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Basically, the correlation methods compare the grey levels within two
windows centred, for the first one on the current pixel pl of the first image
taken as a reference, and on the candidate p2 for correspondence with pl in
the second image. The research can be done with windows of various sizes.
The farther an object is, the smaller the difference look between the two
images of this object and less shape is felt. In photogrammetry, the
correspondence finding might take advantage of the epipolar geometry. This
is a special conformation of the picture space due to the stereovision when
metric cameras are used. In epipolar geometry, the correspondence finding
becomes a 1D problem. One epipolar line in the first image has one single
correspondent line in the second image. So, the research of the correspondent
of the current pixel is limited to the exploration of the epipolar line
correspondent of the line which the current pixel belongs to.
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Some methods also use Interest Operators that are standard procedures in
image processing such as contour extraction. Characteristics details
(buildings, roads) are located in both images and the correlation algorithm
will then try to associate them by pair of points of left and right images.
This method is called the Feature Based Matching.
[n aerial photography, the following difficulties are met :
e difference of visibility between the two images,
e dependence of the variations of the scene photometry,
e particularities in the ground occupation : secular reflectance, presence of
objects with regular and periodic structures, object motions (wind, clouds,
vehicles...)

1.2.2. THE CROSS CORRELATION METHOD

a. Principle

The most common correspondence finding function of a pixel centred in the
window 12 (part of the second image) with the current pixel centred in a
reference window I1 (part of the first image) is characterised by the
following expression ,

cov(Ill, 12)

iz(nfi-_il—ﬁ)(lliwk._ﬂ h-12)
ii(”'h i) ﬁj-ii(l:m K.j+h)-12) 90,

where Il represents the mean value of the radiometry inside 11, o the

C,,.(k.Iy=

standard deviation for I1...
N

M window for correlation’s computation

research window

Major properties of C,, :
. =I=Cq(lcl)isl
Cp(k.)==%1 ssi R(i+ki+l)=all(ik) +b
Cpk=1 e C ,(k'J)=1 thenii (or12) is periodic
ie. (i—P.(k-k"),j+Q(I-1))=1(,})

4. if I1 has real values (i.e. non complex) then (‘|||..:~ . ('I (0.0)

and C,( k.1)=C,;,(00) only if 11 is periodic
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b. Add-on constraints

Algorithms now frequently use constraints on the primitives in order to find
an optimal solution. The most common ones are :

e the epipolar constraint : two homologous points must respectively be
located on two homologous lines. This constraint depends on the
geometry of the aerial survey and is independent of the scene’s content.

e the unicity constraint : the primitive of an image cannot have more than
one homologous primitive in the other image. This rule often has
exceptions, such as hidden parts, transparent surfaces or lineaments
supported by the axis camera.

e the surface’s continuity constraint

o the order constraint : if p1 is on the right of q1 in imagel, then p2 is also
on the right of 2 in the second image. An inversion of points occurs only
for objects that present a high perspective deformation on the image.

e the photometry constraint : based on Lambert's hypothesis, the
reflected light intensity should be the same for two homologous points.
For aerial survey, many reasons may cause radiometric variations

between two adjacent images.

c¢. Direct approach

The following description is a generic overview of the basic treatments
needed to compute a correct DTM. Prior to running a correlation algorithm, an
epipolar resampling is sometimes needed, especially when images present a
rotation exceeding a few degrees.

With a single pass, the correspondence finding is done with a neighbourhood
research that does not take into account break lines or any external
information.

e for every pixel, the mean value and the standard deviation of the
window are computed. If they do not fit, the current position is
abandoned and the research continues with the following pixel.

e the parallax (X-shift) is computed from the nearest good and preceding
points so as to give an approximate position of the homologous point in
the second image. The research is limited along the epipolar line
supported by this point and within a limit that depends on slope limits
or distances given by the operator. This reduces the amount of
calculation.

e the correlation function is computed. If the value is too low, it will not
be used subsequently.

e based on the surrounding points, a morphological criteria is applied. If
it is not verified, the point is not accepted and the research continues
with the next point.

* at the end of the current line, holes corresponding to undetermined points
are interpolated from the correct ones. This can also be performed after
the end of the image is reached.
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If necessary, the high frequencies of the
DTM (i.e. the small shapes with high

slopes) are removed. b 510}
For a medium scale such as 1:20 000 and for a : ’
mean landscape, the following values look / \
powerful: /
- image size : 7x7 pixels, y J
~ - 3 Sy 7 o b \
-.5]0}30 limit ._tmm 20 up to 100% for flat e -
to steep landscapes. =
- spike limit : from 20 up to 100 metres for
flat to steep landscapes. ——

Agen area ; shading of DTM
correlated by the IGN's algorithm

d. Recursive approach

The recursive approach determines the parallax between the two images. It
works first on small scale images, under-sampled. At every step, the post
density is doubled until the full resolution is reached. For one single step,
parameters can be set up independently. At the beginning, a sparse post
spacing is used for the DTM completion ; afterwards, it is progressively
densified. This confines the time of computation. The main danger is the
propagation of the errors that occurs during the first steps. Therefore, one
has to be careful with the values of the parameters when starting to work
with new images.
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Agen area : shaded images showing the evolution of the surface with a six passes process by ATE from

SOCET SET®. For the last pass, a filtering of small artefacts is done. It removes the hedges or isolated

trees.
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A quick overview of the algorithms that have been developed is now given.
One can refer to the bibliography for more details.

1.2.3. LEAST SQUARES METHOD

The least squares method can also be used for a correlation algorithm. One
window is extracted from each image. The first one being the reference, the
second one is modified by an affinity transform to take into account the
geometrical distortions. The mean squares equation works on the difference
between the grey levels inside the two windows

After linearisation, an equation for each pixel is made. The system is solved
by the least squares method to estimate the parameters of the affinity
transform. For each pass of the algorithm ;

1. both positions windows are modified,

2. the second window is modified by an affinity transform that takes into
account the geometrical distortions (differences between angles of sight,
terrain slope...)

3. the first window is not modified.

until the convergence can be achieved. In case of convergence, the two
window’s centres will become homologous. An overview of this method is
done with <GRUNS86> and <ACKERMANNS3>.

1.2.4. MULTI-POINT MATCHING

The Multi Point Matching method also works with mean squares methods
and is developed in <ROSENHOLMS87>. There, the method consists in an
estimation of the X-parallax of a grid of finite elements by minimising the
difference in grey level for the two current windows. A continuity constraint
for the parallax between adjacent elements is also used.

