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A B S T R A C T

This research  is m otivated by a  desire to integrate som e o f  the diverse, yet com ­

plim entary, developm ents that have taken place during the past few  years in  the area o f  

passive stereo vision. O n the one hand, w e have approaches based  on m atch ing zero- 

crossings along epipolar lines, and, on the other, people have proposed techniques that 

m atch directly  higher level percepts, such as line elem ents and other geom etrical 

form s. O ur ru le-based  program  is a m odest attem pt at in tegrating  these d ifferent 

approaches in to  a single program . Such integration w as m ade necessary  by the fact 

that no  single m ethod by itse lf appears capable o f generating usable  range m aps o f  a 

scene.



C H A P T E R  I  IN T R O D U C T IO N

B efore the fam ous random -dot stereogram  experim ents by Julesz [ I ] , it was 

generally believed  that a necessary  precursor to  binocular fusion w as a recognition o f 

m onocular cues in each o f  the tw o images. The experim ents by Ju lesz  caused a para­

digm  shift o f  sorts in  the psychophysics o f  the hum an visual system; suddenly, the 

preponderance o f  the research  effort shifted tow ard explaining practically  all aspects o f  

hum an stereopsis in  term s o f  low -level processes, as opposed to  high-level cognitive 

phenom ena. O ne o f  the high points o f  this post-Julesz period  w as the developm ent o f 

the M arr-Ppggio  paradigm  [ 2  ]. M arr and Poggio presen ted a com putational theory, 

la ter im plem ented by C rim son , that provided  successful explanation o f  the Julesz 

experim ents in term s o f  the m atchings o f zero-crossings at d ifferen t scales, the zero- 

crossings at each scale corresponding to  the filtering o f the im ages w ith a Laplacian- 

of-a-G aussian  (LoG) filter [ 3 ].

D uring  the last few  years it has been recognized that w hile the M arr-PbggiO para­

digm  m ay be an elegant m odel o f the low  level m echanism s fo r generating  depth  infor­

m ation, no t to  be ignored are the higher level cognitive phenom ena that are also capa­

b le  o f  producing the sam e type o f  inform ation. In  a m ajority  o f  these h igher level 

phenom ena, there is first an explicit recognition o f m onocular cues in  each im age; 

depth  perception is then generated either directly from  the m onocular cues, or through 

their fusion in  a stereo pair.

In this report, w e w ill present a rule-based procedure that m akes a  m odest attem pt 

a t com bining the M arr-Poggio type o f  low -level processing w ith  h igher level 

know ledge-based  processing that takes in to account a prio ri know ledge o f  the 

geom etric nature o f  object surfaces involved in the binocular fusion process. In  our 

current effort, the h igher level know ledge based processing is lim ited  to  scene w ith 

i p lanar surfaces. O ne could  say that at this tim e w e have lim ited ourselves to a 

po lyhedral w orld. H ow ever, it is not hard to conceive o f  w ays in w hich the presen t 

m ethod could be extended  to  worlds w ith different types o f  curved surfaces simultane-: 

ously  present.

B asically, ou r approach represents an in tegration — in  an opportunistic  fram ew ork  

-  o f  the fo llow ing m ethods for stereo m atching: I)  dom inant feature m atching, 2) 

m atching  under geom etric constraints, 3) zero-crossing contour m atching, and 4) the 

fu ll M PG  m atching. A  rationale behind the integration is that w hile none o f  these



m ethods by them selves is capable o f  yielding an adequately dense  range m ap, their 

synergistic com bination can be expected  to provide m ore useful input fo r scene 

in terpretation. A nother rationale is that the first th ree m ethods provide us w ith 

m echanism s to  in ject higher level constrain ts in to  the  M PG  process. The only  dom ­

inant features currently  im plem ented are the straight line features; our im plem entation 

o f  the m ethod fo r such features w as inspired  by the  w ork o f  M edioni and N evada [ 5 ] 

and A yache e t al. [ 4  ]. For the geom etric constraint based m atching, w e have been  

m uch insp ired  by  the work o f  Eastm an and W axm an [ 6 J and H o ff and A huja [ 7 ]. 

T he only  geom etric  constrain ts currently  incorporated in our system  are those that are 

given rise  to  by p lanar surfaces. For zero-crossing contour m atching — also called  

m atching under figural continuity constrain ts — w e have learned  m uch from  the w ork 

o f  M ayhew  and Frisby [ 8 ] and G rim son [ 9 ]. O ur im plem entation o f  figural con­

tinuity  is d ifferen t but retains the spirit espoused b y  the earlier efforts.

The fram ew ork  fo r the integration o f  the m ethods is opportunistic  in  the sense 

that given all the available m atching strategies, at each stage o f  processing the system  

invokes the one  w hose applicability conditions are best satisfied by evidence extracted 

so far from  the im age region. For exam ple, i f  a t the beginning o f  processing a pa ir o f

m atchable dom inant features is available in the tw o im ages, the system  w ill go ahead 

and  utilize them  fo r the determ ination o f  the local depth inform ation. H ow ever, in the 

absence o f  dom inant features, the system  w ill try to  invoke o ther m atching strategies 

depending  upon the zero-crossing features extracted  from  the im age region.

The opportunistic  fram ew ork for in tegration, im plem ented as a rule-based p ro ­

gram , is in tended  to  capture hum an intuitions about how  higher level constraints

shou ld  be in jected  in to a low -level m atching procedure  such as the M PG  algorithm . 

O ur intuition, w hich is in concurrence w ith the B RPS conjecture  xriade by  M ayhew  and 

Frisby [ 8 ], says that i f  a strong high-level feature can be extracted  from  an im age, the 

hum an visual system  will go ahead and do so; the stereoptic fusion w ill be subse­

quently driven by  the constraints generated by the h igh-level feature.

W e do  no t w ish  the reader to  consider our approach a m ere sm orgasbord  o f  the 

already w ell-know n approaches to stereo m atching. T he d ifferen t com ponent 

approaches in  the ru le-based system  are not a com plete  duplicate  o f  their earlier im ple­

m entations by  o ther investigators. A s a case in point, w hen m atching under geom etri- 

cal constraints is invoked, only the output o f  fine zero-crossing channel is constrained 

by  the expected geom etric form  o f  the object surface. This is contrary  to  the im ple­

m entations proposed  by W axm an and  Eastm an [ 6 ] and H o ff and A huja [ 7 ] w here 

geom etrical constrain ts are also applied to coarse-channel outputs. O ur rationale is 

that the analy tical properties o f  the coarse  channel output m ay bear little resem blance 

to  the analy tical properties o f the object surface. For exam ple, fo r a p lanar object like 

a cube against a uniform  background, the fine channel output, i f  free  o f  m ism atch 

errors w ill correspond fairly closely  to the three dim ensional shapes o f  the visib le



surfaces o f  the cube; how ever, the coarse channel output w ill, in  m ost cases, look like a

blobular bell shaped function.

The above discussion leads us to  the follow ing dilem m a: Ideally , any available 

geom etrical constrain ts generated by hypothesized know ledge o f  object surfaces 

should be applied  to zero-crossings at all scales; how ever, due to  the large sm oothing 

operators that com e in to  p lay  fo r coarse channels, the geom etrical properties o f  

coarse-channel d isparities m ay not correspond to  those o f  object surfaces. A nd, o f  

course, applying the geom etrical constraints to ju s t the fine channel output is hazardous 

because o f  the m ism atches in  the coarse channel output that could  not be elim inated by 

not applying any geom etrical constraints in these channels.

To get around  these difficulties, w e have taken the  fo llow ing approach: G eom etr­

ical constrain ts are hypothesized and applied only if  certain "robust" features are 

de tected  at the outpu ts o f  the finest channel. For exam ple, w e consider strong straight 

edges as robust features. If, at the output o f  the finest channel, the system  detects 

zero-crossing contour segm ents that are straight and represent large changes in  im age 

brightness levels, the system  then fuses these segm ents by a contour m atching schem e. 

T his fusion generates a straight line in the 3-D space o f  the scene. G eom etrical con­

straints are then  enforced  by insisting that in the v icinity o f  this line in  3-D  space, the 

disparities associated  w ith the o ther zero-crossings be accepted only if  the disparity  

values are c lose  to  that o f  the line.

There is a further m echanism  bu ilt into our com putational procedure for d iscard­

ing  a selected  geom etrical hypothesis : I f  in  the vicinity o f  the zero-crossings gen­

era ted  by straight edges, a m ajority o f  the o ther zero-crossings cannot be fused under 

the disparity  constraint ju s t m entioned, the hypothesized geom etrical constrain t is d is­

carded, and a  search conducted  fo r an alternative hypothesis.

O bviously, b inocular fusion under geom etrical constrain ts generated  by straight 

edges w ould not be applicable everyw here in a scene. In  o ther reg ions, w here applica­

ble, w e invoke the constraint generated by figural continuity. A nd i f  that also is im pos­

sible, our ru le-based  system  used as a last resort the straightforw ard M P G  m atching 

schem e.

Evidently, in  any passive Stereo schem e, the nature o f  illum ination has a consid- 

i erable influence on  the final results. W e w ill report on experim ents conducted w ith 

both natural lighting  and under artificial "unstructured" ligh t illum ination. The latter 

type o f  illum ination w as pioneered by N ishihara [ 10 ,1 1  ] in  the PR ISM  system .

Since w hat w e have  done can, in  a sense, be considered to  be a m odification o f 

the M arr-Poggio-G rim son (M PG) procedure, in w hat fo llow s w e w ill begin w ith  a 

b rief review  o f  th is procedure  in C hapter 2, w here w e also discuss som e o f  the 

shortcom ings associated  w ith the M PG  m ethod. H opefully, the d iscussion in C hapter 2 

w ill convince the reader that there is a need to also invoke higher level constrain ts dur­

ing  the m atching process. In C hapter 3, w e will rev iew  the procedures that are
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CUfrentiy available fo r enforcing h igh-level constraints. In C hapter 4, w e presen t in 

detail the m atching  algorithm s included in the rule-based procedure. C hapter 5 then 

proceeds to  presen t the organization  o f  the ru les in the system; this chapter also  

discusses the in teraction o f  the ru les w ith a contro l m atrix  w hich is used by the system  

to  figure ou t w hich m atching  strategies have already been tried fo r a given reg ion o f 

the im age and w hich strategy should be tried next. In  C hapter 6, w e then  discuss som e 

aspects o f  the im plem entation  o f  the system , particu larly  those  dealing w ith  the 

in teraction o f  O PS83 fo r the ra le  based part and the C language fo r the fest o f the 

im age processing  routines. In C hapter 7, w e show  som e experim ental results. F inally, 

conclud ing rem arks are m ade in C hapter 8.
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C H A P T E R  H  T H E  M P G  A P P R O A C H  T O  B I N O C U L A R  F U S I O N

2 .1 .  B r i e f  R e v ie w  o f  t h e  C o a r s e - t o - F in e  M a t c h in g  S t r a t e g y

Figure I illustrates w hat w e usually refer to  as the M PG  process. Each retinal 

im age is first convo lved w ith a set o f  LoG  functions, the  function being o f  the f o r m :

V2G  ( x, y )
2 I 2x +  y

- 2 exp
x2 +  y 2 

2 a 2

w here V 2 stands fo r the Laplacian operator

V2
s2

Sx2 Sy2

and G (x,y) represents the sm oothing kernel

G (x ,y) o 2exp
X2 +  y 2

( 2 )

A lthough the “ w id th” o f  the LoG  function, as described above, is characterized  by the 

param eter a ,  it is m ore frequently referred  to  by a param eter usually  deno ted  by w 2D, 

the rela tionship  betw een the tw o being

a
W 2 D

2 ^ 2
(4)

T he convolving functions in  Figure  I correspond to w 2d  values o f  63, 32, 16, and 8. 

A s C rim son has pointed out, in  the HVS there is physio logical ev idence fo r the pres­

ence o f  a fifth channel w ith w 2D equal to  4  [1 2  ].
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For each im age, the convolved outputs form  a  coarse-to-fine representation. 

Large scale varia tions m anifest them selves v ia  zero-crossings only  in the coarser ( 

large w 2d  ) channels, w hile the sm all scale variations generated  by  surface textures 

"show" m ostly  in  the outputs o f  the finer channels. In Figure I , there  is an o rder to the 

m atching o f  zero-crossings, w hich m ay or m ay not be representative o f  the hum an 

visual system  but form s a good strategy for engineering im plem entations. A s depicted  

in the figure, w e first m atch the zero-crossings, taking into  account the loca l orienta­

tions o f  the zero-crossing contours, in the coarsest channel. [Because o f  the nature o f 

our ru le-based  superstructure, it is no t necessary fo r u& to d irectly  enforce figural con­

tinuity constrain ts in  the m atching process, as was, fo r exam ple, done by G rim son [ 9 ]. 

In o ther w ords, the figural continuity considerations are subsum ed by the  ru le-based 

procedure.] The disparity values thus generated  form  a coarse range m ap o f  the scene 

and are used fo r vergence control fo r the next channel -  fo r a com puter im plem enta­

tion, vergence control m erely m eans that before m atching a pair o f  zero-crossings in, 

say, the w 2d  =  32 channel, the right-im age zero-crossing is shifted by the local d ispar­

ity  value generated by the w 2d  =  64 channel. O f course, it is un likely  that the 

W2D = 6 4  disparity w ould be available exactly w here it  is needed, in that event a 

ne ighborhood is constructed around the right-im age zero-crossing, and the average o f 

the coarser disparities in  the neighborhood is used for vergence control. Further details 

on such m atters m ay be found elsew here [ 1 2 ,1 3  ].

2 .2 .  S o m e  C o m p u t a t io n a l  A s p e c t s  o f  t h e  M P G  A lg o r i t h m

The com putational steps in each channel o f  the M PG  algorithm  consist o f  the 

three steps: I )  ex traction o f  zero-crossings, 2) m atching o f  zero-crossings betw een the 

tw o im ages, 3) d isam biguation i f  m ultiple candidates are available fo r m atching. In the 

fo llow ing subsections, w e w ill briefly discuss the  nature o f  com putations involved in 

each o f  the steps.

2 .2 .1 .  E x t r a c t io n  o f  Z e r o - C r o s s in g s

In the im plem entation used fo r this research, the left and the righ t im ages w ere 

convolved w ith three LoG  operators for w 2d  equal to 16, 8 and 4. W e did not use any 

larger operators to  save on com putational time. The larger operators sim ply perm it the 

depth  range to  be greater; in  ou r experim ents w e lim ited  the m axim al depth to w hat 

w ould correspond to a w 2d  value o f  16.



The double convolution im plied  by the  kernel o f  Eq. ( I )  has considerable bearing 

on the com putational efficiency o f  the  M PG  process. U ntil recently , the LoG  function 

in  Eq. (I )  w as not considered separable and the convolutions involved had to be im ple­

m ented  as tw o dim ensional integrations. The only  w ay around this difficulty w as to 

approxim ate the LoG  form  by  a difference o f  tw o G aussion function and exploit the 

separability  o f  a  G aussian kernel to reduce tw o dim ensional in tegrations in to  

sequences o f  one-dim ensional in tegrations. H ow ever, m ore recently , C hen e t al. [ 14 ] 

have  show n that it is possib le  to  decom pose the LoG  kernel and express the decom po­

sition as a sum  o f  tw o parts, each part being separable in its x and  y  dependences. 

M o re  specifically, the IxiG  kernel w as Shown to  be expressib le  as:

w here

V2G ( x, y  ) =  h 12 ( x, y ) +  h21 ( x ,  y )

b y - h i  ( X )  X h 1 ( y )

h i ( ^ )  =  VK 1 - i l
O2

, 2  o2

h2( £ )  = ■n/k  e 2 ° 2 (8)

T he factor K  is a constant, w hose quantity does not affect the position o f  zero- 

crossings.

2 .2 .2 .  R e p r e s e n t in g  Z e r o - C r o s s in g s

A lthough theoretically  the zero-crossing contours are supposed to  be closed, in 

p ractice  if  left-right scanning is used to  detect the presence o f  a zero-crossing on each 

raster line (by looking fo r sign reversals in the LoG  filtered output), the zero-crossings 

contours com e ou t broken. The breaks are caused by the near-horizontal segm ents o f 

w hat w ould otherw ise be continuous contours, since in  the v icin ity  o f  such segm ents it 

is difficult to  detect left-to-right sign reversals. In general, breaks can also be caused by 

the m agnitude o f  the pixel differences on the tw o sides o f  a zero-crossing not



exceeding an acceptance threshold.

In order to  obtain  continuous zero-crossing contours, w e use the  fo llow ing stra­

tegy. A ll the positive  pixels in  the LoG  filtered im age are m arked as + l ’s, and all the 

negative values as O’s. The zero-crossing contours are then ex tracted  by  fo llow ing the 

boundaries o f  the positive regions, w here the boundaries are defined as the 4- 

connectedness neighbor o f  negative regions. D uring the contour extraction process, 

each zero-crossing is tagged as either ’p ’ o r ’n \  depending upon w hether o r  not its 

im m ediate-left neighbor is lesser o r greater than its im m ediate-right neighbor, I f  dur­

ing  the the left-to-right com parison, one o f the neighbors is on the boundary, the zero-

crossing is c lassified a s ’O’, w hich is m eant to  stand f o r ’o th er.’

The above procedure results in  the  form ation o f  tw o N x N  character arrays, 

L w ( x, y ) and R w ( x, y ), fo r the tw o im ages, w here N  is the im age size and equals 

256 in Otu system. T he contents o f  these arrays are

L w (x, y) =  'p ' i f  a positive zero-crossing exists a t (x,y) (9)

in  the left im age after the LoG operator is applied  

=  V  if  a negative zero-crossing exists at (x,y)

in the left im age after the LoG  operator is applied  

=  'O' else.

R w(x ,y ) =  'p ' i f  a positive zero-crossing exists at (x,y)

in the righ t im age after the L oG  operator is applied 

=  V  if  a negative zero-crossing exists at (x,y)

in the right im age after the L oG  operator is applied  

=  '0 ' else.

2 .2 .3 .  D e t e r m in a t io n  o f  t h e  S e a r c h  W in d o w  S iz e

A s show n in  Figure  I ,  after the zero-crossings are extracted  from  each o f  the two 

im ages, th e  outputs o f  differen t channels m ust be m atched  and the zero-crossings from  

the left and righ t im ages paired  in each o f  the channels. W hile  this m atching  process is 

rela tively  straightforw ard for the coarsest channel, it m ust be preceded by vergence for 

the o ther channels. In this section, w e w ill first describe how  the  search w indow s are



set up to  m atch the zero-crossings and the issues affecting this process.

In Figure 2, w e show  how  a search w indow  is set up to  find the m atch in  the righ t 

im age fo r a left im age zero-crossing. W e transfer the coordinates o f  the left im age 

zero-crossing into  the righ t im age and then  construct a one-dim ensional w indow  o f
• He ■ , •

w idth ±W2 D around  the resulting point. Ideally, as w as poin ted out by  M arr and Pog-

W2D
gio [ 3 ], one should use a search w indow  size o f  ± —- — , since in this case one can  

show  theoretically  that w ith 95%  probability  there w ill be only one right-im age zero-

W2X) ■
crossing in  the sem eh w indow. In practice, + ——  sized search w indow s are too nar-

2

row  to be practical, as difficulties are caused by shifts in  zero-crossing contours, these 

shifts being produced by the interaction o f gray level changes w ithing the dom ain  o f 

support o f  the LoG  operator [1 5  ]. T o dem onstrate these shifts, w e have show n in F ig ­

ure 3 the stereo itnages o f  a box scene w ith  illum ination arranged in such a  m anner that 

a shadow  is cast on  one side o f  the box in only the left im age. T o show  the effect o f  

th is shadow  on  the shift o f  the zero-crossing contour, w e have used  the notion o f 

scale-space filtering, in troduced  first by W itM n [ 1 6  ], and considered the gray levels 

on on ly  the line P O  o f  the im ages. F igures 4 (a) and 5 (a) show  the gray  levels along 

P Q  in  the tw o im ages, respectively. F igures 4 (b) and  5 (b) show the zero-crossings 

ob tained  fo r d ifferen t choices o f  W2 D for these gray  levels. I t is c lear that the left im age 

zero-erOssings suffer greater shifts fo r larger w jd  than  the righ t im age zero-crossings, 

this being a consequence o f the presence o f  the large gray level change at the shadow 

Iw uridary in  the left im age.

D ue to  the zero-crossing contour shifts, it is m ore com m on to  use ±W2b search 

, w j n ^ s , ^ m o u g h  this im plies that the probability  o f  finding a single zero-crossing  

w ith in  the righ t im age search w indow  w ill be dow n to 50%  and that in  res t o f  the cases 

there m ay be m ore than one candidate zero-crossing, leading to  increased burden on 

disam biguation procedures.

I f  on ly  a single zero-crossing is located  w ithin the search w indow , it is accepted 

as a m atch p rov ided  there is also a  m atch  in the orientations o f  the local zeio-crossing 

contours. I f  the Orientations do not correspond, then the left-im age zero-crossing is 

sim ply  left unm atched.

W e will now  describe how  the zero-crossing orientation inform ation is captured. 

A  m ethod to com pute the local contour orien tation w as presented in a p rio r study [ 13 

]. T he  approach there consisted  o f  com puting the x- and y - d irectional gradients by 

the application  o f  Sobel operators and taM ng the arctan o f  the two, yield ing a value for

S tr ic t ly  s p e a k in g , th is  i s  o n ly  true  o f  th e  c o a r s e s t  c h a n n e l in  a  m u lt i- c h a n n e l im p le m e n ta t io n . F o r  

f in e r  c h a n n e l,  w e  a d d  to  th e  c o o r d in a te s  o f  th e  le f t  im a g e  th e  d is p a r it ie s  o f  a ll th e  c o a r se r  c h a n n e ls  

b e fo r e  s e t t in g  u p  th e  se a r c h  w in d o w . T h is ,  a s  w a s  m e n t io n e d  b e fo r e , i s  c a l le d  v e r g e n c e  c o n tr o l.
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Jearch w indow

(a )  L e f t  im a g e . (b )  R ig h t  im a g e .

Note: T w o contour points P f  and P f  w ithin the search Window ±  W2 d >

on the coutour segm ents A '- B ' and A " - B " ,

resptctively, are the m atch candidates for the left im age zero-crossing P ^

F ig u r e  2  S e a r c h  w in d o w  in  t h e  r ig h t  im a g e  f o r  a  z e r o - c r o s s in g  in  t h e  le f t  im a g e .



(a )  L e f t  im a g e .  (b )  R ig h t  im a g e .

F ig u r e  3  O n e  b o x  s c e n e .
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I  o n

(a )  G r a y  le v e l  p r o f i le .

x-position

(b )  S c a le  m a p .

F ig u r e  4  S in g le  b lo b  I - D  im a g e  a n d  it s  s c a le  m a p  ( le f t ) .



(a )  G r a y  le v e l  p ro file .

x-position

(b )  S c a le  m a p ,

F ig u r e  s  S in g le  b lo b  I - D  im a g e  a n d  i t s  s c a le  m a p  (r ig h t ) ,
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orientation w hich could  take any value in the interval [0 ,180].

In our im plem entation  o f  the M PG  procedure, w e do not d irectly  com pute the 

orientations o f  the local zero-crossing contours. The contour orien tation inform ation is 

indirectly  taken in to  account by com paring the local binary bit patterns in  the binary 

im ages generated during  the contour extraction procedure p resen ted  in  Section 2.2.2. 

W e believe this approach is m uch m ore efficient.

To explain the com parison o f  the bit patterns, let A il, and Air be  the values o f  3 x  

3 binary  im age patch  o f  left and the right im age respectively, as show n in Figure 6. 

