ooth images, Thus, two new images are ¢reated, However, they
are NOY accurately aligned due to errors in the navigation (TQL) data
t hat le used In developing the Projections, these errors In
alignment are determined by successively aligning subareas of the
WwWingow Using a cross correlation technjaue, For each sub-area an
error vector is thus determined, One of the original projections is
then repeated incorporating this error informationand theresultis
two Immges that are generally In allgnment to withina pixel,

These two a|igned images, o0ai| them A and B, are then

subtractd, The difference Images A-8 and B-A are g¢reated and

gdisplayed on a Standard TV nonitor together wth the imagesA and B,

out put Products

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

orints of the images displayed, Also produced |s a computer
prirt=-out describing the Processes by which these Images were

generated and the parameters used im each Process, This log Is
maintalmed automatically b y the Individual Processing steps end
reslces on the disk system

The capacity also exlsts to PUY these resulting imges§ and
notations describing them, onto magnetic %tepelna form thatcan be
reac by the JPLelFL Video Fiim Converter for production of hard copy,
These products are t hen entered into the Sclence Data Teams data

(1) See "Conputer Comparisono fPictures”, Lynn KH, Quam, Stanford

Artificial Intelligence Project Memo AIM 1448 May 1971,
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Exarples of [mage Differancing

Discussed below are some examples of Images whigh have Dbeen

projected,a 1 1gned, and differenced using the techniques dlsscussed,
FIGURE 1 shows, at the tep, Portlons of two high resolution

Mariner9h ages taken Of the Thyles Mns reg8lon of Mrs (75 deg, S,,
165 ¢©eg, W,), These were taken under al npst identical Illumination
and viewing angles <ecighteen days apart(upper left on orbit 113,
upper right on Orblt 450), The upper frames show the the |mages after
they have been transformed to a common Projection and a1 i49ned as
previously described, Even with thls processing done,It Is difficult
to accurately determine the changes that have taken place, The

bottom frames ghow the!, diffe,ence ,al,gs l0f¢ minyg pight aii ight
mnus |eft, The subtle changes Whleh have occurred in the welt) eg"
are clearly brought out In these lower frames,

Flgure 2 Isan exampleofa remarkable change lnadar k tall
strikinglyb r ought Out bY the Plecture differencing techniques, These
images of the northern part of Thaumasla were taken nlneteem days
apart under 3imlltap |ighting oondltlons and viewed near verticle but
from oposite diractions, Note the small black tall In the upper right
of the area, Since It has not changed It Is ¢|eanly removed by the
picture differencing process,

Two views of a portlon of PyrrhaeReg@lo appear In Figure 3

and show 80m rather obvlous changes, Dark material has appeared
along scarps, Crater wall$, and other topographlcal boundaries,
Although the major changes 1n the topframes arc 8as! ly detectable by
the eye, the minor ones energe clearlyoniyin the difference Images,

In Figure 4 Ig another portion of Pyrrhae Re@l0, Again, dark
mater ial has appearedalong acrater wall, These examples are from
the same orlgimal Images as those In Flgure 3 and, |1ke Flgure 3,
have simillar [1lum nation oondltlons but viewed In opposite
"directions from near the vecttisle The toppographli¢ features are

- completely removed In the pleture difference, Ieaving only the true
albedo change8,
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D, VIKING LANDER IMAGERY INVESTIGATION

The effort has been devoted to problens associated with the
extraCtigh of nea,~fleld ranging Information from lander camera
stereo image palrs, This latter work, Which has used the
facilities of the Stanford Artificial Intelligence Laboratory, Is
described bel ow,

Figure 1 ! Illustratesa stereo Pair oflimages recorded of a
portable terraln model bY a lander Canera prototype, The flgures
displayedin thisandthe foljowingi|lustrations are reproductions
of Folaroid plctures taken of the output of a conputer driven
video=synthesizer, The upper and lower Images representieft and
right views, respectively, of the model asrecorded by a single
lander camera prototype located at two different positions 100 ¢ m
apart, approximately135 cm above the nodel and atroughly 100«200 cm
horizontal range, The nodel consists of an undulating surface of
dark sand upon Which have been placed four conspicuous rocks and sone
smaller pebbles Since the horizontal range Is comparable to the
inter-camera displacement, henceforth called the base] ae", t he ¢Wwo
viewsof the scene appear appreciably different, It has been
determined experimentally that It Is 1mpossible to visually fusesuch
disparate Images, a prerequisite t 0 visua|depth perception,

Flgure2 indicatesthe same palr of Images upon which have
peem overlayed twO smooth curves, These ¢Urves have been constructed
as follows, A Plane, henceforth referred to as the "camsra~centers
plane”, is defined to contelnt h ec 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 directly beneath the central
rock, Thls plane projects Into the |eft and right camerav|ews as
the curvess ho wn, The fact that the plane projects ag a oupve
rather than a stralght| Ine Is aoconsequence of the scanning geonetry
of the facsimile camera and of the associated displa format,
Specifically, the camera scans the scene, point byproint, ¥n uni form
polar and azimuthal steps, The dlsplay format {Is |lmneapinpolarand
azimuthal angles, and hence represents a | InearmnMping of the
original recording, The lowest polmt in each of these curve9

corresponds to an azimuthal viewing direction perpendicular to the
baseline a,yhecamera |0CasionN in Qu88 fon, Scene REP lying on
the camera=éenters plane and common i both views mus necegsarlily
lie on tne proJections of thls planeln eaoh Image,