1.2.5. DYNAMIC PROGRAMMING

With this method, for grey levels of two epipolar lines, a graph of cost is
built for the pairs composed of one point on the reference line and another
point one the research line. The cost function represents the accuracy of their
possible correspondence ; it might be the difference between the grey levels
of the two points or also a more complex function. A 2D array of costs is built,
with the points of the left epipolar line in abscissa and points of the right
epipolar line in ordinate. Then, the algorithm computes the sequence of all
best corresponding pairs, according to the costs previously calculated. For
each path of this graph, a total cost is given by the sum of the costs of all
the involved pairs. The path with the minimal total cost is computed using
a dynamic programming method such as the Viterbi algorithm
<FORNEY73>. At first, it was used in digital communication for messages
recognition in a terminal, statistics...
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Recently, applications extended to image processing, specially in
stereomatching. Instead of comparing pixels of conjugate epipolar lines, more
complex primitives can be used such as edges or blocks. A comparison with
the least squares methods is with <BENARD86>.

1.2.6. MULTI TEMPLET MATCHING

The multi-templet matching has been developed in the Institute of
Photogrammetry of EPF Lausanne. Initially this method was conceived for
large scale photographs. This matching algorithm encompasses the
determination of break lines, the approximation of the terrain by finite
elements and the filtering of obstacles.

The first pass determines the characteristic image lines with a Sobel
operator. As far as this detects also the edges of roof, roads or outlines of
trees, an analysis is performed to select only the break lines in elevation.
With image correlation, the creation of a DTM requires a mathematical
function to be used as the interpolation surface that allows a rigorous control
of the automatically derived height parallaxes. There, the use of finite
elements is effective. The obtained lines are incorporated into an irregular
grid composed of plane triangles. With the multi-templet matching, the
parallaxes are determined for overlapping zones with a hierarchical
approach, where the templates have a size that varies from 12x12 up to
400x400 pixels.

1.3. SPECIFICITY OF THE PHOTOGRAMMETRICAL APPLICATIONS

Photogrammetry is needful to compute epipolar lines or DTM but it is not
necessary for all the applications that use correlation : robotics vision,
character recognition...

Because of the need of accuracy in the determination of location, the

resolution needs a high accuracy. The best photographic emulsions require

longer exposure and this reduces the resolution because of the camera

movement. Therefore it is useful to work at greater scale even if more images

are required. The camera used is important <KOLBL86>.

From the beginning, photogrammetrists have been accustomed to a human

operator and everything was set-up for that. Now that algorithms working

on digital images are available, it seems that the required intrinsic

properties of the images are not the same :

e the correlation works well along the limit of shaded areas where a
human does not like to,

e noise or small periodic textures trouble the algorithms more than the
operators...

The scanning is also an important stage for the digital images. The quality

of the scanner itself and the pertinence of the way the calibration has been

done for the scanning are fundamental elements that have been studied in

many publications ; one can refers to <KOLBL94> and <SAUR95>.
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2. PROPOSAL FOR AN EVALUATION PROCESS
2.1. OBJECTIVES OF THE EVALUATION
In a production context, a complete comparison of several algorithms should
deal with the following aspects :
e time of computation,
* ease of use,
e quality of the results.

Considering the time of computation, only a real benchmark with the same
images on one computer could give an idea of the time needed by the
algorithms available. The Lausanne workshop should give some elements on
this aspect even though the performances are often linked with the
parameters given to the algorithms ; e.g. choice of the full resolution image
or a lower level one, pre-processing such as epipolar resampling, post
processing such as filtering artefacts... Besides this, the correlation process is
sometimes organised to be batch-processed, so to optimise the CPU occupation
during the day.

The ease of use is related to various things : quality of the user’s manual,
creation and storage of strategy for managing the correlation, limitation in
the number of user’s tasks, possibility of working and managing huge quantity
of data... All these aspects basically deal with the relation between the
client and the manufacturer, the reliability of the hardware and the
software.

The quality of the results must be evaluated in regard to different types of
landscapes to give a precise idea of the changes to be applied to the
parameters.

= Here, the choices of the areas and of the evaluation process are those
made by IGN France in 1995. The aim is the contour lines production at 1:
25000 scale. They are described in <DUPERET95>. This preliminary study
was made to evaluate correlation in the production environment ; both
technical and economical aspects were evaluated.

2.2. THE EVALUATION PROCESS

The best method is to verify if the generated DTM allows the production of
contour lines corresponding to the specifications of the database. From that
point of view, the DTM is just a temporary set of data. The result is visually
evaluated after the altitudes have been converted into contour lines and for a
3D check or compared to other sets of data. This approach is absolutely
necessary for a local investigation of the work done.

In order to make a pre-evaluation, automatic tools may be very useful. The
altitudes computed in the DTM are statistically compared to various sets of
control points : TIN, DTM, manual measurements...
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The following steps were used to organise the evaluation :

I. Scanning of the image : for the purpose of this benchmark, two different
scanners were used ; the DSW200 of HELAVA (pixel size of 12,5um) and
the PS1 of ZEISS/INTERGRAPH. (pixel size of 15um).

Inner and exterior orientations were computed by the specific module

available in the photogrammetric software used (the ground coordinates

are given from the IGN’s triangulation program).

3. DTM computation by every software available ; the only constraint is a
step of 5 meters for the DTM. Every kind of treatment is allowed
epipolar resampling, choice of level of imagery...

4. Statistical comparison of the DTM with files of control points. The
control points are given in the DXF format and correspond to a BD
TOPO® photogrammetric plotting of the following objects : contour lines
and spot heights, roads, rivers and various limits on the ground (field
limits, small walls...). For the results given afterwards, and as far as
all the DTM are brought back on the IGN'’s workstation, the Quality
Statistics module of SOCET SET® has been used. The followings
indicators are computed : bias, rms and standard deviation errors.
Additional regular and straight profiles were plotted to complete the
control data.

5. Visual control of contour lines by 3D superimposition with the images.

I

2.3. THE CHOICE OF AREAS

In considering the quality of the result, the choice of test areas has to be
made carefully. Thus, in order to have the most exhaustive set of control
points, the choice of the areas in France is made between existing data in the
BD TOPO® made by IGN / France.

Here, for a first step, homogeneous landscapes were chosen in order to
compare DTM in precise contexts. At first, the following landscapes have to
be differentiated :

e free landscape, without any obstructions such as houses, trees... A more
precise description should also take into account the nature of the
vegetation in the fields ; e.g., cereal fields can generate shapes.

e hedge landscape, with isolated trees and various hedges.

e covered landscapes, such as forest and cities.

The relief might also modify the performance of the software, in relation to
the slopes : flat, rolling and steep terrain. At last, the following areas were
chosen.

1. Reims : flat and without trees, with good quality for images and control

points.
Agen : rolling terrain with hedges of trees,
Corbeil : flat terrain with images of average quality.