The zero-crossing pixel under consideration is supposedly at the  cen ter o f  the 3x3 

m atrix. L e tS  be the m atching m agnitude com puted by the fo llow ing form ula:

■ : ■ : ■ ■ - 7

S = X N E G ( A i l X O R A i r ), (10)

■ i=0 ,V  .

w here  X O R  denotes the logical exclusive or, and N E G  denotes the logical negation. I f  

all eight elem ents o f  the 3 x  3 m atrix  m atch the value S is 8, m ean ing the tw o contours 

have  iden tical orientations. I f  one  o f  the eight elem ents differs, then S is 7, which, as 

should  becom e ev ident from  Table I ,  corresponds to a  m axim um  orien tation difference 

o f  27 degrees. T he orientation differences for a I bit disagreem ent can  be found by 

com paring the  orientations fo r the successive entries in the table. A gain from  the 

table, w hen the value o f  S is 6, m eaning that tw o bits in  the left and the righ t im age 

patterns are in  disagreem ent, the angular difference betw een the corresponding con­

tours is at least 34  degrees. S ince w e d id  not w ant the contour orien tations to  d iffer by 

m ore than  30  degrees, w e used a threshold o f  7 on S. In o ther w ords, tw o zero-crossing 

orientations w ere considered be the same if  there w as only  a one b it d isagreem ent 

be tw een their corresponding neighborhood binary m asks.

O ur binary neighborhood com parison procedure has one advantage over m ethods 

that are m ore explicit in their usage o f  local orientations. C onsider the fo llow ing tw o 

binary  pa tterns in  the neighborhood o f  a zero-crossing.

I I I 0  0  I

0  I I 0  I I

1 I I ■ 0  0  I ,

T h e  o r ie n ta t io n  e n tr ie s  in  th e  ta b le  w e r e  g e n e r a te d  b y  th e  a p p lic a t io n  o f  3 x 3  S o b e l  o p e ra to rs  to  

th e  b it  p a tter n s  s h o w n  in  th e  s e c o n d  a n d  th e  fo u r th  c o lu m n s . N o t e  th a t th e  ta b le  i t s e l f  i s  n o t  u s e d  

d u r in g  th e  m a tc h in g  o f  th e  z e r o -c r o s s in g s .  It  i s  s h o w n  h e r e  o n ly  fo r  th e  p u r p o s e  o f  j u s t i f y in g  th e  

th r e s h o ld  u s e d  o n  S .



(a )  L e f t  im a g e . (b ) R ig h t  im a g e .

F ig u r e  6  3  x  3  im a g e  p a t c h e s  a n d  t h e ir  e le m e n t s .



The Sobel operator w ould assign the same contour slope to  the center po in t o f  both the 

patterns, since a t the cen ter po in t the first derivative in  both cases is the sam e, only the 

second derivatives are different. Therefore, a m atcher that uses gradient calculation 

based orien tations w ould  m atch the tw o zero-crossings corresponding to  the patterns, 

although such a m atch w ould be erroneous. H ow ever, w ith  our schem e, w hen tw o pat­

terns are com pared, the resulting value o f  S is 4, w hich is below  the threshold, there­

fore the zero-crossings w ould not be m atched.

N ote that there is an im plied  assum ption here that p rio r to the  setting up o f  search 

w indow s in  the m anner described above, the tw o im ages are already rectified. 

R ectification m eans that the epipolar lines in  the tw o im ages are  paralle l and 

correspond to  the row s o f  the m atrices representing the im ages. M ore specifically, it is 

assum ed that the correspondents o f  all the pixels on  the i-th row  o f the left im age are 

on  the i-th row  o f  the right im age. In  general, this w ill not be the case, especially  w hen 

the optic axes o f  the tw o cam eras are not parallel. A s discussed by  H orn  [-17 J,. w hen 

the optic axes are convergent, the epipolar lines in  each o f  the im age p lanes are also 

convergent. For exam ple, the epipolar lines in  the left im age m ust all rad iate out from  

the left-im age poin t corresponding to the cam era cen ter o f  the righ t im age.

In case  the reader is no t already fam iliar, an epipolar line is defined fo r each  

im age poin t as that line in  the o ther im age on  w hich  the corresponding poin t m ust lie. 

G iven, say, a left-im age point, w e can argue that the object point m ust lie  on the ray 

passing through the im age poin t and the left cam era center; i f  w e p ro jec t this ray  onto 

the righ t im age, w e obtain the  epipolar line fo r the left-im age poin t in  question. B y 

analyzing the geom etry associated  w ith epipolar lines, it can  be show n that w hen the 

optic axes are parallel, the epipolar lines m ust also becom e parallel. W e dem onstrate  

this w ith  im ages o f  an object consisting o f  lattice pattern , w hose horizontal lines and 

vertical line are perpendicular, draw n on a sheet o f  paper. F igures 7 (a) and/(b) show  a 

stereo p a ir o f  im ages obtained w hen the cam era axes are convergent w ith an angle o f 

45 °. From  the slant o f  the lines in the im ages, it is c lear that in  this case it w ould  be 

inaccurate  to  use  one-dim ensional search w indow s fo r solving the  correspondence 

problem . The process o f  rectification consists o f  transform ing each o f  the im ages in 

such a m anner that the transform ed stereo pair corresponds to  the case  o f  paralle l optic 

axes. In general, such transform ations can be com plicated. In our research, w e have 

circum vented the difficulties o f  rectification by using keeping the cam era optic axes 

nearly parallel, usually  w ith in  IO °, and objects a t a rela tively  large distance from  the 

cam era baseline. The cam era baseline w as typically 20 inches long and the object to 

baseline  distance typically HO inches. F igures 7 (c) and (d) show the stereo im ages o f 

the 2-D  object taken under such conditions. S ince w e do not use any rectification expli­

citly, w e m odify  the search w indow s som ew hat and include the ±W2D intervals in the 

row  above and the row  below .



T a b le  I  3 x 3  b in a r y  im a g e  p a t c h e s  a n d  t h e ir  a s s o c ia t e d  o r ie n t a t io n s .

O rien- 3 x 3  patch O rien­ 3 x 3  patch

tation tation

(deg) (binary im age patch) (deg) (binary im age patch)

O O 0 * 1 0 1 * 0 0 0 * ■ . I I I * I I l * l l  l *

: O 1 1 1  1 1  I 0 1 0 180 I I I 0 I 0 I I I

I I I I I I 1 1 1 0 0 0 0 0 0 I 0 I

.. :V ---,Vv. 0 0 I * 0 0  0 I I I I I I *

27 I I I 0 I I 207 I I 0 I I I

' : : ; I I I I I I 0 0 0 I 0 0

■ .• '■ ■ ■ ' ■ 0 0 I I I I

45 ;•■■■ ' 0 I I ■ 225 I I 0

: V V :' - : I I I I 0 0

O i l  0 0 1 I I 0 I I I

O
S

O
J

0 I I 0 I I 243 1 1 0  1 1 0

I I I 0 I I ■■ I 0 0 I I 0

1 1 1  O i l  0 0 I I 0 0 I I 0 I I I

90 0 I I 0 I I 0 I I 270 I I 0 I I 0 I I 0

I I I O i l  0 0 I 1 0  0 1 1 0  I I I

. = H- ' : I I I 0 I I I 0 0 I I 0

117 0 I I 0 I I 297 I I 0 I I 0

• ; 0 I I 0 0 I . . . . I I 0 I I I

- Vv ; I I I ■ 1 0  0
135 ■ . o i i : 315 1 1 0

0 0 I ’ I I I

■' I I I *  I I I .
0  0  0  I 0  0 *

153 I I I 0  I I 333 0  I I I I I

I : I 0 0 0  0  0 I I I I  I I

N ote : 3 x  3 patches w ith * m ark are not used fo r m atching, because their parity

is neutral (neither positive nor negative).
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(a ) L e f t  im a g e  ( a n g le  =  4 5  ° ) .  (b ) R ig h t  im a g e  ( a n g le  -  4 5  ° ) .
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( c )  L e f t  im a g e  ( a n g le  =  1 0  ° ) .  (d )  R ig h t  im a g e  ( a n g le  =  1 0  ° ) .

F ig u r e  7  P e r s p e c t iv e  d is o r t io n  in  b in o c u la r  s t e r e o p s is .



The reader should also note that a further correction is usually  necessary before 

the zero-crossings can be m atched even w ith the w indow  m odification w e ju st 

described. In general, the p lane containing the tw o optic axes w ill no t intersect the 

im age p lanes along  lines parallel to  the scan lines, assum ing o f  course  that the two 

axes are very  nearly  parallel and “ containable" in  a plane. W hen this happens, the epi- 

po lar lines although parallel w ill no t lie  along the cam era scan lines. T o get around this 

difficulty, the tw o im ages m ust first be row -registered. A lthough one can visualize 

high-precision experim ental set-ups w here this w ould  not be a problem , in  our experi­

m ents w here the cam eras are m ounted on ordinary  tripods, w e m ust do the row - 

registra tion m anually  before m atching. O ur cam era im ages are 512x480. From  the left 

im age, w e first extract a 256x256  subim age. Then, from  the righ t im age w e extract a 

sim ilar sized subim age that appears to be best row -registered  w ith the left subim age.

2 ,2 .4 .  D is a m b ig u a t io n

Since, sta tistically, there w ill be m any cases w here there are tw o o r m ore candi­

date  zero-crossings inside a search w indow  o f  size ±W2 e>, one has to em ploy som e 

disam biguation strategy to  select one o f  the zero-crossings. Follow ing M arr and Pog- 

gio [ 2 ], the notion o f pulling effect is used by  us fo r disam biguation. T he pulling 

effect is in tended to  lend  a certain m easure o f  continuity  to the calcu lated  disparities 

values; m eaning that since disparity variations can not be chaotic , i f  there is a choice 

one m ust use that value w hich is m ost consistent w ith  the disparities in the neighbor­

hood. G rim son [ 9 ] im plem ented the pulling effect in  the fo llow ing m anner: In the k  

th channel, le t Cjc., i= l,2 ,...,n , be the candidate zero-crossings in  a rig h t im age search 

w indow  set up fo r a  given left im age zero-crossing. L et dkj be the disparity o f  the i th 

candidate. W e w ill accept that dki fo r w hich w e can find a coarser channel zero­

crossing w ithin a specified neighborhood o f  the left im age zero-crossing, the disparity 

'dk-i that is associated  w ith the coarser channel zero-crossing being such that

4k_l (ID

w here w k is the W2 D fo r the k-th  channel. This pulling effect is illustra ted  in Figure 8 

(a) w here C corresponds to dk_ i .

O ur im plem entation is quite  differen t from  that o f  G rim son, since w e do  not at all 

use the coarser channel d isparities for the pulling effect. Instead, w e insist that a candi­

da te  zero-crossing be selected such that
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response

C is determ ined by the

^  \\ T

coarser channel range data

2 D

■w
rs
O

disparity W

(a )  C r im s o n ’s  M o d e l

response

-w (
V

disparity W

C ' is determ ined  

by the pulling effect

W '« W 2D

(b )  O u r  M o d e l

F ig u r e  8  D is a m b ig u a t io n  m o d e ls .



dk;
d is a m b - n e ig h b o r h o o d

(12)

w here  disamb-neighborhood  stands for neighborhood around the left-im age zero­

crossing  in  question. In m ost o f  ou r program s, the size o f  this neighborhood is 20x20. 

This approach  to  the pulling effect is show n in Figure 8 (b) w here C ’ is the average 

show n in  the above equation.

The size o f  ou r pulling-effect w indow  w as set em pirically. W e exam ined a large 

num ber o f  stereo  pairs and concluded that a larger w indow , say o f  size ±W2 d , allow ed 

m ore than  one  candidate  m atch to  be accepted, w hich v io lated  die en tire purpose o f

W2D '■
disam biguation. A nd, o f course, a sm aller w indow , say o f  size ± — — rejected  too

8

often all the candidates.

2 .3 .  P r o b le m s  w i t h  t h e  M P G  A p p r o a c h

The disam biguation  aspect o f  the M PG  approach is not as defensible as the rest o f  

the form alism . O f course, at a theoretical plane, the  philosophy behind disam biguation 

appears to  be sound -- as it seeks to  enforce continuity  and uniqueness on the com - 

p u ted  d isparities—  how ever, there  is a certain looseness in the im plem entation o f  the 

idea  itself. F o r exam ple, in our ow n im plem entation , the size o f  the w indow  one uses 

fo r disamb-neighborhood depends upon how  rapid ly varying the depth values are; 

how ever, the nature o f  this dependence is poorly understood at this tim e. O ur ow n 

selection fo r the size is m ade by tria l and error. C learly, a w indow  designed fo r a class 

o f  scenes m ay not w ork w ell fo r another class. W e m aintain that the sam e is true for 

o ther im plem entations.

W hile  the above difficulty is m ore in the nature o f  how  a particu lar aspect o f  a  

theory should be im plem ented, w e w ill now  show , w ith the help o f  a sim ple exam ple, a 

shortcom ing o f  the M PG  form alism  that goes to  the  heart o f  the theory. W e w ill show 

that a com putational theory o f  depth  perception m ust no t only carry out bottom -up p ro­

cessing  o f  the sensory inform ation, as is done in  the M PG  approach, bu t it m ust also 

invoke top-dow n expectation-driven procedures.

For the exam ple, assum e that the object surface is m ade up o f  three panels, as 

show n in  Figure  9. A lso assum e that the cam era positions are such that the panel 2 is 

no t visible  in the left im age. I f  w e assum e that the surface o f  the object is random ly 

textured, it is highly probable  that the zero-crossings in the panel 2 portion in the righ t 

im age will m atch w ith  som e zero-crossings from  either panel I o r 3 in  the left image.
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Figure 10 illustrates calculated disparity values along the line P Q  show n in  the p rev i­

ous figure. The correct depth values are also show n fo r com parison.

T o the hum an visual system, the object surface in Figure 9 presen ts no  difficulties 

w hatsoever w hen it com es to depth perception, even in  the presence o f  occlusions, as 

show n there. W e believe the hum an visual system  uses h igher level cognitive process­

ing w hich invokes object level know ledge to  place additional constrain ts on disparity  

values. W e also believe that, in m ost cases, m onocular processing is sufficient to gen­

erate these Object level expectations that are then  used in  the process o f  b inocular 

fusion.

It appears plausible that in  the hum an visual system  object-level know ledge for 

b inocular stereopsis is triggered  by strong high-level features in  a scene. So, clearly, 

any attem pt a t generating object-level constraints on acceptable disparities m ust start 

w ith  the detection o f  high-level features. In our w ork so far, the only high-level 

fea tures w e have used for this triggering process are straight edges that are strong and 

long. W e refe r to  strong and long straight edges as dom inant features.

T herefore, i f  a com putational theory  o f depth perception is no t to  suffer from  the 

k ind  o f  shortcom ing exem plified by  the three-panel exam ple, the dom inant features 

m ust first be detected  and m atched. The resulting structures in  3-D space m ust then 

trigger hypotheses about the orientations o f  surfaces in  the v icin ity  o f  the  dom inant 

features. F inally, these hypotheses m ust generate constrain ts fo r acceptable disparities 

near the dom inant features. O f course, i f  a Sufficient fraction o f  the available zero- 

crossings can not be m atched under a particular hypothesis, that hypothesis m ust be 

rejected  in  favor o f  others. C learly, o f  no  hypotheses do  justice  to  the zero-crossings in 

the v icin ity  o f  a structure generated by m atching a pa ir o f  dom inant features, then that 

structure should be discarded and other possibilities investigated fo r how  the dom inant 

features should  be paired up. T fflS  IS THE E SSEN C E O F O U R  R U L E-B A SED  

A PPR O A C H .

In the next chapter, w e w ill briefly rev iew  the w ork  done so far in  Stereo m atching 

by invoking higher-level constraints. In the subsequent chapter, w e w ill then discuss 

how  som e o f  these m ethods w ere m odified for incorporation in our system .
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G H A P T E R  m  R E V I E W  O F  P R O C E D U R E S  F O R  

S T E R E O  M A T C H I N G  U N D E R  H I G H  L E V E L  C O N S T R A I N T S ;

V W hilel the  previous chapter d iscussed the M PG  form alism  and its shortcom ings, 

th is chapter w ill be  a review  o f  the stereo m atching techniques that stand “  at the o ther 

end." B y the o ther end w e m ean the techniques that accom plish binocular fusion 

solely by high level, including object level, constraints on disparities.

Matching Using Geometrical Constraints

In som e o f  the existing  approaches, geom etrical constrain ts are explicitly  used 

during the process o f  m atching zero-crossings. For exam ple, in the w ork done by East­

m an and W axm an [ 6 ], a disparity functional is com puted that estim ates the 

coefficients o f  a Io ca lp lan ar patch corresponding to a tentative m atch  o f  a few  adjacent 

zero-crossings in  the left and righ t im ages. M atches m ay then be accepted o r rejected 

based upon the m agnitude o f  the disagreem ents betw een the disparity  functional and 

the com puted disparity. These authors have m ade the assum ption that their scenes are 

continuous. In one o f  their m ethods, w hich they call the neighborhood-based algo­

rithm , m atch ing proceeds from  the coarsest channel to the finest channel. Initially, for 

the coarsest channel, it is assum ed that the scene is at a constant depth — w hich  can  be 

the average depth  o f  the scene. Subsequently, the d isparities com puted at a  given 

scale determ ine the location in  the next finer channel o f  the w indow s to be used for 

searching fo r correspondents o f  zero-crossings.

The procedure  proposed by H off and A huja [ 7 J fo r enforcing geom etrical con­

straints consists o f  tw o phases : In the first phase, as in  the prev ious m ethod, p lanar 

pa tches are fitted to  ten tative m atches betw een zero-crossings, the coefficients o f  a 

p lanar patch  being determ ined by the use o f the H ough transform . Subsequently, in the 

1 second phase, the neighboring p lanar patches are clustered in to quadratic surfaces by a  

least squares m ethod. This then allow s enforcem ent o f  geom etrical constrain ts at the 

quadratic level. The control-flow  for the propagation o f  m atching inform ation from  

the coarsest to  the finest channels is the same as in  the m ethod o f  W axm an and East­

m an -  w hich is basically the sam e as in G rim son’s im plem entations o f  the M arr- 

Poggio paradigm . First, in the coarsest channel, it is assum ed that the scene can be 

rep resented  by a constant (planar) surface at the average depth in the scene. A nd, then, 

the disparities com puted  are used to create a sm ooth curved surface fo r predicting the



search w indow s fo r the next channel.

The notion o f  using geom etrical constrain ts is, w e believe, very  useful, particu­

larly fo r industrial vision applications. Such constrain ts form  an im portant com ponent 

o f  the ru le-based  approach that w ill be presen ted here.

The Constraint on the Ordering o f  Features

Im ages o f  scenes m ade o f  opaque object m ust observe an im portan t constraint :

m onotonicity  o f  rendition  o f  object poin ts. B y m onotonicity o f  rendition, w e m ean the 

fo llow ing : Suppose w e m ark all the object surface points w ith  a set o f  m arks, no tw o 

o f  w hich are identical. Oh any line running through an im age o f  the scene, the order o f 

appearance o f  the m arks m ust correspond to the o rder in  the scene. In o ther words, 

there cannot be position reversals in, say, the left-right ordering o f  the m arks. This 

constrain t m akes the stereo correspondence problem  ideally  am enable to  solution by 

dynam ic program m ing. O f course, since in  practice it is no t possib le  to  m ark up a 

scene, fo r using  dynam ic program m ing one has to first select a set o f  distinguished 

poin ts from  each im age; how  such points are selected sets apart the various im plem en­

tations o f  th is schem e. A nother distinguishing aspects o f  the various im plem entations 

is the distance o f  function used fo r m easuring  the closeness o f  correspondence 

achieved betw een the gray levels along the ep ipolar lines in the tw o im ages.

T o m ention a few  o f  the im plem entations that use the dynam ic program m ing 

approach, B aker and B in fo rd f  18 ] have used for the  distance-function features based 

on edge angles, gray  levels on the tw o sides o f  an edge, rela tive disparities, (m easured 

du ring  a reduced  reso lu tion phase) and in terval com pression that is im plied by the 

Correspondence. The distance function used by O hta and  K anade [ 19 ] uses the sim i­

larity  o f  ep ipolar line intervals betw een successive distinguished  points. In another 

study, by  L loyd, H addow  and Boyce [ 2 0  ], the distance fu n c tio n  is based u p on  d is­

tances betw een distinguished points, edge angles and  average gray levels. The im ple­

m entation o f  this last approach is along the lines o f  relaxation labeling. N ote that m  all 

th ree approaches, the d istinguished points can, fo r exam ple, be edge segm ents.

Looser Ordering Constraint

In the dynam ic program m ing approach, the ordering o f  im age poin ts declared  d is­

tinguished m ust be strictly m aintained in any m atching o f  the tw o im ages along an ep i­

po lar line. I f  w e loosen the constrain t because of, say, the difficulty w ith the 

rectification process, the p roblem  o f  m atching im age elem ents, such as edge segm ents, 

along  ep ipo lar lines can be cast as a graph search problem , as w as done by  H erm an and 

K anade [ 2 1  ]. M atching o f  edge segm ents along epipolar lines has also been carried 

out by M edioni and N evatia [ 5 ] using a relaxation type approach.
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Som eO therApproaches

W e w ould now  like to  allude briefly to the fact that m ethods do  ex is t fo r im prov­

ing the overall accuracy o f  the calculated depth inform ation that do not resort to  the 

invocation o f  h igher level constrain t know ledge. For exam ple, N evatia  [ 22  J has 

show n that i f  a progression o f  closely spaced view s are fused together, it is possib le  to 

reduce m ism atches in  stereo correspondence w ithout sacrificing accuracy in  depth  cal­

culation. M oravec [ 23 ] has also proposed a m ulti-view  stereo-system , w ith  sim ilar 

results. Tsai [ 24  ] has used a statistical approach to  com bine eight v iew s o f  a scene 

using  jo in t m om ents and w indow  variances.



C H A P T E R  I V  M A T C H I N G  M E T H O D S  I N C L U D E D  

I N  T H E  R U L E - B A S E D  P R O G R A M

W e w ill n o w d esc rib e  in  greater detail the m atching schem es that can  be  invoked 

by the ru le-based  system. A t any given tim e, a 64x64 control m atrix  is used to store 

inform ation on  w hich  m atching  schem e to invoke w here in  an im age, w hich is usually  

o f  size 256x256. Each elem ent o f  the control m atrix, depending upon its in teger value, 

indicates selection o f  a particular m atching strategy. L ater in  this p ap er w e w ill d is­

cuss how  the values o f  this contro l m atrix are initialized, and, subsequently, how  these 

values are  altered dynam ically.

4 .1 .  D o m in a n t  F e a t u r e  M a t c h in g

In line w ith the discussion in  the previous section, an im portan t m atching strategy 

consists o f  extraction  and fusion o f  dom inant features from  the tw o im ages. A t this 

tim e, the on ly  type o f  dom inant feature the system  is capable o f  hand ling is the 

straight-line type. W e w ill now  describe the procedures used fo r first extracting straight 

lines and then fusing them .

4 .1 .1 .  E x t r a c t io n  o f  S t r a ig h t  L in e  F e a t u r e s

In m any prev ious studies, binocular fusion has been carried  ou t on  straight line 

features [ 18, 21, 5 , 4 ] .  B aker and B inford [ 18 ] ex tract edges from  the stereo p a ir and 

represent each edge as a concatenation o f  piece-w ise  straight segm ents, associated w ith 

each segm ent being a set o f  attributes like the orientation, side-intensities, etc. T hey 

then  scan each im age row  by row , and m atch the segm ents on each row  o f  the left 

im age w ith  the segm ents in th corresponding row  o f  the righ t im age by  using the 

V iterbi algorithm . The procedure used by H erm an and K anade [ 21 ] is very  sim ilar 

except fo r the fact that m atching is accom plished on  L-junctions fo rm ed  by straight 

edge segm ents. In the w ork reported  by  M edioni and N evada I 5 ], edges are extracted
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by the N evatia  and B abu algorithm  [ 25 ] and  m atched by  a relaxation based  procedure 

w hich seeks to  m inim ize w hat they call as differen tial disparity. In  the N evada and 

B abu edge extraction procedure, edge poin ts are first detected  by  using w indow  opera­

tors, ne ighboring edge poin ts are then connected  to  form  continuous contours; these 

contours are then  fitted w ith an iterative straight line fitting algorithm  w hich in the first 

iteration  consists o f  jo in ing  the extrem al poin ts on the  contour w ith  a  straight edge, 

and, later, i f  the th is straight edge is too  p o o r a fit to  the contour, selecting a m iddle 

contour po in t fo r the purpose  o f  fitting straight edges to  the tw o segm ents thus form ed, 

and  so on. In  the w ork  reported  by  A yache and  Faverjon [ 4  ], recursive m ethod is 

taken in  o rder to  approxim ate a contour w ith the set o f  linear segm ent sim ilar to  the 

one used by  N evatia  and Babu.

