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Abstract.

The emphasis of the investigation reported in this thesis is on the use of
digital elevation data of two resolutions originating from two different sources.
The high resolution DEM was captured from aerial photographs (first source) at a
scale of 1:30,000 and the low resolution DEM was captured from SPOT images
(second source). It is well known that the resolution of DEM data depends a great
deal on the scale of the images used. The technique for capturing DEMs is static
measurement of the spot heights in a regular grid. The grid spacing of the high
resolution DEM was 30 m, and of the low resolution DEM was 100 m.

The aims of this thesis are as follows:

1. To assess the feasibility of using SPOT stereodata as a source of
height information and merged with data from aerial photography.

This is carried out by comparison of the elevation data derived from SPOT
with the digital elevation data derived from aerial photography. From the
comparison of these two sources of height information, some results are derived
which show the possible heighting accuracy levels which can realistically be
achieved. A systematic error in the estimated average of the elevation differences
was found and many tests have been carried out to find the reasons for the presence
of this systematic error.

2, To develop methods to manipulate the captured data.

2.1. Gross error (blunder) detection.

Blunders made during the data capturing procedure affect the accuracy of the
final product. Therefore it is necessary to trap and to remove them. A pointwise
local self-checking blunder detection algorithm was developed in order to check the
grid elevation data, particularly those which are derived from the second source.

2.2. Data coordinates transformation.

The data must be transformed into a common projection in order to be
directly comparable. The projection and coordinate systems employed are studied
in this project, and the errors caused by the transformations are estimated.



2.3. Data merging.

Data of different reliability have to be merged into a single set of data. In this
project data from two different sources are merged in order to create a final
product of known and uniform accuracy. The effect of the lower resolution source
on the high resolution source was studied, in dense and in sparse form.

2.4. Data structure.

To structure the data by changing the format in order to be in an acceptable
form for DEM creation and display, through the commercially available
Laser-Scan package DTMCREATE.

3. DEM production and contouring.

To produce DEMs from the initial data and that derived from the two merged
sources, and to find the accuracy of the interpolation procedure by comparing the
derived interpolated data with the high resolution DEM which has been derived
from aerial photography. Finally to interpolate contours directly from the "raw"
SPOT data and to compare them with those derived from the aerial photography in
order to find out the feasibility and capability of using SPOT data in contouring for
topographic maps.



All things exist as they are, but move into higher forms.

There must be a summum bonum or highest good.

Aristotle ( 384-322 BC)
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1. Introduction.

During the past 10 years the use of images of the earth obtained from space
has increased dramatically. Starting with the Landsat Thematic Mapper in 1982
good high resolution satellite imagery has been obtained, and in early 1986
stereoscopic data from SPOT.

Photogrammetric investigations towards SPOT system abilities for
cartographic products were made even before launching. Regular topographic
mapping or map updating and digital elevation models are emerging. Present trends
to meet the user's needs and requirements lead to the developments of new products
with updated specifications, produced more rapidly and at lower cost.
Improvements in photogrammetry and in digital techniques will lead to a positive
evolution and new products will certainly contribute to a significant increase in
basic mapping suited for development projects in the world.

1.1. Background.

At the present time the commercially operating satellites which can be used
for cartographic purposes and the experimental satellites which have the potential
for cartography are the following:

The Landsat satellite which provides Multi-Spectral Scanner (MSS) data
with 80 m pixel resolution and Thematic mapper (TM) data with 30 m resolution.
Tests showed that a planimetric accuracy of 20 to 30 m and a height accuracy of 40
to 50 m are possible. However, the 30 m pixel resolution and lack of stereoscopic
coverage are the main factors limiting its application to topographic mapping.

The Soviet high resolution systems MKF-6M, KATE-140, KATE-200 and
KFA-1000. Since 1987 the Soviet company Sojuzkarta is distributing the photos
taken with the KATE-200 and KFA-1000 cameras from unmanned KOSMOS
satellites. For the KFA-1000 photos, permission from the imaged country is
necessary according to a UN resolution. Both these cameras have operational

status.
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The KATE-200 is a perspective geometry camera. It is an improved version
of the KATE-140 which is not operational anymore. The image format is 180 x
180 mm, the focal length is 200 mm, the orbital height is 220 km, and the photo
scale is about 1:1,000,000, with a ground resolution of 25 m. It operates in 3
spectral bands. Tests showed that a planimetric accuracy of 20 up to 30 m and a

height accuracy of 25 up to 50 m are possible.