W R
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2.4. ALGORITHM USED

For this test, two algorithms are presented ; an experimental one made by
IGN researchers (Jean Ducloux and Patrick Julien) and ATE (Automatic
Terrain Extraction) of SOCET SET®. They are both performed by IGN
operators, used to these algorithms which guarantees a relative optimal
result.
Some other DTM are also available :
 Reims area : a DTM computed with the T10N algorithm by a MATRA
CAP SYSTEMES operator,
e Reims area : a DTM computed with MATCH-T of INTERGRAPH with
an ICC (Institute Cartography Catalonia) operator inBarcelone.
[t will be interesting to see how the results can improve, by other
computations made by different operators. Other results from different

algorithms are also expected during the workshop in Lausanne (4-6 march
1996).

2.5. REIMS AREA

2.5.1. PRESENTATION

The scanning has been done both on the PS1 and the DSW200 scanners.

aerial survey : 1993 F 2812 300 acrial camera : RMK TOP 15
scale : 1 : 30 000 photographic_emulsion : Aviphot
date: 29 06 93 4 9 h 40, 200

images : 17 - 19
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2.5.2. STATISTICAL RESULTS

Roads Rivers Field limits

1700 points 60 points 300 points
Algorithm Scanner [step (um) bias ms bias ms bias ms
IGN DSW200 25 023 1.28 046 094 0.16 204
ATE PS1 15 -0.24 1.76 -0.15 159 0.73 296
ATE+ edited PS1 15 -0.12 0.96 0.06 1.52 -0.10 1.39
MATCH T PS1 15 0.20 1.52 0.74 1.02 013 1.99
T10N PS1 15 -0.40 1.83 0.73 224 -0.76 283
Spot heights Profiles Contour lines

125 poinfs __ 1250 points 5500 points
Algorithm Scanner |[step (um) bias ms bias ms bias ms
IGN DSW200 25 017 0.63 -0.20 1.25 0.16 0.72
ATE PS1 15 -0.28 0.66 -0.56 1.30 -0.27 0.96
ATE+ edited PS1 15 -0.32 0.68 -0.58 1.35 -0.29 0.89
MATCH T PS1 15 0.16 0.67 -0.33 278 -0.07 2.53
T10N PS1 15 -0.26 082 [ -041 | 150 021 | 126

bias, rms and std of the DTM compared to the different groups of control points

elevation error = checked }’[‘HH’ elevation - DTM elevation.

ATE+edited means that the DTM computed with ATE has been edited with
correction tools (see chapter 3). The DTM computed with IGN’s algorithm is
already filtered. The other DTM were not edited and are directly issued
from the correlation. With the DTM available now, only IGN and ATE
algorithms give visually a smooth and satisfying result to produce contour
lines at 1:25000 scale.
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2.6. AGEN AREA

2.6.1.

PRESENTATION

aerial survey : F 87 300

1840

scale : 1

date :

: 30 000

2.6.2. STATISTICAL RESULTS

aerial camera : RC10 1043

photographic emulsion :

50
images : 87 - 89

Aviphot

roads rivers

Algorithm | Scanner |step (um) | bias ms bias ms

IGN DSW200 25 06 1.79 -0.35 1.61

ATE DSW200 125 -0.92 1.86 -2.31 273

spot heights profiles contour lines

Algorithm Scanner | step (um) ] bias ms bias ms bias ms

IGN DSW200 25 -0.22 0.87 -0.99 1.68 -0.78 1.67

ATE DSW200 125 -0.93 1.52 -1.90 255 -1.66 223

bias, rms and std of the DTM compared to the different groups of control points
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2.7. CORBEIL AREA
2.7.1. PRESENTATION
aerial survey : 1992 FP 2315-2415 aerial camera : RC10 6044
scale : 1 : 30 000 photographic emulsion : Aviphot

date: 28 0792 a 10 h 25 50
images : 153 - '! 5'5

2.7.2. STATISTICAL RESULTS

roads rivers

Algorithm Scanner step (um) bias ms bias ms

IGN DSW200 25 0.34 1.73 -0.29 1.70

IGN DSW200 50 -0.89 203 -1.40 217

ATE DSW200 125 -0.65 1.85 -1.41 207

spot heights profiles contour lines

Algorithm| Scanner | step (um) bias ms bias ms bias ms
IGN DSW200 25 -0.10 1.01 0.49 0.99 -0.58 0.85
ATE DSW200 125 -1.05 127 -0.27 1.01 -1.06 145

bias, rms and std of the DTM compared to the different eroups of control points
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3. TRANSFORMATION OF THE DTM
3.1. DATA MERGE

3.1.1. THE MERGE PROBLEM

As far as a DTM can be considered as an image, the tools commonly used in
image processing for combining various informations can be applied to
transform a DTM. The problem is to choose a good altitude between different
sets of data, such as TIN (Triangular Irregular Network), DTM or profiles of
various steps and accuracy. The theory offers different means to come to the
correct decision such as the Bayesian decision, fuzzy sets, possibility theory,
evidence theory. Those have been used in an industrial context for more than
20 years (measurements of pressure, temperature...). In image processing, it is
happening progressively now, with an approach due to the specificity of the
image : size, structure, various sensors.. <BLOCH> gives an interesting
overview of the basic concepts.

In fact, the so-called data merge should be reserved for a simultaneous use of
heterogeneous images tending to help the process of a unique decision ; in our
case, the aim is to choose a correct altitude when different sets of elevations
are available.

[n a few words, here is exposed what should be the full process leading to
the choice or decision of an appropriate altitude within a set of data of
different origins:

1. geometrical merge : this step aims at the superimposition of all the sets
of altitudes, according to an absolute geographical reference. This
functionality seems to be correctly provided by numbers of softwares,
according to the users’ needs. For other purposes than aerial imagery, a
lot of techniques are used. <MAIT91> gives a wide survey of what can be
done in spatial, aerial and medical imagery. It often requires a
resampling leading to an incertitude that needs to be carried out until
the decision is made.
merge models : the general situation corresponds to [ images (or DTM)
representing heterogeneous data. Then you need to make a decision
referring to the element x that can be a pixel (or an altitude) or a more
complex object coming from the image. Referring to the space of decision
D ={C1,C2, .Cn) (this can be an altimetric interval), the problem is to
affect a value Ci to x. The decision is taken by considering the measures
M/(n)given by the informations available in the image Ij on the
potential decision Ci for x. These measures depend on theory used for the
merge process.

2
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e the ideal way to choose is called the global merge ; the decision is
made by taking into account the (M (v)) matrix for all images and

decisions. Unfortunately, this model is hard to implement.

* the second way is to make a primary decision d(j) € D for the Ij image
from all the measures made on it. This could be called the decentralised
images’ merge. In a second step, a final decision on x is made by using all
the primary decisions. Practically, this model is necessary when the
images are not simultaneously available. This model does not really
care about the links that may exist between the different sensors and
the possible correlation that might exist between the images ; in
addition, the user will probably have to manage conflicts such as d(j) #
dli) for j#i.

