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I
1.0 lN ’rR IJ DU CTION

This report is the fourth in a series of Interim Technical Reports that

cover the development and implementation of a stereo matching algorithm that

can be used in automatic terrain data collection. In particular , the results

of Phase D of the contrac t are contained herein. The primary purpose of this

Phase was to generalize the algorithm that was developed under Phases A , B,

and C to handle more uncontrolled cases of central perspec tive photography

and to lay the groundwork for handling non-central perspective pho tograp hy.

Previous developments and algorithm Logic modifications have been

reported in a rather piecemea l fashion over the first three Phases. This

report combines all these developments in to a consistent description of

the matching aL gorithm as it  appears to date , including the modifications

of Phase D.

I
Throughout the continued development , the matching algorithm has become

somewhat of a t e r r a in  and sensor anal ysis  tool r a the r  t han  a s t r i c t  stereo

compilation technique. Under the tuning parameter concept , it is possible to

app ly the algorithm to a wide range of sensor , image , and terrain conditions.

L’sing the algorithm t s built—in reliability analys is , it  is possible to assess

the difficulty and quality of automatic matching under these varied conditions .

It has been found that no sing le digital. technique can approximate the capa—

bility of a human stereo compiler when faced with varied senso r records and

diverse image and terrain events contained in these records. This is the

justification for algorithm tuning . Moreover , the stereo conditions that are

opt imal for human compilat ion are not necessarily optimal for automatic match-

ing and vice versa. This is the rationale behind reliability monitoring. The

overall objec tive is to exercise the algorithm under representative experi-

mental conditions so that decisions can be made and par ameters acquired

regarding what actually is optimum for automatic stereo mapping .

1 — 1
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1. 1  U n d e r L y i n g  Assumpt ions

The basic philosop hy behind the block matching system design is that the

ideal situation for matching the images of a stereo pair is to match each

pixel of one image individuall y with its corresponding position on the other

image. However , as long as the correlation coefficient is used as the

similarity metric between the images , matching one pixe l with one pixe l is

not possible because of the low statistical significance of such a small

sample. Therefore , it is necessary to measure the simi l arity of a group of

pixels surrounding the pixel in question. The size and shape of this group,

or image patch , must be chosen carefully and may vary from image to image and

also from area to area in the same image. The underl ying objective is to

choose as small a patch as possible such that ~.t1 e Local image noise and Lack

of feature content do not dominate the vaLue at the correlation coefficient

for that patch.

The correlation and consequent match point determination of an individuaL

patch is not independent of neighboring patches and match points.

The correlation of image areas introduces a certain averaging effect on

the actuaL point that is matched ; the effect increasing as the size of the

areas increases. Therefore , it is necessary to shape the image data within a

correlation patch so that it conforms to all the match points in the vicinit y .

In tais way , the averaging effec t is confined to small Linear segments between

the match points. In addition , the correlation patch is shaped such that its

project ion in three—dimensional space approximates the terrain shape as closely

as possible.

In matching images , heavy reliance on values of the correlation coeffi-

cient alone is a rather unreliable approach in terms of the accuracy of any

given match point . Driven solely by correlation maximum searching over

extended areas , patches and match points can wander considerabl y from their

true positions depending on the geometric distribution of image noise and

high frequency signal components. Therefore , L t  is accessory to app ly a ~reat

1— 2
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de al of geometric constraint to correlation patches and match points based on

known geometric parameters and the continuity and slope limits of natural

terrain. Stereo frame imagery offers an unique opportunity in this respect

because of its inherent , well-d efined geometry .

The concept of a coarse correla tion search fol lowed by a f ine search is
Less than desirable in most cases because of the aforementioned unreliability

of the correlation coefficient alone. The better approach seems to be to

perform a fine correlation search followed by a refinement process. In general ,

well behaved image areas and terrain will match up well on the first fine

correlation , and the results will be the same on subsequent refinements.

Refinement is necessary only in difficult areas.

When matching stereo imagery , there are essentiall y six coordinate systems

to consider. Depending on the circumstances of the stereo exposures , some of

these systems may coincide with others; but for the general case , they must

all be handled independent ly. These coordinate systems are:

• The digital scan coordinate system on the left image (denoted image A),

two-dimensional.

• The photo coordinate  sys tem on imag e A def ined by f i duc i a l  or o the r

calibration marks , three-dimensional.

• The digital scan coordinate system on the right image (denoted image B),

two-dimens ional .

• The photo coordinate system on image B , three-dimensional.

• The epi po lar coordinate system that relates image B to image A , two-

d imensional.

• The model coordinate system , three-dimensional.

1-3
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In stereo matching , it is desirable to define an evenly spaced grid in

one of these coordinate systems to drive the matching process. The location

of this grid is a factor in determining the number , comp lexity, and speed of

the image processing functions that are collectivel y called stereo matching .

For exam p le , pixel gray scale correlation must occur in a digital scan

coordinate system so an evenly spaced grid in this system facilitates the

resam pling of image data. It has been found that this resamp ling and pat ch

shaping are the most time-consuming operations in the matching process.

However , prediction mechanisms that make use of epipolar geometry and other

photograxtunetric transformations deal with photo coordinate systems . Thus , an
evenly spaced grid in one of these systems minimizes the prediction inaccuracy.

In additio n, match points from the stereo pair are intersected to produce

terrain data in a model coordinate system. An evenly spaced gr id def ined here
eliminates the need for postprocessing the terrain data. These concepts are

suimnariz ed in Table  1-1.

In the stereo m a t c h in g  sys tem tha t  is descr ibed in this  report , the

e.renly spaced grid is defined in the imag e A d ig it a l  scan coord ina te  sy s tem .

This has been done to minimize the resamp ling time and inaccuracy . However ,

the resulting terrain data must be postprocessed to produce a regularly sp aced

set of profiles in model space.

- -
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2.0 BLOCK MATCHING CONCEPTU ALIZATION

The basic idea behind the  current implementation of the  matching method

is to define an evenly spaced grid of points on image A , and then for each of

these points to find its conjugate point on image B. The conjugate point is

found by correlat ing a group of pixels surrounding the point on image A with

a sequence of groups of pixels on image B. The groups of pixels are termed

blocks or patches , and the sequence of patches on image B defines a correla-

tion search area. These concepts are iLlustrated in Figure 2-1.

Digital scan lines are generally oriented normal to the flight direction

and direction of major parallax. Processing occurs from left to right , or in

the direction of increasing x coordinate on image A. A column is defined as

a line of patches which lie on the same digital scan line or whose centers aLl

have the same x coordinate on image A. The sequence of processing is to corre-

Late all the patches of a column before moving on to the next column. This

scheme allows a rather straightforward management of image A data. That is ,

the imag e A buffer window need only be wide enough to contain one correlation

patch width of scan lines.

As can be seen in Figure 2-1 , the conjugate line on image 3 of a single

scan l ine  on image A can be rather non-linear due to the effects of terrain

relief. This conjugate line cuts across many digital scan lines on image 3;

thus , the image B buffer window must be considerab ly wider than the image A

buffer window. In addition , the size, shape , and orientation of the conjugate

patches on image B can be quite different from the nominall y rectangular

pat che- ’ on image A, also due to terrain relief and the geometry of the stereo

exposures.

The conceptual steps in finding a match point are as foLLows :

• Determine the  next point to ~e matched along the  ev enL y spaced gr id

of imag e A .

. —, .
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• Using epipo l ar geometry,  compute the  equat ion  of the  epi po l ar line

passing through the point to be matched on image A.

• Compute the equation of the conjugate epipo lar line on image B.

• Predict the location of the conjugate match point posi t ion on image B

along the ep ipo l ar line using neigh bor ing, prev iously matched points.

• Define correlation sites on each side of the predicted location on the

epipolar line.

• Shape the image B pa tch and search area using prev ious and predicted

match point information so that the image B patch most closely l ies

on the terrain and most closely conforms to the information content

of the image A patch.

• Compute a correla t ion coe f f i c i en t  for the predicted match point  loca-

t ion and for each search site.