For ou r w ork, w e have preferred  to  use a m ethod that is a varia tion on a schem e 

first p roposed  by  Freem an [ 26  ]. In  ou r im plem entation , thresholded  outputs o f  edge 

operators are represented by chain-codes and tested fo r straightness. T he advantage o f 

th is approach is that it can be m ade insensitive to  sm all local and structural deviations 

from  straightness. T he com peting approaches, som e o f  w hich w ere alluded to in  the 

prev ious paragraph, w ould  consist o f  fitting analytically described arcs to  edge points. 

H ow ever, being analytic, such approaches are m ore suitable w hen w e w ant a  straight 

line extraction procedure to be insensitive to  d istortions that are  som ew hat m ore global 

in  nature. In any case, our choice should be construed  less as a categorical judgem ent 

on  w hich o f  the tw o types o f  approaches is ultim ately  suitable fo r straight line extrac­

tion and m ore as a m atter o f  personal preference.

Freem an has suggested th ree criteria w hich m ust be  satisfied by  the  chain code o f  

a d igita l straight line [ 27 ]:

(1) A t m ost tw o  slopes occur in  the chain. and i f  there are two, they differ by  45° 

exactly.

(2) A t least one  o f  the tw o slopes occurs in runs o f  length l.

(3) The slope occurs in runs o f  at m ost tw o lengths (except possibly a t the ends o f  the 

arc, w here  the runs m ay truncate) and, i f  there are tw o lengths, they  m ust differ 

by  I.

T hese conditions, postulated  fo r dig ital renditions o f  ideal straight lines, are not 

entirely  satisfactory fo r straight lines extracted from  im ages o f  objects and  scenes. The 

“ rea l world" straight lines often  exhibit sm all deviations from  straightness; a line 

extraction algorithm  m ust be forgiv ing o f  those. F o r exam ple, a vertica l line segm ent 

from  an im age m ight lead  to the fo llow ing chain code fo r its representation:

666666676666666665666666
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A s is evident from  F igure 11, this line, even though it v io lates the  th ree Freem an cri­

teria, w ould be called straight by m ost observers. C learly, w e need  to  “ loosen" the cri­

teria in order to  be able to process actual im ages. This w e do  in  the  fo llow ing m anner.

In  th e  f ir s t  F r e e m a n  c r ite r io n , n o t  m o r e  th a n  t w o  c o d e  n u m b e r s  a re  a l l o w e d  in  th e

chain code o f  a straight line; in  our algorithm , up to  three differen t codes are  allowed. 

H ow ever, w e require that w hen three d ifferent codes are presen t in  a chain, the cen ter 

code occur m ost frequently and that the values in  the non-central b ins no t exceed  a 

thresho ld  T l ,  w hose value is dependent on the length  o f  the digital arc. B y experim en­

tation w ith  the type o f  im agery  that is o f  interest to us, w e have found that an appropri­

a te  value fo r T l  is 3 w hen the length o f  the dig ital arc is 41. T he reason  fo r w hy w e 

w ant our straight line segm ents to  be 41 pixels long w ill be  explained tow ard the  end 

o f  th is subsection. Figure  12 (a) show s a  dig ital arc w hose length  is 41 but w hose 

chain code h istogram , as show n in  Figure 12 (b), is such that T l  is 4. C learly, m ost 

observers w ould  declare this arc as no t straight.

The nex t Freem an criterion says that one o f  codes can only occur in  unit lengths; 

w e perm it the m axim um  length  o f  the code num ber w hich corresponds to  the  shortest 

runs in  the code sequence to be T2, w hich is also dependent on the arc length  and is 2 

in  the current m odel. The num ber 2  was again arrived at through experim entation . 

Figure  13 (a) show s a dig ital arc o f  length 41 w hose histogram , as d isplayed in  F igure 

13 (b), is such that T 2 is 3; this arc w ill again not be declared straight by  m ost 

observers. W e do  no t at all use  the third Freem an criterion. In the res t o f  this section, 

w e w ill first com plete  a descrip tion o f  our algorithm  and then  ju stify  the  underly ing  

rationale w ith the help o f  a few  exam ples.

O ur criteria  im ply that the decision about the straightness o f  a  contour segm ent 

(m eaning an arc) can  be m ade entirely by exam ining its  chain  code histogram . For 

each con tour segm ent, a chain-code histogram  is constructed  such that the bar 

corresponding  to  each code num ber — the code num bers go from  O to  7 -- represents 

the frequency o f  the appearance o f  the code num ber.

From  the  chain code histogram , w e com pute tw o num bers, A  and N , in  the  fol­

low ing m anner. L et C (i) be  the frequency o f  the chain code num ber i. T hen

A - \  i | C ( i > , (13)

N=IAl
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w here the notation |A| deno tes the cardinality o f  A. In  term s o f  A  and  N , w e can  m ake 

the fo llow ing decisions about the straightness property:

(1) I f  the histogram  has m ore than  four bars (N>4), this line is no t straight by any 

m eans. T his line segm ent has at least four d ifferent orientations.

(2) If  the h istogram  has a single bar (N  = I), the line is purely  straight, w ith  the  orien­

tation o f  0°, 45°, 90°, o r 135° w ith the horizontal line.

(3) I f  the histogram  has tw o bars (N  = 2), tw o cases need be considered  (let the m ore 

frequently appearing code be the m ajor code and the o ther code be the m inor

. 'c o d e ) :

A. I f  th e  t w o  b a rs  a re  a d ja c e n t  to  e a c h  o th e r , a g a in  th e r e  a r e  t w o  c a s e s :

a. I f  the m axim um  run length o f  the m inor code is less than a user 

specified threshold T2, the line is declared s tra ig h t

b. I f  the m axim um  run length o f  die m inor code is greater than  T2, the 

line is declared as not straight.

B. I f  the tw o bars in the histogram  are not adjacent, this arc is declared as not 

straight. T his arc contains a t least tw o differen t orientations, and the angles 

o f  these orien tations d iffer by  at least 90° difference.

(4) If  the h istogram  has three bars (N  =  3 ) ,  the follow ing tw o cases need  be con- 

■ sidered.

A. If  the three bars are adjacent to  one another, the center b a r is the  largest, and 

the  height o f  the closest neighboring bar is less than a  user specified thres­

hold  T l ,  then there are the follow ing tw o cases to consider: 

a. I f  the m axim um  run-length  o f  the non-central code (naeaning the  value 

in  the non-central bin in  the histogram ) is less than  T2, the line is

B.

declared straight.

b. I f  the m axim um  run-length o f  the non-central code is greater than the 

thresho ld  T2, the line is declared as not straight.

O n the three bars in  the histogram  if  no  tw o are adjacent, then the  arc is 

declared as not straight. This arc has a t least tw o differen t o rientations, w ith  

angles differing by at least 90  °.

T he block  d iagram  o f  Figure 14 is a depiction o f  the flow o f  contro l in  this algorithm .

W e w ould  now  like to  say a  few  w ords in  support o f  ou r m odifications to  the 

Freem an criterion. Figure 15 show s a synthetic im age consisting o f  a  set o f  digital 

arcs; these have been  num bered from  I through 15. T he arcs I through 5 satisfy all 

three Freem an criteria. H ow ever, the arcs 6 through 10 do not satisfy the  Freem an c ri­

teria, bu t they  do  satisfy our criteria and w ould  be considered as stra ight by  m ost 

hum an observers. F o r exam ple, fo r arcs 8 and  9 the value o f  N , the  num ber o f  non­

zero bins in the chain-code histogram s, is 3. For that reason, these  arcs w ould  not be 

accepted as straight by the Freem an criteria. A lthough the chain codes fo r the arcs 6



40



(a ) B e f o r e  s t r a ig h t  l in e  e x t r a c t io n .

6  7 8 9 10

11 12  13  14  15

(b ) A f t e r  s t r a ig h t  l in e  e x t r a c t io n .  

F ig u r e  1 5  D ig i t a l  s t r a ig h t  a r c  e x t r a c t io n .



and  7 con tain  only tw o slopes, w hich is one Of the  requirem ents o f  the Freem an c ri­

teria, both the slopes occur in  runs o f  lengdis m ore than one — w hich is a v io lation o f 

the Freem an criteria. S im ilarly, arc 10 is accepted as straight by  ou r m ethod because 

w e do  no t use  F reem an’s th ird  criterion.

The fead ef is probably w ondering i f  som e non-straight looking arcs w ould  be 

accepted by  o u r m ethod. N ote th a t  the  arcs 11 through 15 w ould  not be considered 

stra ight by m ost observers and a r e a l s o  rejected  by ou r criteria. W hile  arc 11 is 

rejected  because the tw o slopes d iffer by  m ore than 90  degrees, arc 12 is  no t accepted 

because  the run-leng th  o f  the m inor code is greater than the threshold  used  fo r declar­

ing  an arc short, w hich in these cases w as set to  3. The m inor codes o f  arc 13 appear 

m ore frequen tly 'than  the shortness threshold value o f  3. In the chain-code histogram s 

o f  arc 14, the highest frequency Chain-Code Is no t a t th e  cen ter o f  the th ree  consecutive 

non-zero  frequency codes. The num ber o f  non-zero  bins in  the chain-code histogram  

fo r arc 15 is 4j Wliich exceeds the ma^dmum lim it o f  3. -

The application o f  the straight line extraction processing  to  Figure 15 (a) results 

in  Figure 15 (b). The chain-code histogram  o f  each contour d iscussed here is sum m ar­

ized  in T ab le  2.

The choice o f  the chain code length L  in  the straight line extraction  algorithm  is  

currently  set to 41. The m ain determ inant o f  the w hat L  should be set to  is the fact that 

longer an arc that m eets our straightness criteria  the straighter it looks to a hum an 

observer. A lthough, this  ̂ would im ply  th a t L  should be m ade arb itrarily  large, in  p rac­

tice i f  L  is too  large, very few  straight line segm ents w ould  be ex tracted  from  an 

im age, if  any at all. Through experim entation w e determ ined that the choice o f  41 fo r 

L  seem ed to  y ield  m ost o f  the straight edges in  the scenes o f  in terest to  us. W e w ill 

now  establish  the po in t that i f  an arc satisfices o u r straightness criterion, longer L  

im p lie s “ greater" straightness.

Suppose there  is a  digital arc A  o f  Iength L  w hose chain  code is given by  C(O), 

C ( l ) , .. . ,  C (L -I)  aiul w hich has been declared  to  be Straight by o u r algorithm . The h is­

togram  o f  this arc then has only three nonem pty  bins; let the codes corresponding to 

these  th ree  consecutive bins be X , M a n d Y . L e t  P0, P i ,  P2 , .... PL,b e  the points on 

the d ig ita l arc as show n ih  F igure 16. W e will now  in troduce a param eter w hich m eas­

ures the straightness o f  the arc; this param eter w ill be the rad ius R  o f  the  sm allest c ir­

cum scrib ing circle  o f  the are. (L arger th e  Value Of R  fo r a  given arc, the straighter the 

arc m ust be.) A  C ircumscribing c irc le  the circle such that at least three

jjo in ts ,th e  st^riing poin t Pq , end poin t PL, and an interm ediate  po in t like, say; P 2, 

are  o n  it and any arc segm ent does not intersect the circle. A lthough, som e digital arcs, 

usually  they have to  look  very  crooked. m ay no t possess a circum scrib ing circ le , in 

prac tice  such arcs w ill no t be accepted by  ou r straightness criteria  and  can be ignored 

fo r this d iscussion  -n in  particular the  tw o thresholds, T l= 3  and T 2=2, the  lim it o f  3 on 

the frequencies o f  X and Y, and th e  m axim uiri r i ^  2  fo r both X  and Y
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T a b le  2  C h a in  c o d e  h is t o g r a m s  o f  c o m p u t e r  g e n e r a t e d  d ig i t a l  a r c s .

A rc #

C hain -C odeH istogram

N P-C ode

Straight?

O I 2 3 4 5 6 7 F L

I O O O O O O 28 13 2 6 yes yes

2 O O O O O O 21 20 2 6 yes yes

3 O O O O O O 41 0 I 6 yes yes

4 O O O O O 41 O 0 I 5 yes yes

5 O O O O 27 14 O 0 2 4 yes yes

6
't'

O O O O O O 28 13 2 6 no yes

7 O O O O O O 21 20 2 6 no yes

8 O O O O O I 38 2 3 6 no yes

9 O O O O-' I 39 I 0 3 5 no yes

TO O O O O 27 14 O 0 2 4 no yes

11 O O O O O 9 O 32 2 7 no no

12 O O O O O O 20 21 2 '■ 7 no no

13 O O o O O 4 33 4 3 6 no no

14 O O O I I 39 o 0 3 5 V. no no

15 O O O O 12 14 9 6 4 5. V , no no

P-C ode : T he code num ber that has the highest frequency 

N  : T he num ber o f  codes w hose frequencies are  non-zero

( For exam ple, for arc I only  tw o codes have non-zero  

frequency. H ence, N  = 2 . )

F  : By F reem an’s criterion

L  : B y the loosened craterion
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elim inate  the possibility o f  crooked arcs being declared straight. ( See the h istogram  

show n in  Figure  17.)

T o estab lish  that longer L  im plies larger R  fo r arcs accep ted straight by  ou r c ri­

teria, w e shou ld  first no te  that associated  w ith each L  w ill in general be d ifferen t R ’s. 

F o r exam ple, fo r the fo llow ing tw o arcs, both w ith L=20 and both accepted as straight 

by  ou r criteria, the values o f  R  are equal to 12.8 and 18. The arcs are described by  the 

chain  codeS equences

D igital-arc I 

D igita l-arc 2

77676666666665656566

66667676676665656566

and  are show n in  Figure  18. The values o f  R  w ere com puted  by  using the form ulas 

w hich w e w ill now  derive. F o r this derivation, no te  that fo r a given L  w e should only 

be in terested  in  the m inim um  value o f  R , since the  sm aller the value o f  R , the m ore 

“ non-straight" the arc is. In In general, the rad ius R  w ill be a m inim um  fo r those arcs 

w hose non-central codes, X  o r Y , appear a t either the beginning o r the end  o f  the arc 

sequence. F o r exam ple, fo r the arc show n on the  left in  Figure 18 the beginning seg­

m ents (at the top o f  the arc) correspond to  the code 7, w hich is the non-central code in 

the histogram  fo r th is arc. T h e v a lu e o f R f o r  this arc is sm aller than  fo r the arc on  right 

w hose beginning and ending segm ents both correspond to the code 6, the  central code 

in the histogram . The chain-code o f  an arc w ith the sm allest R  fo r a given  L  w ill be 

e ither o f  the foUowing form , o r its m irro r im age,

X X M XM M .,.., (14)

In order to  derive  the rela tionship  betw een R  and  L, w e w ill now  differen tiate  

betw een tw o types o f  arcs, given rise  to by  sm all and  large values fo r L . W hen L  is 

large, usually  greater than 13, the nature o f  the circum scribing circle  w ill be such that 

the th ree poin ts at w hich the circle m ust m ake contact w ith the arc w ill be the  first, the 

th ird  and the last, as show n in  Figure 19 on the left. O n the o ther hand, w hen L  is 

sm all, usually  less than 13, tw o o f  the  three poin ts are  a t the beginning and at the end 

as before, how ever the th ird  poin t w ill now  be the fifth poin t from  one o f  the ends. 

G iven th is realization, the ra d iu s R  o f  the circum scribing circle m a y b e  com puted from  

the form ula w hich gives us the rad ius R  o f  a circum scribing circle  fo r a triangle o f  

sides a, b  and c.

a b c 

4 S ’
(15)



D igital A rc A

G (L -I)

F ig u r e  1 6  I l lu s t r a t io n  o f  a  c ir c u m s c r ib in g  c ir c le .



X  M

Ghain code

F ig u re  17 C h a in  code  h is to g ra m
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D ig ita l-arc-1 D igital-arc-2

F ig u r e  1 8  T w o  d ig i t a l  a r c s  w it h  d if f e r e n t  c o d e  s e q u e n c e s -



w here S is the area o f  the triangle. The length  o f  the sides o f  the triangles, P 0 P 2 PL or 

PoP24l » are determ ined by  associating  a  unit length  w ith  an arc segm ent corresponding 

to a single code that is even , 0, 2, 4, o r  6, is I; and a length  o f  ' l l  w ith each o f  o ther 

codes. D ue to  the fac t that arc segm ents fo r even and odd codes are  o f  d ifferent 

lengths, w e m ust consider tw o d ifferen t cases fo r figuring out how  to  com pute the sides 

a, b, and c fo r the above form ula. T hese  cases correspond  to w hether the  central code 

in  the arc h istogram  is even o r odd.

In  T able  3, w e have show n the param eters a, b, c and  S for all the four possib le  

situation, these  given rise  to  by  L  being large o r sm all, and by  the  cen tral code, M , 

being  odd o r even . T he values o f  R  for each o f  these fou r cases are displayed below.

• '-tV ■■ ■
C a s e -A l R  = - ^ - \ ( L - 2 ) 2 +  22 fo r L  > 1 3  (16)

2

C a se -A 2  R  = |W ( L - 4 ) 2 +  32 fo r L  £  13 (17)

JZ m _____ __

C a s e -B l ^  =  ^ H -V (L -I )2 +  L 2 f o r L > 5  (18)

C a se -B 2  R  = V (L -I)2 +  (L -4 )2 f o r L < 5  . (19)

N ote that the case  B -2 does n o t occur, because the m inim um  value o f  L  i s 10 as the 

side-lobes in  ou r arc histogram s m ust each contain exactly  3 elem ents and the central 

lobe m ust be  greater than the sidM bbes.

U sing the above form ulas to  com pute the sm allest values o f  R  different L, w e 

obtain R  = 5.6, 12.8, 19.8 and 26.9 fo r L  = 10, 20, 30, and 40, respectively . F o r arcs 

w hose R  values are less than 20, w hich corresponds to L  being less than around 35, 

w ould be characterized by m ost hum an observers as not being sufficiently straight. On 

the o ther hand, w hen R  exceeds 20  -  equivalently w hen L  exceeds 35 -  the resulting  

arcs are deem ed to  be quite  straight.

W e have therefore justified the  assertion that w ith o u r straightness criteria, the arc 

lengths need  to  be longer than, say, 40. W e have chosen  L  =  41; th is, in  m ost scenes o f  

in terest to  us, yields a  reasonable num ber o f  straight lines fo r dom inant feature m atch-
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C a s e l  : L  = 20 C a s e 2 :  L  = IO

F ig u r e  1 9  T w o  d ig i ta l  a r c s  w i t h  d i f f e r e n t  l e n g t h  L .
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T a b le  3  P a r a m e t e r s  f o r  t h e  c o m p u t a t io n  o f  R .

C ase A :

C entral code is even

C ase B :

C entral code is odd

C ase A -I 

L  is large 

C.C. passes 

through

P0P4Pl

C ase A -2  

L  is sm all 

C.C. passes 

through 

P 0 P2 PL

C a se B -I  

L is la r g e  

C.C. passes 

through

P0P4Pl

C ase B -2 

L  is sm all 

C C . passes 

through 

P 0 P 2 PL

L L L V f

b 2 VT 5 2 V r f

C

,

V (L -2)2 +  22

■ v ’

V (L -4)2 +  32 V (L -2 )2 +  L 2 V (L -I )2 +  (L -4 )2

S L L
■ 3

C.C  stands fo r circum scribing circle.



4 .1 .2 .  D e t e c t io n  a n d  D e le t io n  o f  H o r iz o n t a l  S t r a ig h t  L in e s

Straight line segm ents that are parallel, o r nearly so, to  ep ipolar lines — fo r our 

case these w ould be horizontal straight lines — cannot provide reliab le  disparity  infor­

m ation. In general, w hen w e establish correspondence betw een tw o straight line seg­

m ents, w e are in  effect estab lish ing correspondences betw een the p ixels lying  at the 

in tersections o f  the line segm ents w ith the epipolar lines. F o r exam ple, in  Figure 20 if  

w e say that line AB in  the left im age is the correspondent o f  line A 'B ' in  the righ t 

im age, w e are in  effect saying that the points a i ,a 2 ,a 3 , etc, w hich are on  the in tersec­

tions o f  line AB w ith  the ep ipolar lines, are the correspondents o f  the poin ts ai,&2»a3> 

etc, in  the righ t im age. W hen the line segm ents are nearly  horizontal, there  m ay be no 

w ell defined intersections betw een the segm ents and  the  ep ipolar lines, w hich can  

m ake im possible the calculation o f  disparities a t such points. F o r exam ple, i f  the nearly 

horizontal segm ent C D  on the left is m atched w ith the horizontal segm ent C 'D ',  it w ill 

be v irtually  im possib le  to  delineate the correspondent fo r the pixel m arked  Cl * T here­

fore, it becom es necessary  to  detect and delete  horizontal stra ight line segm ents. N ote 

that w e are  no t saying that an arc segm ent no t contain any horizontal portions at all, 

only that i f  an arc segm ent is predom inantly  horizontal it  should be dele ted  before the 

m atching  algorithm  is applied.

A s each  contour segm ent is described by a chain code in  ou r m odel, the  detection 

o f  a horizontal line, o r a  nearly horizontal line is relatively  easy. B y the  definition o f 

chain codes, a horizontal portion  o f  a dig ital arc is described by either the  code 0  or the 

code 4. N ote that straight line segm ents, each 41 elem ents long, are accep ted as 

straight on the  basis o f  their chain code histogram s, as described in  Section 4.1.1. A ll 

such histogram s m ust have no m ore than three adjacent bins and  the cen tral bin m ust 

contain  the largest count. I f  fo r a 41 elem ent segm ent, the central bin  corresponds to 

the chain codes 0  o r 4, w e reject such a segm ent from  further considerations -  since 

such a  segm ent w ould  be m ostly horizontal.

The d igita l arcs num bered 6 through 10 in  Figure 21 are various exam ples o f  arc 

segm ents that w ere deem ed as being too close to being horizontal. O n the o ther hand, 

the dig ital arc segm ents I through 5 in Figure 21 contain m any horizontal portions and 

yet w ere accepted fo r further consideration.

4 .1 .3 .  B in o c u la r  F u s io n  o f  S t r a ig h t  L in e  F e a t u r e s

W e w ill now  discuss the procedure used fo r the fusion o f  straight line features 

from  the left and right im ages. For som e applications, such fusion m ay be considered 

to  be a special case  o f  contour m atching algorithm s discussed in [ 28 - 32 ]. In m ost o f
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F ig u r e  2 0  A  n e a r ly  h o r iz o n t a l  e d g e  a n d  e p ip o la r  l in e s .
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6 7 8 9 10

N ote : T he digita l ares I through 5 are not regarded  as near-horizontal.

T he digital arcs 6 through 10 are regarded as near-horizontal. 

Therefore, arcs 6 through 10 are not supplied to the straight line 

m atching  algorithm.

F ig u r e  2 1  S o m e  e x a m p le s  o f  n e a r ly  h o r iz o n t a l  e d g e s .
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these algorithm s, a sm all set o f  param eters is used fo r m easuring the  relevan t attributes 

o f  contours extracted  from  both im ages, the sim ilarity betw een the  corresponding con­

tours is then  established  on  the basis o f  the param eter values. F o r exam ple, Pavlid is [ 

30, 31 ] has used  polygonal approxim ations fo r representing the contours; each contour 

is described by an ordered  sequence Of straight line arcs, there being  a  se t o f  attributes 

associated  w ith each arc. F o r each given contour in  the  left im age, a  corresponding 

con tour is found  in  the righ t im age on the  basis o f  the  sim ilarity o f  these attributes. 

T h is w ork  w as fo llow ed by that o f  Sze et. al. [ 32 ], w ho used  only  one attribute for 

each stra ight line arc, the attribute being the slope o f  the  arc.

