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ABSTRACT:

This report describes work done in image processfng using an
interactive computer system, fechnlauw for Image dlfferencing  are
d e s c r i b e d  a n d  examples  u s i n g  i m a g e s  r e t u r n e d  from Mars by the Mariner
Nine spacecraft are shown, Also described are technlours for stereo
image processfng, Stereo orocessIng for both conventional camera
systems and the Viktng 1975 Lander camera system is r@vfewed,
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A, INTRODUCTI3N

This r e p o r t  revbws the work of the Stanford Art!fiChl
Intelligence Laboratory

done under NASA Grant NCR-05-020-508, For
the purpose of this report the work la dlvlded Into three areas:
image InformatIon management, automated i naW dlfferenclng, and
#ereO /ma98 processing, Section B discusses some of the woblems
Involved with handling a large volume of Image data and some of the
solutlons, Sectfon C reviews the Image dlfferenhg work together
with vartous Input Proce$slng s%eps used in Preparing the data for
differ@ncing, Sectlon I) describes work done in the area of near-field
stereo image analysis oriented towards the Vlklng 1975 lander camera
system, Appendlcies  A and 8 are two term PaPets related to the
ouestior of stereo Image processing whlOh were Supported, In part, by
this Want, The data bag0 used In this work has aOm8 from the Mariner
Mats p*robes of 1969 and 1971, from orototype vlking 1975 camera
eaulbmet?t, and from lOcally produoed-Images of eatth scenes,

In addltlon to the above mentioned grant, this Wgtk rrcleves
sumoft from JPL Contract 9132489, Langley Conttaot NAS i-9682, and
A R P A  COPtVNt SD-183,
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8, IMAGE INFORMATION MANAGEMENT

An lnformat;on retrlaval caprabl Iity has b e e n Implemented at
the Stanford AlI PrOJeCt wh 1 ch enables UB to quickly review the

l/planet coverage at
toward reveal  Ins

the MM-71 TV MCsslon, It
the extent of rePeated

18 Prtmarlly orfented
TV coveraw of any area

specified by latltUd@ and longitude, ft enables the User to aulcklv
determine If an area  has been a.f!o%ogranhed,  and if so, h o w  m a n y
times, on which orbits, by whioh camera, and by which PIotures WIthin
an orbit, On a display screen is shown the d'sk of the Dlanet, the
footPrInts of the Images, and Veotors lndloatlng vjew and sun angles,
The correspondence between DAS shutter time and the
orbit-camera-picture  wIthin o r b i t  (~xpetlmenter) Identifier I3 a l s o
shown, T h e  User Is also able  to  alter the boale of the djsD(aY to
lmprov~  c(arltY, Most of the InPut data for this system comes form
the M M ' 7 1  LIBSET system O p e r a t e d  by the Solenoe Data Team WITI at
JPL, '

A s  addltional TQL (preltmlna&  nwlgath p a r a m e t e r s )  Picture
c a t a l o g d a t a  1s recefved  ft m e r g e d  w i t h  t h e  data Df@VlOU!3iy rG?oOfved
a n d  stared  on the disk system, This aporatfon provides ua w;th the
navlgatlon data n e c e s s a r y to wrform t h e  geometr  Ic ProJeotlons
described below and also provide8 the I lbrary information used to
I ocate Images o n the Image data (PTV)  tapes and the JPL film
proaucts, The exact manner In whloh the above h a s been don8 h a s
varied dur Ins the mIssIon sfnoe the reliabllhy and tfmeliness wjth
whl.ch we have received the TQL and Picture C a t a l o g data tapes has
varied, we began recelvlng the Pioture Cataloa data on tape near
the end of the nomlnal mlsslon primarily In an attempt  to make UP tw
the absence of the com~bte SEDR' SOT also lncludas t h e  IPL
l3hancerrent Log on the t a p e  whloh Allows UB to automafhj Iy review
the RDR (final decaltbratlon  prooesatna) status,

As addltlonal data o n  the images Is more readily  avahablr,
It hII1 become a part of the system, In the short time that the
system has been omtatlonal it has proven to be a valuable asset,
Since more than SIX thousand image8 extst, the need for such a system
is obvious, Its lmportanoe will grow as the number of Images,
and the information about these fmages, tnoreases, This caPab/llty
could prove QU 1 te usefu I in blotute targeting and landing s'lte
selection for the Viking mIssIon,

It Is hportant to note that this Is an InteractIve system
orlen.ted towards the needs of the sotentlsts, Its sucoe~s depends on
tts abi_lItY to Dresent data ln a manner confhtant in f o r m a t  a n d
organlzatlon with t h e way the exoetfmentera  vjew the obJect under
investlgatlon,

The above mentIoned oapabil/tY  actually represents the
Idtial p h a s e  o f the procec3 for the proJeotlon  and ditferencjng
operation, With t h e  identlf!ers a n d  tootPttnt3  of al1 t h e  Images
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befcre the us8r the list can be Pruned Until just the footorlnts of
irter0st  are present, The user can then proceed direotly to the
projectlon  and dfffereqclrw  s teps ,

One area which deserves addltlonal attent Ion 1s the
catatOC3fng of Output products, When simple opsratlons  a r e performed
on R slnsle lma9e fth generally Quite easy to ortalog,the outdut
Pfo~ucts, The prob)em,$3comos  somewhat complex when several I mago3
are comb 1 ned as the case of
reconstructton, and c&rizatlon studies,

Image differ3nolng, Color
The approach we are usfno

involves the use of SI heRdor of arbitrary sloe whfoh 1s stored with
every Processed Image, Actually,  two headers are used; one is a
"short fOfi;l" which simply fndlcates the hams and ~rOc333es used to
c r e a t e  t h e  Imaw In westlon, the o t h e r Is a "Ion8 form'! which
includes the actual parameters used In each of the processes, The
beniflts of such a system come only with t h e  ability to auickly
r e t r i e v e ‘Images Util lzin9 the tnformatfon in theee headers and
informatlon about the otlglnal Images (looatton on the olanrt, -
camefa8 fllter, shutter tlm3 and date, orbit, and eta),

The above caPaCftY, when combined with a dlso based storage
system (see Inwt processing below), gives the sclentlst
signlffcant degree of flewibWtY to review the Image data and thi
Processing carried out on It,



L AUTOMATE0  IMAGE DIFFERENCING

Input Procegsfng

T h e  processfng 0f a  s e r i e s  o f  i m a g e s  i s generally Inltfated
by a n lnVeatt9ator supplYIn us with a list of pi0tura ldsntifirrs
(elther DAS time or orbit’and Piature within orbit) of the image8 In
which he 1s intere8ted,

The fdentiflers are  e n t e r e d  at a t e r m i n a l  a n d  a searuh o f
library information 1s made to determine: tf navlgatfon  d a t a  is
avai lable for the Images, If the PTV Or PDF? tapes for the jmages are
avarIable In OUT l i b r a r y , If the images have already been loaded into
our dlak system (see below) as the re8Ult of preVfOU8  Process/ngr and
other InformatIon related to the Image (fliter, exposure time, and
etc) 8

If the jma9e has not been W@V~OUS~Y procressed  but is
avaIlable In our tape library it 13 mounted on a tape unit and read
in, Several operatfon are applied to the data at this time A "firat
ordeP photometrtc correctton 13 made U8tng a two dfmenslonal
lnterpolatlon Of a matrix of vidtoon teapon3e parameters, Reseau
marks are alao located a n d 8quarO area8 Whfoh approximate their
actual shape in an hags) are 3et to a Zero DN value, thus fdentff'fng
t h o s e  points as  Inval/d d a t a  f o r  iater operatlon8, Next,
“Custer lng*~ operatjon is p e r f o r m e d  t o  fdentlfy bk droppages  In iht
I m a g e  d a t a , This is done by Oomparing l aoh point to the mean of a
three by three area around it, A dtfferenoe of more than three
s t a n d a r d  d e v i a t i o n s  f r o m  the mean idrntlfle8  it as and i)rror, Thts
procedure a l s o has the effect of Identifying a8 errors the var ious
"fringea" left a3 the re8Ult of modeling the hago of the reseaus a3
sauare3, Finally, these pixels idantif~ed  as WPWS are rech~;  b;
averagIng the neIghbortn9  point8, the re8ult I8 an f mage
r e a s o n a b l e degree 0f photometrto integrftu fSfGn!floant error8 stfll
exists along the edges) with reseaus 8hown a8 80uare arrays  oi
tnvalld (zero) data,