• Determine the  s i te  of maximum cor re la t ion  and f i t  a smooth quadra t ic

function through it and its two neighbor sites to determine the

correlat ion function maximum to a fraction of a pixel.

• Compute the reliability factor of the match point based on a set of

reliability criteria.

• Appl y a correction to the match point if it is excessively unreliable.

• Update the correlation history data and pred iction mechanism based on

this new match po int and reliability.

The primary output of the matching algorithm is a file of five-tup les ,

one corresponding to each match point found . This five—tup Le is illustrated

in Figure 2-2 along with the  basic terminology of the algorithm. x and y

2-3 
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are the digital scan coordinates of an evenly spaced grid point on image A.

u and v are the d igi ta l  scan coordinates of the con juga te  point on image B :

v is actually computed in the epipolar line determinat ion , u is found by the

I correlation search along the epipo lar line. R is the r e l i ab i l i ty  factor of

the match, and will be discussed in a later section of this report .
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2 .1 Correlat ion Strategy

In determining a match point , it is necessary to place the correlation

patch at each site of the image B search area , and accumulate over the patch

area the necessary gray-scale sums and cross products needed for the computa-

tion of the correlation coefficient. The net result is a value of the corre-

lation coefficient for each site of the search area.

The assumption here is that the image B pixe l data that is contained in

the search area has already been resampled and shaped according to previous

matching history and current predictions. The sioc of the image A correlation

patch and the number of correlation sites on either side of the predicted match

point along the search segment are variable , being initiall y defined as part of

the input tuning parameters. The pixel data management scheme using buffer

windows is rather straightforward and has been described previousl y in the

First Interim Technical Report ~l).

The proc edure to avoid in the correlation strategy is the independent

accumulation of pixe l data for each individual patch p lacement along the

search segment. This scheme results in a great deal of redundant computations ,

and each image B pixel is accessed repeatedly, once for each patch pl acement

that it is contained in. So , under the current correlation strategy , the

basic idea is to access each p ixel o nly once for a given search and to accumu-
late its gray—scale value when it is available in all the sums and cross pro-

ducts for which it has influence.

rhe mechanics of the strategy are illustrated in Figure 2-3 . Pixels are

acces sed fro m the bu f f e r s row by row. As each pixel of the image A patch is

accessed , its value is accumulated in the patch sum and sum of squares. Like-

wise , as each pixel of the image B search area i~ ~icce-~~ed , it.~ value is

accumulated in its respective column sum and column sum 01 s :u  res. Also ,

cross products  ire gene r at ed  for  eac h patch p lacement along ~h~’ ~e,~rch ~~~~~~~~~~~~

4hen the accumuLat ion of sums and products is comp le te , the v irLince o~ t~~c

image A p at c h  is computed ; and the  ar r ay  of co lumn sums and t h e  r r a v  o t

. . .
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column sums of squares are traversed to generate an image B variance and a

covariance for  each site of the search segment. The array traversal involves

the addition of the next column sum and the sub t rac t ion  of the last  column

sum from a running t ot a l  to s imulate the movement of the patch from site to

site.

The final result is an array of correlation coefficient s of the form,

R 
Coy (A ~ B)

V~/AR (A) VAR B)

one for  each si te or p lac ement of the patch along the search segment .
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2.2 Correlat ion Maximum Determination

the corre la t ion coe f f i c i en t s  computed by the above s t ra tegy  correspo nd

to shaped image B pixel centers .  To determine a match point , it is necessary

to interpolate the correlation maximum to a fraction of a pixel. This proce-

dure is i l lus t ra ted  in Figure 2-4.

The array of corre la t ion  coe f f i c i en t s  is searched for  the  maximu m va lue .

Then , by us ing one value on ei ther side of th i s  maximum , a par abol ic curve is

fit over the three values. Thus , the point along the search segment at which
the derivative of the parabolic correlation function is zero is the point of

maximum correlation and is defined to be the match point.

A problem exists when the maximum correlation value at a pixel center

occurs at either extremity of the search segment. In this case , a parabolic

fit cannot be performed ; so the pixel center of maximum correlation is defined

to be the match point, and this situ ation is recorded as part of the reliability

factor. The underlying idea here is that this match point is suspect and is a

candidate for correction or further processing.

- ~- - . ~~~~~~~~
- . .
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3.0 PREDICTION MECHAN ISM

E pipolar  geometry provides the primary constraint  on the stereo matching

process. This idealized geometry is i l l u s t r a t ed  in Figure 3-1, showing a

number of cases for different orientations of stereo photography. The bas ic

idea is that match points must be on conjugate epipolar lines except when

there is excessive film distortion or air refraction. Therefore , this geometry

o f f e r s  a convenient me an s for mak~.ng correlation searches one-dimensional

along an epipo lar line. That is, in forming a match point , the v coordinate

is derived strictly from the geome try, thus eliminating the need for a corre-

lation search in a di rec t ion  normal to the epipo lar line.

3— L 
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3.1 Ep ipolar Geometry

The imp lementation of epipolar geometry in a prediction mechanism requires
a knowledge of the relative orientation elements of the stereo pair. These are

provided as input parameters. The photograinmetric computations required to

produce epipo lar predictions on a point by point basis are given in Appendix B.

It must be noted that all these computations take p lace in the photo coordinate

systems of the stereo pair, the systems that are functionally related by the

relative orientation elements. This is inconsistent with the fact chat digital

corre la t ion  arid match point format ion occur in the  d ig i ta l  scan coordinate

systems of the  pa i r .  What the algori thm must  do , then , to accon~~~date  t h i s

inconsistency is to constant ly switch back and forth between coordinate systems ;

making epipolar predict ions in photo coordinates , co r re la ting  and shaping in

scan coordinates , and feeding back match point information in photo coordinates
for the next predic t ion.

This coordinate switching necessi ta tes  the use of interior orientation

t ransformat ions  tha t  accura te ly r e l a t e  the  d ig it a l  scan coordinate  systems to

their respective photo coordinate systems . The word accura te ly  here cannot be

taken too lightly because it has been shown repeatedly that a great percentage

of faulty correlations, and consequently a great percentage of errors in final

terrain data, are attributable to inaccurate interior orientation. It is not

sufficient to merely digitize the imagery and then process it without a precise

mensuratio n exercise. The point here is that the digitization of an image

results in an image transformation that must be modeled. That is , the digital

imag e has its own geometry , incorporating all of the phocogranunetric deforma-

tions present on the original film as well as distortions created by the

digitization process.

A comprehensive procedure for constructing accura te  in ter ior o r i e n t a t i o n

transformations is outlined in Appendix A. This procedure , tog ether with

rel ative orientation , is considered a preprocess to the matching algorithm .

The transformation coefficients are supplied as input parameters.

3 — 3
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3.2 Rate  of Chan ge Funct ions

As exp lained earl ier , epipo l ar geometry provides a means for  p red ic t ing

the match point v coordinates .  But in order to app ly t h i s  p red ic t ion , a pre-

diction for u , the parallax coordinate , is required. This u prediction must

primarily take into account the local terrain relief disp lacement on the images

in the area to be correlated . The basic idea is to make this prediction

accurate enough so tha t  corre la t ion only has to be performed for one or two

pixel sites on ei ther  side of the predicted Locat ion.  The ideal running situ-

ation in automatic matching occurs when the tuning parameters are set correctly

~ar the imagery, the image qua l i t y  and f e a t u r e  content  are high , and correla-

tion maxima are found wi th in  one p ixel of their  predicted locations .

A convenient means for charac ter iz ing  the d i f f e r e n t i a l  t e r ra in  re l ie f

disp lacement between images of a stereo pair is the use of velocity or r a t e  of

change functions . This concept is illustrated in Figure 3-2. In the present

matching algorithm, the evenly spaced grid to be matched is defined on imag e A.

Th erefore , the distance between grid Lines of constant x is constant across the

image and is termed Ax. The corresponding distances , Au , on image S are vari-

able and depend on the exposure station positions and orientation and on the

slope of the imaged terrain. As can be seen in the figure , the rate oL change

of image feature placement , A u/Ax , is one in all cases for flat terrain.