O ur approach is sim ilar in sp irit to  that o f  Sze e t al.; the d ifference lies in  ou r use 

o f  chain codes fo r representing the straight line features, this being  tantam ount to  using 

the finest possib le  polygonal approxim ation to  a straight line arc. [The reader should 

note  that, in  keeping  w ith the discussion in the preceding section, ou r straight lines are 

allow ed to  contain  m inor deviations from  geom etric straightness.] In  another m ajor 

departure from  Sze e t al., zero-crossing contours corresponding to straight line features 

are first represented  by  overlapping straight line segm ents to  help us get around the 

difficulties caused  by  a  straight line edge in the scene not appearing  in  its entirety in 

the final edge im age; such a difficulty m ight be caused  by  the  contrasts produced by 

illum ination, etc. F o r exam ple, F igure 22  show s four differen t edge im ages o f  a single 

scene w ith illum ination sources p laced  at d ifferent angles. A s the  reader w ill notice, 

the sam e scene edge appears in different lengths in the edge im ages. B y  using overlap­

p ing  segm ents, the straight line arcs generated  by the sam e scene edge can be m atched 

even w hen the tw o arcs are o f  unequal lengths in  the  tw o im ages. This notion is 

explained schem atically  in Figure 23. In Figure 23 (a), the arc is 41 pixels long, w hile 

it is only 60 p ixels long in Figure 23 (b). The m atching algorithm  first constructs a list 

o f  all the 41 pixel long straight line segm ents it can discover in both im ages. In our 

exam ple, fo r the left im age, the list w ould  contain I segm ent, and, fo r the right, 6 seg­

m ents. (Table 4 show s all contour segm ents.) Bach segm ent in  the left im age is then 

com pared  w ith every  segm ent in  the right im age w hose starting ro w  index is w ithin ±1 

o f  the starting index o f  the left im age segm ent. B y m aking such com parisons, using a 

m etric  to be discussed below , the m atch discovers that the p art PB o f  the left arc 

corresponds to  the arc P ’B ’ in  the righ t im age. A s the  reader can  see, this approach 

does alleviate  the problem s that m ight otherw ise be caused  by  a p a r t  o f  scene edge not 

show ing in  one  o f  the tw o im ages.

The straight line segm ents, each o f  w hich is 41 pixels long [see rationale in Sec­

tion 4. 1.1 ], are then given chain c o d e representationsy Subsequen chain code for

each stra ight line segm ent in the left im age is com pared w ith  the chain  codes o f  candi­

da te  segm ents from  the right im age fo r the purpose o f  finding a m atch. O ur m ethod for 

com paring tw o straight line segm ents is based  on  the  notion that their chain codes m ust 

be sim ilar. T he  fo llow ing algorithm  attem pts to  cap ture  this notion.
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F ig u r e  2 2  Z e r o  c r o s s in g s  w i t h  i l lu m in a t io n  s o u r c e s  a t  d i f f e r e n t  lo c a t io n s .



(a )  L e f t  d ig i t a l  a r c . (b )  R ig h t  d ig i t a l  a r c .

P

( C ) M a t e h e d d i g i t a l a r c .

F ig u r e  2 3  E x p la n a t io n  o f  t h e  o v e r la p p in g  o f  s t r a ig h t  l in e  e x t r a c t io n
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T a b le  4  T h e  c o n t o u r  s e g m e n t  d a t a  s t r u c t u r e  o f  t h e  e x a m p le  s t e r e o  p a ir .

Im age C ontour 

: NO.

start-pix-

col-index

start-pix-

row -index

parity chain code

L eft [Fig. 23 (a)] I ' --.V 113 90 ■ 67677767....

R ight [Fig. 2 3 (b )]

i  vV

■ . 2

3  -

4

5

6

106

108

HO

112

114

116

80

83

86

89

92

; 95 ■ ■

I ; - ; / :  

: ■ I

■. I 'v V

i  ; 

i

67777677.. ..

76777676.. ..

77676767.. ..

76767776.. ..

67776777.. ..

76777677.. ..

N ote:

"Start-pix-col-index" stands fo r the colum n index o f  the starting pixel o f  an arc. 

"Start-pix-row -index" stands fo r the row  index o f  the starting pixel o f  an arc. 

"Parity" is e ither I o r 0  corresponding to  the positive o r negative o f  contour parity.
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In the overall a lgorithm  fo r fusing straight line features, w hich is described in  the 

res t o f  th is section, first a data  structure o f  overlapp ing segm ents in  each im age is 

created. T hen  candidate  segm ents are m atched by a com parison o f  their chain codes 

and a sim ilarity score is com puted. I f  the  tw o segm ents are found m atchable, the algo­

rithm  deletes from  the left im age data  structure those segm ents w hose starting pixels 

are on  the  segm ent that participated in  the m atching process. A fter all the  m atches 

have  been d iscovered  in  this fashion, the last step carries out the  com putation  o f  range 

along the  poin ts in  space that give rise  to  m atched  pairs o f  segm ents. T he follow ing is 

a step by step descrip tion o f the algorithm . T he flow o f  the com putation is show n in  

F igure 24.

STRAIGHT LINE MATCHING ALGORITHM

STEP-1: Each edge im age is rep resented  by  a  data  structure w hich is a  lis t o f  straight

line segm ents. For exam ple, the edge im age in  Figure 25 is represented  by 

the lis t

{ S eg m en tA B (O ). s e g m e n t a l ) ,  s eg m en tA B (2 )>  . . . . .  S e g m e n tA B (N i) .  

s e g m e n tc D (O ) . s e g m e n t c D ( i ) .  s e g m e n t e d ) ,  ••••> s e g m e n t c D ( N 2 ) .  

s e g m e n t EF(0) ,  s e g m e n t EF( i ) ,  s e g m e n t EF( 2 ) , . . . . .  s e g m e n t E p ^ ) ,  

s e g m e n tc H (O ) . S e g m e n t 0 H (I). s e g m e n tQ H (2 ) . ••••. S e g m e n t 0 H (W ) } .

w here s e g m e n tA B (i>  represent the i th  41-elem ent long segm ent ex tracted 

from  the arc AB.

STEP-2: Each straight line segm ent is rep resented  by the fo llow ing data  structure

{ start-pixel-col-index, start-pixel-row -index, parity, chain-code },

w here the first entries are self-explanatory, the  third en try  is +1 fo r 

straight line segm ents that represent positive zero-crossings -- m eaning 

the g ray  levels are increasing perpendicular to  these segm ents 

as w e go from  left to r i g h t - - a n d -I  

fo r segm ents representing negative zero-crossings.

Finally, the last item ,

w hich is the chain code fo r the segm ent, is a list w hich  fo r the purpose  

o f  explanation will be denoted by

(L (1 ),L (2),....,L (N ))

fo r the left im age arcs and by

(R (1),R (2), ....,R (N ))
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F ig u r e  2 4  C o m p u t a t io n a l  f lo w  o f  t h e  s t r a ig h t  l in e  m a tc h in g .

STEP-1: C reate a straight line segm ent list 

fo r each o f  the left and righ t im age

STEP-6: The data  corresponds to the m atched  line segm ent 

is deleted from  the data  structure

STEP-4: C om pute sim ilarity score and exam ine 

the sim larity o f  the tw o contours from  each im age

STEP-5: Sim larity score exceeds the  preset threshold ?

STEP-8: F o r all the m atched stereo pair, 

disparities are com puted

STEP-3: C hech fo r the positional correspondence

STEP-7: The left im age data  sturacture is nil ?

STEP-2: R epresen t each line segm ent by  the data  structure 

{ start-pixel-col-index, start-pixel-row -index, 

parity, chain code } in the straight line lis t



F ig u r e  2 5  S t r a ig h t  l in e s  in t o  t h e  s e g m e n t  l i s t .
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represent arcs that contain N + 1 pixels.

STEP-3: In  com paring the data  structures fo r tw o segm ents from  the  tw o images* the

algorithm  first m akes a check fo r the  positional correspondence. This is 

done by  exam ining {start-pixel-col-index, start-pixel-rpw -index} fo r the 

tw o segm ents. The difference o f  start-p ixel-col-index’s m ust be  w ithin the 

range o f  the m axim um  perm issible value fo r the disparity. T he difference 

o f  start-pixel-row -index’s m ust be w ithin a sm all value w hich is m eant to 

account fo r any distortions that m ight be p resent in  the ep ipolar geometry; 

this distortion m ight be caused by factors such as perspective effects, re la­

tive tilt betw een the cam eras and their optic axes w hile being paralle l in the 

horizontal p lane bu t not so in  the vertical plane. In the current im plem enta­

tion , the threshold is se t to  I .

STEP-4: A  sim ilarity score, denoted  by T , is com puted  fo r the tw o segm ents by  com ­

paring their chain codes. Initially, the value o f  T  is set to  0. A t step i, le t 

the chain  code elem ents from  the tw o segm ents be L(i) and R (i). For each  

i , i  =  1,....,N, the to tal score T  is accum ulated by  using  

i f L ( i ) = R ( i )  T h en T  = T  + I 

i f  L(i) =  R (i-1) then  T  = T  +  W  

i f  L(i) =  R (i+1) then T  s  T  +  W

w here 0<W ^1. The num ber W , w hich w ould  alw ays be set to  a value 

greater than zero fo r m atching straight line segm ents, cap tures the in tu itive 

notion that i f  a chain  code elem ent is to  be m atched to  a neighbor o f  its 

"true" correspondent then such a m atch m ust receive a  reduced  w eight. In 

the current im plem entation , W  has been set to 0.5 , although w e w ill show  

som e m atching results obtained by setting W  to d ifferen t values. In the 

even t the reader is still w ondering about the necessity  o f  using  neighbors in  

the m atch ing process, note the fo llow ing difficulty caused by  the digital 

representation o f  straight line segm ents. F igure 26  show s tw o straight line 

segm ents from  the left and right im ages; these are rep resented  by  the  fol­

low ing chain codes.

A rc segm ent A  : 1212121212

A rc segm ent B : 2121212121

A pparently, these 2  chain-code strings represent sim ilar d ig ita l contours to 

the hum an eyes. B y  the algorithm  show n above, the to tal score T  is zero 

w hen W  = 0, H ow ever, w ith  W  set to  0.5, the sim ilarity score increases to 

10. N ote that the second elem ent o f  arc A  is m atchable  w ith  the first and



A rc se g m e n t

E n d

A rc segm ent
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STEP-5:

STEP-6:

STEP-7:

STEP-8:

the th ird  e lem ent o f  arc B, each contributing 0.5 to  the cum ulative, and 

therefore both m atch possibilities contributing to tal score o f  I . ITie sym ­

m etry o f  the sim ilarity score o f  tw o arcs A  and B , w hich m eans the  equality  

o f  the sim ilarity score produced in  either the  case, A  is  in  the  left im age and 

B is in  the righ t im age, o r  the case, B is in  the left im age and A  is in the 

righ t im age, is clearly guaranteed, referring to  the Figure 27.

If  the sim ilarity score T  does not exceed a  pre-set threshold, denoted here 

by T 3, delete the left im age segm ent under consideration from  the left 

im age data  structure created  by STEP I.

I f  the sim ilarity score T  exceeds a threshold, T3, declare the  tw o segm ents 

as m atchable. Through experim entation w ith  segm ents o f  length  41 pixels, 

w e have found that an appropriate value fo r T3 is 50. N ote that the  sim ilar­

ity score o f  10 fo r the exam ple show n in  the  prev ious step really  does not 

apply to  41 pixel segm ents. D elete from  the left im age data  structure 

show n in  STEP I the segm ent w hich is exam ined.

I f  the left im age data  structure created in STEP I is non-nil, go  to  STE P 3.

In th is step, range values to the scene points that lie on  the m atched seg­

m ents are com puted  by  the follow ing procedure: L et D (i), i= 0 ,l,..,N  be the 

disparity com puted  from  the ith pixels in  the left and the  righ t im age seg­

m ents; as defined in  STEP-2, the chain codes o f  these m atching pixels are 

denoted  by L(i) and R (i), respectively. The disparities, D (i), is obtained 

from  the chain  codes L(i) and R (i) by the follow ing form ula in  w hich A, 

A l ,  A 2  are tem porary  variables:

D ( O ) ^ - C L - C R

w here C L = start-pixel-col-index fo r the first p ixel 

in  the left im age segm ent 

C R  = start-pixel-row -index fo r the first pixel 

in the right im age segm ent

For i <— I step I until N  do 

begin

i f  ( L  (i) =  ( 0 , 1, o r 7 ) )

A l  =  I;

else  i f  ( L  (i) = (2, o r 6 ) )  

A l  =  0;

else i f  ( L  (i) = (3 ,4 , o r 5 ) )  

A l = - I ;

i f  ( R  (i) = ( 0 , 1, o r 7 ) )

A 2 = I;
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else if  ( R  (i) =  (2, o r 6 ) )

A 2 = 0;

else  i f  ( R  (i) =  (3 ,4 , o r 5 ) )

A 2 = - l ;

A  = A l  - A2;

D  (i) = D  (i - I )  +  A; 

end

B ecause o f  the nature o f  the  overlapping, a contour m atch  m ay produce a 

disparity value for the po in t w here the disparity has already com puted. In 

this case the new ly  com puted  value is sim ply discarded.

A lthough, in  m ost cases, the  range m ap com putations are carried  ou t over the 256 

x  256  m atrices used fo r representing im ages, fo r display purposes the range m aps 

dow n-sam pled to  64  x  64. In Figure 28, tw enty pairs o f  synthetic  digital arcs are 

show n. T he  sim ilarity  score scores o f  each  p a ir are  sum m arized  in  Table 5.

4 .1 .4 .  E f f e c t  o f  S c e n e  I l lu m in a t io n  o n  th e  E x t r a c t io n  o f  D o m in a n t  F e a t u r e s

H ow  a scene is illum inated has a  considerable bearing on  the  quality o f  results 

ob tained  w ith  the m atching o f  straight line features. In  general, it is possib le  to  use 

e ither norm al room  lighting; or, one can also use the u n stru c tu re d lig h t illum ination 

p roposed  first by  N ishihara  [ 10 ] fo r their PR ISM  system . O rdinarily, fo r object sur­

faces that are o f  uniform  colo r and  texture, and  that, therefore, m ay not yield 

sufficiently m any gray level varia tions, a large num ber o f  zero-crossings w ill be 

ob tained  w ith  unstructured  illum ination. H ow ever, unstructured illum ination w ill tend 

to  ob literate  the contrasts betw een adjoining surfaces, w hich under norm al room  light­

ing m ay cause  the edges to becom e very  noticeable. For this reason, fo r ou r experi­

m ents w e use both  illum inations. T he im ages recorded  under norm al room  lighting are 

used fo r the extraction o f  dom inant features, w hile the those recorded  w ith unstruc­

tured  ligh t are u sed fo r the rest o f  the  m atch ingstra teg ies.

T o show  the reader th e ^differw t results th a t a re ^e^tafned w ith  these tw o illum ina­

tions, the  im age in  Figure 29 (a) w as recorded  w ith both types o f  illum inations presen t 

sim ultaneously; the upper h a lf o f  the scene w as illum inated w ith  unstructured  light, 

w hile  norm al room  lighting w as used fo r the low er half. F igure 29 (b) shows the 

extracted  zero-crossings, w hich bear out our claim s about the rela tive  advantages o f 

the tw o illum inations.

■ . v >



JO R (N -I)L (N -I)

Note: L (I)  through L(N ) denote the chain code o f  the left arc.

R (I)  through R(N) denote the chain code o f  the righ t arc.

A n edge betw een L(i) and R(j) indicates that the m athciiig 

betw een i th code o f  the left arc and  j th  code o f  the righ t arc 

is taken in to accout fo r the sim ilarity score com putation.

The values I and w  attached to  each edge indicates the 

w eight value fo r the sim ilarity score.

F ig u r e  2 7  S y m m e t r y  o f  th e  s im i la r i t y  s c o r e .



(b ) R ig h t im ag e .(a) L e f t  im ag e.

F ig u re  28 S im ila rity  sc o re  m e a su re m e n t.



T a b le  5  M a g n i t u d e  o f  m a t c h in g  b y  o u r  m e t h o d .

No. L e ftA rc

( A n g le )

R ight A rc 

(A n g le )

M agnitude 

o f  M atch

M atched?

(Threshold=SO)

I 71 .v  56 47.5 no

2 71 63 49.5 no

3 71 71 54.0 yes

4 71 76 54.5 yes

5 71 90 58.0 yes

6 71 104 49.0 n o

7 71 108 46.5 no

8 71 116 38.5 no

9 71 124 34.0 np

10 71 127 30.5 no

11 56 56 54.0 ■■■' yes

12 56 63 52.0 yes

13 56 71 47.5 no  :

14 56 76 45.5 no

15 56 90 41.5 no

16 56 104 35.5 no

17 56 108 34.5 n0>

18 56 116 29.5 no

19 56 124 27.5 no

20 56 127 26.0 no
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(b) Z ero -c ro ssin g s  (w 2 d  = 8).

F ig u re  2 9  A  p a r tly  u n s tru c tu re d  lig h ted  scene a n d  its  z e ro  c rossing .



4 .1 .5 .  S o m e  D is p a r i t y  R e s u l t s  O b t a in e d  w i t h  J u s t  S t r a ig h t  L in e  F e a t u r e  M a t c h in g

Figure 30 (a) illustrates die Surface structure o f  an object w hich is ra ther rich  in 

stra ight edges; w e w ill use stereo im ages o f  this object, show n in  F igure 31, to  illus­

trate  the results obtained  w ith  straight line m atching. The stereo  im ages w ere taken 

under norm al room  illum ination. The straight line features extracted  from  the tw o 

im ages are  show n in  Figure  32. Each im age there shows tw o types o f  straight lines. 

W e have used continuous dark  lines fo r positive straight lines, these are lines across 

w h ich  the gray  levels increase from  left to  right, and  negative straight lines, across 

these the gray  levels decrease in  a left to right traversal. The disparities com puted by 

m atch ing the straight lines in the stereo pair o f  Figure 32 are show n in  Figure 33. 

Table 6 displays a com parison o f  the com puted  disparities w ith  those obtained  from  

the ground truth inform ation a t a set o f  points m arked as A through K  in  Figure 30.

4 .2 .  G e o m e t r ic a l ly  C o n s t r a in e d  M a t c h in g

The second m ajor m atching schem e invoked by  the ru le-based  system  utilizes 

m atch ing  under geom etrical constraints. As w ill be explained later, this type  o f  m atch­

ing is invoked  fo r im age regions that are in  the v icinity o f  the straight line features

m atched by the m ethod discussed  previously. M atching o f  straight lines from  the left 

and  the righ t im ages yields range inform ation about a straight edge in  3D space, the 

geom etrically  constrained  m atching then extends this to  space in  the neighborhood o f 

the straight edge.

A lthough the m athem atical procedure used fo r m atching under geom etrical con­

straints is essentially  the sam e as that used by  E astm an and W axm an [ 6 ], there are 

im portan t differences. A s m entioned before  in  Section 5, w e only  apply th is  type  o f  

m atching  to  the zero-crossings produced  by  the finest LO G  filter. A lso, as should be 

ev ident from  the introduction to  this section, the m atching is perform ed only in  the

vicinity  o f  reg ions w here w e are able to m atch straight line features. Furtherm ore, a 

p rio ri know n hypotheses about p lanar surface orien tations are used fo r the geom etrical 

constraints. This acts as a pow erful constraint on  the m atcher and  elim inates m any 

false m atches. ■ ■

T h e r e  a re  im p o r ta n t  a p p lic a t io n s  w h e r e  w e  m a y  a s s u m e  th a t th e  o r ie n ta t io n s  o f  th e  m a jo r  

s u r fa c e s  a r e  k n o w n  a n d  a v a ila b le  to  th e  s te r e o  m a tch er . F o r  e x a m p le ,  fo r  a  m o b i le  r o b o t  e n g a g e d  

in  h a l lw a y  n a v ig a t io n , w e  m a y  s a f e ly  a s s u m e  that a ll  th e  m a jo r  s u r fa c e s  a re  e ith e r  v e r t ic a l o r  

h o r iz o n ta l.  W e  b e l ie v e  th a t u t il iz a t io n  o f  su c h  k n o w le d g e , w h e n  a v a ila b le ,  c a n  o n ly  le a d  to  m o r e  

r o b u s t  s te r e o  a lg o r it h m s .



(a) O b je c t su rfa ce .

H ypothesis 2

H ypothesis I

H ypothesis 3

(b) H ypo theses.

F ig u re  30  A n  illu s tra tio n  o f  th e  o b je c t su rfa c e  w ith  re la tiv e ly  H ch fe a tu re .



(a) L e ft im age. (b ) R ig h t im a g e .

F ig u re  31 A  S te re o  S cene  o f  F ig u re  30.



(a) L e f t  im age. (b ) R ig h t im ag e .

F ig u re  32 S tra ig h t  L in es .



4 0 . 0 0 0 0  -1

2 6 . 6 6 6 ?  -

1 3 , 3 3 3 3  -

0 . 0 0 0 0 0

F ig u re  33
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T a b le  6  A c c i ir e y  o f  m e a s u r e m e n t  ( d is p a r i t y  v . s .  a c t u r a l  d e p t h ) .

Im ag eP o iiit

D isparity 

in  term s o f  depth

[ in c h e s ]

A ctual D epth 

[ in c h e s ]

A -0.8 ■ -0.6  ^

3.8 3.6

3.6 y ':3 .5

-1.5

3.0 3.0

I ' e : '  \ 2.9

G 0.0

H “1.1 ’

^ '5 v .v V  3.2 3.0

■>r::K;::;2.8. 2.8

'■■■- K

Im age points A  though K  are the points m arked  as x  

in Figure 30 (a).
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W e w ill use the trip les (x,y,z) to  denote ou r disparity values w ith  x  and y taking 

in teger values from  I through 64, and z taking a floating po in t value from  0  to 3 1 . As 

explained in  the footnote, this constitu tes a reduced  resolu tion disparity  m ap. In 3D  

space, le t L  be a straight line segm ent derived by  the straight line feature m atching pro­

cess discussed in  the preceding section. L et the coordinates o f  the term inal points o f  L  

be (xi ,Y 1 ,Z 1) and (x2,y 2 ,z2). L et Pq denote  a hypothesized plane, o f  orien tation 0, 

w hich  contains L  and w hich cortesppnds to  one o f  the  object surfaces. For our algo­

rithm s, the orientation is expressed in the fo llow ing m anner: w e com pute the in tersec­

tion o f  the p lane  w ith the y=0 p lane , th e  orientation o f  P  is then m easured  by the  angle 

0 subtended by  the intersection line w ith the x-axis. See Figure 34. A s m entioned 

before, the orien tation 0 is assum ed to be one o f  the set { 0 i ,0 2,...»} o f  a p rio ri know n 

orien tations o f  all p lanar surfaces in  the scene.

G iven an orientation 0  fo r a hypothesized p lane and  the term inal poin ts { 

(Xl5Y i5Z1), (X 2 ,y 2 ,z2 )}, the com plete equation o f  the p lane  is given by

. X ; .■ y  ;

x i  y i Z i  : > ! / ' \ .

z 2 I
=  0 . . . v

X2 Y2 , ;

X 1 + !  T i Z i + t a n 0  I ■ _ : . . • - • .

( 2 0 )

w h ic h  m e r e ly  e x p r e s s e s  th e  f a c t  th a t  th e  te r m in a ls  p o in t s  a n d  th e  p o in t  

(X 1-H l5Yl 5 Z1-H anO ) m u s t  l i e  o n  th e  p la n e .  T h e  o p e r a to r  LI s ta n d s  f o r  t a k in g  th e  d e te r ­

m in a n t  o f  i t s  a r g u m e n t .