The KFA-1000 at an orbital height of 220 Km produces images with format
300 x 300 mm. The focal length is 1,000 mm, producing images at a scale of
1:270,000 . The ground resolution is 5 to 10 m. The photographs cobtained are
vertical or oblique. Tests showed that planimetric accuracies of about 7 m, and

height accuracies from 25 up to 35 m can be obtained.

The metric camera (MC) was a German experiment. A normal perspective
geometry camera was carried out on board a NASA spacelab shuttle flight with an
orbital height of 250 Km. The image format is 230 x 230 mm. The focal length is
305 mm and the image scale 1:820,000. The ground resolution is 16-33 m. Tests
showed that a planimmetric accuracy of 8 m and height accuracy of 20 m can be
reached.

The large format camera (LFC) is a NASA perspective geometry experimental
camera. Forward motion compensation has been used. The flying height is 225 -
352 km, the film format 460 x 230 mm, the image scale 1:740,000 to
1:1,150,000 and the ground resolution 10 m. Tests have shown that planimetric
accuracies of 6 m, and 9 m height accuracy can be reached.

The SPOT satellite provides 10 m pixel resolution (panchromatic sensor),
capable of resolving a majority of the ground features required for mapping at
medium scales, and 20 m resolution (multispectral mode) for thematic
applications. The availability of SPOT data significantly changes the way in which
satellite images may be used. It can be used for applications in which only aerial
photographs were used previously. Space, and particularly SPOT imagery, offers a
real opportunity to speed up the mapping programs of the developing countries.
SPOT imagery has several characteristics that enable it to be very useful for
small-scale mapping; world - wide repetitive coverage, uniformity over wide

areas, synoptic view (large area coverage), high geometric fidelity, good



resolution, stereoscopic coverage, superior definition of certain natural features
and availability at relatively low cost.

The SPOT satellite has prompted the introduction and development of new
techniques. It has been in orbit for three years and it is only in the last 2 years
that we have seen the development and commercial availability of software for
setting up stereopairs. Nowadays, most of the analytical plotter manufacturers
have developed suitable software and sell it to the users. Users have progressively
grown familiar with this new reliable spaceborne multispectral sensor. The
programme is now well established with SPOT 2 ready for launch in 1990; SPOT 3
under construction authorised for 1992; SPOT 4 in 1995 and SPOT 5 at the end of
the development phase for this century.

There are many advantages in using SPOT for topographic mapping. Doyle
(1984) showed that mapping from space photography could be six times cheaper
than mapping from aerial photography and that image maps could be two orders of
magnitude cheaper. Some figures for comparative costs have been published by
Hartley (SPOTUK87) who has estimated on the basis of work carried out at the
Ordnance Survey (UK) that data acquisition costs reduced by 66%, control costs
decreased by 25-30%, preparation and triangulation reduced by about 100% and
plotting reduced by 20%, giving an overall cost reduction of 30%. However,
Hartley does not include costs of field completion in his figures, and work by IGN in
a similar area at Ghardaia has indicated that field completion costs could be twice as
high in comparison to the field completion for a map derived from aerial
photography.

Although the cartographical organisations know the significance of satellite
images in map production, they do not appear to be flexible enough in adopting this
new source and method of capturing data. However, the market share taken by SPOT
products has steadily increased and the specific SPOT capabilities have attracted
new customers not yet used to this source of information. The main market figures
by geographical area which appeared in the conference held in Paris for SPOT1
(23-27/11/87) are France 23%, Europe (outside France) 28%, Middle East
9%, Asia 12%, North America 24%, Latin America 2% and Africa only 2%.
Market share by application has research and academic institutions buying most
data (25%) with cartographic intelligence units coming next with 22% of the



total. 43% are CCTs and 57% photographic products. Most of the big cartographic
organisations have been supplied with the software for setting up SPOT, and the
majority of them have tried to set up at least one model. However, most of these try
to develop their national database of past or recent existing information mainly as a
graphical product, rather than capturing data from a new source. Moreover, the
majority capture the height information by digitisation following contour lines,
rather than single points for DEM production. Some of them have produced maps
by extracting planimetric and height information, such as the IGN (France), the
Ordnance Survey (UK) , the US Geological Survey and the McDonald Dettwiler. IGN
is the organisation most involved in this mapping task. IGN has so far produced
and published the following maps derived purely from SPOT images :

1. The Spécimen map in 1:50,000 scale in March - April 1986 from the
first SPOT stereoscopic pair recorded under good conditions. This map appears to
be more for displaying purposes rather than a systematic production. The contour
interval is 40 m with intermediate contours 20 m and 10 m.