Then , Au/Ax is less than one or greater than one depending on whether the

terrain slopes toward or away from exposure station A.

Ana ly t i ca l ly ,  the r e l a t i onsh ip  between the velocity f u n c t i o n  A u / Ax and

the actual te r ra in  slope Ah/AX is:

Ah
= - 

~~ Ax
Ax H

or inversely,

.‘ 4
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B — X , (1 —

where B is the baseline distance between exposure stat ions , H is the altitude

of the exposure stations above some reference datum , and X , is the model dis-

tance of a point of interest from the nadir of exposure A relative to the

baseline distance. These relationships are for the ideal case of vertical

photography; the effects of platform tilt are not considered . Th ey h ave been

included in this form for simplicity of illustration.

One can see from the equations that a constant terrain slope does not

produce the same Au/Ax value in all locations of the model. This is the

reason for the X , factor. In addition , the relative magnitude of Au/Ax

varies with the base—height ratio of the exposure stations. Figures 3-3 , 3-4,

and 3—5 illustrate these variations for base-height ratios of .3, .6, and .9.

The three figures are plots of Au/Ax against terrain slope for three differ-

ent positions in the model. For example: If H is taken to be 1.0 and B is

0.3, then X , is .075 for Figure 3-3 ; representing a position one—fourth of the

distance from the nadir of exposure station A to the nadir of exposure station

B. Likewise, X , is .15 for Figure 3-4, and X , is .225 for Figure 3-5. The

analogy is similar for base-height ratios of .6 and .9.

The important assumption underlying the use of Au/Ax as a prediction

function is that natural terrain rarely has a slope exceeding ~ 45 degrees.

~Jithin this range, as indicated in the figures , the Au/Ax function is rather

well behaved . Outside of this range, the function becomes asymptotic and

discontinuous. For this reason, the current matching algorithm design using

A u/Ax as a prediction function is not effective when matching large scale

images containing angular structures or man-mad e structures such as building s,

towers , storage tanks, etc. There situations require additional constraints

on the A u/Ax function or an entirely new prediction scheme. One alternative

is to shift the evenly spaced matching grid ~rorn the image A coordinate sstem

to the model coordinate system. In this way , im age feature velocities can be

L_
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measured with respect to their modeL placement ; that is Ax/AX would be the

pred iction function for image A , and Au/AX for image B.

An additional considerat ion that is brought out by the figures is that

the range of Au4~x values over the allowable terrain is much greater for a

base-height ratio of .9 than for a base-height ratio of .3. Therefore , the

matching algorithm cannot respond as rapidly in the .9 case to greatly varying

terrain as in the .3 case. Also , the algorithm can be more unstable in track-

ing the terrain slope along an epipolar line.

The imp lementation of the Au/Ax function as a match point predictor is
i l l u s t r a t e d  in Figure  3-6. In the  current  matching concept , blocks can be

thought  of as moving in the  para l lax  d i rec t ion  in p a t h s .  These pa ths  are

labeled j -2 , j - l , j ,  etc. in the figure. On image A , th i s  movement is in

jumps of Ax. On image B , the jump is Au which may be smaller or larger

than A~ depend ing on whether the terrain is rising or falling in that parti-

cular interval. The solid circles in the figure represent points already

matched , and the Au /Ax values between these points are retained by the algo-

rithm as match po int history . The open circles represent points yet to be

matched , and must be extrapolated from the Local history . The collection of

these Au~~.x values is a comp lete characterization of the  geometry of the

terrain sur face ;  the higher  order surface is being approximated by the smal l

linear segments between the match points, the size of the match point grid

i n terval , then , def ines  the co arseness or f i n~~iess of th i s  m o d e l in g .

Predicting the next match point involves extending the local terrain

surface one grid interval in the process direction; that is on pat h j in the

figure , the extension is made from column i-I. to column i. This  is carr ied

out by the equ ation at the bottom of the figure. Block paths are not indepen-

dent of one another. Therefore , the necessary cross-coup ling between paths is

achieved by the path weights W1, W ,, W3, These weig h t s  are  set up as t aing

parameters , and their relative values depend to a great extent on the s i ze  o~
the grid intervals , Ax arid ~~

y .  A general  g u i d e l i n e  is t h a t  th~ block p a t h

interval closest to the point to be predicted should have the mi st weig h t .

3- 10
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3.3 Patch Shaping arid Resamp ling

Previous matching studies have shown that correlation patches that are the

same size and shape on bo th images of the stereo p air are by no means adequ ate
for performing terrain mapping. The only case in which similar patches app ly

is the case of flat , non-varying terrain. A qu antitative justificat ion for

this can be found in the First Interim Technical Report  ( 1) .

Referring to Figure 3—7 , depend ing on the selected patch size on image A

with respect to the selected matching grid intervals (Ax and Ay ) there  can

be any number of “subpatches ” defined by the grid wi th in  the  t o t a l  pa tch  area.

On image B, these subpatches can all be of different shape in highly varying
terrain. Therefore , the patch shaping algorithm has been designed to use the

Au/Ax values on the sides of the subpatches as shaping factors for each

individual subpatch. For examp le , if the subpatch side (or Ax on image A) is

ten pixels , and if the Au /Ax value for that interval is .6, then the corre-

sponding subpatch side on image B is six pixels. For pixels lying within a

sub patch , the shaping factors are linearly interpolated from the well-defined

subpatch side values. The result is that the terrain surface within a patch

is being modeled in terms of p lanar facets such that the patch conforms to the

terrain as closely as possible , and the shaped image B patch  resembles the

imag e A patch in feature content as closely as possible.

This shaping algorithm design represents a generalization of what was
repor ted previously. In previous designs , the entire patch area was shaped

with  the same shaping f ac to r .  In addition , the patch sides were not permitted

to slant ; and patch compression and expansion were al lowed to occur only in the

parallax direction in accordance with the central  Au /Ax value. The motiva-

tion for the generalization came about when small-scale imagery was encountered.

Here , the patch had to be large enough to contain enough pixel samples for the

correlat ion coefficient to have significance; yet , this patch was too large in

ground distance with respect to the matching grid to allow homogeneous shap ing .

wh en the  genera l ized  scheme was imp lemented the re  was , in fa c t , an i nc rease  in

the  values and reliability of the correlation coefficients on this smaL-scale

3— 12 
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imagery .

Figure 3-7 shows t ha t  for  any given patch , only a certain percentage of

the shaping factors are actuall y known. These are the result of prev ious
match point determinations . The rest , those lying between the open circles in

the figure , must be extrapolated from the known factors as in the prediction

mechanism above.

In the imp lementat ion of the shaping scheme , digital image resamp li ng

p lays an integral part. The shaping algorithm must extract from the image B

auffer data the correct number of gray scale samples for correlation with the

image A patch. These samples do not necessarily lie at pixel centers on the

image B digital raster. Using the example above, to correl ate a ten pixe l

wide sub pacch that covers only six pixels on image 3, ten gray scale values

must be resamp Led f r o m  the six.

Th is res amp ling and shaping takes place on a row by row basis going up
the patch. In the initial imp lementation of the generalized shaping scheme,

the method involved linear interpolation of the gray scale in only one direc-

tion , along a row. The epipolar center of the patch was determined and the

nearest raster row was designated as the center row. Other rows of the patch

fell at integral pixel increments from this center row~ Also , it was assumed

that  the image B patch rows were not rotated with respect to the image A patch

rows , and that all patch rows coincided with epipolar lines. Using this method ,

an averaging e f f e c t  was observed not onl y in terms of gray scale (because

resamp ling was nearest  neighbor between rows) ,  but  also in term s of epipo l ar

l ine slope with respect to the raster and the image B patch side slant. For

Large va lues  of  t h i s  slope and s lant , the process can b r e a k  dow-n .