In geom etrically constrained m atching, ou r first task  is to generate  the p lane  that 

contains L  and w hose orientation corresponds to one o f  the  hypothesized  planes. In  the 

64x64 representation fo r disparity  m aps, this p lane w ill ex tend to  only  4  p ixels on 

either side o f  the line (Figure 34). T he choice o f  4  is arbitrary and  d ictated  by  the 

nature o f  the scenes w e are interested in. I f  it is believed that the p lanar surfaces in  a

* * U s u a l ly ,  th e  d is p a r ity  m a p s  te n d  to  b e  o f  lo w e r  r e s o lu t io n  th a n  th e  im a g e s  fr o m  w h ic h  th e y  a re  

p r o d u c e d  ( s e e ,  fo r  e x a m p le ,  th e  w o r k  b y  N is h ih a r a  [ 1 0  ] ) .  In  o u r  p r o c e s s in g ,  th e  im a g e s  a re  

u s u a l ly  o f  s i z e  256x256, w h e r e a s  th e  d is p a r ity  m a p s  te n d  to  b e  d e f in e d  o n ly  o v e r  64x64 
m a tr ic e s . W e  w i l l  d e n o te  a  d is p a r ity  m a p  b y  th e  tr ip le  ( x ,y ,z ) ,  w h e r e  x  a n d  y  ta k e  in te g e r  v a lu e s

0 , 1 ,2 , ...... 6 3 ,  a n d  z  ta k e s  f lo a t in g  p o in t  v a lu e s  th a t sp a n  th e  in te r v a l [ 0 ,3 2 ] .  T h e  r e a s o n  w h y  z  i s

f lo a t in g  p o in t  o v e r  th is  in te r v a l h a s  to  d o  w ith  th e  f a c t  th a t w h e n  s tr a ig h t l in e  fe a tu r e s  a r e  m a tc h e d ,  

th e  d is p a r it ie s  a re  c o m p u te d  o v e r  256x256 im a g e s ,  im p ly in g  th a t th e  r a n g e  o f  c o m p u te d  

d is p a r it ie s  w o u ld  b e  a n y  in te g e r  fr o m  -1 2 8  to  + 1 2 8 ;  in  p r a c t ic e , o f  c o u r s e ,  th e  d is p a r ity  r a n g e  is  

l im ite d  to  a  m u c h  s m a lle r  in te r v a l,  u s u a lly  [ - 1 5 ,  1 6 ] . W h e n  c o m p u t in g  th e  r e d u c e d  r e s o lu t io n  

d isp arity  m ap s, th e  d is p a r ity  v a lu e s  a r e  a v e r a g e d , le a d in g  t o  f lo a t in g  p o in t  n u m b e r s .
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polyhedral scen e  consist o f  large areas, then this num ber cou ld  be larger. N ote th a t in 

term s o f  the row -colum n reso lu tion in  the original im ages, the  w idth  o f  4  in  the  d ispar­

ity  space is equivalent to  a w idth o f  16.

In the im plem entation described by the  follow ing algorithm , a  pass is m ade 

through the 64x64 disparity  m ap and p lanar strips are fitted to  all the straight lines at 

the sam e tim e, all the p lanar strips thus generated being o f  the sam e orientation. As 

described precisely in  a fo llow ing section ( Section 4.2.3 ), the  geom etrically  con­

strained m atching is carried  out in  a 16 x  16 square patch  on  the  p lanar strip instead o f 

enforcing the m atch  w ithin the entire p lanar strip a t one tim e. T his step is fo llow ed by  

fitting all the lines again w ith  strips o f  another hypothesized orientation, and the p ro­

cess continued. F o r each hypothesized orientation, the com putation o f  the geom etri­

cally  constrained  m atching can be divided in to tw o stages. T he first and the  second 

stages are called  the planar strip generation algorithm, and the geometrically con­

strained matching algorithm, respectively . The algorithm  o f  each stage is show n in  the 

fo llow ing p art o f  this section. In advance to  the discussion on each algorithm , a data 

structure to  record  the m atching schem es, w hich w e call the control m atrix , is intro­

duced  in  the fo llow ing subsection.

4 .2 .1 .  C o n t r o l  M a t r ix

For ou r 256x256 im age m atrices, a 64x64 contro l m atrix  is used  to  organize the 

flow o f  contro l during the ru le  based im plem entation o f  b inocular fusion. This contro l 

m atrix also p lays an im portan t ro le  in  the execution  o f  the geom etrically  constrained 

m atcher, therefore w e w ill define it in  this subsection.

The in itial entries fo r the control m atrix  are provided by the  resu lts o f  m atch ing 

the straight line  features. T o generate these in itial entries, the im age is d iv ided into 

64x64 non-overlapp ing blocks, each o f  size 4x4. I f  in  a  given 4x 4  block, the  system  is 

ab le  to  successfully  m atch a straight line feature, then in  the  control m atrix  an entry  o f 

I is m ade fo r that block. For all the blocks that overlapp w ith  the  reg ions grow n around 

the stra ight lines features, the entry in  the control m atrix  is 2. E lsew here, the en try  is 3.

D uring the execution  o f  the ru le-based  system , the  entries o f  the control m atrix 

can be altered on  the fly. F o r exam ple, i f  it is concluded that a  reg ion  cannot be 

m atched w ith  the help o f  zero-crossing contours, by  the  m ethod discussed in  Section

4.3, then the entries fo r all the blocks that are strictly w ith in  the reg ion  are set to  4.

In the next chapter, w e w ill p rovide o ther m echanism s that can alter the contro l 

m atrix entries on the fly during  the process o f  m atching.



4 .2 .2 .  P l a n a r S t r i p G e n e r a t i o n A I g o r i t h m

For the purpose  o f  the p lanar strip generation , the  control m atrix  can  hold  the 

value o f  either I o r  2  such that

(1) C (x,y) =  1 : i f  the range o f  the coordinate (x,y) in  the d isparity  m ap is already 

know n through  dom inant feature m atching,

and

(2) C (x,y) =  2  : i f  (x,y) is in  the v icin ity  o f  a po in t ( x i ,y i )  w here  C (X ^y 1)= L  T he 

notion o f  v icin ity  is defined by a four-fo ld grow th o f  a  connected reg ion  from  the 

pixels w here C (x,y) is I.

In the fo llow ing  algorithm , the  first step grow s the regions w here the  contro l 

m atrix  elem ents shou ld  equal 2; the second step then, fo r a g iven value o f  hypothesized 

p lane orientation  0 , com putes the horizontal com ponent o f  the  corresponding dispari­

ties at all po in ts w here  C (x,y) equals 2; finally, the th ird  step com putes the vertical 

com ponent o f  the disparities, and, subsequently, the total hypothesized  disparities 

corresponding to  the given 0.

In the  algorithm , H (x,y) represents the p lanar strips generated  from  all the lines, 

a ll the strips being  o f  the sam e orientation 0. The function H (x,y) is generated  ite ra­

tively  by propagating  z values outw ards from  the lines such that the resulting (x ,y ,z)’s 

are alw ays on p lanes o f  the desired  orientation. In  this iterative com putation, H t(x ,y ) 

deno tes the partial strips reconstructed  a t iteration t; the subscript t takes in teger values 

f ro m O th ro u g h 8; So, w hen tM), H o(x,y) corresponds to  the lines them selves.

The STE P-1, in the algorithm  described below , creates the control m atrix. Subse­

quently , in the ST E P-2 and STEP-3 the p lanar strip is generated and stored in the 64 x  

64  m atrix  H  (x,y).

S T E P -1: [ D efining the reg ion w here  the strip is generated  ]

fo r t I until 4

begin  .' ;;

fo r x  O until 63 

■' 'begin:,

fo r y  f -  O until 63 

begin

if  ( any 8-neighbor o f  C t_i (x,y) is I o r 2 )  

Q (x , y) = 2; V'.;- 

' end 

end



STEP-2: [ Span the hypo thesis in  x-direction ]

In itially, fo r all (x,y), Ho(x,y) D  (x ,y ) .

N ote that D (x,y) is the disparity  m ap corresponding 

to  the straight lines features found from  the stereo pair, 

fo r t =  I to  4  

. begin

fo r x  «— 0  until 63 

■ begin

fo r y  <— 0  until 63 

begin  '

i f ( ( C ( x , y ) * l o r  C (x ,y )*  2 )

and ( C  (x + l,y )  = I o r C (x +  l,y )  =  2 ) )  

begin

H t (x,y) =  H t_! (x + I ,  y) - tan 0;

. end

else i f  ( ( C  (x,y) *  I o r C  (x,y)> 2 )  

a n d ( C ( x - l,y )  =  l o r C ( x - l , y )  = 2 »  

begin  ■

H t (x,y) =  H t-i (x - 1, y) + tan 0;

end  ' ' ;;:v.

V end •

■ end

STEP-3: [ Span the hypothesis in  y-direction ]

fo r t  = 5 to  8 

begin

for x  <— 0  until 63 

begin

fo r y <— O until 63 

begin

if  ( ( C  (x,y) *  I o r C  (x,y) * 2 )

and ( C  (x ,y + 1 ) = I o r C (x ,y+1) = 2 ) )  

begin ■'

Sv =  H h1 (x ,y + l)  - H t_! (x,y+2);

H t (x,y) = Hm  (x, y+1) + Sv 

end



else i f  ( ( C  (x,y) #  I o r C ( x , y ) * 2 )  

and ( G (x ,y -l)  = I o r  C  (x ,y -l)  = 2 ) )  

begin

Sv =H m  (x ,y -l)  - H t_i (x,y-2);

H t (x,y) = H t_x (x, y-1) - Sv; 

end 

end

T he p lanar strips H (x,y) is provide by the final resu lt o f  the  recursive m ethod o f 

the STEP-3, w hich is denoted  by  Hg (x,y). F igure 35 show s the  flow  chart o f  this algo­

rithm .

4 .2 .3 .  M a t c h in g  Z e r o  C r o s s in g s  U n d e r  P la n a r  S t r ip  O r ie n t a t io n  C o n s t r a in t

Suppose w e have N  hypotheses fo r p lanar surface orien tations in  a scene. T he 

algorithm  in  the preced ing  section w ill, fo re a c h  m atched pair o f  straight line segm ents, 

generate  a p lanar strip in 3-D space around the fused  straight line feature. The next 

o rder o f  business is to  accep t only  those hypotheses w hich lead  to a m axim um  num ber 

o f  zero-crossing m atches on these p lanar strips. A gain  from  the prev ious section, each  

p lanar strip is represented as a disparity m ap on a  64 X 64 m atrix. Therefore, fo r a pa ir 

o f  stereo  im ages, at th is point w e w ill have N  64 x  64 disparity m aps corresponding to 

the  N  hypotheses^ m aking  the transition from  256 x  256 im ages to  64 x  64 disparity 

m aps, the d isparity  o f  a  ^  (i,j) in  the im age p lane  is stored at the coordinates

In enforcing the  constrain ts corresponding to  the differen t available hypotheses, 

in  p ractice it is no t advisable to  use each strip in  its  entirety. T his is ow ing to  fact that 

an  edge w ould  in  general form  a  boundary betw een p lanar faces o f  d ifferen t orienta­

tions -  the p lanar faces corresponding to  differen t hypotheses. It is also  possib le  that 

tw o o r ip cre  obgects m ight be lined up  in  ju s t the  rig h t m anner so th a t a long edge is 

c reated  in the im ages, but, clearly, a t differen t p laces along such an  edge the p lanar 

faces w ould have  differen t orientations. F o r all these reasons, each p lanar strip is 

div ided  in to  M x M  overlapping square patches, as show n in  F igure 36, w here M  

equals 16. E ach  M  x  M p a t c f r i a  referred  to  b y  its  upper le ft hand  com er and 

corresponds to  a  M /4  x  M /4 sitfim atrix in  the  cbntrp l m aeix r^  ̂  ̂̂^̂̂ ̂^̂̂^̂̂  ̂̂  ̂̂^

E o r  exam pte, a  pa tch  a t  l ^  m atrix  spans the reg ion

■ o f  x0 a ^  T he sam e p a tch  spans the

reg ion  given by  4x0<i<4x0+ M  and 4y0^j< 4y0+M , in the im age fram e. W hen M  is 16,



F ig u r e  3 5  F lo w  c h a r t  o f  t h e  s t r ip  g e n e r a t io n  a lg o r ith m .

STEP-2: T he strips are generated  horizontally  

using the resu lt o f  the dom inant feature m atch

S T E P -1: D efine the reg ion  w here the strips 

are  generated

U se reg ion  grow ing program  

resu lts are stored in the contro l m atrix  

C (x,y) = I : the range is given by the dom inant feature m atch 

C (x,y) =  2 :  the strips are to  be generated

STEP-3: The strips are generated  vertically  

using the resu lt o f  STEP-2



yo +  ~ r  +  I

M  pixels in  the im age coordinates

F ig u re  36 P la n a r  p a tc h  c o o rd in a te  system ,



note that in  a  disparity m atrix, the m axim al coordinate values fo r a  patch  are (61, 61); 

that is because fo r locations beyond these values, com plete 16 x  16 patches cannot be 

accom m odated in  a  disparity m atrix . A lso note  that ad jacent patches overlap  fo r all 

bu t one row  and  one  colum n. For exam ple, the patches located  at (xo,yo) and

(xo +  l,y o  +  I)  overlap  as show n in Figure 36.

In the algorithm  described below , tw o variables T  and S play im portan t ro les in 

determ ining w hether a given hypothesis is good o r not. A  hypothesis is considered to 

be valid  i f  a sufficient num ber o f  zero-crossings can  be m atched  on  a p lanar patch , this 

num ber being a fraction o f  the total num ber o f  zero-crossings in  the patch. T he vari­

able S is equal to  the total num ber o f  zero-crossings in a patch  and  T  the num ber o f 

zero-crossings w hich  can be successfully m atched according to  the  constrain ts im posed  

by  the hypothesis corresponding to the patch. The validity o f  the hypothesis is then

established  by com paring T /S against a  threshold.

Say, a  le ft im age zero-crossing is located a t coordinates (x,y). T hen, in  o rder to 

establish correspondence fo r the zero-crossing, w e construct a search w indow  o f  size 

± 8  in  the righ t im age located at x+d w here d  corresponds to  the disparity  value in the 

left im age patch , the value o f  this disparity is given by Hm(x/4,y/4). B y  tria l and  error, 

w e have  concluded that in practice the value o f  8 should be lim ited  to  unity. In o ther 

w ords, the search w indow s are o f  size ±1.

W e have also  observed through experim entation  that the  acceptance threshold  on 

T /S -  this thresho ld  w ill be  denoted  by T 4  -- should be a  function o f  the  orientation o f 

the p lane corresponding to  the hypothesis. For exam ple, w hen the  orientation o f  a 

p lane is given by  0=0, m eaning the p lane is paralle l to  the im age planes, the threshold 

T 4  should  be approxim ately 0.7, w hereas fo r planes w ith 0=45deg, the  best value for 

T 4 is around  0.5.

The fo llow ing is an algorithm ic descrip tion o f  the  above procedure for accepting 

o r rejecting a  p lanar surface hypothesis in the  v icinity o f  a straight edge. F o r a given 

patch , the procedure, w hich consists o f  tw o steps, ST E P-1 and  STEP-2, in  invoked 

on ly  i f  the contro l m atrix entries fo r the entire patch are 2.

S T E P -1: [Searching correspondence]

L et L P  ( i j )  and R P ( i j )  be the left and  righ t im age “ zero-crossings 

m atrices," defined in  the fo llow ing m anner: F o r i and  j  spanning the range 

(0 ,2 5 5 ), w e define the m atrices L P and  R P in the follow ing m anner:

L P  o r R P  ( i , j ) = 'p ' i f  the coordinate (i j )  in the im age is 

on  a positive contour,

L P  o r R P  ( i , j ) =  'n ' i f  the coordinate (i,j) in  the im age is 

on  a negative contour.



L P o r R P  ( i , j ) =  ’h ’ i f  the coordinate  (i,j) is the im age is 

on a horizontal contour.

For every  patch,

let (xp,yo) be the patch  coordinate in the  d isparity  

space.

N ow , the num ber T  and S fo r the patch  at

(xo,yo) ..

can  be com puted by the follow ing algorithm .

. • v .

S 4 -  0; 

T  4—  0:

fo r i <— 4  Xq until 4  xo +  M  - 1 

fo r j  4  yo until 4  yo + M  - 1 

begin

i f ( L P ( i , j )  =  V )  

begin

T  4 -  T  +  I ;

if(R P(i1+H(T ij/41 J  jj/4 l ) ,j1)= 'p '

R P ft+ H (f i ,/4 l ,r  j , /4 l  H l ,j i )= 'p ',  

o r

R P(iI+H(f I1M l J  ji/4 ]  ) - l , j i )= 'p ')  

S  4 -  S  +  I ;  

end ■

' i f  (;l p _c i, j _:>

begin

T  4 - T + I ;

if(RP(ii+H(T ij/41 J  j i/4 l Xj1J = V r 

o r

R P(ii+H (f ij/4 ] ,r  jj/41 H U j1J= V ,

:';.:vi;'.^':';,;orv ' ' ' - I r .  V O/'j:-:-; .'U

R P(i1+H(T ii/4 l J  ji/4 ]  ) - l , j i ) = V )

S 4 - S + I; 

end 

end

STEP-2: This step is fo r com puting  the ratio  R  o f  T  and S. I f  R  exceeds a certain

threshold, then  all stereo correspondence in this pa tch  are regarded  as



correct.

T

S

if  ( R S T 4 )

return ("This p lanar patch is good hypothesis") 

i f  ( R  < T 4 ) ■

return ("This p lanar patch is not good hypothesis")

Figure 37 show s a flow chart fo r the algorithm . T o  dem onstrate  w ith an exam ple 

the w orkings o f  the algorithm , consider the three-panel scene show n in  Figure 38 (a). 

F o r  this scene, the dom inant straight lines, m arked as A B and C D , w ill be m atched  by 

the m ethod o f  Section 4.1.3. A tth is  point, our system  assum es that a  set o f  hypotheses 

abou t p lanar surface orientations is available fo r m atching regions around the  dom inant 

stra ight lines. For the sake o f  discussion, le t’s say that the available hypotheses are as 

illustra ted in  Figure  38 (b). T his m eans that a t each pixel in  the v icin ity  o f  the m atched 

stra ight lines, the system  w ill invoke one o f  these hypotheses and select the best possi­

b le  one on the basis o f  num ber o f  zero-crossings m atched.

T o dem onstra te  how  w ell this procedure w orks, w e have show n in  Figure 39 a 

p a ir o f  stereo  im ages o f  an actual 3-panel scene. A s in  the sketch in  Figure 38 (a), the 

dom inant edges in  the scene are at the junctions o f  the panels. T he top  im age in  Figure 

40  (a) show s the p ixels that w ere m atched by the geom etrically  constrained m atcher 

using  p lanar orien tation hypothesis corresponding to  orientationl show n in  Figure 38 

(b). The figure has a "blocky" appearance because, as m entioned before, the  com puted 

disparity m aps are o ver 64x64 m atrices, w hile the results are d isp layed using 256x256 

m atrices. T he  bottom  plate  in  Figure 40  (b) shows the pixels m atched using  the 

hypothesis that these p ixels are on  a p lane  o f  orien tation orientation2.

In F igure 41, w e show  the results ob tained  fo r the stereo im ages o f  Figure 31. W e 

used  three hypotheses fo r the orientations o f  the p lanes (the range m ap o f  three 

hypotheses are  d isp layed in  Figure 42); these are disp layed in  Figure 30 (b). T he three 

plates in  Figure 30 (b) show  the pixels m atched using each  o f  the three hypotheses.

4 .3 .  M a t c h in g  o f  Z e r o - C r o s s in g  C o n t o u r s

A  com bined  execution  o f  the dom inant-feature and the geom etrically-constrained  

m atchers yields good depth m aps in  the v icin ity o f  strong edges in  a sense. E lsew here, 

the system  is dependent upon the tw o-level m atcher that w ill be  presen ted in  this
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panel I pane12 panel 3
(orientationl) (onentation2) (orientationl)

(a) T h e  su rfa c e  sh ap e .

H ypothesis 4  H ypothesis 3

(b) H ypo theses.

H ypothesis 2 

H ypothesis I

F ig u re  38 A n illu s tra tiv e  th re e  p an e l scene.



(a) L e f t  im age. (b) R ig h t im a g e .

F ig u re  39  A n illu s tra tiv e  scene  f o r  g eo m e tric a lly  c o n s tra in e d  m a tc h in g .
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(a) H y p o th esis  I .

(b) H y p o th esis  2.

F ig u re  40  T h e  reg io n  w h e re  th e  geo m etrica lly  c o n s tra in e d  m a tc h in g  is successfu l.



(a) H y p o th sis  I .  (b) H y p o th esis  2.

(c) H y p o th sis  3.

F ig u re  41 T h e  a re a  w h e re  th e  h y p o th esis  is successfu l.
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40.OOOO

(a) H y p o th esis  I  (2) h y p o th es is  2

(c) H y p o th esis  3

F ig u re  42  T h re e  h y p o th eses g e n e ra te d  fo r  th e  scene  o f  F ig u re  30.
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section and, i f  that does not w ork  either, the  fu ll im plem entation o f  the M PG  algorithm  

is used. T he m atcher is this section is based on the notion o f  figural continuity o f  zero- 

crossing  contours; this continuity  constrain t says that w hen the p lanar surface is 

v iew ed  from  tw o neighboring view points, the zero-crossing contours in  both  the stereo 

im ages m ust have  nearly identical shapes. The idea o f  figural continuity  w as first sug­

gested by  M ayhew  and Frisby  [ 8  ] because they  fe lt that the sign and the  orientation o f 

a zero-crossing contour did n o tco n s titu te  sufficient constrain ts fo r b inocular fu s io n in  

the hum an visual system . Subsequently, figural con tinuity  w as incorporated by Grim- 

son [ 9 ] in  the M PG  algorithm .

In the tw o level m atching  schem e described here, figural con tinuity  constraints 

are invoked  fo r m atching  segm ents o f  the zero-crossing contours produced by the 

W2 d = 8  channel. T he disparity  m ap so obtained  is then  used  to generate  a  h igher reso lu ­

tio n  version  by  m atching the zero-crossings fo r the  finest channel fo r w hich w 2d  is 4 . 

T he  decision  abou t the  reso lu tion level at w hich m atching shou ld  be perform ed  by 

invok ing  f ig u r^  constrain ts is  no t a sa rb itra ry  as it seem s and  is d ictated  by

the procedure w e use for testing the shape sim ilarity o f  tw o con tour segm ents. T he 

shape sim ilarity testing  algorithm  is such th a t it needs a t least 1 0  p ixels to  arrive a t re li­

ab le cdnchisibttS. I f ie  zero-crossing chanhel for w 2d =4 generates too m any contours 

th a t are too  short to  be processed by  the  shape sim ilarity algorithm . N ote that random - 

do t illum ination  is used  to generate im ages fo r all m atching schem es excep t the first 

one that is based  on  the m atching o f  straight line features. O ur statem ent about too 

m any  con tours being too  short is applicable only under this illum ination.

T h e re Is a n im p o rta n t po in t to be m ade about w hy tw o channels are sufficient fo r 

generating depth  values over large depth ranges w ith  the schem e presen ted in  this sec­

tion. In  the M arr-Poggio  theory, i f  in  each channel the  search w indow  fo r finding the 

c o rre sp o n d e n tin th e  righ t im a g e o f a  left im age zero-crossing is equal to  ±W2 d /2 , then

in  o v e r £ 5  percen t o f  the cases there w ill be a sing le  zero-crossing in  the search w in­

dow . I f  the search w indow s are  m a d e m u c h la rg e r  th a n th is ,o n e  has to  contend with 

the problem  o f  disam biguation; since large w indow s w ill contain  m u ltip le  zero- 

crossings, from  these one m ust be selected  to  serve as a  correspondent o f  the left im age 

zero crossing . O n the o ther hand, i f  the search w indow s are m uch sm aller, then the p ro ­

bability  o f  com plete ly  m issing th e  c o re sp o n d e n t is increased. In practice, rn o s t im ple­

m entations o f  the M P G  algorithm  use ±w 2o  fo r search w indow s, this larger size being 

m ade necessary  by the displacem ents in  the zero-crossing  contours that w as discussed 

in  Section 2.2.3.

Because^ o f  the lim itation  on the  m axim um  size o f  the search w indow  in  an M PG  

type o f  an algorithm , one is forced to use a num ber o f  channels, usually  four, to cover a 

depth  range  over w hich hum ans are capable o f  perceiving depth  through stereopsis.

The disam biguation  problem s are  not as severe w ith the  tw o level m atcher d is­

cussed  in  th is section. This is because the M PG  m atching proceiss, even despite



G rim son’s figural continuity im plem entation, is essentially a p ixel level m atcher. On 

the o ther hand, the first level o f  the m atching schem e described here im plem ents 

stereopsis by actually fusing contour segm ents. T his allow s us to  use  larger search w in­

dow s w ithout suffering from  the disam biguation problem . C ontour segm ents tend to be 

m uch richer in detail com pared to zero-crossing pixels even w hen contour slopes are 

associated w ith the latter. F o r this reason, it is sufficient for us to use tw o channels.