A s  the88 DrooC)SSBS are- being -applied, the image ia befns
tranafered from the tape to the general Sy3tem dt8k a r e a , One
additional operation take8 Place, The suocess~vr dIfferenoe8  between
each pixel and it3 neighbor on the left IS calcuiatod  and a histogram
of a l l  these  v a l u e s  1s d e v e l o p e d , this h!stoarrm 1s USed to develop
a modif-led Huffman coding soheme for the differences, Th!s ts a
variable length codtng system with which we l r8 able to corndreas the
tmagas by a faator of between two and three (much  better on sate1  llte
Images) wlthout  a n y  p?iotmatlon  10~3, AB th’t8 oomoressfon  i8 being
done the resulting data Is stored under our U s e r  Ol3k Paok (UDP)
arrangement on the IBM 3330 disk uy8tem, This faclllty a l l o w s  a
user to h a v e  a n  e x c h a n g e a b l e  disk aaok for hiS own use@ we expect to
ba a b l e  to store a b o u t  280 cOmPii%e  ba9es  on a single disk pack
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using the a b o v e  comcresslon  scneme,

The user Is thus left wfth the compressed version on the UDP
for future reference (after decompression) and the normally ooded
version on the general file system, The norma I one IS used a s
descrlberj b e l o w  t o s a t i s f y  t h e current proo9ssinQ rsauest and
afterwards 1s deleted,

Irage Dlfferenclng  (1) .s

Two images are dlfferenced  by transforming them to the same
projectIonr al IWing them, and then subtracting the aligned Images,

T h e  ilser I s  a b l e  t o  S e l e c t  a n y  p o r t i o n  o f  t h e  intersection  of
two images for differenclng, Actuallvr  w h a t  Is selectd i s  a
rectaneular window in an orthographic brojection for whloh there is
data in 00th images, Thus, two new images are oreated, However, they
are not accurately aligned due to errors in the navigation (TQL) data
that ls u s e d  In developing the Projections, these errors In
alignment are determlned by successiV0iY al ictning subareas of the
window usins  a CrOSS correlation techniaue, For each sub-area an
e r r o r  v e c t o r  i s  thus  d e t e r m i n e d , One of the orfglnai ProJeotionr  is
then repeated incorporating this error informetlon and the result fs
two Images that are generally In alignment to wIthIn a plxei,

These two alIgned Images, oai I them A and 8, are then
subtrkd, The difference Images A-8 and B-A are oreated and
displayed on a Standard TV monitor together with the images A and B,

output Products

The experimenter  is then able  to make 4 " by 5" Polaroid
ortr,tS of t h e images dlstlayed, Also produoed 1s a computer
prfrt=OLt descrtbinq the Processes bY which these Imagea  w e r e
generated and the parameters used In each ProCsss, Thfs log ts
maintaIned  a u t o m a t i c a l l y  b y the Individual Processing steDs end
resloes on the disk system,

The capacity also exlsts to Put these resulting images8 and
notations dsscriblns them, onto magnetic tepe in a form that  can be
reac by the JPC-IFL Video Film Converter for production of hard copy,
These p r o d u c t s a r e then entered into the Scfence Data Team's data
library,

(1) See "Computer ComDarison  o f  Pictures? Lynn H, Warn, Stanford
Art i f ic ia l  Inte l l igence Project Memo AIM-1448 May 1971,
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0 i scu s s e d  b e l o w  a r e  sane e x a m p l e s  o f images which have been
projected,  a l lgned, a n d  dlfferenc8d using the technlauss dlsscussed,

FIWR E 1 shows, at the toOr Portlons of two high tesolut\on
Mariner 9 h a ges taken Of the Thyles Mons region of Mars (75 deg. S,,
165 a-, WA These were taken under almost ‘identical t IlumlnatTon
and vfewlng angles eighteen d a y s  apart (upper left on OrbIt 113,
upper rleht o n Orbit 1581, The upper f r a m e s  show the the lmag8S after
they have b een transformed t o  a  c o m m o n  ProJectIon  and  al Signed  a s
prevfPu~ly  de scribed, Even with this prOc9Sdng dOn8, It f$ difficult
t o accurate I Y determIne the changes t h a t  h a v e  t a k e n  Place, the
bottom frames Show th8lr dlffer8nC8  pafrSR left minu, right and hht
minus left, Th8 subtle changes whtch have occurred In the “rlfFles)t
a r e  clearly b rought out In these lower frames,

‘FIgur
s t r i k i n g l y  b r
images of the
a p a r t  u n d e r  3
f r o m  OPOslte
of the a r e a
p i c t u r e  dfffe

and
Two v lews of a  p o r t l o n  o f  Pyrrhae Reglo a p p e a r

me rather obvlous changes, Dark material has appeared
Crater w a l  Is, and other toPograPhIcal boundaries,

maJar changes ln the toP frames  are east IY detectable by
minor ones emerge clearly On/Y in the dlff8t8no8 lmag8S.

show
along scarps,
Although the
the eye, the

In Fl
mater lal has
the same 0th
have slmill
-direotlons fr

- corrlpletely  r
albedo change

mage Differencing

e 2 Is  an example of’ a  r e m a r k a b l e  c h a n g e  in a d a r k tail
ought Out bY the Picture-dlfferenolng technfaues, These
northern part of Thaumasla were taken nhstsen days

Imlllar lightlns oondltlons and vfewed near vertiole but
directform, Note  the small  black tall In the upper right

Since It has not changed It Is deanly rembved by the
Lnolng prob883,

In rigUr8 3

gure 4 1s another portlon of Pyrrhae Reglo, Again, dark
appeared  along a c r a t e r  w a l l , These examples are from

lnal Images as those In flours 3 and, l1ko F~gUr@ 3,
Illumination oondltlons but vlewed

0”; n e a r  th8 vertlole
in OPPPSb8

tn8 toPOograPhlc features are
emoved In the plot& d/ffsrence, leaving only the true
S,
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Figure 3
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Figure 4
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0, VIKING LANDER IMAGERY INVESTIGATION

The effort has been devoted to problems aS3OCbttBd w i t h t h e
extraction of near-f leld ranging InformatIon fr0m !and8r Camera
stere0 image pairs, This latter work, which has used the
facilities of t h e  S t a n f o r d Artiflclal Intelligence  L a b o r a t o r y ,  Is
described below,

Figure 1 f 1 lustrates a St8r80 P a i r  o f  fInages rWord8d of a
portable terraln mode I bY a lander Camera prOtOtYp8, The flQUt8s
d i s p l a y e d  i n  this  a n d  t h e  following  1)lU3tratlOnS are f8ErOdUOtlOns
o f Folarold PktUr8S t a k e n  o f t h e output of a computer driven
vid8O-Synth8SfZ8r, Th8 UBper  a n d  l o w e r  lma888 r8Pres8nt left a n d
r i ght Vf8WS, WSPeCthdY,  0’ t h e mod8 l as recorded by a she18
lander c.amera prototype located at two different Dosltlons 100 c m
apart, approximately 135 cm above the model and at roughly 100-200 cm
horltontal  range, The model conslits of an undulating 8urfao8 of
aark sand upon which have been placed four ConsPicuous  rooks and some
smaller pebbles Since the horizontal range Is aompar.hle to the
i n t e r - c a m e r a &p~aC8m8ntt henceforth called the "bas8l no", the tw6?
viehs of  the  scene aDpear appreclablY  different, It has been
determhed eXper!menta(lY  t h a t  l t  l s  i m p o s s i b l e  t o  VtsUally  fuss such
d i s p a r a t e  images, a prerequlslte t o  vlsua(  depth Deroeptlon,

Figure 2 indicates the same palr of Images upon which have
been overlayed two smooth curves, These  curves have be@n oonstruoted
aS fOllOwS, A  P l a n e , hencefor th  re fe r red  to  as t h e "oamrra-oenters
plane? i s  d e f i n e d  t o contaln t h e  two effective  camera-canter
posltlons, T h i s  p l a n e  has been r o t a t e d  a b o u t  t h e  base1 h8 until lt
passes through the selected bolnt Of tntar88t fn the left view at the
aenter of t h e  prsposltloned box l o c a t e d  dlfectly b e n e a t h  the oentral
rock. Thls plane projects Into the left and right camera vhws as
the  curves  s h o w n , The fact that the plane proJeots aa a ouive
rather than a straight I lne Is a oonseausnce of the 8oannlng geometry
0f the facstmt(e cam8rfi and of the associated dlsdla