* the third model, orthogonal to the previous one, consists in combining all
the measures in relation to the Ci decision from all the images to
generate a new Mi measure. Then, a decision is made out of this
combination. Therefore, just as in the first model, this is a centralised
one that requires simultaneously all the images. Rather easy to be used,
this model is not appropriate if a new sensor must be added during the
pl'OCL’an

* The last model might be called the hybrid one. It consists in choosing
the useful informations for a given problem taking into account the
specificity of the images. This copies the human expert’s process.

3.1.2. THE SHANNON THEORY

What is the amount of information due to a new image (or DTM) [, to the
available set {I,, I,... I,/ ? Shannon has fixed the basis of the theory of
information. The entropy characterises the information contained in the
available data. For the [ first images, this function is defined by

H(l,,..1l,) -z,q Lyyeerdy Vog p(lyyenedy )
and the entropy brought by the I+1" image is
H(ly g lyyescl )= B(lyyerly ) =H (1, .00, -Z,»u,,...;, Vog p(l) yened) )

The redundancy between two images is defined by
Rl 1 )=H(l,)+H(l,)-H(I,,1,)
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The complementarity between two images is defined by c(1, 1, )=H(1, 1,)-
Therefore, this leads to wy, )=nu,,1, )+ €1, 1,)

Highly redundant images will be used to confirm an doubtful decision and as
complementary images to widen the decisional set.

3.1.3. MODELISATION

At first, one must be aware of the difference between the two following
notions : imprecision and incertitude. Those terms must not be confused. The
precision of the information deals with the quantitative evaluation of its
value ; the certitude is linked with the veracity of the information.
i.e. : « this is tall » is imprecise;

« you'll get this letter tomorrow » is uncertain,

« it will rain a lot » is uncertain and imprecise.

It is fairly necessary to deal with them. They are always present, according
to the reality or to the processes performed on the data. Imprecision and
incertitude can be antagonistic and cne must explicitly deal with both ;
otherwise, there is a risk of incoherence.

The different theories to manage with these notions are : the probabilistic or
Bayesian model, the fuzzy sets and the beliefs theory of Dempster and
Shafer. They allow one to organise the necessary steps that leads to the
decision :

1. the modelisation creates a mathematical representation of the
information contained in the DTM or images.

2. the combination uses the rules specific to the type of model to merge the
data.

3.1.4. MERGE : STATE OF THE ART

At the present moment, the photogrammetrical manufacturers have
implemented a few functionalities that do not seem to follow theoretical
models. These are rather interpolation tools than mathematical models to
merge altitudes. The following functionalities are sometimes available :

e merge of several DTM, but with an exclusive precedence according to the
post spacing, the order they are given with or another information
linked to the altitude such as a correlation coefficient... An additive
treatment can be performed to smooth each side of a DTM’s boundary
concerned by the overlap area frontier.

e merge a DTM with elevations from a TIN of different classes of objects.
Each one of them can be attached to a kind of profile (that will be
restored in the DTM after resetting the elevations) inside a region
defined by the posts of DTM within a distance (entered by the user)
from the delineation axis. The imposed terrain profiles can be U or V
shaped, linear or bulldozer.

To be fully efficient, these functionalities should be attached not only to an
entire class but also to the user’s designed objects ; furthermore , the distance
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selected by the user should not be unique for all the classes to improve the
merge. The merge is naturally performed after the correlation pass. It is also
interesting to give these TIN as a constraint during the correlation.

3.2. EDITING A DTM

In an industrial context, edition is a critical task. It requires an operator used
to image processing. The variety of landscapes or relief generate various kind
of surfaces for the DTM. If the proper treatments are not used, this can easily
lead to a loss of time, especially if an improper set up of displaying the
DTM is used.

3.2.1. REPRESENTATION OF A DTM

a. Generalities

Various kinds of set up can be used to draw a DTM. There is no ideal way of
displaying. It depends also on the purpose for which the data are made and
of the hardware available. 3D vision is probably necessary, and it can be
performed either on a 2D or 3D screen. In the last case, one can use a
stereoscope and be able to display two images at the same time, positioned
as in a stereogram.

b. Representations of elevations
These representations can be superimposed on the images. This helps to check
the DTM'’s quality.

* the contour lines give the idea of the global shape of the relief, but only
where they are localised. No information is known between them. Their
shape depends on the kind of resampling algorithm used and on the post
spacing of the DTM.

 regular networks of dots or various icons can give the idea of the shape
of the DTM if they are superimposed on the images in a 3D mode.

¢. Representations of extracted informations

* a shaded representation gives the idea of the texture of the surface in
the DTM. This is very useful to evaluate the quality of the elevations
and give an exhaustive overview of the surface.

* various types of informations can be displayed, such as the correlation
value..

3.2.2. POST EDITION

An interactive post edition shows the values of the elevation and various
informations given by the correlation. Then, it is possible to adjust them by
manual measures moving the floating mark.

According to the correlation, over ground details often generate shapes, that
are neither similar to the detail’s shape, nor on the ground, but in both cases,




they involve a group of posts. With a post editor, it would become necessary
to modify a lot of data and the use of a post editor leads to a loss of time,
Therefore, this kind of edition is rather recommended for showing values
rather than modifying them.

3.2.3. LINEAR EDITION

A linear editor is useful for various purposes :

e removing artefacts such as hedges or anything leaving a linear
signature in a DTM. The user shows the axis in the DTM of the shape
that has to be removed. In a DTM, such a tool resets the elevations
closer than an interpolation distance D from a delineation (both
indicated by the operator). If the elevations further than the
interpolation distance are not affected, the others are interpolated from
the axis to the frontier of the area given by the interpolation distance,
according to a kind of profile given by the operator. The most common
options are to interpolate with Uniform, U shape, V shape and
Bulldozer option

0 - DTM terrain profile :/_\_/
| |
I I

Delineation axis: .. ! '

Interpolation distance (D) : ! : '

|
1 - Uniform interpolation correction : ,
|

(]

(§S]
—
(e




e I'idgt’w
drains

— reference
profile

I ] |
| / I / | I
| I 1 1
- ] ] I I i
Example 1 | | . . |
interpolation distance = half post spacing | |
interpolation option = bulldozer ; :
I |
| | ! X

X i | -
. . X
| * | I

no' hypothesis fs made'on the shape between the different lines

| st one pogt is concerned
I | | | I
I | I I
| | |
— | ] ] ]
Example 2 | |

interpolation distance = D (rgsp.. 2D) for drains (resp.. ridges)
interpolation mode = V shaped (resp.. U shape) for drains (resp..

ridges) . .
) | | 1 1
| | | | |

-'.rflf.'l-r"'hl'\I I”I“’l!'" sure |'|H|'|J‘|l JI} i _‘!) |'..'“ \.l"l’ll'rlf llrllll‘iljll.
Elevations are not known between those seemieiits of profiles (they could
also overlap). The surface is known with more points than in example 1
t t

but this added information is not reliable.