In the fo llow ing subsections, w e w ill first show  w ith exam ples that the shapes o f 

zero-crossing contours do indeed stay the sam e fo r the tw o v iew points w e use for 

stereo  im ages. This observation is im portan t since it  form s the cornerstone o f  the 

m atching  strategy discussed in  th is section. W e will then  discuss the figural continuity 

im plem entations o f  M ayhew  and  F risby , and o f  G rim son; and poin t ou t the shortcom ­

ings o f  those im plem entations. T his w ill be follow ed w ith our im plem entation, w hich 

w e believe is superior to the o ther two.

4 .3 .1 .  P h o t o m e t r ic  I n v a r ia n c e  in  S t e r e o  V is io n

Photom etric invariance refers to the fact that the corresponding areas in the left 

and right im ages exhibit sim ilar gray level variations. S ince gray  level variations are 

cap tured  by  the zero-crossings generated  by  the  application o f  L O G  filtering to im ages, 

photom etric invariance transla tes into  the invariance o f  the shapes o f  the  corresponding 

zero-crossing contours. In Figure 43, w e have show n stereo im ages o f  a  scene w ith 

large flat surfaces. F igure 44 displays the zero-crossing contours obtained  v ia  the  W2D 

channel. T he sim ilarity o f  the corresponding contours is evident.

The sim ilarity o f  zero-crossing contours is violated  in the v ic in ity  o f  range 

discon tinuities and shadow s. Som e o f  the m echanism s that lead to  d isto rtions o f  the 

contours betw een the tw o im ages are the sam e as those discussed in  Section 2.2.3.

4 .3 .2 .  M a y h e w  a n d  F r is b y  I m p le m e n t a t io n  o f  F ig u r a l  C o n t in u i t y

M ayhew  and Frisby [ 8 ] have  show n that figural continuity  o f  zero crossings 

p lays an im portan t role  in  b inocular fusion in  hum an stereopsis. A s fo r the evidence, 

they  presen ted the resu lt o f  an experim ent w hich m easured the  latency tim e for 

stereopsis fo r im age pairs w ith and w ithout figural continuity  cues. Show n in Figure 

45 is a random  dot stereogram , superim posed on w hich are boxes that define the 

regions w hich undergo disparity shifts from  the left to the righ t im age. M ahew  and 

Frisby show ed that the tim e it takes to  fuse  the stereogram  is shorter w hen  the  box-
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(b) R ig h t im age.

(c) O b se rv e d  su ra c e  a n d  v iew poin ts.

F ig u re  43 A  s te p  scene  w ith  u n s tru c tu re d  lig h t.
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shaped line featu res are present, in com parison w ith  the  tim e that it takes w ithou t the 

box  outline. T hey  argued that the structure o f  the box shaped outlines generated  

figural continuity  cues that facilita ted  the process o f  stereoscopic fusion.

To quantify  their results, M ahew  and  Frisby m easured  the  ratios G /M  in their 

experim ents, w here M  is the num ber o f  zero-crossings on  a zero-crossing contour in 

the left im age an d  w here  M +G  is the total num ber o f  righ t im age candidate zero cross­

ings w ith in  the respective search w indow s. G  is referred  to as the  num ber o f  ghost 

zero-crossings and, ideally , w e w ould  w ant G  to  be zero. C learly, G /M  is a m easure o f 

the possib ility  o f  a  false m atch.

M ahew  and Frisby  show ed that in  a particu lar experim ent, G /M  took a value o f 

2.17 w hen m atch ing w as accom plished on a raster line by raster line basis -  m eaning 

th a t fo r each zero-crossing in  a  given raster line in  the left im age the  search w indow  

w as constructed  on  the sam e raster line in  the righ t im age -  p rovided  no  figural con­

tinu ity  in form ation w as used. O n the  o ther hand, w ith  figural continuity  enforced, the 

G /M  ratio  decreased  to  0.317. F o r this p articu lar result, fo r each left im age zero cross­

ing  the figural continuity  w as enforced  over 5 ras ter lines by com paring the  horizontal 

coordinates o f  the contour segm ents associated  w ith the left im age zero crossing and  a 

candidate  righ t im age zero crossing, and insisting that they  be w ith in  ±  I . Further 

reductions in  ghost m atches could  be obtained w ith figural continuity  enforced  over 

longer segm ents o f  zero-crossing contours; fo r exam ple, instead o f  using five raster 

lines, w e could  use  seven o r nine.

4 .3 .3 .  G r im s o n ’s  I m p le m e n t a t io n  o f  F ig u r a l  C o n t in u i t y

G rim son [ 12 ] im plem ented  the concept o f  figural con tinuity  such that a poin t P  

on  a  zero-crossing contour C in  the left im age w as accepted as a  reasonable  candidate 

to  be m atched  i f  a ll points w ithin a certain distance from  P  on  C  succeeded in  f in d in g  

correspondences in  the righ t im age. The outline o f  G rim son’s im plem entation  is as 

fo llow s. Suppose a poin t P  = (xo,yo), on  a zero-crossing contour in  the  N  x  N  left 

im age has^a  c tn re s |o n d in g  po in t i n th e  rig h t ifiiage^^ 

p o in t satisfies the figural continuity  constraint.

L et us consider a zero-crossing contour segm ent C, o f  length  A  w hose com ­

ponents are (xo,y0), (X1 ,y O , (x2 ,y 2), ......  (xA- i ,y A - i) .

Let L(x,y) be a N x N  array w hich represents the zero  crossing  o f  the left im age 

such that

L (x ,y ) = 1  i f  a p ixel (x,y) is on  a positive contour



(a )  L e f t  im a g e .  (b )  R ig h t  im a g e .

F i g u r e  4 5  A  p a ir  o f  s y n t h e t ic  s t e r e o  im a g e s  w i t h  m o n o c u la r ly - d i s c r im in a b le  c u e s .



L (x ,y ) =  - I  i f  a  p ixel (x,y) is on  a  negative contour

L (x ,y )=  0  i f  a  p ixel (x,y) is no t on any contour

L et M T  be a N  x  N  m atrix , w hose e lem ent M T(x,y) is I b it b inary  num ber and is deter­

m ined such that

M T (x ,y ) = 1  if  L(x,y) is non-zero and  there exists

a corresponding zero-crossing in  the  search w indow .

=  0  i f  e ither L  (x,y) is zero  o r there ex ist

no  corresponding zero-crossings in  the  search w indow.

N ow  a predeterm ined constrain t K , w hich  determ ine the su ff ic ie n c y o f  figural 

continuity, is introduced . In  th is exam ple, it is  assum ed that A  is longer than K. ( In 

o th er w ords, a concerned contour segm ent is long enough fo r exam ining figural con­

tinuity.) N ote  that fo r the sim plicity, it is assum ed that any con tour poin t can be 

classified  e ither as positive o r as negative.

Then the a lgorithm  can be described as follow s.

done <— 0 ; 

i I;

g < - 0 ;

I <— 0;

w hile ( done =  0  o r i  <  A  - 1 ) do 

begin

i f  ( L  ( Xi , y{ ) = I o r L  ( Xi , y i ) =  - I  o r  I <  K)

1 =  1 +  1; 

else 

begin

call gap_processing (I,g,success) 

i f  (success =  "yes") 

begin

record  this contour in  the accepted contour m ap; 

done =  I; 

end

else i f  ( success =  " n o " ) 

done =  I;

end



In th is algorithm , a  function gap_processing (I, g, success) return  the  answ er as 

the variable success w hether the contour, w ith length  I and gap g, thus far exam ined is 

acceptable candidate o r not.

success = "yes" if  this contour is accepted as the candidate 

success = "no" i f  this contour is accepted as the candidate

success = " " if  further exam ination is necessary

4 .3 .4 .  O u r  lm p le m e n t a t io n  o f M a t c h i n g  b y F i g u r a l  C o i i t in u i t y

ZERO- CROSSI NG FI GURE MATCHI NG ALGORI THM

The algorithm  em ployed  fo r the zero-crossing figure m atching is very  sim ilar to  

the stra ight line m atching algorithm  show n previously. In this section the algorithm  o f 

the zero-crossing figure m atch is presented. It should be noted  that the length o f  the 

con tour segm ent is 15 in this algorithm , w hile it is 41 in the case  o f  the straight line 

m atching.

ST E P -1:

STEP-2:

Each zero-crossing im age is represented  by  a data  structure w hich is a list 

o f  zero-crossing segm ents described as

seg m en ti, segm ent2 , segm ents,... .segm entM ".

Each zero-crossing segm ent is represented  by  the fo llow ing data  structure

{ start-pix-col-indx, start-pix-row -indx, chain-code,

start-pix-col-indx-of-conj, start-pix-row -indx-of-C onj)

w here the last tw o item s are instantiated  only after a right im age contour 

segm ent is found that m atches the left im age contour segm ent w ith  starting 

indices (start-pix-col-indx, start-pix-row -indx). The m atching con tour seg­

m ent m ay be called the conjugate segm ent, hence the sym bol ‘co n j.’ In the 

even t a  left im age segm ent m atches m ore th an  one rig h t im age segm ent, the 

last tw o item s can be replicated  and instantiated  w ith the corresponding 

starting values. Inform ation about m ultiple m atches this stored can be used 

subsequently w hen relational constraints are invoked. Each ch a in  code is 

represented in  the same m anner as in stra ight line representation. For the



discussion to  fo llow , a contour segm ent from  the left im age w ill be denoted 

by

(L (1),L (2),....,L (N )) 

and a  segm ent from  die  righ t im age by

(R (1 ),R (2 ),.... R (N ))

STEP-3: In com paring the data  structures fo r tw o segm ents from  the  tw o im ages, the

algorithm  first m akes a check fo r the  positional correspondence. The p osi­

tional correspondence is considered as sufficient i f  the  follow ing condition  

is sa tisfied :

s ta rt-p ix e l-co l-in d ex i -  s ta rt-p ix e l-c o l- in d e x r

and

s ta r t-p ix e l-ro w -in d ex i -  s ta rt-p ix e l-ro w -in d e x r

yInax

< 1 ,

w here Dmax is the range o f  the  m axim um  perm issib le  value fo r the d ispar­

ity.

STEP-4: A  sim ilarity score, denoted  b y  T, is com puted  fo r the tw o segm ents by com ­

paring  their chain codes. In itially, the value o f  T  is set to  0. A t step i, le t 

the chain  code elem ents from  the tw o segm ents be L(i) and  R(i). For each 

i, i =  1,....,N, the to tal score T  is accum ulated  by using  

:’:y' '

N ote that the w eight value W  used in  the straight line m atcher is not 

em ployed  here. T his is because the a ltem ation  o f  tw o c o d e s d is c u s s e d in  

the  stritight line m atcher is unlikely to  occur in the  case  o f  zero-crossing 

con tour segm ents extracted  from  random  do t patterns used at this stage o f  

ou r algorithm .

STEP-5: I f  the sim ilarity score T  does not exceed a pre-set threshold, deno ted  here 

by  T5, delete  the left im age segm ent under consideration from  the left 

im age d ata  structure created  by STE P I.

ST E P-6 : I f  the sim ilarity score T  exceeds a threshold , T5, declare the  tw o segm ents

as m atchable. In the current com putational m odel T 5 and N  are set to 11 

and 15, respectively . D elete  from  the left im age data  structure show n in 

ST E P I those  segm ents w hose (start-p ixel-col-index, start-pixel-row -index) 

lie  on the m atched segm ent in the left im age.



ST E P-7: If  the left im age data  structure created in STE P I is non-nil, go to  STEP 3.

STEP-8: In this step, range values to the scene points that He on  the m atched seg­

m ents are com puted by the fo llow ing procedure: L et D (i), i= 0 ,l,..,N  be the 

disparity com puted from  the  ith pixels in  the left and the  righ t im age seg­

m ents; as defined in STEP-2, the chain codes o f  these m atching pixels are 

denoted  by L(i) and R (i), respectively. The disparities, D (i), is obtained 

from  the chain codes L(i) and R (i) by  the fo llow ing form ula in w hich A, 

A l ,  A 2 are tem porary variables:

D (0) <— C L - C R

w here C L  = start-pixel-col-index fo r the first pixel 

in  the left im age segm ent 

C R  = start-pixel-row -index fo r the  first pixel 

in the righ t im age segm ent

For i <— I step I until N  do 

begin

i f  ( L  (i) = (0 , 1 , 'or.7 ) )

A l  =  1;

else if  ( L  (i) = (2 , o r 6 ) )

A l  =  O;

else if  ( L  (i) = (3 ,4 , o r 5 ) )

A l = - I ;  ■.

i f  ( R  (i) =  ( 0 , 1, o r 7 ) )

A 2 = 1 ;

else i f  ( R  (i) =  (2 , o r 6 ) )

A 2 = 0;

else i f  ( R' (i) = (3 ,4 , o r  ,5))

A 2 = -I;

A = A l -  A2;

D (i) =  D  (i - I )  + A;

■ e n d

T he range m aps dow n-sam pled to 64 x  64, sim ilar to  the  straight line 

extraction  algorithm.

In Figure  46, the contour segm ents, w hich are  successfully  m atched  by  ou r zero­

crossing figure m atching fo r the pa ir im age show n in Figure 44, are presented.
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4 .3 .5 .  M a t c h in g  o f  I n d iv id u a l  Z e r o - C r o s s in g s

As described before, the m atching process o f  this section is carried  Out at tw o  lev­

els, the contour segm ent level (the first level) in  the W2 d = 8  channel and the  pixel level 

(the second level) m atching o f  Zero-CaiOssings in die W2 D= ; 4  channel. W ith  the help o f  

Figure  47, w e w ill illustrate how  the tw o levels act in  concert. In Figure 47, a pa ir o f  

the con tour im ages o f  the first level are shown in  (a) and (b), and  the second level 

im age p a ir are show n in (c) and (d). C ontour segm ent AB in  the left im age is m atched 

w ith the contour segm ent A ’B ’ from  the righ t im age b y  the figural continuity  con­

strain t on the first level. N ote that w hen search fo r the m atching contour segm ent for 

A B is conducted  w e m ake sure that the horizontal coordinate o f  A ’ is w ithin the hor-

^inax
izontal coordinate o f  A ±  .^a x , as show n in  Fig. 47. T his m atch is u sed  to  com pute a

disparity m ap along each m atched contour and  the resulting disparities stored in  a 

64x64 m atrix. Subsequently, the zero-crossings from  the W2 D =4 channel are m atched 

individually, as in  any channel o f  the M PG  algorithm . For exam ple, i f  P 2  is  a zero­

crossing produced  by  the W2d =4  channel w ith its x-coordinate equal to  X 1 , then to  find

its  correspondent w e first construct a search w indow  o f  size ±  ^ around the point

X 1 - H i ,  w here d  is the disparity  value pu lled  out o f  the 64x64 disparity m atrix  tnon- 

tioned earlier.

The reader should note that the search w indow  has h a lf  the size o f  those used in 

the M PG  algorithm s. W hereas each channel o f  the M P G  algorithm  uses a search w in­

dow  o f  ±W2 D> the search w indow  used here is only  h a lf that. A s w as poin ted  out in 

Section 2.2.3, theoretical considerations dictate  that in  M PG  algorithm  the  size o f  the

W2D
search w indow  should be ± ------ , how ever w hen such algorithm s are im plem ented the

search w indow s are set to ±W2 p  to  account fo r the shifts in  zero Crossing contours 

caused  by the interaction o f  differen t intensity variations in  an im age. T o  add to  the 

discussion o f  Section 2.2.3, this in teraction will be illustra ted w ith the  help o f  a one­

dim ensional gray level variation show n in  Figure 48 (a). This pattern can be 

param etrized by  the variables A  and  B, w hich control the relative heights o f  tw o o f  tile 

levels in the pattern , and C w hich controls the separation o f  the spike from  the other 

variation. F igure 48 (b) show s the boundaries o f  the shifts in the zero-crossings fo r dif­

feren t norm alized values o f  the param eters. For exam ple, w hen the  norm alized value

o f  separation is given by =0.5 and the value o f  B /A  is 0.06, the shift o f  the zero-
W 2 D  •

crossing corresponding to the edge X  is given by poin t P.

W e believe that i f  the param eters o f  gray level variations in  an  im age are such as 

to  cause zero-crossing shifts com parable  to, say, W2 d > then the resu lting  zero-crossing
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(b) R ig h t c o n to u r  l in a g e  ( w 2d  =  8 ) .(a )  L e f t  c o n t o u r  im a g e  C w 2D =  8 ) .

x2 +  Dw=8

(d )  R i g h t c o n t o u r  im a g e  ( WjtD =  4 ) .(c )  L e f t  c o n t o u r  im a g e  ( w 2d  = 4),

N o t e  : T h e  z e r o -c r o s s in g  f ig u r e  m a tc h  i s  a p p lie d  o n ly  to  th e  f u s io n  o f  d ie  im a g e s  th r o u g h  th e  c h a n n e l  

w ith  d ie  s iz e  W 2 D  -  8  ( (a )  a n d  (b )  in  th e  il lu str a tio n  s h o w n  a b o v e ) .  T h e  d e fa u lt  m a tc h e r  i s  a p p lie d  to  

th e  f u s io n  o f  th e  f in e s t  c h a n n e l im a g e s  ( ( c )  a n d  (d ) in  th e  il lu str a tio n  s h o w n  a b o v e  ) .

F ig u r e  4 7  C o n c e p t  o f  t h e  z e r o > c r o s s in g  f ig u r e  m a t c h .

max



G ray L evel

A  B r ig h t  B lo b  w i t h  W id th  I  P ix e l

Y + B

X  + C

Position

(a )  I - D  S y n t h e t ic  I m a g e

s h if t  =shift =

(b )  B o u n d a r ie s  o f  M is le a d in g  M a t c h in g

F ig .  4 8  S im u la t io n  a b o u t  t h e  z e r o - c r o s s in g  s h i f t  b y  a  s m a l l  b ib b ,



contours w ould  be unm atchable by the figural continuity  m atcher. I f  th is conjecture is 

true, then th e  m atch ing o f  zero-crossing contour segm ents should provide us w ith an 

accurate disparity  inform ation w herever such a  m atch can be accom plished, The po in t 

w e are try ing to  m ake is that after m atching contour segm ents, the  resulting disparity  

inform ation is qu ite  robust and there is less o f  a reason  to use±W 2 D w indow s fo r sub- 

sequent m atching. Since sm aller w indow s lead  to  few er disam biguation problem s, w e 

W 2 D
chose  the ± ——-- w indows.

2

The po in t being  m ade is that i f  the  sim ilarities betw een con tour segm ents are such 

that they  can be m atched, then it is unlikely that there  w ould  any significant deviations 

in  the zero-crossings a t the next finer channel. A fter all, contour w ise sim ilarity arises 

because  o f  area w ide sim ilarity betw een the tw o im ages. It is hard  to  conceive o f  a case 

w here the photom etric  variances are  such that there  w ould  be sim ilarities at the W2 d = 8  

channel fo r the contour m atching to occur, yet there w ould  be significant deviations at 

the W2 d = 4  level to  require a search w indow  larger than d ictated by  theory.

4 .4 .  T h e D e f a u l t  M a t c h e r

W hen all e lse  fails, the system s invokes the  full im plem entation o f  the  M PG  algo­

rithm ; so, in  a sense. this is the default m atcher. W e have already discussed this algo­

rith m  in  Section 2.2.
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C H A P T E R  V  A  R E V I E W  O F  S O M E  I M P O R T A N T  R lI E E S

5 .1 .  O v e r v ie w  o f  t h e  R u le - B a s e d  P r o c e d u r e

U nless properly organized, a ru le-based system  can  quickly  outgrow  the ability  o f 

a researcher to  keep the en tire system  in m ental perspective. E ach  ru le  usually  em bo­

dies a sm all m easure o f  contro l inform ation; and, in  a  system  w ith a  large num ber o f 

ru les the in teractions betw een the ru les can be sufficiently overw helm ing to  the poin t 

that it m ay  no t be  possib le  to  feel confident about the robustness, stability and the con­

vergence o f  the reasoning process. For these reasons, w e have grouped the ru les in our 

system  in  tw o differen t w ays; the first type o f  grouping is sim ply to  facilita te  the 

com prehension o f  the system  by a hum an, and the second type fo r the  flow  o f  control 

in  the com puter program . The first type o f  rule categorization is referred  to  as G roups 

and the second type Stages.

The three G roups o f  ru les in  the system  can  be described in  the fo llow ing m anner: 

G R O UP-1

T hese ru les are used for dynam ically  altering the entries o f  the contro l 

m atrix. N ote that the initial en tries are generated by  a  determ in istic pro­

cedure on  the basis o f  the output o f  straight line m atching. A n im portant 

function o f  these ru les is to  generate the contro l m atrix  entries in such a 

m anner that the straight lines extracted from  the righ t im age satisfy the re la­

tional constrain ts on their correspondents in  the  left im age. T his group also 

includes ru les fo r invoking differen t possible surface-orientation hypotheses 

fo r the geom etrically constrained m atcher. A  ru le-based  im plem entation  

here allow s the incorporation o f  heuristics like: O f the m any possib le  

choices for surface orientations, w e should first choose  one that is the sam e 

as the orien tation o f  one the neighboring surfaces; i f  that does not w ork 

then choose an orientation that is closest to  that o f  one o f  neighboring  sur­

faces. O f course, i f  no  orientations are know n in the im m ediate  neighbor­

hoods, then choose at random  a perm issible orientation hypothesis.



G R O U P-2

R ules fo r determ ining the  search w indow  size fo r the im plem entation o f  the 

finest M PG  channel. T hese ru les m ake sure that i f  the M PG  m atching is 

being  carried  Out w ithout a p rio r geom etrically constrained  m atching, then 

the search w indow  size is set equal to  2 x W2 d < On the  o ther hand, i f  the 

finest channel is being invoked  as a follow -up on  the  geom etrically  con­

strained m atcher, then these ru les set the search w indow  size to  W 2 D-

G R O U P-3

T hese are m etarules fo r  coordinating the flow  o f  contro l. These ru les m ake 

sure that the alteration o f  an entry o f  the contro l m atrix  is follow ed up by 

the invocation o f  the appropriate m atching strategy.

The Stages rep resent a n o th e rc a te g o riz a tio n o fth e  sam e ru les, as show n in  Figure 

49. A s is m ade c lear by the fo llow ing description, the Stages play an im portant ro le  in 

the organization o f  the flow o f  control.

S tag e-1 In th is  stage, either the geom etrically  constrained m atch  o r the zero-

crossing figure m atch is executed, depending upon the en try  in  the control 

m atrix. This stage allow s the generation o f  m ultip le hypotheses fo r both 

the surface orientations and  the candidates fo r zero-crossing figure m athing. 

In the current im plem entation, although m ultip le  candidates fo r figure 

m atch ing are perm itted, only a single hypothesis is reta ined  fo r surface 

orientation.

Stage-2  In this stage, the best hypothesis o r candidate is selected  from  am ongst 

those generated in the previous stage. The hypothesis o r candidate selec­

tion strategy includes exam ination o f  the valid  hypo theses/candidates in 

neighboring regions.

Stage-3 The defau lt m atcher is called  in  this stage.

H ypothesisArrays

In general, in  geom etrically constrained m atching it w ill be possib le  fo r m ultip le 

surface  orien tation hypotheses to  m eet the hypothesis selection criteria. B y the sam e 

token, in  zero-crossing figure m atching, fo r each zero-crossing contour in the left 

im age there w ill be m ultiple candidates from  the righ t im age. The m ultip le orien tation
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hypotheses and zero-crossing contour candidates are stored, respectively , tw o arrays 

called  © and Z. ■

A s w as explained  in  Section 6.2, the 256x256 is d iv ided in to  an array o f  64x64 

patches, each o f  size 4x 4  pixels, fo r the construction  o f  the contro l m atrix  and the cal­

cu la tion o f  disparities. A lso, as explained there, each orientation hypothesis is com ­

pu ted  over a an array o f  4x4  patches -  m ean ing 16x16 pixels -  and, as can be seen 

from  F igure 50, these patch  arrays are overlapped. Therefore, the  size o f  0  m atrix is 61 

X 61 to  represen t orien tations at all possib le  16x16 pixel subarrays. Each entry in the © 

m atrix  is a  lis t o f  all possib le  hypotheses fo r surface orien tations a t the  corresponding 

16x16 subarray o f  pixels; therefore, each such entry  can be represented  as the follow ­

ing  list

© ( x , y ) = j  cardinarity__of_entry, QiiQ2, ..... , 0 K>

F or exam ple, i f  w e have three hypotheses fo r a 16x16 subarray o f  pixels, 

® (x ,y ) =  {3 , 0 1 , 0 2 , 0 3 ). W hen the i th hypothesis is tried  and found to  be unaccept­

able, it is rem oved from  the list. In the discussion to follow , w e w ill use  the notation 

® (x ,y ,i) to  describe  the i-th hypothesis from  the list at ® (x,y).