5
tormat,

Specifkally, the camera scans the sCBn8, Paint by Point, ‘n uniform
polar a n d  atlmuthaj  s t e p s , The dlsplaY format 1;,;:;88' In bolar a n d
aziruthal ang (es-, a n d  hehoe represents a mapping of the
ortglnal recording, The lowest point fn each of these curve9
c o r r e s p o n d s to an a z i m u t h a l  vlewlng d!reotlon perDend!cular  to the
base1 fn8 a t th8 camera locetlon in que3 ton, Scene

i
Doln s

F
l&w on

the carferaacenters p l a n e and common o both views mus neoesaarllv
lie on tne proJectlong  of thls plane ln eaoh Image,

fVwr8 3 lllugtrat8S the same image Pair overlayed wfth image
point location boxesrus8d tn th8 scene ranging mode, The hoi In 8aoh
vlek has been vlsua(Iy posltloned  to a soene polnt that 1s common to
b o t h v I ews and is t o  b e  r a n g e d , The oosltlonlng prooedure is as
f o l  l o w s , The box 1s first Interactively Centered  about a point  of
i n t e r e s t  I n t h e l e f t  c a m e r a  Image, A camera-oenters  plane 1s then
tilted t o  c o n t a i n  this pointing directlon, The physloal oolnt of
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i n t e r e s t  In the r I ght v i e w n o w  m u s t  lie o n  t h e  projectjon o f  t h e
PIaRe i n  that image, T h u s ,  o n l y  a single d e g r e e  o f fr6edbm remains
f o r  t h e  d e f i n i t i o n  o f  t h e  corresponding b o x  location i n  the righthend
viek, This l a t t e r  p a r a m e t e r  h a s  keen arbitrarily  c h o s e n  t o  b e  t h e
x - c o o r d i n a t e  o f  t h e  Doint, fn imfNe coordinates, T h e  looatfon o f  t h e
m a t c h i n g  point  i n  t h e  ripht view is determh8d V i s u a l l y , The box ts
ther:  b r o u g h t  t o  positfan  b y the adjustmnt of t h e  x - c o o r d i n a t e , The
a s s o c i a t e d  v a l u e  o f  t h e  y-coordfnate  o f  t h e  pojnt is then hmedhtrly
e v a l u a t e d , r e m a l n i n g  parametey,

Once t h e  corresp0ndltW COhting dlr8ctlons in t h e  t w o  S08n0s
have been established, w e  h a v e  sufficient  i n f o r m a t i o n  t o  e v a l u a t e  t h e
s p a t i a l  l o c a t i o n  o f  t h e  selected point relative t0 t h e  C a m e r a s , The
ranbfng I n f o r m a t i o n  I s  P r o m p t l y  c o m p u t e d  a n d r e c o r d e d and/or
dfs~iwed,

Fo\ lowlng develoPm8nt  o f  t h e  abOV8 P r o g r a m s  W8 moved on tb a

faniliarizatlon  s t u d y  o f  some o f  the charaoterkflcs  O f t h e  unlaue
d a t a f o r m a t , p r e p a r a t o r y  t o  lnvestfgating  automatton  o f  rangIno a n d
c o n t o u r  m a p  product;on,

A first ste p In t h i s  proc8ss  i s  indfoated i n  Figure 4, wh?ch
c o n t a i n s additIonal o v e r  lays t o  those dfscussed  a b o v e , The
osci I IatorY c u r v e s  appearlng i n  t h e s e  VleWS PepreSent P!ots of t h e
s c e n e i n t e n s i t y s c a n n e d al on9 t h e  camera-centers dan@ and
parar8t8riZ8Ci 1 inearly in t h e  X-cOOrdinat8, It will be noted that
t.he Ifnes o f  c o n s t a n t  phRs8  f o r  t h e  s a n d  r i p p l e s  r u n n i n g  a c r o s s  t h e
l o w e r  iefthand portion o f  t h e  left View are r o u g h l y  o r t h o g o n a l  t o  t h e
base1 ine, T h e s e  s a m e  waves1 w h e n  v i e w e d  f r o m  t h e  rlghthand c a m e r a
oosltim are o b s e r v e d obl IauelY and oonsequentfy exhibtt
f o r e s h o r t e n e d P r o j e c t e d waV818ngth, T h e  relative d i s t o r t i o n s
a s s o c i a t e d  with t h e  grossly d i f f e r e n t  perSp8CtfVeS  o f the the two
vieks p o s e  s p e c i a l  p i c t u r e  point c o r r e l a t i o n  problems  t o r  a u t o m a t i o n
o f  r a n g i n g ,

F i g u r e  5  I I lustrates a  r e m a p p i n g  o f  t h e Intensfty  p l o t 8  o f
Figure 4 Into a f ornat t h a t w o u l d  b e more a m e n a b l e  t o  a
o n e - d i m e n s i o n a l  c o r r e l a t i o n  o f  data  f r o m  th8 two s c e n e s , The
intensity ClJrv8S ;n Figure 5’have b@8n obtained b y  trar!siorming t h e
curves i n  Figure  4 t o  t h e  a p p e a r a n c e  they would h a v e  if recorded  b y  a
c a m e r a l o c a t e d  a t the m i d - p o i n t  b e t w e e n  the left a n d  right c a m e r a

PosItions, under the assunptlon  that th8 s c e n e 1s P8rf8CtlY  flat,
horkOntal, a n d  a t  t h e  nomfnal v a l u e  o f  observed  relattve  e l e v a t i o n ,
T h e  horizontsl  s c a l e  h a s  b e e n  changed to Utl I.128 t h e ful I w i d t h  o f
t h e s c r e e n , The mapping b e t w e e n  t h e  s c e n e  a n d  the imac!e  n o w  1s
n o n l i n e a r  a n d  t h e  mutual !nterrelatiOnShip  no longer is QS read1  IY
discsr3ablQ  a s  fn t h e  previous i l l u s t r a t i o n s , It \s evident,
h o w e v e r ,  t h a t one-dfmensional  Picture P o f n t  correlation w o u l d  b e  m o r e
reaci IY conclucted I n  this t r a n s f o r m e d  Image fntenslty  s p a c e  t h a n  i n
t h e  initial s p a c e ,

We d o  n o t  plan t o  p r o c e e d f u r t h e r a l o n g the a b o v e I Ines,
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Rather,  we are c o n s i d e r i n g  a more general and powerful approach
t o w a r d  t h e  d e v e l o p m e n t  o f  near-field  a u t o m a t e d  r a n g i n g , T h e  fuopo8al
iS t0 e%piore  t h e  p o r t i o n  Of the 3-spate mutually accessa,bj@  t h r o u g h
the left and right windows, by correlation of left and right TmrQery
d a t a over a v a r i o u s l y tilted and positioned probIn planar patoh,
O n c e  ft h a s  b e e n  determkWd, b y  orescrIbed  correlation oriteria,  t h a t
we h a v e  s u c c e e d e d  In "ianding" o n  a  s u r f a c e ,  w e  uan “arawl”  over t h e
s u r f a c e  i n  a n y  m a n n e r  d e s i r e d , aocumul~tins  ranging information as we
90, E l e v a t i o n contour I ine3 could for examcda be ganerated by
inst ruct ing the probe to e x p l o r e  at fixed e(evat(on, An automated
contour map could thus be constructed,

w8 also are conmmenoin9 various ha90 trrnrformations
directed both tOWard oomPensotin9  for inharent  ProJeotivr  dhtortions
a n d tohard facilitattng the comparison both of images  taken from the
sami carrera under dffferent reaording conditions and of 'images taken
from the two different lander aamera ~Odtbs, FIGURE CAPTIONS
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Figure 5. A stereo pair of images recorded of a portable terrain

model by a single lander ca:.$era prototype located at

two different positions. Upper image left view;

lower image right view.
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Figure 6. Overlay of a projection of the camera-centers plane onto

the stereo images.