(}®]
p—
o




caricaturing the DTM, to improve the relief modelling, that is often
smoothed by the correlation. In that case, the user forces DTM to conform
to break lines. The same options as above are available. The problem
encountered here is that ridges and drains do not necessarily have the
same width or profile along their axis. The best way here is to indicate
the axis with an interpolation distance that is small enough (i.e. half
of the post spacing) to make sure that the area composed by the drain
axis and the interpolation is reduced to a single post large line. The
bulldozer option is recommended here. In this way, no option is made on
the shape around the drain. An area editor has then to be used to create
the surface. If the elevations are dense enough and the gap between
them not too large, then a correct interpolation will work (see area
edition). Otherwise, with an interpolation distance greater than half of
the post spacing, the surface will be partially rebuilt, with forced
shaped areas and with unknown areas. The result will be incomplete
and not smooth.

3.2.4. AREA EDITION

An area editor is necessary to change all posts within an area delineated by
a polygon. The most useful tools to remove artefacts from the correlation, and
to modify the surface are described below.

o

Smoothing convolution : whatever the window’s size is, it is
convenient to remove or to reduce noise from the elevation data ; the
smoothing effect increases with the size of the window.

Interpolation from a 2D polygon : when a small artefact or obstruction
is surrounded by correct elevations in the DTM, it is helpful to use an
algorithm that interpolates from posts just outside the polygon
perimeter. The area delineation does not have to lie exactly on the
ground.

Interpolation from a 3D polygon : useful to remove artefacts or to fill-in
obscured areas (clouds, shaded parts...). The posts within the area are
filled by smooth interpolating from the perimeter delineation. The
effect of smoothing can vary with the kind of algorithm used for the
interpolation.

Interpolation under constraints : sometimes, it is helpful to interpolate
from a 3D polygon, by taking into account a set of inside elevations, for
example marked with a specified flag (e.g. manually measured, high
correlation...). All the elevations that are not marked are interpolated
from the TIN composed of points of the external polygon and those with
the correct flag. This kind of tool is useful to give constraints along the
ridges and drains. It is necessary to control the degree of interpolation
inside the area.

Segmentation : to divide the working area into parts is often useful,
especially when one has to surround places where correlation is not
needed or obviously bad (sea, snow, outside boundary...). If this is used




before correlation is performed, the time of computation is reduced.
Otherwise, it is useful to reduce the amount of data or to optimise the
post treatments applied after the correlation that might be disturbed by
wrong elevation : terrain shading, contour lines resampling...

6. Plane fill : whether horizontal or not, and according to the scale or the
result needed, it is often useful to set all the posts within an area to lie
on a plane whose delineation is given in 3D by the operator. The option
of feathering the outside edge of the area to the surrounding reduces the
noise along the delineation.

7. Constant fill : inside a polygon, all the elevations are valued with a
constant that can be the average, the minimum or the maximum of all
the posts inside the delineation.

8. Bias : the possibility of adding a constant to all the elevations inside a
given polygon might be useful to remove over-ground obstructions such as
canopies or huge buildings.

9. Filtering the DTM: by giving a height and a width, the operator
parameterises the filtering that removes all the objects by specifying
the values. This is useful to remove trees, hedges and houses.

10.Filtering the data : considering the neighbourhood of an elevation, a
number of DTM posts gives a redundant information about the surface. A
useful criteria to mark or not a point as redundant is the rms error of the
planarity within the DTM. If a region is plane within the threshold
given by the operator, then the centred post is flagged as redundant and
will not be used during posterior treatment, such as resampling or
exporting.

4. CONCLUSION
The conclusion here concerns contour lines production for the BD TOPO® by
using black and white images at 1:30 000 scale with SOCET SET ®.

4.1. PERFORMANCES AND USING

The generated DTM had a step of 5 meters, leading to a maximum of 500 x
1000 posts for a simple model. The full resolution images had a size 350
Mbytes (12,5 um) or 250 Mbytes (15um). This required a space disk of about 1
Gbyte/model. The experimental IGN algorithm was running on a 20 MIPS
computer and needed from 4 to 8 hours. ATE was performed on a 130 MIPS
computer and needed up to 2 or 3 hours of computation.

For both, an operator expert is required to perform the computation and
edition. To reduce problems along the overlap areas between models, several
DTM can be merged together (more than ten).

4.2. THE PRE-CORRELATION ELEMENTS

The aerial camera might affect the quality of the images. On the tests made
above, there is nothing to prove that the compensation of movement of the
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camera is giving a real improvement to the quality of the correlation, even if
Reims looks better ; the intrinsic quality of the reference data could just
make that difference. The IGN’s aerial department links the choice of the
camera with the photographic emulsion : RMKTOP with Aviphot 200, RC30
or 10 with Aviphot 50. Nevertheless, these choices have been made out of a
long experience to satisfy the specifications required for the databases, made
with manual plotting. At present, the plotting with the digital workstations
is based on manual measurements. As far as the correlation for surface
determination is not the basic tool of the plotting process, these elements
must be considered as a constraint.

The intrinsic properties of the analogic photography are also relevant to the
atmospheric conditions during the flight. The smaller the diffusion effects
are, the shorter the aperture time is. The shorter the time elapsed between
the successive images is and the better will be the aptitude of the image to
describe the ground contrasts, so needful for the correlation.

Both the used scanners (DSW200 and PS1) have given similar results,
according to the control methods chosen. The geometric accuracy must not be
altered by the scanning, but this is quickly checked with the inner
orientation. The radiometric accuracy depends not only on the scanner but
also on the operator who has to optimise the calibration with the images to
perform a good rendering of the contrast. On the image used, the processes of
correlation have given equivalent results on 12.5, 25 or 30 um. The quality of
the DTM decreases with scanning steps of 50 pm or more.

images scamed with images scanned with images scanned with
DIOS 20 pm DSW200 12,5 umi PS1 15 um

Comparison of three DTM with identical parameters for the correlation




4.3. CORRELATION ALGORITHM

The IGN and HELAVA tested algorithms have given similar results (the
other tests on Reims did not look good enough to be edited for the purpose of
contour lines product). The differences are tiny, and can often be quickly
corrected by editing tools. The differences occur specially when the images
have a poor radiometry. In the IGN’s production context, this is hardly ever
the case but it might become preponderant for a private company that deals
with images made with various types of sensors.

The opportunity of storing the parameters in user-defined strategy allows an
optimal preparation of the work before the correlation. But nowadays, the
manual prepared by the manufacturer does not give this opportunity nor does
it help the operators to modify the contents of the strategy. This requires
operators used to image processing. A direct algorithm requires less
parameters from the operator than the hierarchical algorithms. Whatever
the choice is, it is necessary to give the operator the opportunity of
modifying the behaviour of the algorithm to adapt it to the quality of the
images and to the expected result.