The re fo re , the  resam p ling procedure  was also g e n e r a l i z e d .  Re s amp ling  and

shaping still occur row by row, but now a f u l ~ b i l i n e a r  resampling  scheme is

used so t ha t  the  row to be re sam p led can l ie anywhere on the image 3 d i g i t a l

r a s t e r .  The b i l i n e a r  fo rmu la t i o n is as f o l l o w s :

3- 1-~
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Consider the four pixels shown above whose centers are labeled 1, 2, 3,

~~. The resampling task is to assign a gray scale value to the point whose

distance components from pixel 1 are Dx and ~~ where Dx~ Dy < 1. If G i

= 1, 4) are the gray scale values assigned to the pixel centers , then the

desired value C is give by :

C = C
1 

(1 - D:() (1 - D~ ) -
~~ C 1 ( 1 - D

~
) D

~ 
+ G

3 
Dx D~ + Cy D x (1 - D

r
).

In moving this four-pixel resaxnpling window to correspond to a patch row, the

transition from sub patch to subpatch is made using finite difference techniques.

A f t e r  the genera l ized  shaping and resamp ling concepts  were imp lemented ,

the reliability of the matching over approximately L ,—.OO match points increased

from SO~ to S3’~. This will be discussed in the next section.

3-15
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4.0 ALGORITHM CONTROL MECHANISMS

The use of the correlation coefficient as the similarity metric in auto-

ruatic matching systems gives rise to several pitfalls that must be dealt with.

Some of these pitfalls are false correlation maxima, low correl ation values
with false peaks in featureless areas due to the low signal to noise ratio ,

and correlation dropout due to gross noise or dissimilar imagery. Therefore,

it is necessary for the algorithm to monitor itself and app ly match point

corrections where appropriate , to overcome the possible i n s t ab i l i t y  of the

correlat ion coeff ic ient .

_  --- ~~~~~~~~~ - —-- --~~~~~~~ --.. ~~~~~~~~~~ - 
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i . l  R e l i a b i l i t y  F a c t o r

In an effort to allow for natch point corrections , a reliability factor

has been designed into  the al gor i thm so tha t  bo th  the al g o r i t h m  i t s e l f  and the

analys t  running the aL gor i thm can have an indication of how the matching is

progress ing. Referring to Figure 4-1 , a number of reliability criteria have

been set up such that the N digit reliabilit y factor contains one di~ ir

for each criterion. In the current algorithm design , there are five criteria;

but this number can be increased as more or different processs charac te r iza t ion

func t ions  come into use.  There is a hierarchy among the c r i t e r i a  such that

the most important ones occupy the most significant digits of the reliability

factor. A reliabiLity factor is generated for each point matched .

The first criterion is the value of the correlation coefficient. If this

value f a l l s  below a cer ta in  threshold value tha t  was i n i t i a l ly input to the

process as a tuning parameter , then the digit for this criterion in the reli-

ability factor becomes a one. Otherwise , it is zero. Likewise , the standard

deviation of the gray scale samples over the patch are evaluated . In a previous

imp lementat ion the image A standard deviation was measured for this criterion.

Now , the algorithm also generates an image B pa tch  standard dev i a t i o n  and a lso

the differenc e between these standard deviations. An excessive

d if f erence here suggests  image d iss imi lar i ty  which can be caused by feature-

si ed noise , such as film scratches and dust specks , or by occluded t e r ra in  in

the case of large base-height rat ios.

The third criterion is the flag that was mentioned in Section 2.2 ind i-

cating that the correlation maximum was encountered at the extremi ty of the

search segment. The next c r i t e r ion  indicates  whether  the ~~~~
. value fo r  t h e

current match po in t  is ou t s ide  the range fo r  a l l owab le  te r ra in .  Again , th~
allowable threshold is set as a tuning parameter. The last criterion deaLs

with a judgement as to the quality of the correlation peak. Sometimes this

is a rather vague indicator because fcr large, rel iable patches the slope

th~ cor re la t ion  peak is genera l ly s m a l l ;  ye t , for  small  patches where

false peaks are prevalent , the slope can be rather Large.

L ~~—--.-— -—-- .- -— —~~~~~ - ,-—- - -----~~— . -~~
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A match point , then , that is reliable with respect to all of these criteria

has a reliability factor of zero . However , the reliability factor is more a

general indicator of the stability of the matching process than of the abso-

lute match point accuracy . In most cases , instability and inaccuracy are

well correlated. There are however , cases where match points that have been

deemed unreliable du:’ng matching are very accurate positionally, and con-

versely, reliable points can exhibit some p o s i t i o na l inaccuracy.

The reliability factor essentially serve s two purposes .  I n t e rna l ly ,  it

acts as a decision t ab l e  for the a lgor i thm to t r igger  match  point  correc t ion

s t ra tegies ;  and external ly ,  it func t ions as an analys~~’ t oo l  to aid the  user

in the  select io n of al gor i thm tun ing  parameters .  In the former mode , two

s t ra tegies  have been employed . Firs t , when a match  point  is c r ir e l i a b l e  w i th

respect to the va lue  of the  co r re l a t ion  coe f f i c i en t  and the  p a t c n  s tandard

deviation is low , the a lgor i thm holds the ~~ u/~~.X va lues  for  t ha t  b l ock  pat h

constant until a more feature—rich area is encountered . The -~nderlving idea

here is that homogeneously gray are as general ly represent p lanar terrain sur-

faces with constant slope. Second , when the ~~.i/~ x value drifts outside its

a Ilowable range , a correction is made to p lace it within range and local

match point correct ions are mad e to s t ab i l i ze  subsequent  p r ed i c t i ons .  T h i s

condition typically occurs when false correlation peaks and inaccura te  shaping

cause the predictor to oscillate . The inclusion of additional strategies in

the algorithm must be preceded by an analysis of the specific problem area

symptoms . The difficult aspec t here is not so much the design of the strate-

gies themselves , but rather the  design of the de tec t ion  al g o r i t h m s  t h a t  dic-

t a t e  when a spec i f i c  s t ra tegy  is to be app lied.

An examp le of the use of the reliability factor as an external analysis

tool is as fol lows~ On a particular set of imagery , it became necessary to

assess the a p p l i c a b i l i t y  of  line correlatio n as compared to area correlation.

An image area containing 1,476 match points was chosen, and the matching gril

i n t e r v a l s  were 2 pixels  in the  y d i r e c t i o n  and 3 p ixels in the  x d i r e c t i o n .

Th e search segment length included 3 pixels on either side of a predicted

po int. For the  L i n e  c o r r e l a t i o n case , the  p a t c h  5 i -~e was ~~t to he I by 35 
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pixels. This correspond s to a single row of pixels on an epipo lar line. For

the area correlation case , the patch size was 3 by 35 p ixel s, giving three
times as many samp les. The reLiabiLity sucmnaries printed at the end of each

matching run appeared as follows :

Line Correlation Area Correlation

Criterion Percent Criterion Percent

1 3.8 1 3.0

2 1.2 2 .3

3 21.4 3 11.9

4 13.5 4 11.9

5 8.0 5 9.6

Icta l  Re l i ab le 69.3 75.7

:he percentages  f o r  the  f i v e  r e l i abi l i t y  criteria represent the unreli-

O D L C  match po in t s .  The bot tom Line percentages represent total reliability.
The concLusion here ~s tha t the averaging effec t of the area pa tch  lends

more stability to the process. Line correlat ion is r a the r  j i t t er y . This is

borne out by the fac t that  the perc entage of matches where the correlation

maximum was found at the extremi ty of the search segment (criterion 3) halved

itself when going from Line  correlat ion to area correLat ion .  The increase

in reliability of the values of the corre la t ion  c o e f f i c i e n t s  and s t anda rd

deviations (criteria I and 2) occurs primarily because of the increased

number of samples in the area correlation. The increase in unreliability with

respect to the slope of the cot-reLation function can be attributed to the

fact that larger patches typicaLLy have flatter correlation peaks.

. . . . -~~~~~~~ - _ -~~~~ -~ .. 