15



Figure 7. Stereo images overlayed with image point location boxes

in the scene point ranging mode.
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Figure 8, Overlays of the scene point intensity along the camera-

centers plane as a function of the x-coordinate of the

image point.
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This  D&DW  rsprtS  DroSreSS  made o n  8 s y s t e m  o f  DtogramS for
oroc@ssiqS '78~1 I u;n-~q I e stereo images, t h e  Dacwr t a k e s  t h e  f o r m  O+
docuertatlon  o n  wngt tS61 seoarab  Dtograms  WItten f o r  this DraJect

with cammants as to how they fit together None o f  t h e
~~&riPtlons are intended to e n a b l e  the casual read/of this  DaDer
t o  Lse the prowarns  inv3lvcL Anyone desiring to oDerate any of these
brcr,rafls is ~ovls~c! to contact ths author f o r  A demonstratTon,



S u p p o s e  o n e  were g i v e n  two glctures  o f  t h e  s a m e s en8
‘i

taken
frorr modcr~tely dlftersn+. ViawIng Dotnts, fQ moderately d fferent ts
near3 t h a t  t h e  chanss In ~19~4 Dofnt oaus8s the pfctur8s to dlfi0f by
more th2n a n  Infinitesimal amount but not by SO much that  an  object
orgse+ In b o t h  Pictures i s  not e a s i l y  recognizable a s  being th8 S a m e
ob_/sCt, Piathematfcall~, t h i s  c a n  b e  characterketd  b y  thInking Of the
focal axes of the two cameras  a s  v e c t o r s  a n d  describing a, t h e ana I8
b8tWW these  vactors, F o r  t h e  p u r p o s e s  o f  this report, I~rl<rr/8  is a
reasonable arPt0xhgtion  t o  t h e  P h r a s e  “mOd8rately  d i f f e r e n t viewing
DOiEts",

f. G i v e n two such aictUreS# one would like t0 know how they ,
relate t o  o n e  a n o t h e r , HOW Were  th8 cameras t h a t  took  t h e m a r r a n g e d
with reshect t o  e a c h  o t h e r ? What clues  are t h e r e  fn the t w o  DlCtUreS
as t o  size a n d  posftlon o f  th8 objects?

S e v e r a l  thinqs a r e  k n o w n  t o  b8 u n d e c i d a b l e glvan J u s t  t h e
fnformatlon  In the ofctures, Absolute DOSft~On,  for !nStance, IS not
derivable,  t h a t  Is, it fs n o t  DoVfble t0 say W8Cis8ly w h e r e  In
3-s~acs one of the c a m e r a s  Has or to g i v e  the e x a c t  three-djmensional
co-ordlnntes  correapond;ng  ta 8 given  P o i n t  i n  a  picture, Likewise,
it iS lmpossfble t0 say exactk  how large  or  how far away a given
ob.Jeet is, Both absolute PosItIon and a b s o l u t e stze ?WUT re
knokrleage not containsd in the DfctUreS,

It Is DOSSlbler however, to d e r i v e  relative dositions a n d
relative s i z e s  f o r o b j e c t s in the DiCtUr8Sc This 1s dbna by
gssignkg  a n  arbitrary position  a n d  orientatfon  t0 O n 8  O f  t h e  cameras
a n d  t?Y ffxhg SOme distance,  USUalId the b a s e l i n e distance b8tW80n
c a m e r a s . From these startfns fmbtsr t h e Orlentatjbns of t h e
oaReraS a n d  pOS\t~OnS  o f  obJects which aDpear  in b o t h  D;atUres  can b e
calculstsd,

This DroJect, thenr was a start t o w a r d automatIng t h e
calculation o f  s a i d  r8latiV8  oriantatl3ns and positIons given  n o  m o r e
t h e n tlho s t e r e o Vi8WS and a r e a s o n a b l e  g u e s s  a s  t o  t h e  basellne
d i s t a n c e ,

T H E  PROGRAMS  -

Kork o n  th!s proJect was seClm8nted Jnto S e p a r a t e  tasks, e a c h
oerformed by an IndeCenden% S A I L  p r o g r a m , This S e g m e n t a t i o n was
fort304 to SOm8  8xt83t, b y The f a c t  tnat  t h e  s y s t e m  u s u a l l y  d o e s  n o t
l i v e  Ian9 enoug* t o SUDDOrt one l’ong cuogram, T h u s  i t  b e c a m e
advisable!  t@ h a v e severs I gmal I p r o g r a m s whloh d e p e n d e d  o n  u s e r
i n t e r a c t i o n  r a t h e r  t h a n  o n e  l a r g e  Drograrrr  whfch would f u n  b y  i t s e l f ,

f i no:
The basic sectIon3 a n d their f u n c t i o n s are PARSET, whloh

p a i r s  o f ooints using n o outslde information about the

la



Ths ourPosi3 o f this wordram  is to find a set of Pairs oi
oOir+.S, c\ns solnt out of mch Oicture, which match, Intuitively,  tw0
j39ir;tS match If 0e.v both are Drajectlons o f t h e S a m e  three-
ain~rslonal  DolOt, Cowutationallu,  the crlterlon for match is t h a t
the
i

nor,alited cross-correptian  betqeen t h e  Zn+l x 2n+l w i n d o w s
m~~ciately surrOundlri3 each of tne two ooint, be high enough, S i n c e
ttl5 cWr9utational tha t  Doint  A matches Doint B
witn prokahility  ?J

orocss~ c a n  ml say
this Prowam'S ~UrDOse  i s  t o  f i n d  PaIts if points

which mf3ch with fairly  high probabi Itty,

As % prelfflfnary t o t h e matching Drocess, this program
stwmw?ts  b?th P i c t u r e s  fltr) 0veriaDbing a r e a s , usual IY 2c? PIWIS
ssca'e, , It t h e n  cCq*Jtes the m e a n  snd v a r i a n c e  o f  e a c h  atea In each
cAtLre arid sorts each pictwe’s areas-by variance, keeping track of
where jr! the chtura ezcn zvea  came f r o m .

The matching; ;3r ocess hegins b y  S e l e c t i n g  a n  a r e a  a t  r a n d o m
frorr the too enc' cf the vark.nce l i s t  o f  t h e  fjrst Dicture,
the tap 2%.

usually
T h i s  li~i;tO~on  i s  imgosed b e c a u s e  the m e a s u r e  o f  m a t c h

06 i rr Lsed-- norC:slited cross-correletlon- works best where there 1s
a ivce arqaunt of !nfcr:oation  PresentJ which 1s symPtom?zed  by the
varimce !39h larS?e,

Zinc+ atgas which match s h o u l d  h a v e s i m t  l a r Var i am838 the
se lected a r e a  o f  the firs-c picture i s  c o m p a r e d  .ith each area  o f  the
sec3vd cicture whose varimcc is tilthin 2 0 %  of that o f  t h e  a r e a  u n d e r
ecnsideratlOn, (In the follotiing, let t h e  Dreflxes “?jrst-qq  a n d
*~seCc,nrl-*’ 5tmd f3r ttl2 Inor?itylnc phrases "of the first &turew and
"of the =exnd a!ctc;re" respectfvely,)

tach 91 igi$le second-ares is i n i t i a l l y  t e s t e d  t o  s e e  i f  fts
me;tr, is sid lar that o f  t h e  first-area. If a second-area dasses  this
test, a sezrch IS made to fjnd the second-point (some oo\nt in or
near the sPcand=?rea  under ConsideratIonI such that the 2n+l x 2n+l
WincCW surraunding
hi c;P,sSfI

thfs second-point fs the best mat;h &(has the
norwlfzod cross- & r e l a t i o n  with) the 2n+l WIndow

surrnunoing the cep7ter toiqt of the first-area, The Search s t r a t e g y
usec is essentially tha t  u s e d  b y  Quam (1371).