Figure3!l!lustrates the samc Imagepalr overiayed with Image
pointlocat!/on boxeg,used In the scene ranging node, The box In each
view has been visually positioned to a scene polnt that ls common to
both views and Is toberanged, The positioning procedure is as
fol lows, The box Is first Interactively centered about a polnt of
interest n the left camera Image, A camera=centersplanels then
tiltedto containthispointingdirection, The physical polnt of

11



interestin the p1ght view now mustlieon the projectionof the
plarei n that image, Thus, onlyasingle degree of freedom remains
for the definition of the correspondingb o xlocatlonintherighthand
view, This latter parameter has teenarbitrar!ly chosen to be the
x-coordinate oft he point, Inilmagecoordinates, The logcationof the
matching polntin theright view is determined Visually, The box Is
then brought topositionby “he adjustment of the x-coordinate, The
associated value of the y=coordlinate oft he point is then Immediately

evaluated, remalning parameter,

Once t h ecorrespondincpolntingdirectionsinthe 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 gevelopmentof the above ProgramsWe moved onto a
familiarizatlonstudy ofsomeo fthecharacteristiecsO f t h e unlaue
data format, preparatory tol!nvestigatingeytomationofrangingand
contour map production,

A flrst step Int hisprocessi sindicatedi nFigure 4, whlch
contains additional overlays t o those discussed above, The
osclilatorycurves anppearindintheseviewsrepresent plots of the
scene intensity scanned al on9 th ecamera-centers plane and
narameterizea | inearly inthe Xecooprdjnate, [t Will be noted that
the lines ofconstant phase for the sand ripples running across the
lower lefthandportionof theleftviewareroughly orthogonal to the
baseline, These same waves, when viewed from the righthand camera
position are observed obliquely and consequent |y exhibl¢
foreshortened Projected wavelength, Therelatlve distortions
associated Withthegrosslydifferent perspectives o f the the t WO
views pose special picture point correlation probiemstor automation
of ranging,

Figure 51llustratesa remapping of the Intensityplot8 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 jmnFigure5 havebeenobtainedp vy transformIingt nh e
curvesinFlgure4dto the appearance theywouldhaveifrecordedb ya
camera locatedat the mid-point between theleft and right camera
positions, under the assumption that the scene Is perfectly flat,
horizontal, andat the nominalvalue of observedreiative elevation,
The horizontalscale hasbeen changed to utilizethe full width of

the screen, The mapping between thesceneandthelimagenowls
nonlinear and the mutual interreiationship no longer is as readily
discernavolea sint heprevious illustrations, It 1s evident,
however, that one=dimgnsionalplicture Pofntcorrelation would be more
reacily concucted Inthlstransformed imagelntensity space than in
theinltialspace,

Wedo notprlanto proceed further along the above |ines,
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Rather, we are consideringa more general and powerful approach
toward the development of near=fleld automated ranging, Theoroposal
is toexplorethe portiont¢f the3Je-spacemutuallyaccessabl/ethrough
the left and rlght windows, bycorrelation of left and right Imagery
data over a variously tilted and positioned probing planar pateh,
Oncelt has been determined, b y prescribedcorrejationoriteria,that
we havesucceeded in"|janding"on a surface, we can"cpraw|"overthe
surface in any manner desired, accumulating ranging Information as we
go, Elevation contour lines could for example be generated by
instructingthe probe to explore at f|xed elevation, An automated
contour map could thus be constructed,

We also are commmencing various Image transformations
directed both toward compensating for Inherentprojectivedistortions
and towardfaci|litating the comparison both of Images taken from the
samecamera under different recording conditions and of Images taken
trom the two different lander camerapositions, FIGURE CAPTIONS
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lower 1mage right view.
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PREFACE

Thispaparrespcortsprogressmade on asystem ofpbrograms for
processing medi um=zng le stereo Imaoes, the paper takest he form of
dosLrentationo nwnatthesavarataprogramswritten f or thls project
a0, with commants as to how they fit togeftvhian None of the
descriptions areintendedto enable thecasdal reader of thls paper
t ouse the proaramsS involved, Anyone deSiring to operate any of these
orccrams Is wsovisecdtocontactthe author for a demonstration,



INTROOUCTION

Suppose one were given twoplictures of the same sgene taken
from moderately different viewing rolnts, BY moderately Td ttarentls
meart that the change !nview polnt causes the plctures to dlffer by
more then aninfinitesimel amount but not by so much that an object
nresentinbothpicturesisnoteasilyrecognizablea sbeingthes ame
object, Mathematically, this can be characterized by thinking Of the
focal! axes of the twocamerasas vectors and describlnge®, ¢ he angle
betweer these Vactors, For the purposes of this report, |a|<»/8 is a
reasonable arproximationto the Phrase "moderately different vliewlng
poirts",

. Given two such nictures: one would |lke to know how they,
relate to one another, How werethecameraSthat t0O0OKthem arranaed
withresnecttoecach other? Whatcluesarethertr elnthet w o clctures
ast osjzea n dpositiono ftheobjegcts?