A quick statistical method to study the quality of the image should help to
optimise the parameters.

4.4. EVALUATION OF THE QUALITY OF THE DTM

By taking into account only the two areas of Reims and Corbeil with the
number of points of each set of data and with only the spot heights and the
profiles like reference data, the global statistical result can be resumed to :

rms/spot heights rms/ profiles global rms
IGN 0.81 1.17 1.15
ATE 0.99 1.22 1.2]

One has to be careful when using control data in altimetry. Here, except for
the profiles, the reference data came from an analytical plotter. The type of
measurement also seems to have an important effect. The static measurement
is always better (spot heights) than the dynamic measurement. In this last
case, the data seem more reliable when the operator makes better
measurements for objects that present a good contrast with their
neighbourhood (roads). As far as it is also the case for correlation
algorithms, it is normal to find good statistics on such points. In addition, it
also seems that the manual measurements are better when the operator
chooses his points himself, even in a dynamic mode (contour lines), rather
than when he is constrained to follow a profile for which the altimetric
position has to be all the time adapted.

The visual control of the data was done by superimposition of the contour
lines (directly derived from the DTM) on the images. The following facts
appear on the tests made :
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e the DTM made by correlation appear to be over the ground

e the ground obstructions such as trees or buildings can easily be removed
when isolated. When their dimensions exceed about a hundred meters, it
is necessary to perform an additional plotting, unless the destination of
the data does not require a great accuracy.

e the data merging function allows the creation of DTM that describe
properly the surface and the objects on it.

e the editing functions are absolutely necessary to transform the surface’s
DTM. The correlation brings a good description of the ground surface but
cannot take account of the artefacts due to the bad correspondence
conditions that may occur between the two images : variations in
photometry (specular reflectance), objects movements, obstruction (clouds,
shading...), influence of the atmosphere and of the meteorology
(wind...).

A complementary study has been done to compare the contour lines plotted by
two different operators. Compared to a first manual plotting, the rms of the
second manuai plotting is even a little bit higher (1.1 m.) than for the two
DTM (0.72 and 0.83 m.). The visual control shows that the contour lines
automatically plotted might look slightly smoother than the others,
especially along the break lines ; one has to remember only that the
differences between several operators are located there also.

In conclusion, when the landscape contains just some ground obstructions, the
correlation might help the operator by giving good quality contour lines.
With edition tools such as described above, artefacts can be removed. At
that stage, it is technically reliable.

Now, the economical aspect must be evaluated, according to the production
context. The DTM'’s edition is probably the critical task. For the IGN
production of contour lines, less than one hour for an easy model and two
hours in the case of a hard one should be spent. At last, with counting the
CPU cost and all the time spent in pre and post processes, the aim is to
divide by two the cost of the contour lines’ plotting. If the tests done at the
moment confirm the reliability of these algorithms (IGN or SOCET SET®),
IGN should begin to produce contour lines at the end of the year 1996

4.5. DTM TRANSFORMATION
A complete toolbox for edition is essential. The present experience of IGN
tends to the following post-correlation process :
1. Removing the artefacts by using the interpolation and plane fill tools
2. Merge of add-on profiles with reliable elevations, such as road or field
delineation, obtained during the manual measurement of the planimetry,
3. Complete manually the altimetric measurement for any place where no
correlation was efficiently processed (islands, wood, cities...)
4. Modification or addition of break lines, to obtain nice contour lines,
starting with the upper part,
5. Global smoothing, to have a homogenous rendering.




These are only some recommendations. It is up to the user to decide what he
wants to perform. At the moment, experimentation tries to evaluate the ratio
quality /cost of all these steps, to determine the optimal process.

An IGN made process, called the cartographical smoothing is also tested
now. The determination of the break lines is done automatically in the DTM,
so as to give a constraint to a specific smoothing process. The result gives
very smooth contour lines, without any modification along the break lines.
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Discussion after the Conference:
Automatic Derivation of a DTM to Produce Contour Lines,
by A. Dupéret

Quessette:

As a service company, I am very happy to say that even when we are
talking about DTM, we are talking about automatic DTM and [ could not
help, but presume that there is still a lot of manpower necessary. In a way,
this is also good for our service company.

Dupéret:

In fact, we initially could not imagine having a fully automatic process. The
operator’s job now is so different from what he used to do. He is now working
with raster data, but he still sees contour lines in vector form. If he wants to
move them, he has to keep in mind that inside the polygon drawn for an
edition operation, an interpolation algorithm is performed on the posts of a
regular grid. This transition period is not easy for the operator and to
explain to him takes time.

Adam-Guillaume:

I think it also depends on what kind of DTM you want; you can have a nice
and smooth DTM, or a DTM including buildings to g_,cnmatc the orthophotos.
You can afford to leave some noise if you want an ortho image, but if you
want a good DTM, it is definitely laborious.

Dupéret:

Let me tell you, we do not intend to work on hard landscapes, we leave these
areas out if it is too hard. We will still continue doing manual plotting and
we definitely need more experience before the operator can start working on
harder things. Many people now often ask for contour lines and DTM data as
well, so it 1s almost inevitable that we will have to manage two jobs very
soon, perhaps we need two DTMs.
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Experiences with MATCH-T for Orthophoto Production

M.Torre, A.Ruiz

Institut Cartografic de Catalunya
Barcelona-Spain

1. Introduction

The aim of this paper is to describe the practical experiences of the ICC
with MATCH-T (Ackermann 91) in a production environment.

MATCH-T generates a regular mesh of points from a stereoscopic pair of
oriented photographs. The process is split into two parts:

a) the extraction of interest points.

b) the matching of these points and the surface reconstruction by finite
elements.

All processes are carried out by iterating on different levels of image and
DTM pyramids.

Since late 1994 we have been using MATCH-T to produce the DTM for three
orthophotomapping projects.

Project Map scale Image Surface
scale (Ha)

Venezuela 1:25,000 1:60,000 1,000,000

(color)

Medea (B&W) 1:25,000 1:60,000 570,000

Asturies (color) 1:20,000 1:60,000 425,000

2. MATCH-T DTM

Image matching with a stereopair is an ill-posed problem. It can be solved
only through regularization, assuming that the DTM is smooth almost
everywhere. MATCH-T (Krzystek 92) uses a constant step grid to:

- Regularize the equations’ system.
- Guide the matching of interest points.
- Remove the wrong matches.

A grid DTM with bilinear interpolation is a smooth representation of the
topographic surface. With this model it is difficult to represent
geomorphological characteristics. MATCH-T tries still to get smoother
models by applying conditions over the second differences by columns and

[E%]
[R%]
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rows and conditions over the cross derivative. These smoothing conditions
enter to the linear equations system as observations instead of entering as
constraints. Since a robust adjustment is performed, the observations that are
not compatible enough with the current surface are removed.