4.2 Wandering Block Tolerance

A contro l and correction mechanism that plays an important part in keeping

the matching algorithm running through d i f f i c u l t  imag e areas is the wandering

block strategy. In hard-to—correlate image areas and in areas where false

correlation peaks predominate, it is typical for blocks on some paths to lag
behind or to jump ahead with respect to neighbori ng, more rel iable block

paths. The result is that the ~~uAx function produces artificial dips and

bulges in the terra in  surface  at these match points .

The wandering block tolerance is a tuning parameter that has been set up

to detect and correct these situat ions. When each column of blocks has

been matched (bLocks whose centers a l l  have the  same X coordinate  on
image A ) ,  the a lgor i thm stops matching to anal yze the ent i re  column for  wan-

dering blocks. The u coordinate position of each block on image B is compared

to the average u position of its two nearest neighboring blocks. These con-

cepts are illustrated in Figure 4-2. If the block distance from the average

position exceeds the preset tolerance, then the match poin t for  tha t wander ing
block is moved toward the neighbor average by a weighted amount. This weight

is also entered as a tuning par ameter . For examp le , if the weight  is 1.0 ,

the match point  is corrected to the neighbor average. If it is .5, the po int

is corrected halfway to the average , etc.

The strategy here is set up such that  blocks which have been f la g g e d  as

unre l iab le  are corrected f i r s t .  Then the remaining blocks of the column arc

analyzed. The value of the tolerance distance must typical ly be cons istent

with the al lowable terrain slope l imits set up for the run .  When corrections

are app lied to wandering blocks , the matching h i s to ry  in terms of the stored

~~u/~ x values is also altered to account for  the  co r rec t ions

It can be observed tha t  the  s e t t i n g  of the wander ing block to le rance  and

the correct ion weig ht act as a cont ro l  on the  s e n s i t i v i t y  of the  m a t c h i n g

a lgor i thm . A L arge value of the  to le ranc e makes the  block paths more m dc-

penderi t of  one another  and more  r e spons ive  to smal l  t e r r a i n  f l u c t u a t i o n s .  On

—— _ - , - _ . - —--- ~~
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the other hand , a small tolerance value increases the cross-coup ling between

block paths and has a smoothing effect on the resultant match points and

terrain data .  In this  way , the algorithm can be tuned fo r  a var ie ty  of situ-

at ions.

I 
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Pa tch  C e n t e r  Sh i f t

There is no hard and fast rule in stereo matching that dictates that a

match point must be determined for the center of a correlation area. Referring

to Figure ‘ -3 and the figures in Section 3. 0 regarding p r ed i c t i on  and shap ing ,

there is always a certain percentage of the patch area whose shape is well-

known and a percentage whose shape is estimated . The area of known shape

is the area in which some match points have already been determined. These

known and unknown patch areas can be increased or decreased with respec t to

one another  by s h i f t i n g  the nominal correlation center. For example, shift-

ing the center ahead or to the  r ig ht  of the patch , as pictured in Figure ‘ -3

increases the areas of known shape. Therefore , the correlat ion is biased

to a greater extent by gray scale samp les that are presumab ly known to correlate

well.

Theore t i ca l ly, th is  increase  in known area should allow the matching

al gor i thm to proceed throug h high ly varying te r ra in  and up steep slopes in

a more cautious manner since the  patch is well-grounded in f a m i l i a r  area.

Conversel y ,  if the unknown area is increased , the algorithm is ore liberal

in its perception of the terrain and the chances of mismatching increase.

The algor ithm currentiy has the capability for shifting the nomina l

cen te r  in whole  g r id  in tervaLs  anywhere w i t h i n  the pa tch  area. However , a

compLete analysis has not been made to date to assess the effectiveness of

the s h i f t  for various image events.  For a l l  the imagery tha t  has been

processed , the cor re la t ion  center  has coincided w i t h  the ceometric c e n t e r

of the patch.

4-9 
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I
5.3 ADDITIONAL CAPABILITIES AND GENERALIZATIONS

When the matching algorithm was originall y des igned , a particuLar set

of t e s t  data was used to verif y the design concepts. But the comp lete range

of stereo condition s is not exhibited in any one stereo Fair . As a result .
the aLgorithm remained untested for certain cases . Also , there are cases

that fall comp lete l y out of the range of the aLgorithm ’ s capability.

This section of the report describes both the steps that were taken and the

steos that need to be taken to provide extended algorithm capability over

the range of possible cases .

S I

5 — 1. 
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5. 1 N o n - p a r a l l e l  E p i p o l a r  Lines

In the original design of the stereo matching algori thm, e p i p o L a r

L ines were assumed to be essentiall y coincident with the rows of

pixels on the rasters of both image A and image B. This is usual ly not the

case with real imagery . However, the imagery can always be digitally recti-

fied by a preprocess such that this conditio n always holds. 3ut the rectifi-

cation requires image resampling which is rather costly in time, and wh ich

can produce a slight amount of image degradation which is magnified by the

fact that the image must be resampled again in the algorithm shaping process.

So for the current algorithm imp lementatio n, the dec ision was made to resample

only once (during shaping) and to generalize the algorithm to take into

account both non-parallel epipolar lines and epipolar lines that do not coin-

cide with digital raster lines.

Figure 5—1 i l l u s t r a t e s  a general s i t ua t ion. The ep ipolar  l ines  are

sloped with respect to the image A digital raster because of the image 3 p lat-

form translation. The digital raster on image 3 is not parallel to the  image

A raster or to the epipolar lines bec ause of the p latform kappa rotat ion. As

expected by the current algorithm design , the evenly spaced match point grid

is parallel to the raster of image A. The important point to consider is that

the corre la t ion subpatches  tha t  cons t i tu te  a patch on image 3 are now no

longer trapezoidal as in the previou s discussions , but  ra ther  are g e n er a l i . ed

quadrilaterals. The slant of the subpatch sides is determined by the local

A u/t~.x values that are generated as match points slide along the slanted

epipo lar lines.

The generalized al gori thm design handles th i s  s i t u a t i o n  in the  fo l lowing

way . Match p o in t  predictions are mad e along epipolar  l ines , a l thoug h the

correlat ion patch is oriented parallel to the digital raster on image A. In

this way , the image A patch need not be resaxnp led. rhis is a justifiable

approach as long as al l  corresponding p o i n t s  w i t h i n  the  imag e A and image B

5— .~  
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I

pa tches  lie on corresponding epipolar  l ines .  The shaping of the  image B

patch can be performed by the bi l inear  resamp ling algor i thm for  any orienta-

t ion of the  patch wi th  respect to the image B r a s t e r .  Au/ sf~ x values  are com-

puted with respect to the image A digital raster , but subpatch slant factors

have been in troduced to ~~re comp letely shape the quadrilaterals.

The genera l iza t ion  of the al gor i thm as described has given r ise to addi-

t ional  processing overhead to coordinate the various coordinate systems

involved . The amount of overhead required for various geometric situations

sepends on where the evenly spaced matching grid is defined. For example;

when the p latform Y translation is Large , it may be more advisable to define

the matching grid along epipo lar lines. This would require the image A pa t ch

to be resamp led from the image A ras ter  in addi t ion to the image B resaxnp ling ,

but the prediction and shape determination using the Au/ax values would be

more straightforward. In addition , the problem of sub patch slant would be

minimized.

There are numerous processing tradeoffs like this that exist for various

stereo conditions . To account for  poss ib le  a lgor i thm changes , p lugs have been

designed into the modular software. In this way , the interp lay between

coordinate systems may be al tered to meet the s i t u a t i o n  at hand .

It mus t  be mentioned here tha t  as a r esu l t  of the a lgo r i t hm gene ra l iza -

tion , the general- purpose se ‘iential imp lementat ion tha t  runs on the CDC 6400

is no longer the same as the  paral le~ benchmark implementa t ion  of the  a lgo r i t hm .