Several things are known to be undecidable given Just the

informationin the clctures, Absolute position, for instance, Is not
derivable,t h a tls, itisn o tpossibleto Say precisely whereln
J=sgace one of the cameras was of to give the exact three-dimensional
co-ordinates corresponding to 8 given Point in apicture, Likewise,
it is Impossible to savexactiy how large or how far away a @lven
obleet is, Both absolute position and absolute Slze require
knowleoge not contained in the plctures,

It Is possibles however, toderiverejativepositionsand

relativesizes for objects in the plctures, This is done by
assianlraa narbltrarypositionandorientationtoOns8 Of the cameras
and byflxingsoma distance,usuallythe baseline distance between
cameras. From these Starting points, the orientations ofthe
cameraSa n dposlitionso fobJectswhichapopearinb ot hpigturescanb e
calculated,

This project, then, was a start toward automatimg the
calculation of said retativeoriantations and positionsgivemr no more

| then two stereo views and a reasonable guess as to the basellne
distance,

TH EPROGRAMS-

Work on this project was 3egmented into Separate tasks, each
performed by an Indesengenti SAIL program, This Segmentation was
forcea, tosomeextent,b y thefact thatthe system usually does not
livelong enought o support one |ong program, Thusit became

acvisable to have severs| Small programs Which depended on user
interaction rather thanone large programwhichwouldfun by itself,

ThebaslcSeetlons and their functions are PARSET, whleh
fings pairs of points using no outside information about t he
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pictures, CAMERA, wWw,icph US2s pojnt=pa;rs to find approximate camera
models, &nd CAMSCH, whizn finds nalrs of polnts using camera models.

PARSET

The purpose of this programistofind a set of palrs of
poirts:, one colnt out of eachpicture, which match, Intuitively, two
poirts mateh If <¢hey noth are projectionso f the Same three-
aimersional point, Computationalliy,the criterion for match i$ that

the nporma|lzedcrgss-correation between t he 2p+l Xx 2p+l windows
immeciately gy,.oyncding each of ¢ne two poingg be high enough, Since
the cornutational oprocsss can gnlsy -thatpointAmatches point B
with protabilityP, thisprooram’spurposeis to findpalrsof points
which match with fajrely Nigh probabi lity,

As a preliminary t o the matching process: this program
searentspnth Pictures{ata overlapning areas, usual ly 22 pixels
sgra*e, , ItthencegmpJites themeanandvariance ofeacharea In each
pictLreand sorts eachpicture’s areasby variance, keeping track of
where In the pictures esgh areacame from.

The matching process neginsby Selecting an area at random
from the top enc cf the varlancelistoft he first picture, usually
the top 25%, Thisl|imitationisimposedbecause the measure of match
pe | nc uSsed== normalized cross~-correletion== works best where there Is

a large amount of infcrmationpresenrts which Is symptomlzed by the
variance khelng larovsg,

Cinceareaswhichmatch should have simt lar VvarlanceS, the

| se leenteg area of the first picture is compared  itheacharea of the
secord cicture whose variance Iswlthin 20% of that of the area under
consideration, (In the following, let the prefixes"first="and
"seconNd=" stand for the moditylng phrases "of the first mleture” and
"of the <ezond pleture” respectively,

tach eliylsle second-ares iSinitiallytested to see ifits
meur iS similar thatof thefirst-areg, If a second-area passeSthls

test, a Sezfch Is made to fimd the second-point (some polnt in or
nezr the second=area under consideration) such that the 2n+l XxX 2n+l

wingew surrounding this second-point |S the best match for (ha8 the
hinhest normalized cross- &relationwith)the 2n+l1 x 2n+i window

syrrnunging the senter coint of the firstearea, The Search strategy
usec iS essentially that used by Quam(1971),

ForcompJutationa!l expediency, the above search iscarr!ed but
usirec a Small wWwirdow, typically 7 pixels square, AS tne DPOQram

crnoceeds tAarouagh thesecond=areas,t h e N second-areas ( where N ls
usualiv 5) yiejcdlngthe nighest correlation values are Kept track of
arc «re re-searched usinga larger area,typically2ipixels Square,
to check that the areas c0 indeed match,
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Testsare then made to determine whether the best match found

was n00d enough, First ofall, the correlation must be above .5,
since a correlation |locwerthan .5c¢can occur between areas whieh do
not really mateh, Segonrily, the topt wo correlations must differ
siarifleantly, Faijureto d o so would indicate that more than one
match was possible, casting doubt on the validity of el ther match,

| Faf lure in elther of these tests causesafirst-arsatoberejected
as havirea no reliabjematechs, and another first-areaistried,

‘ote that, when this processis finished, the center point of
t he first-area hgsS been pairedwlithasecond=polnt which has Integer
eo~crdinates, In oracticeé, however, the proper match for a ¢glven
f i,st=point will be a second-point with non-Integer ¢o=ordinates,

| Since the only ccrrelation vajues which areavailiable are those at
| integer second-oofnts, some form Of interpolation is necessary,