F o r  covqhat!ovs!  e x p e d i e n c y , t h e  a b o v e  s e a r c h  1s carr’ted b u t
LJsirr a SFllsll 'hipc?owJ ts9ic2lly 7 pix9lS Square, As the drogram
CT3fVdS ti7rough th e seCon+afeasJ t h e  hi s e c o n d - a r e a s (where N 1s
tistialiv 5) yi2ldln 2 the nighest correlation v a l u e s  a r e  kept t r a c k  o f
a p d +re r5-seatc%d usIn it l a r g e r  are&J  tyPically  21. Pixels squarer
%o sheck tCjpt the areaF C'O Indeed matcfi,

-
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Test3 we then made to determine whether the best natch found
was load enough, First o f  alI8 the correlatfon must be a b o v e  ,fs,
since a correlation lcwer  t h a n 3 can occur  b e t w e e n  areas which do
not really match, Seconri  Is’, t h e  t o p  t w o  c o r r e l a t i o n s must d i f f e r
siqnif~csntiy, Failure to d o s o  w o u l d  i n d i c a t e  t h a t  m o r e  t h a n  o n e
vatcb  was rxssfble, castin? doubt on the validity of el ther match,
Faf l?;re i n either of these tests causes  a firSt-area  to b e  r e j e c t e d
a s  bvirs n o  reliable  ma%Chr a n d  a n o t h e r  f i r s t - a r e a  is t r i e d ,

A 0 t e t h a t ) when this orocess IS finished, the center point o f
the first-area has been paired with a second-bolnt  w h i c h  has Integer
co-crdhbtes, In oracticer h o w e v e r ,  t h e  pioper m a t c h  f o r  a given
f i, St-Point NW be a s e c o n d - p o i n t  w i t h  n o n - I n t e g e r  co-ord\nntes,
Since the only ccrrelatjon  values which are avaflable are those a t
!nteger second-oofnts, some form of i n t e r p o l a t i o n  i s  n e c e s s a r y ,

T h e r e f o r e , t h e f i n a l o p e r a t i o n m a t c h I8 an
inte~bOlPti0~. A  f u n c t i o n  of t h e  form EXP( - ‘t:*x9; + Eibx + c*x*y  +
[+ytS + E+y + F)) is f i t t e d  by l e a s t  s q u a r e s  technlaues t o  t h e
correia.tion  va!Ues  betvJeen the wbdow a r o u n d t h e first-point and
? inll lar :I i ?d@ws around potnts i n the n e i g h b o r h o o d  o f t h e
record-coin% Eolving t h i s  function  f o r  a  maxlmum  r e s u l t s  in e i t h e r
1 neb match a t  some  n o n - I n t e g e r  second-po/nt, o r  I n  a n  e r r o r  i f  t h e r e
Ys r,c: maximUm Wi' t h i n  a  one-pixel radius o f  t h e  matchfng  second-pbint,

I n  t h e  l a t t e r easer t h e first-area Is said to have n o
rsl iable  match, end t h e  crogram continues t o  a n o t h e r  first-area, The
m o s t  ccrrmon c a u s e  o f  sucn failure  IS a stronu  l i n e a r  e d g e  wjth little
information on aither Shb i n  which c a s e  t h e  c h a n c e s  of e r r o r  a r e
51 fficlent tc cast any Such match in doubt,

If the match oasses this final test, it is recorded f o r use
iI- a leter prowam, pnd thfs Program oroceeds  t o  a n o t h e r  first-area,

The job o f  thjs p r o g r a m  is t o  f i n d  c a m e r a  m o d e l s , A camara
m9f!el canskts Of seven nUmberS which  specify  t h e f o c a l 1 engthS of
the t w c  cameras  ano the orientation  o f  t h e  s e c o n d  camera wkh r e s p e c t
t o  t h e  first,

T h e  first cbmera  is %aken t o  h a v e its foca I point a t the
o&in, its foca I axtS a I ong t h e  z-axis0 a n d  its i m a g e  Diane  t h e
Olaf-3 z=fl, (See Illustration 1,) The f o c a l p o i n t  O f the second
camera is a Dotnt which is described by the baseline distance and two
angles, The two angles are the angles by which the first camera must
be wuwed0 then ti 1 ted0 to Doint at the second  f o c a l  pbint, (see
11 lustration 2,) T h e  f o c a l  a x i s  o f  t h e  s e c o n d  c a m e r a  iS d e  cribed b y
two more anclas, They are t h e  a n g l e s  t h r o u g h  whfch t h e  f rst c a m e r aI
m u s t  be panneop t h e n  tIPed so t h a t  It3 a x i s  Parallels the axis of
the ic,econd  camera, T h e  i m a g e  olane of Me second c a m e r a  1s t h e  plane

-

3 a



Illustratloh 1,

Arbitrery C O - O r d i n a t e system with first camera in place,
---

II lustratlon 2,

Cg-ctdinate system  wi+,h first cawra Panned and tflted to I ocate
fgC2 I 20 int of SacOnr! caneral
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b~rpvv?icuiar  to t;tie focal  axis %t d\sta?ca G? f r o m  t h e  focal point,
(539 1 I lustratbn 3,) TV orlsntation of the second image Ojane  is
&zc,rirec!  oy the zngle throdJa+ which the f i r s t  i m a g e  Plane must rol I
(af t;er haVln3  ce’?p Danwd and tIlted to make the axes Oarallel) in
arlw to bring thg two ‘*up” directions into agreement,

This pr9pr3- t?k,?s a.5 in!Wt a Set of Dabs o f ffrSt=pOints
an+ s~cwv+-~o i n*S found t0 b e  rratches  a n d  attempts  t0 f i n d  a  c a m e r a
;mgrjsI khich woull ascount for these bolnt-nairs, btermtnat10n Of a
rw:,esl fs dcne by dn!m!zln? a measure Of c a m e r a  rlodel e r r o r ,

Th$ error !?22sUr? is the average error In match taken over
*t ? 9 p0 i 7t cabs, Tar each co I nt pair, ths error ‘in match is
agts~“lirlfJ  as ~ollobds: !Mns the camera modeIt the ftrst-Oolnt i s
3rapcte4 into Scace,  .yidjhZ a ray from the focal tnolnt through the
t~2p r\cint, Thb riy 1s teen uaok-proJected  Into the image Olane of

I I I?rstrz.tion 3,

CpotdTrhta  syste? :ivitt7 Seswrj  carnew h p l a c e ,  first cftmera Panned
b'l? tilted S(3 its f ~531 wxiS psrdiek that cf the second c a m e r a .-
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tq'? c9cc& G?qep?, vielaipg  2
The

err5 'S taken to ~3
1 i r+ s-W,ent in the  s e c o n d  lmaOe,

t '1 e
$econd-pc  iqt

SaUa  8 of the
2rld this line S8JmeQ II

d i s t a n c e .b@twen the

(Sse Illustratton  4,)
in t h e  u s u a l  mathematical  sense,

Actu8 I T;3i,pizat;Qn o f  th8 error function IS carrj@d  Out by
the in?evenw?ntly conpi subroutine ?lIWIMZ,

\
\
\
\
\
L
\
\
\
\

I
I

C; -crdirxt: G;yster ~~2l h bQtn czmsras  iQ cdsce, S h o w i n g  a first-point
3r'3JCcte7  M-0 Soace  aI73 t.39 res'JltinQ ray back-projected Into the
5er,Gfrj irs~a.l~,
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This we=Drcsram  13 a function r$nimlZer which uses no’
(grivEtive infcrvctf?n  in wekinlr a minimum, rJot using darlvatfve
if9crmation rJas 2. constraint forced by three considerat;ons--the  fact
tnyt th2 i33rlv3tives af the ca3er3 mode I error functTon are
1 i rynf i n’JI)UT since Via function has been truncated t o  avoid
"lqati?g 39int Ovsrflcws  in me calculations, the f a c t that the
IccatiVs of these d!scOrttrVJities are not  precisely  known,  and  the
fact thay th+ camera model ei ror function itself does not Obey any of
+.I 3 corstralnts (monotonicity, lask of l o c a l  TIntma, etc.) u s u a l  ly
D i ?,Cr?.u” Or fUnct&S to bs :71ninized by derivative methods,

The! WOrKPinrse furction o f this sub-program takes an
n-diwensional vector (in t+e camsrs
st;drtfns paints

model cas% n = 71 and finds 3
?lOnrq this vector Such that nn uoward-facfqg  Darabola

can ki fitted TO the thrp$ points, The liner lOoP fits the parabola,
fhr,S the minimu? @f this .>araholar-gvaluates the function at the
nara?Olg qinirum, and $~OOSeS wnich 0f the four avaIlable Do/nts are
” h c, c, t ” t p
&if 1eC.j

fit anotner  CarsbOla to, This continues either Untjl the
number o8 cycles

cucc?SSiVe 33rabols fits yield the
(usual b' 12) have been C;;D$tedw;;h$tiI

same function I a
~ctsraw~ (‘~suhlly ,~%!%I),

Tnc! outsr loop of th i s Sub-DroQrafv constructs a Set of
qrt+notmal vectors (start;inq with the co-ordinate axes) and cal Is
tne rJorknorse funsCon describerl above along each of these vectors,
1dhf.r this set of vectors i s  sXi?aUSted, the outer loop then calculates
tns actor dlfferenco $et-Aeen  the Starting point for that round and
tna fintil ootnt faup?, ?‘n I s vector Is then used I n  construct/ng  a
nfjw Se? Of orthonornal vectorSI This iteration continues until the
rliffwsnce ir starting and finjshing function values iS less than the
sivq- tcl2rance (as above) or until the function value drops below
5079 Pre-set limit,