The capabilities not included m the benchmark are the f u l l  g e n e r a l i z e d  shap ing

by sub pa tches , b ilinear resamp Li~~ of image B da t a , smal l add i t ions  to the

wandering block s t ra tegy , the  c ap - ib i l i t y  fo r  sloped and n o n - p a r a l l e l  epipo l ar

lines , and the capab i l i t y  fo r  I t er a t i v e  processing which w i l l  be desc r ibed

• next .
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5.2 I t e r a t i v e  Process ing

A new option has been designed into the matching algorithm to allow

images to be matched by iterative refinement . That is , subsequent passes of

the algori thm over the  same image area make use of the match  point  i n fo rma t ion

generated on a previous pass. The observed net result is that , on

subsequent  passes , r e l i ab l e  match point s tend to stay the same but unreliable

areas are improved.

When this iterat ion option is called for , the prediction mechanism of

the algorithm is turned off. The match po ints from the previous iteration

are the actual  predictions . What th i s  scheme does , then , is e l i m i n a t e  the

patch areas of unknown shape tha t  were described above in Section 3.3. Thus ,

match points are generated using neighboring match points that are presumab ly

more locally valid in all directions from the desired point.

Using the reliability sunmiary as a judgement factor , it has been observed

that  the  to ta l  match  point  r e l i a b i l i t y  can be increased by as much as ten

percent under the i te ra t ion  opt ion .  The largest  increase in reliability

occurs at the f i r s t  i t e ra t ion as is to be expected. After the first , sub-

sequent iterations yield a few more percentage points. However , after the

fourth iterat io n, the reliability stays the same or in some observed cases

actually decreases slightly. In these cases , the algorithm tuning was the

s ame for a l l  i t e r a t i ons . A thorough anal y s i s  of  th i s  p henomeno n ha s  not been

made , but  it is reasonable to assume that after a certain Jc~~ :t t  the

process is o s cU l at i n g  on u nr e l i a b il it v  .nerel y chan g ing  the  pos i t i ons  of

unreliable match points- and unable to irnorove without additiona l information cr

different tuning .

In attempting to impr cve the reLiabiLity the oroblem cf tuning the

algorithms for subsequen t  i t e r a ti cr .s to achieve maximum re~~ nement

enc~ unt ered . Again , this has not been thcr~-u~ hiv - e .~L :~~J t e d .  F’r examoic ,

should  the  c o r r e l a t i o n  p a tch  be s m a l i e r  or ~a r oer  on subsequent ~~er i~~ cns

A smaller patch should the oreri caJv offer mere accu r~~cv in the re:~~~ement ,

5-5
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but a larger patch would take into account more surrounding match point data ,

I yet would  have a smoothing  e f f e c t .  There are good a rguments  fo r  e i the r

a lt e r n a t i v e  t ha t  app ly over the whole range of tuning parameters.

5—
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5 .3  Al g o r i t h m  Tuning

A l l  p rev ious  d i scuss ions  have h in ted  that  the  way the  a l g o r i t h m

perce ives imagery and terrain cay be changed by chang ing a

set of control parameters that are referred to as tuning parameters. The

mot iva t ion  behind th is  design is tha t  the algori thm mu st behave d i f f e r e n t ly

for different image and terrain events that can occur. The nature of these

d i f f e r e n t  events  is determined by the type of sensor used , the stereo taking

conditions , and the highly variable characteristics of the terrain that is

imaged.

An experiment was conducted on a particular set of imagery to unders tand

the effects of tuning changes. Fifty (50) matching  runs were made on the

same area of imagery that contained approximately 1, 000 match  po in ts .  The

tuning parameters  were varied one by one from one run to the next in an

effort to constantly increase the matching reliability. The iteration option

was not employed for th is  experiment.  The r e su l t  was tha t  the matching reli-

ability for all the tuning cases ranged from a minimum of .
~+9% to a maximum of

d 2 ~~.

Each tun ing  case changes the behavior of the a lgo r i thm to c e r t a i n  types

of t e r ra in .  It was observed tha t  small  changes to the  va lues  of the  t u n i n g

parameters  sometime s mad e very large changes in algor ithm behavior. The best

matching seems to occur when the process is tuned such t ha t  it is on the br ink

of instability. In this way , the algorithm is most responsive to terrain

v a r i a t i o n , ye t  s t a b l e  enough to t rack the  image a c c u r a t e l y f rom one end to

the other.

A major factor in determining how the algorithm respo nds is how the

al gor i thm s t a r t s  out  cold on an image. E x p e r i m e n t a l  r e s u l t s

show t h a t  the e f f e c t s  of inaccurate matching at the s ta r t  can be observed as

much as 100 scan lines dow-n the image. There are e s s e n t i a l ly two a l t e r n a t i v e s

to g e t t i n g  the  a l g o r i t h m  s t a r t ed .  The f i r s t , and most accura te , is to  supp ly

as input the starting positions and initial terrain slopes of each block path.

5- - 
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The second is to supp ly one or more manual ly  mea sured po ints from which the

algorithm can extrapolate the starting match point positions . The latter is

a des i rable  appro ach from a user  s tand point  because the  measurement of many

closely spaced points  and the  est imation of t e r ra in  slope is a ra ther  tedious

and t ime-consuming operat ion. However , this  automatic  appro ach can be error

prone depending on the number of points  ac tua l ly measured and the local t e r r a i n

variation present in the vicinity of the starting block positions.

The automatic acquis i t ion technique perfo rms a matching i te ra t ion over

extended search lengths. From the few measured points that ar~ supp lied , the

block centers for the first column of match points are linearly extrapolated .

A correlation is performed at each of these block centers using rather long . -

search lengths to account for maximum pa ra l l ax  d i f f e r e n c e s .  There is no

patch shaping involved here because the local ~~oIi~x va1~ es are unknown. It

is as if flat terrain were being processed . Then predUt ions are made for the

next column of match points , and they are c o r r e l a t e d  simi larly . At this

point , the ~.U/A x values are computed between these first two co lumns and

the process backs up to s t a r t  over - this  time shap ing  as it goes. This

second pass acts as a refinement so that  at i ts  comp le t ion , al l  the  s t a r t i n g

positions and shapes are available and contro l is transferred to the full

matching algorithm which starts once again at the first column. In the 
j

acqu is i t ion , as each match point  is correlated repeatedly ,  the  search segment

size is decreased progress ively.

For summary purposes , the following List of matching algorithm inpu t

values is given.  The d i s t i nc t i on  is made between pa rame te r s  t ha t  are con-

s tan t  for  a pa r t i cu l a r  stereo pair  and ones t ha t  are par t  of  the tun ing  par a-

meter set .

Input Parameters

• R e l a t iv e  o r i e n t a t ion e lements  — these specify the Dasol ine distance

arid r e l a t i v e  t i l t  angles th it r e la t e  exposure s t a t i o n  3 to exposu re

s tat ion A.



-~~~~~~ -~~~~~ - - .-- -~~~~~~-
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• Interior orientation transformations and camera focal length - these

• specify the conversion between d ig it a l  scan coordinates and photo

coordinates .

• Image buffer parameters - a character ization of available buffer sizes

and s t a r t ing  line addresses.

Tuning Parameters

• Match point grid l imits  and in terval  sizes.

• Correlation patch size in two dimensions.

• Number of correlation sites along search segment.

• Amount of nominal pa tch  center  s h i f t .

• Block path prediction weights.

• Wandering block tolerance and distance correction factor.

• Rel iability thresholds for the correlat ion coefficient , standard

devia t ion , ~~u / ~~x range , and slope of the co r re la t ion  f u n c t i o n .

• Predict ion optio n selector .

• Manually measured start-up poin ts .
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5. -~ The M a t c h i n g  of N o n - c e n t r a l  Pe r spec t ive  and D i s s i m i l a r  Imagery

A l l  of the al gori thm development  and implementa t ion  descr ibed  thus f a r

has taken place  for  central perspective photography . The epipolar prediction

geometry is w e l l - d e f i n e d  and s t r a igh t fo rward  w i t h  respec t  to  t h i s  kind of

imagery . If the matching algorithm is to be app lied to non-central perspec-

tive imagery , then the module of the algorithm that requires redesign is the

prediction mechanism. All other modules can essentially remain the same In

order to achieve accurate predictions , the dynamics of the sensor of i n t e r e s t

must be modeled in such a way that conjugate  po in t s  on the images lie on

pseudo ep~.potar  l ines .  The mot ive  here is to keep the co r r e l a t i on  search

one-d imens iona l .  The modeling problem involves f i nd ing  the d i r ec t i on  on

the imagery in which t e r ra in  r e l i e f  d i spLacemen t  occurs .  Un l ike ep ipola r

l ines , th i s  direct ion may be d i f f e r e n t  for the  two images of the stereo

pair  and also for  d i f f e r e n t  regions in the same image .  But if the terrain

rel ief is anal yticall y predictable in small localized areas , there is a good

chance for matching success. To date , processing of non-centrai perspective

imagery has not taken place with the current matching al gorithm .