Therefore, the final operation on a match 8 an
internojation, A functionofthe formbEXP( = (A#X*2 + Bau)+ CoXey +

(#vyt?2 + E#y + F)) is fitted byleast squares technjguestot he
¢correlationvalues between the Window around the first-point and

| «imilar Wj ndows around points i n the neighborhood of the
tecord=goint, Solvimg this functlomfor amaximumresultsIn either

| \newmatchatsomenon-Integer second=paint, or In an error if there
's ne maximum within aone-pixeiradiusof th ematehingsecond=point,

| In the latter cases the first-area Is said to have NO

rel iable match, andtherrogramcontinuesto another firstearea. The
| mostcormoncauseo f sucnfaliurelsa stronglinear edge withilittie

information on aither Sige, inwhlgchcase the chancesof error are

| st fficlenttc cast any such match In doubt,
If the match passes thls final test, it is recorded for use

i= a lIeter proaram, andthlisprogramproceedsSto anotherfirst=area,

CAMERA

The job of thisprogramisto find camera models, A camera
mode! consists Of Seven numbers whichspec!fythe focal | engths of

the t we cameraszna the orlentatlon of the second camera with respect
to the flrst,

The firstczmeraistakento have Its focal point at the

origin, its foeal axis along the Z=axissandlits image plansthe
plere 23F1, (See Illustration 1,) The focal point Of the Second
camera 15 a point which is described by the basellne distance and two
angles, The two angles are the angles by which the flrStcamera must
be nhanned, then tt] ted, to point at the Secomdfocalopoint, (See
Iitustration2,)The focal axis of the second camera iSdescribed by

| two more anulies, Thevarsthe angles through Which the frist camera
| mustbe panned, t hen t!itedsothatitsaxisparal|lels the axis of

the second canera, The image?2lansof the second cameralstheplane
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Y Z
focal axis

Fi

focal X

point |

Illustration 2.

Arbitrary CO-Ordinate system with first camera In plage,

Y

=

int pan angle
—— |

PS _Cemera baseline

) Sy tensed Srl pei|

IT Justration 2,

Co-crdinate system with first camera Panned and ¢tllted to 1 ocate
foca | vo int of Second ramera,
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| percandicular to the foagcalaxisatdistancelf2 from the focal point.
(See Jllusiration 3,) Tne oriantation of the second 1mageplameis

| descriced oy the zanglethrocunshwhichthe first imageplanemust roll
(after having oveen panned and tl |lted to mmke the axes parallel)in

order to bring tra two "Wp" directions 1 nto agreenent,

| This prorra~ takasas inndt a Set of pairs of flrstepoints
an Second=s0ints found to be matches and attemptstofind a camera

model which woul< agcount for these polnte=pairs, Determination Of a
| mode llsdonebyvninimizinia measuce Of cameramode| error,

The apror resasure is the average error Im mtch taken over
the point palrs, For each co lnt pair, ths error “in match is

| qa termirag as follows: Using the camera model, the first=point is
| orojected into space,yielding a ray from the focal point through the

image neint, This rzy is then vack-proJected Into the imge plane of

Y

| |

| : pan / “ parallel {eal

| camera RN second| | baseline Fa image
= planeSecond

I 1lustratlion 3,

Co-ordlnrute systemwith sSec2nd camere inplace, first camera Panned
any Tiltedso its fgceal axisparalliets tnatef the second camera.
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the =Scens Smee, vie ain3 A | it nesegmneént in the second Image, The
€rpre 's taken t0 be {he sqQua,e of the distance beswesn
sgcord-peint 2nd this | ine seamen t, inthe Wsualmathemat] ca senin®
(See lijlustration 4.)

Actual rminimizatinn oo fthe error function Is carried out b
the inrfenengent|y compiled subroutine MINIMZ, ! y

\

\ \
(VR /

IN |] i \ \ /

roy \ \ v
| \ |
fo focal } second

. axis \ \ Local NiJule ’XtS
wy \ /

Crt image \ / eleFurst J plane \ back- prejechonFocal \LY LT oF projected
non = rey

Aycamera Seen re
| ase tne \ \ v, |

\ /
| second

Foca!

pent

[ljustratinn «, .

Cou=ordirzte syster wie hboatnhczmeras inplace, Showing aflirstepoint
orogeclen Into snace ang tae resiJiting ray back=projected Into the
cenGrd inade,
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This sup=orcgrz~ (3 a function minimizer which uses no’
terivetivg infecrrztisn in ssegkinn a minimum, Not using derivative
irfecrmation was z canstraint forced by three considerations-=-the fact
that the derlvatives of the camera mode I error function are
1is2eNnTi nuoUsS since tha function has been truncated to avold
*lnati=g p2int overficws in the calculations, the fact t hat the
lccatiors of these discortinuities are not precisely known, and the
fact thax the camera nodel ai ror functlon itseif does not Obey any of
tla corstralnts (monotonicity, lack of local minima,ete,)usual iy
plzced or functions to pe mimimizedby derivative methods,