2. The Ghardaia and environs (Algeria) map in 1:100,000 in 1987. It is the
first systematic trial in order to produce, starting with SPOT images, regular
maps at the 1:50,000, 1:100,000 and 1:200,000, developing methods and
comparing them with normal mapping procedures based on aerial photographs. The
produced documents have three different styles: line map, monochrome
SPOT-background map, and colour SPOT background map. In this project the
accuracy of a SPOT derived map at scale 1:50,000 with 20 m contour interval,
was checked. Using a SPOT image for compilation with B/H=1.0 a RMSE of 7.1 m
inx;72m iny;and 4.4 m in height was achieved using 275 check points (Denis
& Baudoin 1988). Denis (IGN) claimed that a 10 m contour interval in flat areas
is possible, but this seemed to be inconsistent with the heighting accuracies.

3. The Manosque and environs in the French Alps in scale 1:50,000. The

contour interval is 20 m.

4. The Aix En Provence and environs (SE France) updated map in scale
1:100,000. This map was published in 1983 and updated from SPOT images
recorded on 12/5/86.
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5. The synthetic geometric perspective view of Nice and environs. This is
generated by combining the SPOT image with a digital elevation model of the area.

IGN has also experimented in Thailand and Mali but admits that, as yet, no
operational environment exists for topographic mapping.

The maps produced by IGN using SPOT images give a very good impression.
However there are several problems with plotting contours due to non-perspective
images and tilted views. In the non stretched images the different scale in X and Y
can cause the operator to make an incorrect setting, or at least make the operators
task more difficult. The detail completeness is poor but the metric accuracy
claimed to be good. The fact is, however, that there is no full report of the map
accuracies which have been achieved so far.

Ordnance Survey (UK) and Yemen Arab Republic (YAR) have been involved in
a long-term joint project. The whole country is being mapped for the first time.
173 sheets at 1:50,000 and 12 sheets at 1:100,000 are involved. Landsat
Thematic Mapper band 5 data and SPOT panchromatic data are being used as the
primary data source for the mapping of the remote NE part of YAR. OS published
some results from the experiments using SPOT for 1:100,000 scale mapping of
YAR. It turned to SPOT, tested a stereopair against existing 1:50,000 scale
mapping and decided that plan accuracies of 12 m and height accuracies of 10 m are
possible. These were not as good as those reported by other workers but reflect a
low density of control and some difficulty in finding natural detail. The result of the
trial has convinced OS that adequate 1:100,000 scale maps with a contour interval

40 m can be produced.

Nowadays there is a great effort and trend in measuring the height
information for DEM production by automatic correlation techniques from big
companies (INRIA - ISTAR, MDA, Geospectra). The targets of these projects are the
extraction of elevation information very quickly, accurately, and without or with
a minimum of operator assistance. The French - Canadian experiment where the
MDA system is used gives some figures for the accuracies of DEM generated by
digital image correlation methods using SPOT images. A systematic error appears

in these studies in the estimated average of the elevation differences.



Generally, the algorithms developed so far present some problems in the
quality of the height information and they are not sufficiently reliable to be
commercialised. The published results relating to the achieved accuracies are still
not completely satisfactory for mapping purposes, but they can be used very
efficiently in flying simulation and terrain visualisation.

Also in the investigation stage there is a great effort and trend from the
researchers in automated mapping (Hawkins et al, 1987) and measuring the
height information for DEM production by automated techniques such as: Chen et al
(1988), Fukushima (1988), Hannah (1988), Otto (1988) and many others.
Again the algorithms developed so far present problems. Day et al (1988,1989)
gives a comparison of three different stereo-matching algorithms, and a quality
assessment of digital elevation models produced by automatic stereo-matchers.
Chen et al (1988) in the Taiwan experiment and Fukushima (1988) in the Mt.
Fuji experiment also give some figures for the accuracies of DEM generated by
digital image correlation methods. In the Mt Fuji experiment three SPOT images
are used. In these studies there again appears a systematic error in the estimated
average of the elevation differences.