Like all ql+7lzer58 tklir; one can get Stuck at a I oca I
?jr,iTUm, Tn 15 is Jnforw?ater because the camera model error functfon
ap:c2rS +b0 t1avC3 3 large! nu-oer of potential I oca I minima near the
act’49 I fr,injpuT, Ho'ul'evar; :t, a I so
avhilab!P f0r us3 reduces thq

3poearS that having more po!nts
nunbe r aid depth of I oca I minima,

r9ltJ'; ing t32 cht_noe of a spurious minimum being taken as the a c t u a l
l jjqjFUr*I, Tnls sug\2ests itsrating CA%QA .ith the follo,/nE; program,
CArjSCh, to Jet bc!tt~t am better camera models based on more and more
I)GiTtS,

Th i 3 or07ram takes as hDut d cayera  m o d e l  either derived by
Clcl;'i"A or s~zgl ief ay soqe ottler mSans, 70 m a t c h  a designated first-
cc) i r,:t, th i s pro?rm groJects the first-ootnt 1 nto SDace,
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back-projects the ray SO otoduoed 1 nto t h e seoond l,aget t h e n
searches  a l o n g  t h e  resultl"9 Ilne, (See Illusttatlon 5,)

T h e  a c t u a l sestch consists o f stebpfng a l o n g the Ilne,
s t a r t i n g  from the tnfinjty point (the Point of t h e  line eottswondhg
to the point on t h e  Dtojected ray whfch i s f a r t h e s t away from t h e
f i tst camera,  b u t  still visible t o  t h e  s e c o n d  camera), A t  e a c h  steo
along the Ilne, the ccrtelatton b e t w e e n t h e wlndow a r o u n d Cha
first-,,I t under
the &lnt cu

ConSiderat’On
ently unde

and the cotteSoon ding
secon

Wi!dow around
Stem 1 ng

conttnues, t h e b e :
t ,c,utlnu i s  c a l c u l a t e d ,

t t\l s u c h  c o r r e l a t i o n s  (agah, N IS u8ya I7 5) 8fO
kebt ttack o f  a n d  a  l o c a l  s e a r c h  f o r  m a x i m u m  cortelatlon 'fs iionr fn
t h e  relghbothood o f  e a c h  s u c h  second-ootnt,

Testing w h e t h e r  ot n o t t h e  m a t c h  i s  s u f f i c i e n t l y  g o o d  a n d  -
hterpoletlon are sirnjlat t o  t h e  s a m e  DtocesSes  d e s c r i b e d  f o r  PARSET,

One search-pruning heuristIcused  In b o t h  PARSET a n d CAMSCH
neecs, Dethaps,  t o  b e  j u s t i f i e d ,  I n  PARS& If t h e  c e n t e r  p o i n t  o f  a
given  s e c o n d - a r e a  d o e s  n o t show a positive cortelatfon w i t h t h e

I l l u s t r a t l o n  5 ,

A Dart Of s t e r e o v T ews
shohino  a &nt a n d  its
suttoundlng correlation
wincow overlald  o n t h e
tOD 1 me.g@ and t h e 1 ins
t h a t  t h e PO 1 nt Drojects
to overlald  o n  the l o w e r
image, Polatold DiCtUt0
taken of Data USC whtle
CAMSCH  kas In opetatfon e
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’ cerdpr r,oint of the second-area is rejected as being
i 2n i Fc/ r ctla;; I i! clace tc 13'3k t:or a qatch, CAYSW, Instead of
1 e x;) p i n f r+? Ivery cc i qt a (on’7 ?m
' fxzrfincts

line DroJectod fnto the second image,
every 2-M Dnint, Y cl 9 P 8 r\' iS hai f the radius of the

ccrrFl3tio~  tiincjsti 2eifs U'i@C, Thus, in both Dtograms, decisi0ns a r e/
-8dE or the haSis of the Vabe of We correlatfon functfon a t some
ssecnd-roilt near (but net at) the matchin second-point, This, It
tl.irr,c wt, is z reqcnab!e  thins to do, Taking any crCW+sectlon of
tr?p c0rrelatiOn fUqct;on Will yiald a Sragh shaped  somewhat ihe
EXP(-XC), r:ecausE cf this, a correlatio:r at a second-point near the
TET:cP !,ilI ne fairly nigh--at laast, above t h e  n o i s e  level, Yence a
verb 101h ccrralation WIUS c a n  b e  t a k e n  t o mean that there is no
Fea:Cm iP %he ViCfPity Qf t)?F, Dolnt under conslderatian, and the
CCjrlCL%i Uon necessary tc; ssarch that area can be avoided,

It is IntersstinG t9 note that d i f f e r e n t Program reaulre
qiffriar? decre9s c f accUrzc\/ from their carnera node/s,

:; A ?I s (‘; l-j ) for Ir;st~rlceP with its local search strategies, can
set by kith rather fncccur:&j  c a m e r a  models, br\y camera model which
<xi i I PLt ;4tisw jr +he" r i 3ht ballpark is goad enough to produce
-;.?tyeS F3r 7ost Dcints;, hoer it1enta.t  i 05 has shown that almost any
cz-qr/; ;r9031 bavin? m averam  s~wared-error  beIoN ,25 P!XF~S 1s good
~IC-,L~ f o r  *l3whizG zt lea?t 53% 0f t h e points tried, fhfs would
QTpSt not, sI;vyij n5 treat amOUntS Of Time Tinimizina the f i r s t
ra7+?a 13W=l, as n’12~ 0wn crone in nest cases tried SO fat, Instead,
a!y incccbr3tte qde I can be derived Iuickly, CA41SCH can use thfs to
f iris more Doirlts, which c&q he used t0 dwhls  a better camera model,
5tc.

? n the Ttber +anrj, r.rograms whkh do death model&g requ’ire
e,trwv31b xxurase csmer* il363lS. For instance, on one Oalr o f
r,'ictl,reS, a?DlJt 25 djffcrent caie ra modgls were derived, Their
5pJ2re+5rror varies frcr! ,2 t0 ,til?lW4, geaths given for one point at
-2;.5LrtC: rl i stilnce z;Q fset frorl tha camera ranged from 25 feet to
p?i; .t#-. ‘8 i faeii, In Yenere.  I, -0cIe I s with Sma/ ler Squared-errors were
nc.ttc?r th3.l these dth larger errg3rs. Yo*ever, the best model w a s
I?C~ the snq dtri the lowest: error I Tnis wou I cl indicate that the
1” 0 ,-j e I s tg17’;’ foanci ali retreSenTt local minima on the error function;
t +* c *rUe moj*  i txs pt ta ~:i? found,

73 i g rexIt ler, $10 furttier qocification  of the ninfmizer, In
rlOLS5 Cf bsinc; 2.3 1 e ULC "QY closer to ths resl minimum, A5 y8tr this
iS rr'i ,3CSSlnle, kcczr2te /jcpth ranqing remains a hlt’or-miss thing,
rer~y3-l r <;.d * . on ,d?gtngr Cp rtOt a mode I can be found wh?ch fs good
Ec3t;~r



DEPTH works s;mflarly to WINSHL except that it also asks for
a carera model, and calculates the distance from the first camera to
the three-dlmenslonal oolnt, It then displays this dfftance on the
Data Disc screen with the aDoropriate overlays representfng the two
DOhtsr  A t the end1 this program.rounds  eaoh d e p t h  t o  t h e  nearest
unjt of distance and displays these distances as overlays at t h a
oorreSpond;ng  points in the first picture, (See IllUStratlon 6,)

Illustration 6,

Photograph from Data Disc
of over lard derdhs  as
generateti by DEPTH,

CONCLUSICN

There erg a number of possible varlatfons o n this set of
DroGramp,

One POsslbte ajteratjon wou(d be to fncWoorate  color
tnformatlon Into the metchtnc; orocess, Th iS change wou!d reWJTt0
usina thiee aligned color-filter t3tcturesr and modlfyb?a the
correlation function so that It USBS a vector of lnformatlon  at each
picture point rather than a single scalar number, This technicwe
woula give more informatlon  at each saint, making gross mismatches
I-sss Ilkelu,
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INTRODUCTION