The wWworkkhnpepsg furction of t his sub- program t akes an

n+dirensional vector (in the camera nondel ¢€asS®, n 573) and finds 3
starting polnts 210ng this Vector Such that an upward-facing parabeaia
can "8 fitted to the three points, The inner loop fits the parabola,
fives tha minimum of this narabola, evaluates the function at t he
naranOls minimum, and chooses wnich of the four avallable points are
"ne, et" to flt anotner parauola to, This continues eitherunt!| the
sgacif led nunber 7% cycles (usual ly 12) have peen completed or unt!|
csycceSSive parabola fits yield the same function value, within ae

tolerance (ysually ,72€701),

Tne outer loop of this SuUub=program constructs a Set of
anrtrrnormrmal vectnrs (startingwith the co-ordinate axes) and cal Is

tne worknorse funstion described above along each of these vectors,
Wher this setofvegtors is 3axhausted, the outer |00p then calculates

thz Va2ctor difference netWeenthe Starting point for that round and
the final ooint four+d, Tnlsvegtor Is then used In constructing a
new Set of orthomaormal vectors, THiS iteration continues until the

difference Ir starting and finishing function values {iS less than the
ivan tclerance (as ab%ve) or until the function value drops below
some pre-set limt,

Like all mipimizerss, this one can get Stuck at a [ oca]

miriTum, Tnls isunforturna“e, because the camera model error funetion
acrears 10 have = |large numper of potential [ ocal minima near t he
actu? I minimum, Hgwever, it a|sSo appears that having more points
available foruse reduces the number and depth of [ cal mi ni na,
redus ing tha chzngeof a Spurinus mnimum being taken as the actual
V qoleei0lls Ths Su3ogsts itsrating CAMERA with t he follo, ing program,
Ca!SCh, to Jet Detter ana better camera models based on more and more

nGirmtS,

CAMSH

Thi3 prodram takes as inoputacamera model eltherderivedby
CAe=A or siopl ieZ ay some other means, TO match adesigna%ted first-
coirty this oroCram orojects t he first-ootnt | nto Space,
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back=preoJects the ray So produced Into the seoond Image, then
searchesalong theresylginglline,(Seellliyseraglon 5,)

The actual Search c¢consistso f stepping alona the |line,

starting from the Infinity point (the Polnt of the |inegorrespondling
to the point ont h eprojected ray whichi s farthest away fromthe
first camera, butsti|lvisibleto the second camera): At each Step
along the l1nes the cerrelation between the WINdOW around the

the gecomolng cu .engly ynde gc uginyis calculated, Ag gtePp lng
eontinues, the be:EN such correlations (again, N Is ususl | ?) are
kept track of and a local search for maximum correlationis Jone fn
the relghporhood of each such second=polnt,

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

One search=pruning heuristic usedinb ot h PARSET a n d CAMSCK
meecSs perhaps,to be justified,I n PARSET)Ifthe center point ofa
given second-area does not show a positive correlation with the

I Illustration 5, nL | NE Co } — a |

showing a polntan dls SE mee e-em ima on EA
surrounding correlation EEE CT cl
wincow overlaldo n the rE IRRERES
top| mege and the [ine a Emme § =
that the ro1Nt projects I Liss -
to overlaldonthelower ER - Ba IP
image, Polarold picture 7 Ea :

CAMSCH was In operation a  . Tiina

Doe aa e—— |
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| renter rcint of tag fi rst-area, the second-area is rejected as being
an irpreoracvlie rclace te 29k tor a matgh, CAMSCH, Instead of
lexarintne avery rncint ajona tne line projected into the second immge,
examines every \=th point, where N is half the radius of t he
ccrrelaTion wWing2w =2irgc usec, Thus, in both programs, decisions are

' mgde orn the hasis of the value of tae correlation functlom at sone

scocnd=point near (but net at) the matching second=poinmnt, This, It
turns out, is a rezscratlething to do, Taking any cross-section of
rhe correlation fyumgtion will yiald a graph shaped somewhat |ike

CXF (=X*2), wecause cf this, a correlation. atasecond-point near the
match will nefair|y njghe=at|sast,above the noise leval, Hence a
verylowccrratlationvaluecan be taken to mean that t here 1S no

ma tC" ir the Vvicirity of the point under consideration, and the

computation necessary tg search that area can be avoided,

It is interesting 2 ncte that different programs require

niffereprt degreesc f accuracy from their camera models,

CAMS OH, for instances» with its local search strategies, can
cet Ry with rather (npeclurate camera mddels, Any camera mndsel whi ch
wiill put CAMSCH im the ri 9t ballpark is 309d enough to produce
~atores for most peinmts, Fxnerimentati on has shown that almost any
czmerz rog2l havin? anaverade squarad-error below ,25 pixels IS good
enol for M3tchimngsetleast33%0f tt he points tried, fhfs Would
suncest not, spending Great amounts of “Lime minimizing the first
camera recdej, 25 nas peen come in MOST cases tried so fat, Instead,
2 inaccurate mode I can be derived Juickly, CAMSCH can use thls to

fine more points, wWwhicheznne used toderivea better camera mode |,

REI

Cn the ~thegr hand, programs whizh do depth modeling require

eg uremed, accurate camera n2dals, ~ For instance, on one pair of
rictLres, anrdut =z different camera models werm derived, Their

cscuzredezprror varies frem ,2 to ,0904, Jepths glven for one point at
~gzslurke 61 stance Jz faet from the camera ranged from 25 feet to
28 it fag, In “zeanereI, mocae ls with sSmajler Sauared=arrors8 were
netter than These with iarger errors, However, the best nodel was

nct ths one wWitn the lowest error |! TNS WOU Id indicate t hat t he

~oiels relns found all recresent local minima on the error function;
t»C true moge| hzs yet to ze found,