Breaklines can be entered but they are not rigorously included into the model
that MATCH-T uses in the search of matching pairs. We found that the
effect of breaklines is too local.

3. MATCH-T workflow

The general workflow is:

l.- Epipolar sampling and image pyramids at 15 microns (level 0).

2.- MATCH-T first run at the first level of the pyramid (30 microns).

Only default parameters for fiat, hilly or mountainous terrain are used. The
grid spacing for the aforementioned projects was 30x30 meters. The output is a
graphic file with the grid points.

3.- Quality control and editing procedure. It is based on the revision of the
output results by operators.

4.- Triangulation of the complete set of elevation points and conversion into
grid format.

5.- Insertion into a DTM database. Quality control is done before the insertion
with the help of statistical and visual tools (ie: hypsometric representation

and shading).

MATCH-T and the editing and revision processes run in an Imagestation 6887
with a 4 GB disk.

The following table shows the timing for each MATCH-T step:

" Batch Interactive
time time
(minutes) (minutes)
Epipolar 45 0
sampling I
MATCH-T 1st 35 0
un
QC and edition 0 90

TR we——



Since the two first steps are not interactive, the whole MATCH-T process
takes 90 minutes of interactive work. The compilation of profiles and
breaklines of the same area would take up to 10 hours.

4. Quality control and editing procedures
General considerations

From our experience, surfaces generated by MATCH-T are almost everywhere
correct except from certain areas where the surface does not fit properly.

e Geomorphological characteristics are filtered out by the robust estimation
process because they are considered as blunder errors.

* Areas with low redundancy are those where the program has not been
able to match enough points, due to low texture or because matched pairs
were not compatible with the surface achieved before. In these areas the
model turns flat because of the smoothing conditions prevail.

Fail-prone areas are:

e Ravines and ridges: where the slope is discontinuous.

e Valleys and slopes surrounded by forests or by very poor textured areas.

e Linear man-made features (ie: roads) that could cause distortions in the
orthophoto.

o Other very poor textured areas.

We can distinguish two aspects in quality control: accuracy control and
blunder error detection.

Accuracy estimates can be given through the measurement of control points.
These estimates do not provide any information about blunder errors that
must be detected with redundant observations. As it has been said before,
image matching is an ill-posed problem and observations are not redundant at
all. Also, accuracy estimates are not reliable if blunder errors have not been
previously detected and removed.

MATCH-T provides internal quality estimates that are not reliable enough
to guide the edition process. We have found that redundancy figures are the
most useful information in editing time. Any additional point measured in
low redundancy areas is an 1mpurtant observation for a next run of MATCH-T.

We have done some quality control tests using the image of differences
between the two orthophotos that can be rectified from a stereopair: one
orthophoto generated from the left image and the other from the right one
(Heipke 1993). Only big errors are dctcatcd and there are many f a[se errors,
mainly due to the different occluded areas that appear in each orthophoto.
This image of differences provides a mean to detect at a glance many outliers
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of the model -blunders-, but it is difficult to convert this image ot ditferences
into numerical estimations.

After these considerations and some tests performed in controlled areas with
many check points, it was decided that a systematic external control was
needed. Now it is carried out only through operator inspection.

The quality control and editing process

The early 94 workflow was based on:

e Terrain type parameters: Flat, hilly or mountainous.

e Adding measured points close to the incorrect grid points after the first
run of MATCH-T.

e MATCH-T 2nd run at first pyramid level with the measured points
included as mass points.

The number of points added per model was over 2,500 and the editing process
took from 2.5 to 3 hours.

After some tests we decided to modify the editing process to reduce the
number of points measured and the time needed for the revision. Only two
types of terrain setup are chosen:

e Mountainous in case of terrain type hilly or mountainous.
e Flat otherwise.

This setup reduces the number of low redundancy points. For example, in a
specific mountainous area from Venezuela the results obtained were:

Terrain type High redundancy grid Low redundancy grid
setup points points
Hilly 45348 17503
Mountainous 54895 7956

After the first run of MATCH-T, depending on the results of the visual
inspection, the operator decides:

e Edit MATCH-T points

or

e Define obscure areas and measure new points inside. Collect breaklines if
needed. Run MATCH-T again.

With this workflow the quality control and editing time have been slown
down to 1.5 hours.




It is very important to work with good quality images, otherwise the
matching processes will fail and the edition time will drastically increase
(the standard editing time increases more than twice)

Where to place mass points and breaklines?

Breaklines are added in:

e Valleys and slopes. When these features are surrounded by forests or by
very poor textured areas we measure additional points, otherwise the
second run is not useful to improve the results.

* Linear man-made features that could cause orthophoto distortions.

Points are added in:

* Very poor textured areas. Without these points the resulting surface is a
plane or has plenty of outliers.

5. MATCH-T new features

From the August95 release there are some new features that improve the
MATCH-T surface reconstruction process and that make easier the quality
control process. The most useful features are:

* Better handling of collected breaklines: There is no limit in the number of
breaklines that MATCH-T can handle. Also, there is the possibility of
removing the points within a user-defined buffer along the breaklines.

* Better integration with other Intergraph software, mostly with the one
that helps to edit the grid and to collect a new one (ISDC).

* Integration of the final step that writes the points in the file. In previous
releases it was necessary to enter into the Design Graphic File (DGN) and to
recover the information from the raster result files. In the current release it
is possible to send all the process together.

6. Remarks and conclusions

Up to now, we have used the DTM delivered by MATCH-T only for
orthophoto production purposes.

We have found that even with the addition of some breaklines it is difficult
to obtain cartographic- quality contours, but more tests should be done to use
MATCH-T for contouring purposes.
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Output statistical results are not helpful enough, since they do not correspond
with the visual inspection, except the redundancy figure of each patch.

After some tests it was decided to stop the MATCH-T process at level 1 of
the pyramid (Colomina 95). For the projects in which we have been working,
stopping at 30 microns was a tradeoff between accuracy and throughput.
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Discussion after the Conference:
Experiences with Match-T for Orthophoto Production,
by M. Torre

Becker:

[ have a question concerning the DTMs as for the ridges between the adjacent
models. Are you sure that the software you are using takes into account earth
curvature? Because | have seen similar results as you showed if earth
curvature is not included.

Torre:

We are always careful about the overlapping area. It is mandatory that we
follow strict measures to ensure good continuity in the orthophotos, for
example, we always introduce into the Match-T a security boundary in order
to avoid problems. In addition, when we edit, we also use the adjacent model
as a reference model and if it is not satisfying enough, we add more points.

Haumann:

You said that there were more than 50°000 points used, to which area do you
refer? Because this would correspond to a point in every millimeter of the
photograph, which seems to me is highly redundant.