M Y Project  f o r  this q u a r t e r  was t o  s t a r t  Imolemsntatlon  o f  a
system for Processing oolor stereo P a i r s , slmllat to my sysiem for
processing  blaok  a n d  white s t e r eo Images (gee H a n n a h , 1971, fo;
d e t a i l s o f  that system), Since t h e  b l a c k  a n d  white system w a s  bujlt
a r o u n d  t h e  I d e a  o f  using normalfzed cross-correlation  a s  a  m e a s u r e  o f
m a t c h  b e t w e e n  t w o  P o i n t s , t h e  first  thing t h a t  w a s  n e e d e d  foi t h e  n e w
s y s t e m  h a s some eoufvalent m e a s u r e  o f matoh f o r colbi ImaQes,
(Actually, c o r r e l a t i o n I s  a  m e a s u r e  o f  m a t c h  b e t w e e n  t w o  areasj t h e
v w o  bolnts refered  t o a r e t h e c e n t e r s  o f t h e  a r e a s , In ihe
folIowIng, the p h r a s e s  " b e t w e e n  t w o  Dofnts" a n d  "between  t w o  areas,’
w i l l  b e  u s e d  i n t e r c h a n g e a b l y  ln r e f e r r i n g  t o  c o r r e l a t i o n ) ,

Basically,  I  h a d  t h e  choice  o f  s o m e h o w  a l t e r i n g  co;relation
for use 4th Color l n f o r m a t t o n o r  creating  a n  entlrsly  d i f f e r e n t
oeasure  o f  m a t c h , Having  h a d  llttle l u c k  I n  a n  e a r l i e r a t t e m p t  to
f i n d a n e w  measure  o f  m a t c h  for t h e  b l a c k  a n d  white c a s e ,  I c h o s e  tO
o o d l f y  correlatlon,

T h i s  d o c u m e n t  reports the derlvatlon  a n d implementation  o f
c o l o r c o r r e l a t i o n , and d e s c r i b e s  a arogram, NEWPTS, which finds
hitlal point-pair m a t c h e s  I n  either color o r  b l a c k  a n d  white ste;eO
oairsc

COLOR CORRELATION

I t  I s  g e n e r a l l y r e c o g n i z e d t h a t  color c o n s i s t s  o f t&e0

components,  A chfld l e a r n s  I n  g r a d e - s c h o o l  a r t  t h a t  a l l  c o l o r s  c a n
b e  rra‘de  f r o m  red, Yel(ow8  a n d  b l u e  p i g m e n t s , In h i g h - s c h o o l  DhYslCS,
he Is t o l d  t h a t  all c o l o r s  r e s u l t  f r o m  r e d ,  green, a n d  b l u e  light,
I n  cot lege p s y c h o l o g y c o u r s e s , color Is dIscussed  fn terms of
intensity,  hue, and saturation,

Ignoring f o r the moment t h e t h o r n y  q u e s t i o n s  bf w h a t  the
c o m p o n e n t s  o f  color "really" a r e , w e  s h a l l  admit o n l y  t h a t  t h e r e a r e
three such comonents, S I nce the c o l o r images We cuirentlY are
w o r k i n g  w i t h  w e r e obtained b y digitizing t h r e e b l a c k  a n d white
p ic tu res which r e s u l t e d f r o m  PhotograPhIng  a n  o r d i n a r y  c o l o r  s l i d e
u n d e r  r e d ,  g r e e n ,  a n d  b l u e  filters, resDectlvelY,  w e  s h a l l iefer to
t h e  c o m p o n e n t s  a s  R ,  C, ar\d E,

I t is somewhat more convenient (as well a s more
nathematlcal:)  t o think of a c o l o r DlCtUre  aS one ahaY of
v e c t o r - v a l u e d Points (r,g,b) I n s t e a d  o f three s e p a r a t e  ar;aYs  o f
s c a l a r - v a l u e d  Points  r ,  g, and b, fhls s u g g e s t s regarding the
t e x t - b o o k - v e r s i o n  o f  normalized cross-correlatbn

SUY( (x-MEAN(x))  * (y-MEAN(y))  1
COR = ~~~-~~~~~~~~~~~-~~-~~~~~~~-------~---~-~~~~~-~~--w~

SQRT( SUM( (x-MEAN(x))92  ) + SUM( (y-MfAN(y)),2  ) )

-
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( w h e r e  s m a l l  letters d e n o t e  sample elementsr SUM is the sum over SOme
set of such 8 I ements, MEAN is such a s u m  divided bY ths number of
elements summed over, SQRT is the square root function, and * denotes
multWication)

as th8 one-dim8nsiOnai  case of a vector function

SUM{ (X-MEAN(X)) . (Y-MEAN(Y)) )
VCOR = www-wwwwwwwwwww"ww-w-ww--wwwwww-ww--www~w"ww"wwww~~

SQRT( SUM( ix-MEAN(X)i*2 ) + SUM( /Y-MEAN(Y ) )

(where  capital ietters denote Vectors, 0 is Vector dot
IAi is t h e  n o r m  o f  t h e  v e c t o r  A ) ,

0roductr and

Consid8ring  only th8 factor SUM( (X-MEAN(X)) @ (Y-bEAN( )
(,lnce SUM( IX-MEAN(X)192 ) and SUM( JY-MEAN(Y))+2 ) are both gec’fal
c a s e s  ,  o f this SW with X substituted for Y in the first case and Y
substituted for X ln the S8OOnd) and- lettinS  X be (xt,xg,xb)  and Y b e
(ymmyb), we have

SUM{ W=MfAN(X)) o (Y-MEAN(Y)) )

= SUM( ((xrlxg,xb)-MEAN(  (xr,xg,xb) )) 0
((yr,yg,yb)-MEAN( (yr,yg,yb) )) )

= SUM( (xr-MEAN(xr)txg-MEAN(xO)rxb-MEAN(  l

(Yr-MEAN(Yr),Yg"MEAN(yg),YbaM~AN(yb)).)

= S U M (  (xr~MEAN(xr))*(yraMEAN(Yr))  + (xg-MEAN(%g))*(yg-MEAN(YO)) +
(xb-MEAN(xb))&(yb-MEAN( )

If we cieverly notice that ail three terms withfn this sum
are the same in form and combine them into one term under a summation
which sums over ai I components as Well as al i elements of oomDonenis,
we vt

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

which fs t h e representative f a c t o r  o f th8 formula
cOrr8lation  (see- above formula for COrreiatiOn),

for oidinary

It is convenient (It somewhat embarassing) to have ooior
correlation turn out to be a d r e s s e d  UD fqrm of ordinary  corielatfon,
f o r  this m8anS that  c o l o r  correiatlon  has &Ii of the m a t h e m a t i c a l
DrOp8rti9S  O f ordinary correlation, this, in turn, wlli b e
oartkuiarlY  US8fu) in t h e  !nt0rPOiatlOn  O? correlation v a l u e s  a t
non-integer Points tn the p i c t u r e , s t nce P?WtOuSiY devei ooed
technisues for s u c h  interpolation  need  n o t  b e  Justffled  again,

Since b o t h  v e c t o r  a n d  S c a l a r  c o r r e l a t i o n  have t h e  came Qo;mr
save f o r  th8 nu?Vr o f  cOmPOn8ntS  whioh n89d b@ S u m m e d  over,  the t w o
orar,ds  of Correiatfan have been ImPlemented a s one subrOUt!n8J
:CjRLATp in the SAIL load-module SCOREL, Whfch  c a l c u l a t i o n  1s done



depends on the global flag COLOR, For expediency in comDu+ation, the‘
coeftioient is calculated as

( n 6 suw x * y 1 - SUM(⌧) l SUM(y) )*2
L w~wwwwwwwww~w~w~w~wwwwwwwwwwwwww-wwwwwwwwawwwwwwww~wwwwww-aw~

( n * SUM{ ~92 ) - SUM(x)92 ) l ( t7 * sUM(  y92 ) - SUM(y),2 )

that is, with sums arranged so that only One pass need b8 taken to
ca lcu la te  a i l  sums , Nate, tOOI
usea (as It Was

that the sauaro of the oor&;ei[;;  is
In the black arrd Whit8 case), a

multipl1catlon for a call on SQRT, .
No modtfications (other than a small amount of ootimizino)

have been made on the functions MATCH and MAXCOR which oall CORLAT
and ifve In SCOREL, A separate Drogram~ NEWPTS, has been created to
s8rv8 the function of PARSET in the color case and reolace PARSET in
th8 black and whit8 case, I t  1s deswfbed below as If ft bp@rated i n
color mod8# only,