This resdlt leg *o further mogification of the minimizer, In
roes ¢f railing 251le to net closer to the rea| minimum, Asvet, this

is rrT pesslinle, Asecurate depth ranging remains a hit-or-miss thing,
czre=3lra on Whether cr row a model can be found whlch is good
ernolLzTh,

There ara Severzi o0o%ther minor programs intancsg for

ne~-crstrztidns whica fit ir%tec This set of programs, |

vv INSHE si=z|ly t-kes = file containing point=pairsS ang
~isglave tnsm, psir at z Lime, as overlays on pictures shown on Data
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DEPTH works similarlyto WINSHO, except that it also asks for
| a carera model, and calculates the distance from the flrst camera to

the three-dimensional polnt, It then displays this distance on the
Dat a Disc screen wlth the appropriate overlays representing the two
points,A t+ the end, this procram.rounds each depth to the nearest
unit of distance and displays these distances 8&8 overlays at tha
corresponding points in the first picture, (See Illustration 6,4)

Iilustration 6, I ys : |

Photograph from Data Dlse | : = . TT —
of overlald depths as -- Te
generated by DEPTH, | | ®1z. Te O-MN-1971  1T21:42 GCA

Ee _ LR a
woo : cm : SE
Ce - EER a. = oe :

CONCLUSICN

There are a number ofP0oSSible varlations on this set of

nrograms,

One possiple alteration would be to Incorporate color
information Into the matching process, This change Would reaulre
using three aligned color-filter pletures, and mod!fyimg the
correlation function so that It uses a vector of information at each

picture point rather than a single scalar nunber, This teechniague
woulc give more information at each point, making @ross mismatches

less | lkely,
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“nother inrterasting icea wouid ne to use the camera mode: io
| shure The correlaticr winrdaw, making correlation less sensitive <%o
| nistarticps Af an os. sct due to the aifferences In proJection, Thus,

+ camera mouel| Naviag rogct of the change in the horizontal direction
woul" Le  MuCe to couse ¢ cnrrelation window which was tall and

: “Alr=-=Jgine mer= imfnpration in tha direction in which little
AdistnrTion occurs, less in the distorted direction, (See

| Tiiustration 7.)

| ‘f ~CQUPS2, much Can be dong to automate these rrograms., At
| crescent They often stop zn asw Tor Juidance when thare is doubt as
| ro wmether or NOT a4 ratceh 18 good,

Try PALESET, anere =z)! matches must 22 aood, stranginening the
rritaricn for 3 maten is one way to doc tnis=--when in doubt, throw it

| ALT, tAdtker methgd of insuring tnat CAMERA gets only good
 noirt=ceirs Is to allow CAYEFA to weed point-pairs given 7%, [f,

whrzm = =inleunm of garts is found, one or more of the polnt-palrs are
fnour~ tc ¢oantrinute agnernzlly hign (or {owW) errors, these pairs
coli he rejecten, and z re=minimjzatjion done,

TnzoreTical|y==-that is, given enough time and some [OW
| ~lzverness==it 1s rossiple to uss CAMSCH to find a matching point for

svery fiersternoint wWwrich Pas a malich, Under this assumption, the
Techriaue of gar2liaxing (creating mapoings from ong plcture to

| .erntrer, ars fining zara) ax 24GgesS iS now feasip a3, ASSUpm Ing good
| care.a r2¢2lgy, Ne Cgcegs!®n Of gush a mapping makeg depth modelling
| ar Tne location of ceot™ edges possinle,

Tt 3zems, Tesm that the next moves on this project wlll be in
cre alrectlon of imnraverents to existing programs, Specl!fically,
the Ow running necessary to form the matches needs t0 be devellped,
The  prorrams Ancumenteg Nefe need tc be optimized so they can run in
am amoups of time a2aqreeatls to the machine, Most of all, the camera

| mre|  Lro.rams need to ze improved sc that more rejiable camera

~~ nmnrels are possitle, : —

1

Illustration 7,

Various "seaceond=oicturas” saawlne back-=projected first-points and the
aerrnpPiztely Shasec corr2la2ation Aindows (size exaggerated), |
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: INTRODUCTION

My project forthisquarterwasto startimpiementationof a
system for processing colorstereo Pairs, similar to my systemfor

| processing blackan d white stereo Images (se® Hannah, 197%, for
details o fthatsystem), Sincethe black and White system was bullt
around the Idea of ustingnormallzedcross=correlationas a measure of
match between two Points, the flrstthingthat was needed forthe new
system has some egufvalent measure of mateh for color Images,
(Actually, correlation Is a measure of match between two are&asj the
vwo polnts referedt o are the centers of the areas, In the

| following, the phrases "between two Points"and "betweentwo areas"
| will be used interchangeablyin referring to correlation),

| Baslcally,| had thecholceof somehow altering correlation
for use wlth Color Informatton orcreatinga nentlire|ydifferent

| ceasure® of match, Havinghadllttieluck In an earlier attemptto
find a newmeasure of match forthe black and white case, lIchose to
oodlfy correlation,