From  the discussion in Section 6.3, it fo llow s that the size o f  Z  should be 64x64. 

Each en try  in  the Z  m atrix is again  a  list o f  possib le  candidates and  can be represented  

by the fo llow ing form : A s w as illustrated in Fig. 50, the right-im age candidate contour 

is stored as a lis t o f  disparities a t the pixels o f  the left-im age contour. Each entry in  the 

Z  maUix therefore looks like

Z (x ,y ): cardinarity_of_entry, Zlj z2, .

w here Zi is the Hst o f  (hsparity values com puted by  the zero-crossing figure m atcher for 

the i-th  candidate

Explanation on the rule description in the if-then fo rm

W e w ill now  briefly describe the syntax w e w ill be using fo r presen ting som e o f 

the ru les in this chapter. The ru les w ill be show n w ith  the help o f  IF-T H E N  form s. Tb 

im prove the readability  o f  presentation, som e part o f  each rule  m ay be presen ted as an 

E nglish sentence. T he fo llow ing poin ts are to  be noted  fo r the algorithm ic parts o f  the 

ru les: The reader should bear in  m ind the difference betw een the  variables and con­

stants, and also the differences betw een a C program  function and a logical predicate. 

T he left hand side (LHS) o f  a rule can have both m athem atical expressions and logical 

predicates; this being consisten t w ith the syntax o f  OPS83. The fo llow ing is a sum ­

m ary  o f  the notation used fo r describ ing the rules:
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I i i '  61 64

! © (i j )  : a lis t w ith N + l elem ents

! { N , 0 i,0 2 , • • • ,0 n  }

S N : T h e  n u m b er  o f  a c c e p te d  h y p o th e s is
I
} Oi : The o r ien ta t io n  o f  th e  i  th  h y p o th e s is
I
[ (T h e  c o o rd in a te s  o f  ©, ( i j ) ,  rep re sen t  

I th e  p a tch  sp a n s  w ith in  th e  r a n g e  (i,i+3)

I horizontally and (j j+ 3 )  vertically.)
I . ' ■'

• I.
* '  ̂ I

64I  _ j

(a )  H y p o t h e s i s  a r r a y  0

(b )  H y p o t h e s i s  a r r a y  Z

Z  ( i j ) : A  list w ith  M + 1 elem ents

{ M ,  0 i , 0 2 ,  • • • ,©m  }

M : T h e  n u m b er  o f  d is p a r ity  v a lu e s  

c o m p u te d  b y  th e  ze r o  c r o s s in g  

co n to u r  m a tc h in g .

(The num ber M  can be greater than  I 

w hen m ore than tw o contours pass through 

the 4  x  4 patch specified by 

the coordinates ( i j ) . )

F ig u r e  5 0  H y p o t h e s e s  A r r a y s  ©  a n d  Z .



(1) The asterisk (*) indicates that the w ord fo llow ing the asterisk stands fo r the pur­

poses o f  explanation as a  "w orking m em ory elem ent" in  O PS-83. Such a w ord 

can be m atched  w ith the LH S o f  a ru le, and  i f  the m atch is successful, the RH S 

o f  the ru le  can be executed. In R H S o f  a rule, a w orking m em ory elem ent is 

created, m odified, o r rem oved by "m ake", "m odify" and "rem ove" com m ands,

■ respectively .

(2 ) A  variab le is denoted  by a w ord  w hose first le tter is capitalized .

(3) A  constan t is denoted by a w ord  w ith low er case  letters. In the case  o f  a string 

constant, i t  is  denoted by die m ark ’ ’.

(4) A  procedure w ritten as a C -Program  is denoted by  a nam e w ith upper case 

letters.

5 .2 .  G R O U P - 1  R u le s  •

T hese  ru les com e in to p lay  w hen processing is in  Stage-2. Therefore, these ru les 

have the fo llow ing tw o functions- I)  W hen fo r a  given reg ion  o f  an  im age, as 

represented  by  an elem ent o f  the control m atrix, m ore than one hypothesis fo r the local 

p lanar surface orien tation is found to  b e  applicable, one o f  these ru les m u st select the 

best o f  those by  exam ining the hypotheses in  the neighboring regions. 2) W hen fo r an 

arc o f  a zero-crossing contour in  one o f  the im ages, the figural m atching procedure 

yields m ore than  one possib le  m atch from  the  o ther im age, these ru les m ust again 

select one On the basis o f  such decisions in  the neighborhood.

[ R ule C hoose-best-geo-con ]

IF  two or more geometrical constraints are satisfied a t a point (X0 jX0) in the control

matrix, THEN choose one by taking the neighboring hypotheses into accdunt
■ - v  Z 1 -  ;  ;  . - " >  V . ' " . W - - . -  • ’ "  ; v - .  ^  i ; - .

■'■rlFC-Stage-%  l:  ̂

and C (x 0 ,x0) = 2

and 0 (x o ,y o ,l)  >  I [ m ore than  tw o e n tr ie s ] )

T H E N

C H O O SE_M O ST_LIK ELY _T H E TA  (x0, y 0 , 0 )

m ake *stage_ 2 _rule_w orked  ( status = ’y es’ )
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. : ■ . - I  , ' V . V:-:,;.;;-/ V / ; . - V^v'

w here C H O O SE_M O ST _L IK E LY _T H E TA  is a function defined in  the  last section o f 

th is chapter. T h is function polls the neighboring regions as given  by  the  neighborhoods 

defined by  the © m atrix.

[ R ule  C hoose-one-from -right-contours ]

IF  there are two or more candidates fo r  the zero crossing figure m atch> as evidenced  

by the existence o f  multiple entries fo r  an element o f  matrix Z, TH EN  choose one by 

poidrtg the 8-neighbors using the Z-matrix neighborhoods. This situation w ill arise 

when an arc in the left image has more than one possible match in the right image.

I F (  Stage =  2 

■ and  C (xo,yo) = 3

and  Z(yo,yo, I)  > I [ tw o o r m ore entries in Z j ) 

T H E N

V ' / ' ' V/:'

£ H 0 O S E J d O S T y tIK E L Y _ £  (Xo, y0,Z )  

m ake *stage_2_rule_w orked (  status = ’y es’ ) - i;

w here the function C H O O SE _M O ST_L IK EL Y _Z  is defined in  the last section. B asi­

cally, this function chooses a single disparity  value from  am ongst the  m ultiple  choices 

available by  taking in to account those neighborhood disparities that a re  know n unam ­

biguously. A gain, the neighborhoods used are  those corresponding to  the  Z  m atrix.

Rule^^ChOose-one-from-left-contours ]

IF  two or more arcs from  the left image have the same correspondent fro m  the right 

image, THEN discard all but one o f  the matches by using the relational information 

with neighboring digital arcs; the relational information is being used only in the posi­

tional sense defined below.

In ou r m odel, only  the horizontal rela tions corresponding to  positional differences 

betw een the arcs are taken in to  account. (A study o f  stereopsis w here  m ore elaborate 

relations are u tilized in stereopsis is presented in  [ 34 ].) T o illustrate  vdtat w e m ean 

by rela tional inform ation generated by positional differences, consider the arcs Aq in  

Figure  51 w hich can  be m atched w ith the dig ital arc A '. L e t’s say that the arc labeled  

A  can  also m e m atched w ith A ’ and that the neighboring arc B has only  a single 

correspondent in  B \  W e w ill use R EL( A , B) to  denote the  positional rela tion  betw een 

tw o contour segm ents in  an im age. For the  arc positions show n in  Figure 51, w e m ay 

write; V-'



=  X 0  - x 2 

R E L  (A, B) =  Xi -  x 2 

R E L (A ', B ')  =  x ' - x 2

N ote that these  rela tional values can easily be com puted from  the  inform ation that 

resides in  the con tour segm ent list. T he ru le  under discussion w ill select either A  or 

Ao fo r m atch ing w ith  A ’ by using  the rela tional values in  the m anner d iscussed below .

IF  ( S tage =  2

and righ t dig ita l A ' has 

tw o left dig ita l arcs, A  and Aq , 

possib ly  to be m a tc h e d )

T H E N

{

C onsider a  nearest stereo pair B , and  B '

C om pute

R E L (A o .B )

R E L (A, B )

R E L  (A ', B ')

i f  ( I R E L(A 0 , B ) - R E L (A ', B ')  I >  I R E L  (A , B) - R E L  (A ', B ')  I )

{

take A  as the correct m atch 

CHANGE_C_M ATREX ( A 0 );

}

else

{

take A0 as the correct m atch 

C H A N G E _C _M A TR IX  ( A );

}

m ake *stage_2_rule_w orked ( status -  ’y es’ )

T he con trol m atrix  entries fo r elem ents corresponding to the reg ions th rough  w hich the 

discarded  left im age arc traverses are changed to 4.

[ R ule  H ypothesis-conflict-resolution ]

IF  a  planar-surface oriemation h ^ t h e s i s  is not in agreement with orientation 

hypotheses a t  a r i y 0  ne ighbor in the TH E A TA  matrix whose images regions overlap 

with the  region Wider consideration, THEN discard the hypothesis, A  m ost im portant 

im plication o f  this ru le  is that geom etrically constrained  m atch ing w ill no t be  used in
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the im m ediate  v icin ity  o f  com ers form ed by scene surfaces. U nfortunately, this has to 

be the case  since orientation hypotheses are enforced  a t the  sam e tim e over large im age 

blocks — 16x16 to  be precise -- and so geom etrically constrained  m atch ing  w ould  lead  

to  erroneous m atches in  the v icin ity  o f  junctions betw een surfaces o f  d ifferen t orien ta­

tions. Therefore, in  the im m ediate v icinity o f  surface junctions, the  system  m ust rely  

on o ther m atchers.

IF  ( S tage = 2 

and C(xo,yo) =  2 

\  , and @(x0,yo, I)

and © (x0,yo, 2) *  ©  (X1 ,y ! ,2 ) )

[ w h e re x o $ X i < x o  + 4 , a n d y o ^ y 1 < yo + 4 }

discard  © (xo,yo,2) and © (x i ,y i?2) 

m ake *alter_C _request ( X  = xq, Y  = yo) 

m ake *alter_C _request ( X  = X1 , Y  =  y  i ) 

m ake *stage_2_rule_w orked ( status =  ’yes’)

[ R ule Init-C -m atrix-set ]

IF th e  OPS83 program is initiated, THEN the controlm atrix must first be initialized.

IF  ( Stage = I 

: ':  * s ta r t)  '

TH EN

C R EA TE_IN IT _C _M A TR IX  (C); 

rem ove *start

In_stage_processing_done =  ’n o ’ )

T he con trol m atrix  is in itialized  on  the basis o f  dom inant feature  m atching; this is done 

by the function CREATE_INTT_C_M A TRIX defined at the end  o f  th is chapter.

[ R ule G eo-to-figure-m atch ]

IF  geometrically constrained matching is not successful, THEN the zero-crossing  

figure matching is to be invoked.

[ R ule Figure-m atch-to-default ]



(a) L e f t  c o n to u r  im ag e  Cw2D =  8 ), (b) R ig h t c o n to u r  im ag e  ( w 2D = 8),

Fig . S I  R e la tio n a l c o n s tra in ts  o f  th e  z e ro -c ro ss in g  fig u re  m atch ,
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IF  neither geometrically constrained matching fior the zero-crossing figure matching is 

successful, THEN the default matching algorithm should be applied.

IF  (*alter_C _request ( X  = xq , Y  = y o ) ) 

T H E N  

{

i f  (C (xo,y0) = 2) 

then  C  (xo,yo) < - 3 ;  

else i f  (C (xo,yo) -  3) 

then C (x0,yo) 4;

rem ove *alter_C _request ( X  =  xq , Y  = yo)

} . .

5.3. G R O U P S  Jfcules

The ru les in this category  control the size o f  the search w indow  in the finest M PG  

channel. N ote that this is the only channel that is invoked after zero-crossing figure 

m atching. A lso, note that w hen w e establish a p lanar surface orien tation in  a reg ion  o f 

the im age, verification o f  this orientation is done by  m atching zero-crossings by using 

a single M PG  channel. T he size o f  the search w indow s used in this channel is also con­

tro lled  by  the ru les in this group.

[ R ule Search-w indow -reduction-1 ]

IF  the zero-crossing figure match is successful, THEN reduce the search window to 

half o f  the finest channel in the default MPG matcher.

IF  ( Stage =  3

and W  value is unspecified

and C s = 4 ;

and C( x0 , yo ) =  3 )

/ T H E N  ;

.. W  < - 2.

N ote that the search w indow  is specified by ±W  and that Cs is the value o f  the variable 

W2 D in a M PG  channel. The LHS condition that C s=4 m eans that only  the finest chan­

nel o f  the M PG  algorithm  w ould be affected.

[ R ule Search-w indow -reduction-2  ]
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IF  in geometrically constrained matching a planar surface orientation hypothesis is 

under verification THEN the search window is made very small and corresponds to a 

small disparity interval around that corresponding to the hypothesized plane, on both 

sides o f  the hypothetical plane.

■■.’: / IF ( :-S ta g e = l- :-

and W  value is unassigned

C ( x 0,yo  ) - 2 )

- t h e n ;

■' w<- i;

5.4. G R O U P -3  R u les

The G R O U P-3 ru les are created  fo r coordinating the flow o f  control; T h ese  rules 

m ake sure that the alteration o f  an entry o f  the control m atrix is fo llow ed up by the 

invocation o f  an appropriate m atching strategy.

5.4.1. C o n tro lo fT ra n s i t io n b e tw e e n  S tages 

[ R ule T ransition-from -stage-to-stage ]

IF  stage I  has terminated, TH EN proceedto  stage 2. IF  stage 2 has terminated, THEN  

proceed to stage 3.

This is a serial transition o f  stages from  I to  2, and  then from  2 to  3.

and In_stage_processing_done = ’y e s’ )

T H E N

{ ;

Stage = 2

In_stage_processing_done = ’n o ’

m ake *stage_2_rule_w orked ( status = ’y es’ )

) ; :

IF  ( S tage = 2

and In_stage_processing_done - ’y es’ )



TH EN  '

f- : : ' ' - I ' / ' ; A" ' - / " V '

Stage =  3

In_stage_processing_done =  ’n o ’

Vy } '

IF  ( S tage = 3 -

and In_stage_processing_done = ’y e s ’ )

TH E N

, W - V - . . ; - ■ . { ■ :

End o f  the processing

. V i

; ' ; 119

5.4.2. C o n tro I o f  S t a g e l  

[ R ule Stage-1-flow  ]

IF  processing is in stage I , THEN a matcher, which can either be the geometrical con­

strained matching or the zero-crossing figure matching, is sought from  left to right and 

from  top to bottom.

The ru le  is applied starting a t the coordinates (0,0) in  the contro l m atrix. L et (x0, 

y0) denote the current w orking elem ent in the control m atrix. T he function 

IN C R E M E N T -C O O R D IN A T E  com putes the next control m atrix  e lem ent to  be con­

sidered.

IF  ( Stage =  I 

X = x 0, Y =  y0 .

and D one = ’n o ’ )

V T H E N  '■

. ; v . :: \  ;
m ake *m atcher_select(x0 , yo);

IN C R E M E N T .C O O R D IN A T E  (X0 , y0, D one);

V  V

w here x0 and y0 stand fo r the coordinates in the control m atrix  and the w orking 

m em ory elem ent *m atcher_select w ill m atch w ith all the W M E ’s that are capable o f 

triggering strategy selection rules. In  this case, the strategy selection ru les w ill be fired
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fo r th e lo ca tio n  (xq*y o) in  th ec o n tro l m atrix.

IF  ( Stage = 1  

X =  X0 , Y = y0

and D one =  ’ye s ’ )

T H E N

In-stage-processing-done(x0, y o ) « -  ’y es’

A s w ill be show n presently , the variable In-stage-processing-dpne is again set to  ’n o ’ if  

stage 2  is invoked  fo r the s a n e  locatibtt in  the  control m atrix,

[R u le  T ry-geo-con-m atch ]

IF  ( *m atcher-select 

X = X 0, Y  = y0 ;

C ( x o , y o  =  2 ) )

T H E N

T R Y _ G E G O lY P 0 T H E S IS  ( X , Y , W , D, 0, Succe 

i f  (su c ce ss#  ’y esv).

m ake *alter.G _request ( X  = xq , Y  = yo) 

reniove  *matcher_.Select ( X - xq, Y  = yo)

[ R ule T ty-zero-cross-m atch ]

IF  ( *m atcher_select 

X = X 0, Y - y o  ■

C( x0, y0 -  3 )  )

T H E N  •

T R YJ ^ I G U R E Suc c e s s ) 

i f  (Success # ’y es’ )

m ake * a lte rL G req u est ( X  = X0 , Y  = y0) 

rem ove *m atcher_select ( X  =x0 , Y  = y0)



5,4.3. C o n tro l o f  S tag e  2 

[ R ule Stage-2-flow  J

IF  stage = 2, THEN the Stage-2 rules are to be made available fo r  firing as long as the 

LH S’s o f  any o f  them can be satisfied.

IF  ( S tage = 2

and In_stage_processing_done =  ’n o ’ 

and *stage_2_rule_w orked (status = ’y es’ )

)

■.THEN

; { ■. ■

fire rules;

: - } . ■ ■■■■'■

IF  ( S tage = 2

and In_stage_processing_done = ’n o ’ 

and *stage_2_rule_w orked (status = ’n o ’ )

V '  V :  ■'  )  \

T H E N

■ ' f  ;■ V
In_stage_processing_done <- ’yes’

C R EA T E_D ISPA R ITY _M A P

■.■■■■■■■■■ ; I ' - : ' '  ■

5.4.4. C o n tro l o f  S tag e  3

[ R ule Stage-3-flow  ]

IF  the stage is 3, THEN the default matcher is called, the calling order being from  left 

to right and from  top to bottom in the control matrix.

For all points (xo,yo) w here the control m atrix  indicates the  necessity  o f  the 

default m atcher (in o ther w ords C (xo,yo) = 4), the default m atcher is invoked. For the 

coarsest channel, the value o f  vergence is set to  zero, w hich is in keep ing w ith our 

assum ption that the optic axes o f  the cam eras are nearly parallel. In the subsequent 

channels, fo r the points w here the previous channels have not provided  any disparities, 

the value o f  vergence is determ ined by interpolating  the prev ious channel disparity 

m ap. T he fo llow ing is the flow o f  the com putation  in  the default m atcher.



IF  ( S tage = 3 :

and D one = ’n o ’ )

T H E N  .

{ ' ^ - V .. . V

m ake *default_m atch (xo , yo); 

IN C R E M E N T _C O O R D IN A T E (xo, yo, D one);

J . - ; ''

IF  (*default_m ateh ( X  = xo> Y  = y0)

't h e n '; :

Jh E F A U L T M A T C H  ̂  

rem ove *default_m atch (xq  ̂yo);

5.5. F u n c tio n s  C a lled  by  th e  R u les

W e w ill n6w  define the functions that w ere used in  the rules.

( I )  M A T C H --P o in t-W is e M a tc h e r

For a given  zero-crossing in the  left im age, this function is invoked  to find die 

m atch ing  zero-crossing in the right im age by the M PG  process.

J - : : ' M A T C H  (X ,Y ,D ,W ,Cs,Dn).

T his function  returns the disparity value D n, com puted at the position (X,Y) in the con­

tro l m atrix  fo r the M PG  channel w ith w 2 d  equal to  Cs. D is the current disparity value 

generated  by  the previous channels and constitu tes vergence fo r the current call. The 

num ber W  is th e se a rc h  w indow  size.

(2) IN C R E M E N T ^C O O R D IN A T E  (X,Y, D o n ^

r , : v v ^ ' C X ’ ^ < S 4 ) ;  ' - . - . V .

< X <— X  +  I ;  y  V -  J

V else

if  ( Y * 6 4 )  ,

V Y  < - Y + I;

v v v v :  ^ ^ > . - x ^ i : ’



(3) C R EA T E_D ISPA R ITY _M A P

if  ( C (xo,y0) = I )

D (xo,yo) <- the value given by straight line m atching 

i f (  C(x0,y0) = 2 )

D (x0,y0) 4 -  D n o f M A T C H  

if  ( C(x0,y0) = 3 )

D (x0,y0) < -  Z(x0,y 0)

} . ; ■/ :  :

(4) TR Y _G EO _H Y PO TH ESIS ( X , Y , W , D, 0, Success)

For a 4  x  4  p lanar patch (we w ill rem ind the reader that a  patch is defined over 

the contro l matrix; therefore, a  4x4 p lanar patch translates into  a 16x16 im age 

block) w ith  top left coordinates (X,Y), verify  the  geom etrical constrain t 

corresponding to  p lanar scene surface orientation o f  angle 0. S ince this function 

m ust call the function M A TCH , the argum ents X , Y , W  and D  m ust also be sup­

plied. I f  the M A T C H  function succeeds in  m atching a sufficiently large num ber 

o f  zero-crossings, and TR Y _G EQ _H Y PO TH ESIS returns ’y es’ fo r the variable 

Success. For each patch, the function TR Y _G E O _H Y PO TH ESIS  is called  as 

m any tim es as there are hypotheses fo r that patch in the © m atrix. I f  none o f  the 

hypotheses can be verified, then a failure o f  geom etrically constrained m atching 

is declared  fo r that patch.

D  <— th is is the disparity that m ust be valid  in  the 

patch  i f  all the im age points in the patch  did  

indeed fall on the p lanar surface corresponding to  

the orientation hypothesis under verification.

W  <— determ ined by the [ R ule Search-w indow -reduction-2 ] 

explained earlier. The w indow  size to be used in 

finding a m atch fo r a left im age zero-crossing w ill 

b e + - W . '■

C s + - W2d =4- The param eter Cs specifies w hich 

channel output w ill be used for hypothesis 

verification. C s=4 m eans that the finest M PG channel 

zero-crossings w ill be used.
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The function TR Y _G E O _H Y PO TESIS calls the M A TC H  function fo r each con­

trol m atrix  e lem ent in the patch  -  fo r a total o f  16 tim es since each patch  is 4 x 4 . 

D uring each Siich call, i f  M A TC H  is successful, the updated disparity value is 

com puted  fo r that elem ent o f  the contro l m atrix. O ut o f  16 such attem pts for a 

patch, at least a fraction T 4 o f  them  m ust be successful for 

TR Y _G E O _H Y PO T H SIS to return  ’y es’ fo r the variable ’S uccess’, w here T 4  is 

a p lanar-surface-orien ta tion dependent threshold d iscussed in  Section 4.2.3.

(5) TR Y _FIG U R E _M A T C H  (X, Y, Z , Success)

I f  at location (X, Y) in the control m atrix, the entry is 3, then this function w ill 

be invoked to  attem pt a zero-crossing figure m atch. F o r this figure m atch, all 

15-pixel contour segm ents w ill be considered w hose beginning pixels are w ithin 

the 4x4 block o f  the im age represented  by the location (X, Y ) o f  the control 

m atrix. The disparity values generated  by figure m atching are stored in the Z 

m atrix. F inally , a value is returned for the variable ’Success’ on the basis o f  

Success <r~ ’y e s’ i f  there is a t least one successful m atch 

^  Success <r- ’n o ’ if  there is no successful m atch

(6 ) D E FA U L T_M A T C H  (X, Y , Dn, W )

This function invokes the fu ll M PG  process w hen the control m atrix  entry at (X, 

Y ) is 4. The M P G  process is invoked by repeated  calls to  M A TC H  for different zero­

crossing  channel outputs. N ote that the channel selection in  M A TC H  is contro lled by 

the param eter Cs. For exam ple, w hen Cs is 16, then the zero-crossings produced  by 

the W2 d = 1 6  channel will be used fo r stereopsis.