Between two images that  have the same ground coverage , image d i s s i m i l a r i t y

can occur in two domains: the geometr ic  domain , and the radiometric or

intensity domain. In the geometric domain , image dissimiiari r’; between ~maoes

to be matched is a t t r i b u t a b l e  e i ther  to an o v e r a l l  scale  d i f f e r e n c e  or to

differing sensor dynamics. Scale dissimilarity can be handled by the c u r r e n t

a l g o r i t h m . As Long  as the reLative orientation elements and focal L e n g t h s

refiec ’ the scale change , correct scale matching is a straightforward by-

produc t of the resamplirig and shaping schemes . The Larger scale image may

have to be f i l t e r e d  in some cases to reduce the high frequency noise and to

make its intensity more similar to that of the smaller sca ’.e image , but

t h i s  is the onl y additional processing that would be required . When image

dissimilarit y occurs in an overLapping pair because dit .terent sensors are

used , the  remarks ~f the ~rev iou s  paragraph  a op l y .  The matching algorithm

i~u st  m o d e l  the sensors  such tha t  a c c u r a t e  ge om e t r i c  or e d i c t i on s  can be made .

5— 1 ~
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In the intensi ty  domain , two a l te rna t ives  exist  for solving the problem

of image dissimilarity. The f i r s t  a l ternat ive fol lows the assumption that  al l

the matchable features are contained in both images, but under differing gray -

scale renditions. The appro ac h to tak e here is a form of in tens i ty  shaping

which is analogous to the geometric patch shaping contained in the present

al gorithm . The gray-scale  d i f ferences  are modeled according to a gray-scale

mappimg func t ion  such tha t  when resampling occurs for  image B , for instance ,

the pixel gray values are transformed by the mapping func t ion  into the equiva-

lent image A values. Thus , the correlation algorithm can operate on seemingly

similar imagery. But when th is  in tens i ty  model ing is not poss ib le  or when

fea tures  are not conum n to both images , as in the  case of radar vs p hotography ,

then a second a l te rnat ive mus t  be emp loyed. Both images must be transformed

either by preprocessing or through resampling to a third , conunon intensity

spectrum which enhances the similarities and suppresses the dissimilarities.

One such image t ransformation is the f ea tu re  edge or gradient  ope ra t ion .

Again , the general princip le is that  automat ic  image matching can onl y occur

if the two dissimilar  images can be made to appear s imilar to the ma tch ing

metric through some sort of modeling or intensity transformation.

1
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6.0 PROCESSING EXAMPLE

To illustrate the behavior of the stereo matching algorithm described in

this  repo rt , a stereo pair taken ov --r the Phoenix - South Mountain  area in

Arizona was processed . The scale of the photograp hy is 1:48000 , the focal

length of the mapping camera being nominally six inches. Two by two inch

sections from the original p hotos were digitized at ETL using a 35 micrometer

scanning spot size over a 24 micrometer interval . This resul ted in two d ig i ta l

images that are 2 ,048 X 2 ,048 pixels.  A pixel side correspo nds roughly to four

feet on the ground , but a mismatch or paral lax error of one pixel results in

about 7 .7  fee t  of vertical error on the ground . The mensuration and interior

orient ation of the photos were also performed at ETL.

Figure 6— 1 is imag e A of the stereo pair . The s ize  of t h is  d i g i t al  image L 5

a p p r o x i m a t e l y  1, 260 p ixe l s  by 2 , 032 scan l in e s .  I t  is cons ide rabL y enLarged

for i l lus t ra tive purposes and has been d ig i ta l ly  enhanced since the gray-scale

range of the original digital data was rather  narrow. The black lines on the

p icture are the evenly spaced matching grid lines in the parallax direction.

These lines are spaced eight scan lines apart. Along these lines matching

occurred at every tenth pixel , so for this image section , 53 ,910 match points
were generated. A majority of these points were matched using a 21 X 21 p ixel

correlation patch over a seven-site search segment .

Figure 6-2 shows the conjugate grid superimposed on image B. This grid

p lot was produced by p l o t t ing  s t ra igh t  Lines between a l l  the match  points

lying in the same column . The p lot , then ,is ac tua l l y  a p i c t u r e  of the  ma tch

points and also of the parallax function that relates image B to image A . Ii

Figure 6-1 and Figure 6-2 were viewed under a s te r e o s c o p e , the corresponding

lines would fuse  stereoscopically and the  grid would appear to l ie  on the

te r ra in  in three-dimensional  space.

The match points were photogr axmnetrically intersected using the absolute

or i en t a t i on  elements to produce a f i l e  of  d i g i t i L  t e r r a i n  d a t a .  The eleva-

tions were then con toured  at 2 0 - f o o t  i n t e r va l s .  The r e s u l t i n g  d ig i t a l contour

b - I
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image superimposed on image A appears in Figure  6-3 . Ne i the r  the  t e r ra in  da t a
nor the contour  lines here have been smoothed. The contour ing  procedure makes

use of l oca l surfaces defined by b icub ic polynomials that f i t  the da ta  exact l y ;
least  squares techniques are not used. Since this contour image is generated

in image A space , it is unrect i f ied wi th  respect to model or ob jec t  space.

However , the contour labels on the edges do represent  actual  feet  above sea

level on the  ground .

Figure 6-4 is a p lot of the r e l i ab i li t y  factor  for each match point

superimposed on a lightened version of image A. The more u n r e l i a b l e  a match

point is wi th  respect to the f ive  r e l i a b i l i ty  c r i te r ia, the darker is i ts
gray-sc ale value in this picture. For this processing examp le , of the 53,910

m atch po ints processed , 72~i are r e l i ab l e . ~1ost of the  u n r e l i a b l e  areas observed in the

p ic tu re  are due to a low standard deviat ion of the image in tens i ty  in those

areas . In these pictures , north is to the l e f t .  A large number of u n r e l i a b l e

areas cons i s t en t ly f a l l  on the north slopes of the moun ta in  ranges .  These

slopes are h ighly i l luminated  and no tab l y l a c k i n g  in feature content. A

s p e c i f i c  examp le  ~s the c i r cula r  area at the top edge of the picture. Looking

back at Figure  6-1, it is ev iden t  that  th i s  u n r e l i a b l e  area Lies on a s t e e p l y

sloping , conical peak whose en t i re  nor thern  exposure is ra the r  f e a t u r e l e s s .

Matching was very difficult in th is  area , and the mismatching is m a n i f e s t e d  in the

f a l s e  contouring of this peak in Figure  o-3. However , the matching process
did not break down comp letely a f te r  encountering th i s  area.  The match  point

r e l i a b i l i t y  increased as the f e a t u r e  Content  improved  on the  o the r  s ide oi

the  peak . Other  u n r e l i a b l e  areas were not  as d r a m a t i c a l l y  i n a c c u r a t e~ in fact ,

some- though flagged as unreliable-were remarkably accurate. 
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7.0 CONCLUSION

All of the strategies that collectively make up the stereo matching
algorithm described in this report have analytical J~’stification and are

theoretically predictable. However, in the fac e of real imag ery of various
kinds, there are so marty variables involved relating sensor geometry , expo-
sure conditions, and terrain and imag e characteristics that at times the
algorithm appears to have a mind of i ts own. Algorithm tuning, at this stage,

is rather an art than a science or engineering exercise. Trial and error

• procedures based on the accumulated experience of the user-analyst are

required to obtain maximum algorithm performance.