This document reports thederivationand Impiementationo f
color correlation, and describesa program, NEWPTS, which finds
initialpolnt=paly mat ches Inelthercoloror black and whltestereo

| pairs,

| COLOR CORRELATION

It Is generally recognized that color consists of three
components, A chifd learns In grade-school art that all colors can

be made from red, yellow, and blue pigments, INhigh-school physics,
he Iistold thatallcolors result from red, 9reen, and bluellght,
| ncollege psychology courses, color Is discussed|n terms of
intensity,hue, and saturation,

Ignoringf or the moment the thorny questions 6f what the
components ofcolor"real|ly"are, we shall admitonlyt hat there are
three such components, Since the «color Images we currently are
working with were obtalnedb y digitizing three blackand white
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,andB8,

It is sone what more convenient (as well as more
mathematical!)t O think of a color plcture as one array of
vector-valued points (r,g,b) Instead of threeseparatearrayYSof
scalar-valuedpolntsr,9, and 1b, This suggests regarding the
text-book-version of normalized cross=correlation

SUM( (x=MEAN(xX)) « (y=MEAN(Y)) )

COR = ====e=c-=scccmccrccaceccmeccncacacceccecccanncncsne

SGRT( SUM( (x=MEAN(x))*t2 ) # SUM( (y=MEAN(y))*2 ) )
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(where small |latters denote sample elements, SUM is the sum over some

set Of such elements, MEAN is such a sumdlvidadbYths number of
elerents summed over, SOQRT 1s the square root function, and # denotes
multiplication)

astheone=dimensionajcase of a vector function

SUM({ (X-MEAN(X)) . (Y-MEAN(Y)) )
VCOR —_ WW wT EDT Ow Pe OWE ORE WEE He Ee DEY ee WOT) EPI W TW am

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

(wherecapitalletters donote vectors, © is vector dot product, and

JAlisthe norm oft he vector A),

Considering only the factor SUM (X- MEAN(X)) © (Y«MEAN(Y)))

(gince SUM |XeMEAN(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 Im the second) and- letting X be (xr,Xg,xb)andY be
(yr,¥9,¥D), we have

SUM( (X=MEAN(X)) ®¢ (Y-MEAN(Y)) )

= SUM( ((xp)Xg,xb)=MEANC (xpr,xg,xb) )) o

(Cyr.yg,yb)=MEAN( (yr,yQ,¥yb) )) )

= SUM( (xe=MEAN(xr)sxg=MEAN(XxQ),xb=MEAN(XD)) oe

(yr=MEANCYr))yg=MEANC(YQ) ,Yb=MEAN(YD))

= SUM( (xp=MEAN(xr))#(yr=MEAN(Yr))*(xg=MEAN(Xg))#(yg=-MEAN(YQ))+

(xb=MEAN(xb))e(yb=-MEAN(Yb)) )

If we cleveply notice that all three terms Within this sum

are the same in form and combine them into one term under a summation
which suns over allcomponents as Wellasal i elenents of components,
we get

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

whichlst he representative factor of the formula for ordinary
correlation (see- above formula for correlation),

Itis convenient (It sonewhat embarassing) to have color
correlation turn oOWt to be a dressed upformofordinarycorrejation,
for thlsmeansthat col or correlation has all of the mathematical

propertiesO f ordiraryY correlation, this, in turn, will be
particuiarly useful int h elnterpolation of correlation values a t
non-integer points im the picture, since previously devel oped
techniquesfors uc h!nterpolation neednot be Justifledagain,

Since both vector and Scalar correlation havethe same form,

save for thenumbero fcomponentswhiehneedbe Summe dover,thet wo
orarcds of correlation have  Dbeen Implementeda s one subroutine;
CORLAT, in the SalL load-nmodule SCOREL, Whichcalculationls done
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depends on the global flag COLOR, For expediency in computation, the’
coefficient is calculated as

( n * SUM(C x # y ) = SUM(x) e SUM(y) )*2
4 FE IRI III Ir rs ry rey ry ry ry x xa rx XN RN IN NN NN XN FX FY NF NRE NF N XE NF NFWRSgN WN NJ

( nn * SUM{x*2) = SUM(x)*2 ° (n® SymM( y*2)=~ symiy)*2)

that I's, wlth sums arranged so that on|lyonepass need be taken to
calculate ail sums, Note, too, that the sauare of the correlation is
usea (as It was In the black and white case), trading a
multiplication for a call on SQRT, |

No modifications (other than a small amount of optimizing)
have been made on the functions MATCH and MAXCOR which call 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, It lsdeseribed below as If {toperated i n
color mode, only,

NEWPTS

The purpose of thls program is to find a set of pairs of
points, one bolnt out of cach plcture, which match, Intultively, two
points match if they both are projections of the sane three=
di nensional point, Since the cOmputationaiprocesscan oniy say that
point A matches Doint B with sone probability, this program’s purpose
is to find pairs of points which matoh with fairly high drobabllity,