NIEWPTS

The purpose of thts orogram is to find a set of pairs of
points, one ooint out of each Olcture, wh?ch matuh, IntuitTvely, SO
points match if they both are DrOJ8CtiOns of the same three-
dimensional DOht, Since the comoutat~onal  ProDess  can oniy say that
point A matches Doint B with some probability, this program's  purpose
iS t0 fbd DaffS of Points which matoh with fairly high DrObabilfty,

A s  a PreifmharY to the matching Droc8ssr this Drog;am
segments both DiCtUr8S Into overiabping areas, usually 20 Dlxris
souaf8, It then computes th8 mean and varlanoe of each aiea in the
ti rSt component of each ooior Dicture (only one oomoonent 1s used to
expedite  computat ion) and sorts each DiotUr8's areas by va; ianoe,
keeping track of where tn the Pittut each area came from,

The matchlng process begins by seiectlng an area at random
fror the top 8nd of the variance iist of the first DlCtUre, usual IY
t h e t o p  25X, T h i s  i imitation is ImDosed because the  measu-e of maioh
being Used works best where there tS a iarQe ,mOUnt of f nt0rm~ttOn
present, which is symotomized  by the variance belng large,

Since areas wh 1 ch matoh should have similar Variances, ihe
selett8d  area of th8 first picture is compared with each area of ihe
second picture whose  variance is within 2afd of that of the area under
consideration, (In the foliowIns, iet the oreftxes "qflrst-tt and
"second-** stand for the modifying phrases "of the first picture" and
"of the sscond DicturO" respecttveiy,)

Each eiigibie second-area is initially tested to see If it9
mean is similar that of the first-area, If a second-area Dassts this
testr a s e a r c h  Is mad8 to find the second-point (some Doint in or
near the secpnd-area  under consideration) such that th8 2n+l X 2n+l
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WinOOW s u r r o u n d i n g this s e c o n d - p o i n t  Is t h e  b e s t  m a t c h  f o r  ( h a s  khs
h i g h e s t  normalized c r o s s - c o r r e l a t i o n  with) t h e 2n+l x 2n+l  window
s u r r o u n d i n g the center potnt  of the first-area, The search strategy
u s e d  i s  essentlallv  t h a t  u s e d  b y  Quam (19711,

f o r  computational e x p e d i e n c y , the above aearoh 1s carried out
us i ng only the first oomoonent of t h e  c o l o r  picture, A s  Ehe
arosram Proceeds through the second-areas, the N second-areas (where
N is usuai!~ 5) yfelding t h e  h i g h e s t  c o r r e l a t i o n  v a l u e s  are kept
track of, Later , a  s e c o n d  s e a r c h  1s d o n e  o n  t h e s e  a r e a s us i ng COiOi
c o r r e l a t i o n  to determine  which o f  t h e  a r e a s  t h a t  m a t c h e d  or, t h e  basis
o f  t h e  one-comoonent  s e a r c h  m a t c h  b e s t  In c o l o r ,

T e s t s  a r e  then made t o  d e t e r m i n e  w h e t h e r  t h e  best m a t c h  f o u n d
was good e n o u g h , First of ail, the correlation must be above ,5
( c a l c u l a t e d  s q u a r e  o f  t h e  correlation  a b o v e  ,25), s i n c e  a correlatfon
bower  than ,5 can occur
Second i’Y, the top two

between areas whifyddrnot  really match,
correiatlons must slenificantlu.

Fal lure to do SO w o u l d Indicate-  t h a t  m o r e  t h a n  o n e  m a t c h  w a s
Possible, casting doubt on the validity of either match, fa1 lure In
e i t h e r  o f ’  t h e s e  t e s t s  oauses  a fht-area to be reJected as having no
r e l i a b l e  m a t c h , a n d  a n o t h e r  f i r s t - a r e a  ls t r i e d ,

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

ffrst-area  h a s  b e e n  p a i r e d  w i t h  a s e c o n d - p o i n t  w h i c h  h a s  integer
co-ordinates, In oractice,  however, t h e  proper m a t c h  fo; a  g i v e n
first-Point wf 1 I be 8 seoond-Point with n o n - i n t e g e r  Co-ord!n8tes,
S i n c e  t h e  o n l y  correlatjon  v a l u e s  w h i c h  a r e  avaliabie a r e those a t
Integer second-points, some form of interpolatCon is necessary,

Therefore, the flnai ooetatlon on a match is a n
interDolatfon, A function  o f  t h e  f o r m  EXP( - (A*)02 + B&X + C+X*Y +
c3*y92 + pv + F')) fs fltted by l e a s t  s q u a r e s  technioues t o  ihe
c o l o r  correiation  values b e t w e e n  t h e  wlndow a r o u n d t h e ffrst=Doint
and slfriiar windows a r o u n d oolnts In the neighborhood  o f t h e
second-point, S o i v l n g  t h l s  function f o r  a  maxlmum  r e s u l t s  i n  either
a neh m a t c h  a t  s o m e  non-integer  second-point, o r  I n  a n  e r r o r  i f  t h e r e
i s  n o  maxfmum w i t h i n  a  one-pixel  radius of t h e  matuhlng  second-point,

I n  t h e  l a t t e r  c a s e , t h e first-area Is said t o h a v e  n o
reliaole  m a t c h , and the  Program continues to another first-area, The
host cORmon c a u s e  o f  such  faliure ls a s t r o n g  ifnear e d g e  with iittie
information on either side, in which case the chances of error are
sufficient to cast any such match In doubt,

- If the m a t c h p a s s e s  t h i s  final test, it Is r e c o r d e d f o r use
i n  a l a t e r  PrOWam a n d  t h i s  p r o g r a m  p r o c e e d s  t o  a n o t h e r  f\rst-area,

C3ITIONS  A N D  IMPROVEMENTS

0~ oresent oractlce o f  ushg redr green, and blue as the
three components of t h e  c o l o r  p i c t u r e  h a s  its d r a w b a c k s ,  O n e  would-
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bike  t o  c a l c u l a t e  t h e  m e a n s  a n d  variances  o f  t h e  a v e r a g e lntensltfea,
in the three comoonents'for  the purpose  of narrowing the srarches  #or
the lnltlal oolnt-oalr matchings, To do thfs u n d e r t h e  oresent
schenh one must either calculate the avaraaes  as one goes-a rather
slob orooess-or k8eP around an extra Daft of olotures, the lntsnsky
DiCtUreS-a scheme wh I ch enlarwna (hence slows) one's
@XO8dVOlY, A soiutlon  to t h l s  P r o b l e m

w
would be to have ihe

intensity picture be one of the t h r e e comoonents oi the oolor
DiCtUre,

There are at least two sohemes of odor representation whloh
have IntensltY a 9 one component, T h e  b e s t  k n o w n , Perhaos,  i s  t h e
lntenslty,  h u e , and saturation scheme, Commefoial televlslon uses
the dlfferent, although related, scheme of
~~~;~omatlclty, Both of these are besed on the

henSky, x-# a n d
Idea of a 0010;

I+ COlOrS arranged
hu8&uratlon  S c h e m e  cotresPonds

clroularly  a r o u n d a hub, The
t o  ustng polar oo-ordb!at68  tb

notate  a ool0r Point on the wheel, The x-, Y-ohromatfoity soheme
COrrOSDOndS  t0 u s i n g  a ( n o t necessartlY  reotanoular) Carteslan
co-ordinate system to locate the color Point,

Implementing one of theso systems seems to be de&able,
Precisely which one to lmpiement and how to de lve

F
these comdonents

frorr t h e  given  red, green  a n d  blue ComPOnents 3 a m a t t e r  f o r  further
study,

Once the rearesentatlon  Westton  has been settled, there a r e
a number of statistics whloh c a n  b e  o a l o u l a t e d  o v e r  t h e  seamonted
DiCtursS, In addition to the mean and varlanoe  of the intrnsltyr bns
coula c a l c u l a t e t h e m e a n  a n d  variance o f  t h e  oOlOr, the mode (moat
freQU8ntiy  OccUrfng) c o l o r ,  p o s s i b l y  t h e  next most f r e q u e n t c o l o r ,
etc# Each area In each picture would then be asaoolated wiih a vector
of such statlstlcs, and searches for a matohlng second-area could be
c o n s t r a l n e d  t o t h o s e seoond-areas whose vsotor d i s t a n c e  f r o m  the
f i r s t - a r e a  is dthfn  s o m e  tOleranGe,

A m o r e thorough Investigation  o f the pro~s~tles and
rerweSentatlon3  o f co I or seems to be ln order, It i8 h thls
directIOn that this project wfli Proceed.
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