Torre:
Yes, it is true that we collect many, many points.
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SOME CONSIDERATIONS ABOUT FEATURE
MATCHING FOR THE AUTOMATIC GENERATION OF
DIGITAL ELEVATION MODELS

F. Ackermann, INPHO GmbH, Stuttgart

ABSTRACT

The paper refers to the MATCH-T system for automatic generation of digital
elevation models by digital image processing and reviews some general items, like
feature matching and redundant data capture. The resulting accuracy and system
performance is sketched. Also some problem areas are pointed out because of
which interactive editing is a necessary and essential part of any automatic DTM
system. The basic limitation of dense vegetation cover can only be overcome by a
multi— sensor approach.

1. INTRODUCTION

This short presentation is confined to submitting some deliberations and
background considerations about the automatic generation of digital terrain
(elevation) models (DTM) by digital image processing. The considerations are
based on the concept of and some experience with the MATCH-T program of
INPHO company which represents some of the features to be discussed. But
the implications are of a more general nature and concern partly other
systems, too.

The MATCH-T program (Ackermann, Krzystek, 1995) operates with pairs of
' digital images the orientation of which is supposed to have been
established. The basic procedural steps are quickly listed: First the photo-
pairs are normalized (on the basis of the given orientation parameters), in
order to subsequently exploit the epipolar geometry. Image pyramids are
formed, with 8 or 9 levels, together with complete feature extraction and
feature pyramids. The basic feature extraction, on all levels, utilizes the (1 D
modification of the) Forstner operator. On each level feature matching is
| performed, made efficient by epipolar constraints and bounded search spaces.
The matched image points are processed analytically to 3D model (terrain)
points, from which a finite element fitting is derived, in tiles, representing
the respective DTM. Each level of the feature pyramld 371\'05 a better
approximation to the final DTM, see Fig.1. As initial approximation a
horizontal plane is sufficient to start from. The final DTM is edited as a
rectangular grid, defined by the finite elements. Normally, an interactive
editing phase concludes the DTM generation.




The method is originally based on the assumption of smooth terrain.
Refinements are introduced by additional break lines (and excluded areas)
which are pre-determined interactively on the image station. The feature
matching can, optionally, be supplemented by least squares matching. A
characteristic item of the system is high redundancy. Normally more than
100 times more terrain points are captured than in conventional analytical
DTM capture. Nevertheless, the system is programmed to be fast, resulting in
economy and accuracy.

2. DISCUSSION OF SOME KEY ITEMS

2.1 When evaluating resp. characterizing a method a clear distinction has to
be made between general system considerations about approach and
principles and between the actual realisation in a computer program and its
possibly interactive working functionalities. Here, we only consider the
general aspects of the MATCH-T system, some of which refer to other
systems as well.

2.2 When DTM methods are discussed the applied matching method usually
receives prime attention. It is true that there are considerable differences
between feature matching and area matching. And each approach has certain
consequences for the system and its performance. It is well known that
pairwise matching gives parallax accuracy in the order of 0.3 — 0.4 pixel for
feature matching resp. of 0.1 — 0.2 pixel for area matching. Feature extraction
and matching, especially the 1 D version, is quite robust and requires less
close approximations. Also, it is quite fast. Area matches on the other hand
require locally flat areas, a condition which has to be checked in each case.
Also, they have a small convergence radius, and the computation is more
elaborate. However, the question loses importance, as DTM programs can
have options with 2 or more implemented matching methods. The MATCH-
T program, for instance, still operates basically with feature matching, but
has the option for least squares matching. The option may be used in case the
accuracy of individual points is essential.

With the MATCH-T system normally feature points are extracted at an
average distance of about 10 pixel, and the DTM grid width is in the order of
30 pixel. Accordingly, with 20 pum pixel size for instance, at least 600000
terrain points are measured per stereo-pair and the edited DTM would have
about 70000 grid points per stereo—pair. It means that the derived DTM grid
is more dense than conventionally interpolated DTM grids.

2.3 The above figures mark a fundamental difference against conventional
analytical data capture for DTMs. In a stereo-model normally between 2000
and 10000 DTM points used to be measured. The DTM grid derived by
interpolation would be denser by a (linear) factor of 2 or 3, resulting in
perhaps 20000 or 30000 grid points per stereo-model. The actual parameters
always depend, of course, on the type of terrain and on the specifications for
the DTM. The implicit philosophy has been that for economic reasons as few
points as possible were to be measured which would suffice to meet the given
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specifications. That implies that the measured points had to be placed well
in order to sufficiently represent the terrain, which in turn required human
insight and 111telll;,om_e to a certain degree. It also means that the final grid
is derived by interpolation between the captured data points. The same
philosophy also explains why in conventional practice many break lines
were measured, as they represent a highly effective catching method, with
relatively few points. Often more than 50 % of the DTM data capture used to
be break line points.

The philosophy for automatic data capture is entirely different. The
measurements are made blindly, not guided by insight nor specific
intelligence. Instead, the principle of redundancy is applied, as 100 or 200
times more points than conventionally are measured, see Fig.2. One can say
again (as in the case of automatic aerial triangulation) that !I’ltt‘][li_,t‘nt
setting of points is replaced by redundant capture of points. The idea is that
an algorithmic approach with sufficient redundancy to allow subsequent data
analysis can produce similar results as were conventionally obtained by a
skilled human operator. One could also say that in the automated data
capture the individual point means nothing, in favour of a cloud of points.

The high redundancy of the automatic data capture has a number of far
reaching consequences (see Fig.2 and Fig.3)
— The DTM moves from interpolation to ad]u%tment A grid mesh now may
contain 10 or more observed points. The result is that the derived DTM,
realized in the (smaller) finite elements, is more accurate than the
individual point, and it is considerably more accurate than previously the
interpolated DTM, where grid meshes could easily contain no observed points
at all. Indeed, test results have shown that the resulting DTMs can achieve
vertical DTM accuracies of better than 1/10000 of the flying altitude, which
was never obtained in the past (except perhaps for very flat and smooth
terrain).
— The adjustment principle also provides internal quality parameters for
assessing the resulting DTM, which was also not possible in conventionally
inlerpoiated DTMs.

The density of observed points also implies that the dependency of DTM
accuracy on slope and roughness of the terrain should be less.
— The high density of observed points also has the consequence that the
number ot break lines is considerably reduced, restricted to the real
breaklines.
— Redundancy also allows automatic blunder detection. This does not only
include the identification of mismatches, but also obstacles (like houses,
trees, bushes) can be automatically identified and deleted which do not
belong to the terrain surface.
— In principle even automated break line detection is possible based on the
high redundancy of observations.

All these observations are confirmed by the experience with the MATCH-T,
and with the MATCH-I program for industrial applications as well.