This function is also called  after the figural m atching is carried  out. N ote that 

figural m atching is carried out on only  the zero crossing contours p roduced  by the W2 D 

= 8  channel. W herever, contour segm ents produced by that channel can be success­

fu lly  m atched by  the function TR Y _FIG U R E _M A TC H , w e then invoke the finest 

channel o f  the M P G  process by  a  call to the function D EFA U L T_M ATCH . This is 

taken care  o f  by  the second IF  clause in  the fo llow ing algorithm ic description o f  the 

function. .V-'.

{

i f  ( C (X , Y) = 4) -  

begin

call M A TC H (X , Y, 0 ,1 6 ,1 6 ,  Dn) 

i f  (Dn is em pty)

D  4 -  propagate the disparity o f  the neighbors by 

the interpolation  technique

else
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D <—D n

call M A TC H (X , Y , 0, 8, 8, Dn) 

end '

i f  ( C (X , Y) =  3 o r 4 )  

begin

if  (Dn is em pty)

D  <- propagate the d isparity o f  the neighbors by 

the interpolation technique 

else

D  <—D n 

o r C(X, Y ) =  4)

call M A T C H (X , Y , 0, W , 8, Dn)

(w here the value W  is given by

[ Rule Search-w indow -reduction-1 ]) 

end

(7) C H O O SE_M O ST_LIK ELY _TH ETA  (X, Y , ©)

For the location (X, Y) in the control m atrix, exam ine the 8-neighbors by exam in­

ing  the entries in  the © m atrix . (Note that there is one-to-one correspondence betw een 

the elem ents o f  the control m atrix  and the elem ents o f  th e ©  m atrix, the elem ents in the 

la tter rep resent 4x4 overlapped groupings o f  the patches corresponding to  the form er.) 

From  such a neighborhood, find the m ost likely orientation hypothesis by coun ting the 

num ber o f  the single entry elem ents in ©.

(9) C H O O SE_M O ST_LIK ELY _Z(X , Y , Z)

From  the list o f  disparities in the 8-neighbors o f  the (X, Y ) location in the contro l 

m atrix, the neighborhood being obtained from  the Z  m atrix, re ta in  fo r further con­

sideration those  that are unam biguous in  the sense that only  a single disparity entry 

exists in  the Z  m atrix. N ow  take the average o f these unam biguous entries and com ­

pare those possible at (X, Y ) with this average. R etain one that is the c losest.

(10) C R EA TE_IN IT _C _M A TR IX  (C)

U sing the results from  dom inant feature m atching, initia lize  the control m atrix. 

This process corresponds to the ST E P-1 o f  the planar strip generation algorithm  d is­

cussed in Section 4.2.2.



C H A P T E R  V I IM P L E M E N T A T IO N  W IT H  

A N  E X P E R T  S Y S T E M  L A N G U A G E

6.1. In tro d u c tio n

This chapter w ill briefly address some o f  the issues dealing w ith the interfacing o f 

the ru le-based  part in  OPS 83 [ 33 ] and  the rest o f  the softw are in the C language.

O ur original desire w as to set up the ru le  based program  fo r strategy selection as a 

consultant to  flte m ain stereo processing softw are in C. In o ther w ords, w e w anted the 

OPS 83 part to  serve as a subroutine to the rest o f  the system . H ow ever, OPS 83 does 

no t perm it that, since in our lab it could only be initiated by the U N IX  operating  sys­

tem . W e, therefore, ended up setting a top level program  in O PS83 w hich called  the 

rest o f  the stereo m atching softw are in  C and also called the strategy selection parts 

w ritten  u sin g  the O PS83 ru le  w riting facilities. T he organization o f  the w hole program  

is show n in Figure 52.

6.2. C a llin g  th e  R u le-B ased  P a r t  f ro m  th e  C  P ro g ra m

W hen ru le-based  decision m aking is necessary in the C  program , O PS83 ru les are 

invoked. The procedure fo r this part itse lf is very  sim ple in principle. In the C pro­

gram  the nam e o f  the m ain  procedure ( o r function ) o f  the expert system  is sim ply 

called  ju s t like a library function. The fo llow ing presents the structure o f  the program .

/* m a in  p ro g ra m  w ritte n  in  C  */ c_ m ain  () { 

ty p e d e f  in t  o p s ln te g e r  

O P S in teg e r a r r a y  [ a r r a y js iz e  ];

O P S in teg e r re su lt;

co n su lt ( a r r a y _ l , & r e s u l t ) }
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OPS program  file C  p ro g ram  file

m o d u le  p r o g r a m !  ( s ta r t )

{

external procedure  c_m ain (); 

procedure start ()

{
call c_m ain  (); —------ ^

} ;

procedure  consu lt «*-— —— 

( & array _ l:o u t array_type, 

& R esult) {

run ();

} ;

m o d u le  e x p e r t  ()

{

type arfay_type = 

array (array_size:integer); 

r u le ru le l  « s - -----------------

■■ {
& 1 (  p re m ise s)

- >

actions

call c_ fu n c l ( ) ;  --------- -

} ;

rule rule2

{

&1 (p re m is e s )  

-->  . 

actions

call c _ fu n c 2 ( );

* 1
► c  m a in  ()  {

typedef in t opsln teger 

Q PSinteger array [ array_size ] 

O PSinteger result;

/*  Im age P rocessing */ 

L o G o p era ta tio n  

C h a in co d ed esc rip tio n  

Straight line extraction 

etc.

consu lt ( a rra ly _ l, &result); 

M P G d efau ltn la tch in g

I

/*  C-funcs used in the 

expert system  ru les */

(ex. M A TC H ,

T R Y _G EO  H Y PO TH ESIS, 

in Section 5.5)

c_ fu n e l ()

{

C -function p rogram

}■; -

c_func2 ()

{

C -function program

}

N o t e : * 1 . A t  th e  b e g in n in g  o f  th e  O P S  p ro g ra m  th e  c o n tr o l o f  p ro g ra m  i s  tran sferred  to  C  p r o g r a m ,

* 2 . In  th e  s t r a te g y  s e le c t io n  p a r t o f  th e  C  p r o g ra m , th e  e x p e r t  s y e te m  " co n su lt"  i s  c a l le d .

* 3 .  R u le s  a re  f ir e d  b y  th e  fu n c t io n  "run".

* 4 . T h e  su b o r d in a te  C -fu n c t io n s  c a n  b e  c a l le d  in  a n y  p a r t o f  th e  O P S  p rg r a m .

F ig u r e  5 2  I n t e r a c t io n s  b e t w e e n  t h e  O P S  p r o g r a m  a n d  C  p r o g r a m s .



m o d u le  e x p e r t  Q

{

t y p e  a r r a y _ t y p e  =  a r r a y  ( a r r a y j s i z e  : i n t e g e r );

-  r u le s  o f  t h e  e x p e r t  s y s t e m  

r u le  r u l e l

I  & 1

— a c t io n s

} - - V ; - '

p r o c e d u r e  c o n s u l t  ( & a r r a y _ l : o u t  a r r a y _ t y p e ,  & R e t u r n _ v a l u e : o u t  i n t e g e r )

V -  ' \ ■'  :

As this exam ple indicates, w hen the consulta tion o f  a expert system  is required, 

sim ply  the nam e o f  the procedure w ritten in OPS 83, ''consult" in the  exam ple above, is 

called  in  the C  program . T he type o f  param eters m ust be  m atched. (A s the C com pila­

tion and OPS com pilation are executed separatedly, the param eter d isagreem ent is not 

exam ined by either o f  the com pilers.) In the procedure consult, the  "run" com m and is 

executed in o rder to  fire rules.

6 .3 .  E x a m p le  o f  R u le  R e p r e s e n t a t io n

In the previous chapter, w e show ed only the functional form s o f  the rules. In actu­

ality, each ru le  m ust correspond to  the form at specified by  O PS83. The follow ing 

exam ple illustrates in OPS 83 form at the rule fo r choosing the best geom etric con­

straint. I

r u le  c h o o s e - b e s t - g e o - c o n

{

r u n  ();  -  p r o c e d u r e  " r u n  " e x is t s  in  t h e  s h e l l

} ;}

{

6 1  ( m o d e  t a s k  =  i n t e g r a t e m a t c h ;  s t a g e  =  2 ) ;

6 2  ( c o n t r o l  c t l  [& X  ] [ & Y ]  =  2 ) ;

6 3  ( h y p o t h e s i s  t h e t a  [& X ] [ & Y ] [ 1 ]  >  I );

— >

r e m o v e  & 2 ;  

r e m o v e  & 3 ;

c a l l  c h o o s e _ m o s t _ l ik e ly _ t h e t a  (& X , & Y ,& H y p o t h e s is ,& T h e t a ) ;



m a k e  s t a g e _ 2 _ r u le _ w o r k e d  ( s t a t u s  =  ’y e s ’ );

T w o lines ju s t  above the m ark are the "IF" part o f  a ru le. T he lines below  the 

m ark  are the "THEN" part o f  a rule. I f  scene classification allow  the  geom etri­

cally  constrained  m atching, it is executed using a subprogram  w ritten  in  C. I f  it is not 

successful th is region is recorded  as sm oothly continuous and probab ly  the zero­

crossing  figure m atching is invoked by  the o ther program .



C H A P T E R  V I I  E X P E R I M E N T A L  R E S U L T S

W e w ill now  show range m aps com puted using ou r ru le  based procedure  and  

com pare the results w ith those obtained w ith a straightforw ard application o f  the M PG 

algorithm . In addition to  the range m aps, w e w ill also show  the reduction in  possible 

am biguous m atches w ith ou r schem e; a m atch is po ten tially  am biguous i f  fo r a zero- 

crossing in  the left im age there is m ore than one zero-crossing in the  search w indow  in 

the righ t im age.

7 .1 .  C o n f ig u r a t io n s  o f  t h e  E x p e r im e n t a l  S y s t e m

O ur experim ental setup is as show n in Figure 53. R andom  dot illum ination is 

vertical and aim ed straight dow n on objects placed on a table. T he cam eras are 

arranged in such a  m anner that their optic axes are nearly paralle l, w hich elim inates the 

need  fo r im age rectification to satisfy the epipolar constraints. A ny residual m isalign­

m ents betw een the cam eras are rem oved by  hand adjusting their aim ing angles until 

the im ages produced by them  both are row-aligned. The random  dot illum ination is 

p roduced by a  slide pro jecto r using a com puter generated 1024x1024 p ixels random - 

do t pattern. F o r regu lar illum ination, the sam e slide p ro jecto r w ith a b lank  slide is 

used. T he cam eras are placed about 99 inches from  the center o f  the scene and the 

cam era aim ing angle is about 2.3 degrees from  the perpendicular to  the w ork  table, 

m aking fo r an angle o f  4 .6  degrees betw een the optic axes. T he im ages w ere d ig itized 

over 512 x  480 m atrices w ith 8 bits fo r representing each gray level. A fter LoG  filter­

ing, 256 x  256 pixel pictures w ere supplied to the pattern  m atching algorithm .

7 .2 .  S t e r e o  I m a g e s  a n d  D e p t h  M a p s

The im ages observed  by the left and the right cam eras fo r a tw o box scene lit by 

regular light are show n in Figure 54 (a) (b). This pa ir o f  im ages is used fo r the dom ­

inant feature m atching. The finest LoG  operator is applied to these im ages. Then, as



Slide pro jecto r

R ight cam eraL eft cam era

W ork  table

F ig u r e  5 3  G e o in e t r y  o f  e x p e r im e n t a l  s y s te m .



(a )  L e f t  im a g e .  (b )  R ig h t  im a g e .

F ig u r e  5 4  A  s t e r e o  s c e n e  ( r e g u la r  l ig h t in g ) .



the dom inant feature, long straight lines are  ex tracted. T he zero-crossing contours 

w hich are  extracted  through the finest LoG  operator ( W2d =4 ), are show n in Figure 55 

(a) and (b). T he resu lt o f  the dom inant feature extraction, o r straight line extraction, is 

show n in  Figure 56 (a) and (b).

For the geom etrically  constrained m atching, zero-crossing figure m atching and 

default m atch ing the same scenes lit by the unstructured (random -dot) lighting is u til­

ized. T hree d ifferen t types o f  feature extracting LoG -operators, W2 D =  16, W2 D = 8, 

and W2 D =  4, are  em ployed. A fter applying these operators, the  locally steepest 

changes o f  the gray level w ere extracted  as zero-crossing contours. For the illustration 

a p a ir o f  zero-crossing contours w ith W2 D = 8 is show n in Figure 57.

A s described  in  the previous chapter, invocation o f  d ifferen t m atching procedures 

is contro lled  by  the entries in the control m atrix. F o r the scene under discussion, the 

con trol m atrix  as it exists ju s t before  the default m atcher is invoked  is show n in Figure 

58. In  the  figure the contro l m atrix  entries are disp layed by using differen t gray levels. 

T he darkest grey level corresponds to  the positions w here the dom inant feature m atch­

ing  is successful. The second darkest grey level represents the position w here the 

geom etrically  constrained  m atching is successful. T he th ird  darkest gray levels 

correspond to  the zero-crossing figure m atch. A nd, finally, the ligh test grey level 

denotes the positions to  w hich default m atching is assigned. A s w as m entioned  p rev i­

ously , the contents o f  the control m atrix  are not static and  change during processing.

B y invoking  the  default m atching w here dictated by  the control m atrix  and com ­

pu ting  the  final disparities, the resulting depth m ap is show n in  Figure 59. T he depth 

is generated  by  using a zeroth o rder interpolation  on  the  com puted  disparities.

7 .3 .  C o m p a r is o n  w i t h  t h e  M P G  A lg o r i t h m

W e  w ill now  illu s tra te a  Tew com parative results obtained  w ith  ou r m ethod and 

w ith  the M P G  algorithm . T he depth  m ap  Obtained w ith  the M PG  algorithm  fo r the 

stereo  p a ir o f  Figure 54 is shown in  Figure 60. The same zeroth o rder in terpolation is 

used for the M P G  case also. v;

W hile  the figures 5 9 a n d  60  provide a qualitative com parison o f  the results 

ob tained  w ith  ou r and the M PG  m ethods, it is also possib le  to  perform  a quantitative 

com parison by keeping track o f  the num ber o f  left-im age zero-crossings that have 

m ore than one  possib le  zero-crossing in the righ t im age fo r a poten tial m atch and for 

w hich one o f  these zero-crossings cannot be selected by the d isam biguation process. I f  

this num ber o f  zero-crossings is divided by  the  total num ber o f  zero-crossings avail­

able, w e get a m easure o f  robustness o f  the m atch ing process.
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F ig u re  56 E x tra c te d  d o m in a n t  fe a tu re s .

1
3

5



(a )  L e f t  im a g e . (b )  R ig h t  im a g e .

F ig u r e  5 7  Z e r o - c r o s s in g  c o n t o u r s  (W2 D =  8  , u n s t r u c t u r e d  l ig h t in g )
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F i g u r e  5 8  C o n t r o l  m a t r ix .
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4 0 . 0 0 0 0  -1

F ig u re  59  R a n g e  m a p  o f  a  tw o box scene (by  o u r  a lg o rith m ).



A s presen ted in  the previous chapter, ou r m ethod uses a  narrow  w idth disam bi­

guation w indow. Therefore, the disparity  value on som e occasion, m ay nullify the 

values given  by  the m atching. This nullification occurs in tw o cases : i f  the range p ro­

v ided  by the coarser channel is en tirely w rong, o r i f  the value given by the pulling 

effect is inconsistent w ith the currently  m easured disparity value. The latter case is 

likely to  occur in  both  m ethods, the usual M P G  and ru le-based m ethod, w ith alm ost the 

sam e rate. T he difference o f  the ra te  o f  the  occurrence o f  the nullification m ostly 

reflects the am ount o f  the m isleading inform ation by the coarser channel.

Table 7 show s the counts o f  several aspects in  the  disam biguation process regard­

ing  four scenes show n in Figure 55, 61, (a), (b), and (c). The com putation w as exe­

cuted  in both the usual M PG  m ethod and the in tegrated  ru le-based approach. For each 

m ethod, three num bers are counted: total num ber o f  im age poin ts w hich have any 

zero-crossing m atch  (A), the num ber o f  im age poin ts w here the m atching w as entirely 

nu llified by the d isam biguation (B), and the num ber o f  im age points w here a better 

range value w as chosen  am ong the candidates by the disam biguation (C). The upper 

num ber o f  each box o f  the table is fo r the usual M P G  approach. The low er num ber in 

each box o f  the table is fo r o u r ru le-based m atching m odel. A s the total num ber o f

m atches fo r both  m ethods is different, the ratios B /C , and C /A are also com puted  and 

show n in  term s o f  percen t in T able 7. In the case  o f  the usual m odel, all m atching 

operations are taken into account. In the case o f  the ru le-based  m odel, the num ber

Represents the quantity o f  m atchings in  the default m atching. T he algorithm s used in 

both m ethods are exactly  the sam e, fo r m atching in  all aspects such as the m atching 

criteria, disam biguation  processing , search space size etc.

The num bers fo r bo th  m ethods appearing in  the colum n C /A are approxim ately 

the sam e. T his is  reasonable because the  num ber o f  the feature points in a certain 

search space is com pletely determ ined by the relation betw een  the  LoG  operator size 

and the search space size as show n by the M arr-Poggio theory. L ooking closely at the 

table, one m ay find a w eak tendency that the the low er num ber is larger than upper 

num ber. O ne possib le  explanation fo r this is that the am biguous occasion will occur 

m ore likely  w hen the zero-crossing figure m atch is n o t applicable.

W e assum ed that the m atching nullification occurs m ore frequently  i f  the range 

m easurem ent in  the coarser channel was less accurate. I f  our claim  is true, the differ­

ence o f  the num ber in  the colum n B /A  ( expressed as p e rc e n t) in  the box corresponds 

to  W 2 d = 8 .  T his indicates the difference o f  th e fre q u en c y  o f  the m isleading inform a­

tion caused by  the coarser channel, W 2 D = I  6. This value in the case o f  the usual

m eth o d  is 24.5 percen t on the average o f  fou r im ages. The sam e value in  the case o f  

ou r m odel is 16.8 percent. Sim ilarly, fo r the boxes corresponding to  W2d =4 the values 

are 13.3 and 8.5 respectively. T his sort o f difference is no t observed  in  the coarsest 

channel fusion. ( T h e  values are 15.0 and 15.0 respectively.) T his is because there 

exists no  Coarser channel and the sam e fixation points ( zero-disparity  ) are employed.
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F ig u re  60 R a n g e  m a p  o f a  tw o box  scene (by M P G  a lg o rith m ).



(a) O n e  B ox ( Im a g e ! ) . (b) T h re e  o b jec ts  (Im ag e  3).

(c) S teps (Im ag e  4).

F ig u re  61 E x p e rim e n t scenes (re g u la r  ligh t).
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T ab le  7 C o m p ariso n  b e tw een  th e  M P G  a n d  o u r  m e th o d .

Im age 

N O .  ; j W 2 D

Total No. 

M atching

A

N o. N ullified 

by D isam b.

■ ■- B

(Ratio)

T-xlO O
A

No. D isam b. 

A ffected

C

(Ratio)

~ x l 0 0
A

. ' , ;
I  A

3010 366 12 865 28
I U

1562 206 13 457 29

I Q
5638 1408 24 2134 37

I O

2823 484 17 927 32

A
7184 946 13 1538 21

. .

H

6419 555 8 1168 18

2554 367 14 834 32
I O

1482 209 14 463 31

2 ; 8
5789 1574 27 2557 44

3492 648 18 1243 35

4
6424 988 15 1885 29

5470 510 9 1191 • 2 l

I

1 6

3044 511 16 928 30

1378 244 17 466 33

V
5787 1391 24 2270 39

J O

2765 476 17 1060 38

4
7356 1004 13 1711 23

6326 590 9 1223 19

I  ' A .
3577 655 18 926 25

J-O
920 143 15 258 28

4 8
6163 1444 23 1769 28

1722 281 16 496 28

- ... . " ,

A
7207 898 12 1229 17

H-

5754 490 8 805 13

U pper num bers are fo r the usual M PG  m odel 

Low er num bers are fo r the integrated rule-based m odel
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It can be cla im ed that the m isleading inform ation by  the coarser channel occurs m ore 

frequently  in  the usual m ethod than  our integrated  rule-based m ethod. T his is because, 

fo r the fixation po in t determ ination prio r to the m edium  channel ranging , the ranges 

determ ined by the geom etrically  constrained  m atching and zero-crossing figure m atch 

are taken  in to  account in the rule-based m odel.

A nother p o in t to  be discussed is the total num ber o f  the m atches. A s som e part o f  

the m atching process in  the M PG  m ethod is rep laced  by o ther m ethods, the num ber o f 

po in t-w ise m atches norm ally appearing in  the M PG  m ethod is significantly reduced. 

A s th is m ethod  uses the local orien tation, and the sign o f  the zero-crossings as the attri­

butes, the possib ility  o f  the erroneous correspondence in  the usual M PG  is occasionally 

h igher than it  is in  o ther higher level m atching. T he reduction  o f  the num ber o f  point- 

w ise m atches m ay lead to the reduction o f  the num ber o f erroneous m atching. The 

colum n o f  A  in  T ab le  7 indicates the total num ber o f  the poin t-w ise m atches. In the 

ease  w here W 2 D is 16 o r 8, the reduction is about 56  percent. In  the case  w here W 2 0  

is Ai th e ied u c tio n  is about T A perceht. ^
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C H A P T E R  V f f l  C O N C L U S IO N S

In this report w e have show n that the M PG  procedure, although a landm ark 

developm ent in the evolving science o f  stereo v ision , suffers from  m ajor deficiencies 

on account o f  its  being a purely  bottom -up approach. W e poin ted ou t that this p ro ­

cedure w ill generate  disparity values at all those poin ts w hich exhibit photom etric  

differences. S ince such poin ts in  a scene are a resu lt o f  a com plex interaction betw een 

illum ination and the surfaces in the scene, their locations cannot be pred icted  in 

advance. Therefore, in m ost cases, especially if  the scene surfaces are sm ooth, the p ix ­

els at w hich the d isparities get calculated can be m ore o r less random ly  located , m ak­

ing difficult the process o f  in terpolation fo r the purpose o f  com puting continues look­

ing depth m aps.

In our w ork, our position has been that the problem  with the M PG  algorithm  can 

be alleviated by  injecting high level object know ledge in to the m atching process. In 

this report, w e took a first step in that direction by assum ing that all the object surfaces 

w ere p lanar and then this know ledge w as directly used in the m atching process.

A lthough, our use  o f  object surface constrain ts by itse lf cannot be considered to 

be new , w hat is new  in ou r w ork is the in tegration o f  such constrain ts w ith  o ther 

approaches to  the m atching process — it seem s plausible that such integration is also 

carried out by the hum an visual system. Since it is entirely likely that the hum an v isual 

system  latches on to  any strik ing geom etrical detail and  since such deta ils probably are 

fused at the outse t — if  only to  facilita te  the fusion o f  less strik ing scene details — in 

our com bination m ethod, w e first ex tract dom inant features, these  being the straight 

lines constitu ted  by jo in ing  o f  the p lanar faces o f  the scene objects.

In our ru le  based approach, w e show ed how  the straight line feature m atching w as 

follow ed by the figural continuity m atcher. A nd, the figural continuity  m atcher w as fol­

low ed by the default m atcher, w hich is fu ll blown im plem entation o f  the M P G  algo­

rithm . B y em bedding all these m atching algorithm s in  a ru le-based  setting, the system  

becam e capable o f  invoking each o f  the m ethods on an opportunistic  basis, m eaning if, 

say, the figural con tinuity  m atcher did not produce acceptable results in a reg ion o f  the 

im age, the system  could  then  au tom atically  go ahead and invoke the default m atcher. 

T he bookkeeping fo r w hich m atcher to apply w here w as done w ith the help o f  a 64x64 

control m atrix fo r 256x256 im ages.



C learly, th is report is only a first step in our attem pt to  in ject high level 

know ledge in to  the process o f  binocular fusion. W e are sure that fu ture  attem pts w ould  

try  to deal w ith h igher order surfaces in  scenes o f  greater com plexity  that w hat w e 

have  shown.
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