As a breliminary 1 the 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 conponent of each ooi1or plcture (only one component is used to
expedite computation) and sorts each Dplcture’s arcas by var lance,
keeping track of where In the pleture each area cane {rom,

The matching process begins byseleeting an area at random
from the top end of the variance Ilst of tefirst picture, usuallY

the tope9%, This | imitation is Imposed because the measyre of matehbeing Used works pest where there |S g large amount of nformation
present, which is symptomlzed by the variance belng large,

Since areas whlch mateh should have sim lar variances, the
selected area of the first plcture is conpared WIth each area of the
second picture WhoSe varianceis within 28% of that of the area under
consideration, (In the following, iet the prefixes "flpste" and
nsecond=" 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 Its
mean is simlar that of the first-area, Ifa second-area Dassts this
test» a search is made to flnd the second-point (sone polnt in or
near the s®8cond=aréa under consideration) such that the 2n+l X 2n+l
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WingoWw surrounding this second-pointisthe best match for (has the
highest normalized cross-correlation with)the 2n+1 x 2n+1 window
surrounding the center point of the flrst=area, The search strategy
used is essenttallythat used by Quam (1971),

forcomputationalexpediency, the above search is carrled out
us ing only the first component of the colorplcture, As the
ODrogram Proceeds through the second-areas, the N second=areas ( where

N is usually 5) yielding the highest correlation values arskapt
track of, Later, a second search|!s done onthese areas wus ing ¢€O0jiCr
correlation to determimewhlich of the areas that matched on the bas!ls
of the one-component search match bestincolor,

Tests are then made to determine whether the best match found

was good enough, First of ail, the correlation nust be above ,5
(calculatedsquare of thecorrelationabove.25),sincea correlation
mower than ,5 can occur between areas Which do notreaily mmtch,
Second ly, the top two correlations nust differ slgnificantiy.
Fal lure to do so would Indicate that more than one match was

Possible, ¢asti{ng doubt on the validity of either match, Fal lure In
either of’ these tests causesa flrst~area to be rejected as Mmaving no

reliable match, and another first-area istried,

Note that, when thls process is finished, the center point of

the flpst=area has been paired with a second-point which has integer
co-ordinates, Inporactice, however, the prop®r match fora given
first=point Wwi1l be § second=pointwlithnon-integer coordinates,
Sincethe onlycoprrelationvalues which areavallable are those at
integer second-points, sone form of interpolation is necessary,

Therefore, the final operation on a match is an

interpojation, A functionof the formEXP(= (A#X*2 4+ BaX+ CeXay 4

o*Y*2 + E®Y + F)) fs fitted bYleastsquares techmjguestothe
colorcorrelationvglyesbetween the window around the first=point
and sSlimllar windows around points In the mneighborhoodo f the
second=polint, Soivingt hls functlonfor amaximumresults ineither
a New match at some non=integerseconde-point, or Ina n error if there

isn omaximum within aone-~pixejradlus of t he matehing second=point,

In the latter case, the flpstearea Is said to haveno
reliable match, and theprodram continues to another flpst=aprea, The
oostcommonc auseo f suchfallurelsastronglinearedgewithlittie
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 laterprogram, and this program proceeds to another flrst=area,

ACDITIONS AND IMPROVEMENTS

Curpresant practice of uUsingred, green, and blue as the

three components of the color picture hasitsdrawbacks, One Would
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Bike to calculate the means and variances of the average Intensities
inthe three componentsfor the purpose of narrowlngthe searches for

the inltlal polntepalr matchings, To do thlsunder the present
scheme, onc must elther calculate the averagesas one goes-a rather
slow process=~-or keep around an extra Daft of pletures, the Intensity
plectures=-a scheme whl eh enjargens (hence slows) one's Job
excessively, A solution to thls Problem would be to have the
intensity picture be one of the three components of the color
picture,

There are at least two schemes of color representation which
have Intensitya 9 one conponent, The best known, Perhaps,is the
intensity, hue, and saturation schene, Commercial television uses
the d!fferent, although related, scheme of Intensity, xe, and
y=chromaticlity, Both of these are besed on the |dea of a color
wheel, le, colors arranged ¢clreculariy around a hub, The
hue-saturation Scheme corresponds o using polar co-ordinates to

nocate a color Point onthe wheel, The xe, yechromaticlity sohene
corresponds tO usinga (not necessarlly rectangular) Cartesian
co-ordinate systemto locate the color pelint,

Implementing one of these systens seens to be deslrable,

Precisely whlch one to Implement and hOW to derive these componentsfromrt h eglvenreg:r 9regNa n dblue components iISgmatter for further
study,

Once the representation question has been settled, there are
a nunber of statistics Which can be oaloulated over the segmented
plctures, In addition to the nean and varlanceof the Intensity, one
could calculate the mean and variance of the eolor,the mode (most

frequently occuring) color, possibly the next most frequent color,
ete, Each arealnm each picture would then be associated with a vector
of such statlistles, and searches for a matohlng second-area could be
constralned to those Second~areas whose vector distancefrom the

first-areals wWithinsome tolerance,

Amore thorough Investigationo f the properties and
representationso oof seems to be In order, It is In thls
direction that this project WIll| Proceed.
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