If it is at all feasible or practical to tabularize and paraineterize

image, sensor, and terrain events, then the tuning of the algorithm to the

conditions can be made more automatic and reside more in the realm of engineer-
ing than art. This is the subject of study in the next phase of the contract. 
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APP~~ DIX A -

DIGITAL INTERIOR ORI~~ TAT ION :

A PROCEDURE FOR REDUCING DIGITAL SCAN
COO RDINATES TO CALIBRATED PHOTO COORDINATES 

--- — -  ~~----~~ --- ‘---- —~~~- - ---~~~~~-- —---- -- - —~~~ —--~~~~~~~~~ - ~~~~~-~~~~~--~~~ -~~ 



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~
-- -.— .

I

DIGITAL INTERIOR ORIENTATION
A PROCEDURE FOR REDUCING DIGITAL SCAN

COORDINATES TO CALIBRATED PHOTO COORDINATES

A procedure for reducing digital scan data coordinates to calibrated photo

coordinates  is necessary when pho to grammet r i c  computa t ions  are to be performed wi th

digitaL image data.

Three d is t inct coordinate systems are to be considered:

• d ig i t a l  scan coordinate  sys tem

• reseau coordinate system

• f iducia l  coordinate  system

Basic image manipulat ions  are typical ly performed in the d ig i t a l  scan coordinate

system;  that is , in terms of scan lines and pixels .  A reseau system is typical ly

deposited on mapping images to remove film distortion. The

fiducial system defines the optical axes of the mapping sensor and forms the

base of all photograumetric computation. The task then of digital interior

or ienta t ion  is to t ransform the d ig i ta l  scan coordinate system through the

reseau system to the calibrated fiducial system.  The e f fe c t  of th is  trans formna-

don is to remove any film distortion that exists on the original film image

and also to correc t for scanner induced distortions .

Figure 1 describes the marks to be used in the trans f o rm at i o n  procedure .

Fiducial  marks A , B , C , and D are pr imary f iducials , whose i n t e r s e c t i o n

def ines  the principal  point  of the photo coordinate  sys tem.  Fiducials  E , ? ,
G, and H are secondary fiducials.

+ 4 ~J
_ _ _ _  

+
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Scan + 4  + + +
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Area - ~~+ +  + + +  
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The ca l ibra ted  coordinates of a l l  of these f i d u c i a l  marks are general ly

supp lied in the calibration certificate for a particular mapping camera and lens.

The shape of the fiducial marks and the reseau pattern varies with the type of

camera . The reseau marks are generally etched on a glass p late in f ron t  of the

f i l m  and deposited on the f i l m  at the time of exposure.

The ca l ibra t ion procedure for  digi tal  scan coordinates is as fol lows :

1. On the original  f i l m  image measure a series of reseau marks for each local

neighborhood around the f iduc ia l  marks .

l s i n g  these measurements  cons truct for  each neighborhood a t ransformat ion  TR
from the measured reseau marks to the calibrated reseau marks :

[X  T l rx l
LY - 

R j y ~

where x ’ ,y ’ are the coordinates of the calibrated marks and x ,y the coordinates

of the measured marks.

This reseau t ransformat ion can take on one of the fo l lowing  forms :

= a1 
+ a2x + a

3
y x ’ = a

1 
+ a2x + a

3
y + a,xy

(l—D (1—2)

y ’ = b
1 
+ b 7x + b3

y y ’ = b~ + b ,x + b3
y + b , xy

a1 + a ,X + a
3
y

= a + a ~ x + a V  x ’ =1 — 3 l + c
1x + c ,y

(1-3) 
- 

(1- ’)b + b x + b v ‘

= b1 
- a3x ÷ a2y y ’ = 

1 2 3

l + c 1x + c 7y

‘I
The type of trans formation selec t od is dependent  on the number of -marks

measured and the na ture  of f i l m  d i s t o r t i o n  a n t i c i p a t e d .  

-—- - -~~~~~~-—— ~~~~~~~~~~~~~~~~~~~~~~~~~~------ .
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2.  Measure the  f iduc ia l  marks on the f i l m  and transform them to the calibrated

reseau system using the prev ious ly  derived transformations:

[x F 
= I T RJ ~~

[YF

where X
F~ ~F 

are the measured coord ina tes of a f iduc ial mark and
are the coordinates of the mark with respec t to the calibrated reseau system.

This transformation removes the effect of film distortion on the individual

fiducial marks.

3. Using the above-derived fiducial coordinates calibrated with respec t to

the reseau , next construct  the trans format ion  T~~ f rom the ca l ibra ted

reseau system to the calibrated fiducial system:

[
~
;] = r~ [:~Jwher e x~~ , 7

1
F are the fiducial coordinates derived above and X”F~~ ~~~~~~

are the ca l ibra ted  fiducial coordinates supplied in the camera calibratian

c e r t i f i c a t e .

Again , the coefficients of the t ransformat ion TRF can take the forms

(1-1) to (L-~i-) mentioned above.

On the digital image corresponding to the scan area of Figure 1 measure

a series of reseau marks and express the coordinates in the digita l scan

coordinate  sys t em .

Using these measurements , construct a transformation TSR from the di~ itaL

scan coord inate sys :ern to the calibrated reseau system:

= ESR [
~
]

~ 

- - - -  - - - -- ~~~~~- - -- -. . - -- ..- . —



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ --- --

I

where I ,J are the measured digital coordinates of the selected reseau
marks and XCR~ ~CR are the corresponding coordinates of the calibrated
reseau marks.

.4

Again, the transformation TSR can take the forms (1-1) to (1-4).

The effect of this transformation is to remove both the original film

distortion local to the desired scan area and any geometric distortion

introduced in the scanning and digitization process.

5. Construct the composite transformation TSF from the digital scan coordinate

system to the calibrated fiducial system:

= L~] 
~~~~~~~~~~~~~~~~~~

where is a transformation composition operation (typically a matrix
multiply).

The overall result of this calibration procedure is that any pixel (or

point) whose coordinates are I,J in the digital scan coordinate system can be

related to the calibrated photo coordinate system for subsequent photogrammetric

computations. ThIs relation is:

= ~~SF fl1
where x1,, y~, are the calibrated photo coordinates of point P.

If a part icular photograrrrnetric application requires the transformation

from photo coordinates to digita l scan coordinates , then the operat ion may be

inverted , such tha t

______
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~~FS = 
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APPENDIX B

EPIPOLAR LINE DETERMINATION 
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EPIPOLAR LINE DET ERMINAT ION

Consider the following relative orientation elements that relate exposure ~ l

to e cposure ~P2.

(B , B , B ) ,  the coord inates of exposure station #2 with respect to

exposure station #1.

(W 21, 
~2l ’ K2 1) ,  the coordinate rotation ang les that relate photo coordinate

system ~k2 to photo coord inate system ~f rL .

(x 1, y1, -f), the coord inates of a point in photo coordinate sYstem ~ l

through which an epipolar p lane is to be determined .

It is assumed that the focal length , f, is the same for  both exposures .

The equation of the ep ipo l ar p lane in system #1 is:

A +B  +C = 0
x y z

where A -(f B + y 1 
B )

B = f B +~~ Bx I z

C = y
1 

B - x1 B

Then, the equation of the epipolar Line in system -fr 1 passing through

(x 1, y 1, — f) is:

-~~ C
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Now , let B ’T B

= 
CA2:

T

be the baseline vector expressed in a coordinate syst em parallel to photo

coordinate system #2, where A21 is the 3 X 3 rotat ion matrix derived from

~Zl~ ~2l’ 
K21.

Le t x~~T xl

L~i 
= CA 2 13

T 

L

~~~~h1

be the point of inter-~-~ system #L expressed in a coordinate system paralLe l

to system ~2.

The n, the equation of the epipo lar plane in system ~2 is:

D + E  +F = 0x y z

* * * *where D z1 B~ 
- y1 B

* * * *E —(z1 
B 1 

— x1 
B )

* * * *F v 1  B - x Bx I y

The equation of the conjugate epipolar line in system ~F2 is

D F
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