In the investigation stage, the researchers appear to be more active in
adopting SPOT as a source for extracting spatial information. The research and
assessment phase culminated with the SPOT1 International Conference in
November 1987 where more than 150 papers demonstrated the usefulness of SPOT
data in all fields of activity. There are several studies and publications for the use
of SPOT data for mapping and DEM production such as Dowman et al (1988), Bégin
et al (1988) etc.

Nowadays, SPOT images have opened the field of automation, because of their
suitability in the application of automated techniques. Although automated
techniques are processing steadily , for the moment manual techniques remain an
important production method for capturing the height information.
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1.2. Main points and targets in this work.

The objectives and motivations for this work are the following:

1.2.1. To assess the feasibility of using SPOT stereodata as a
source of height information.

Generally, the procedure for setting up SPOT models is covered satisfactory
by Dowman et al. (1988), Ducher (1988), Denis and Badoin(1989), Simard et al
(1987), Konecny et al (1987) and OEEPE tests on triangulation using SPOT data
(1989). The presented results do not seem to be very representative, because of
the quality and quantity of the ground control points which have been used, but they
give a clear idea of the achieved accuracies .

Almost none of the worldwide cartographic organisations give any information
about the SPOT heighting accuracy which can realistically be achieved. A small
number of manually captured data tests were carried out for DEM production and a
few results of the accuracies found have been published. Grabmaier et al (1988)
assess the accuracy of a SPOT produced DEM by comparing the map derived from
the DEM with the existing topographic map. The experiment gave very low
accuracy results due to the errors introduced by the procedure which had been
followed. Ley (1988) in the southern Cyprus experiment gives a better image
about the feasibility of SPOT data. Eleven 1x1 km2 and three 1x2 km? small size
samples were captured in a regular grid with 100 m grid interval. The elevations
were compared with points in the same position derived from the digitisation of the
1:50,000 maps. Again, in this study there appears to be a systematic error in the
estimated average of the elevation differences.

The facts are that :

1. A few projects based on manual measurements have attempted to assess the
feasibility of using SPOT stereodata as a source for the extraction of height
information.

2. The previous investigations do not give a clear indication of the heighting
SPOT accuracy or address the question of why the systematic error appears in the

measurements.
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Consideration of these facts has imposed and directed a part of this study to be
concerned with these problems, in order to estimate the heighting accuracy levels
which can realistically be achieved, and the magnitude and the possible reasons for,

or sources of, the error.

In this study a lot of tests have been carried out to find the reasons for the
presence of systematic error. Examples of these tests are: remeasuring DEM blocks
in which a large systematic error appears; estimation of the operator variance;
terrain (slope) affect; vegetation affect; error examination in a dissection
procedure; off line correction for the systematic error; remeasuring blocks by an
experienced operator and remeasuring blocks from a second SPOT stereopair.
Several Pascal programs were written at this stage such as: the elevation checking
and statistical analysis program using data from two sources - aerial photography
and SPOT imagery; the DEM block joining in one larger block program; and the
error displaying program.

The determination of the SPOT heighting accuracy is very important for
digital elevation model creation using manual measurements, for mapping
production and other applications. The determination of SPOT capability is very
important in mapping in order to achieve final products of known accuracy.

For the purposes of the project, the knowledge of the SPOT heighting accuracy
is very important in the blunder detection study when applying thresholds (height
limits) in the blunder trapping procedure, in the data merging procedure when
estimating the relative accuracy factor (RAF) of the one source to the other, and in
estimating the interpolation accuracy in DEM creation for pure data derived from
SPOT or merged data, when the "raw" data accuracy is known.

A study has been carried out regarding the main characteristics of the SPOT
satellite. A large number of problems and error sources (weak points) are
pointed out, described, and some solutions outlined. These problems could be
divided into two main categories, the physical and the technical problems. The vast
majority of physical problems are inevitable and related to the earth, orbital
dynamics, sun illumination and atmosphere. The technical problems are related to
the satellite characteristics and the recording device (sensor). Some of them could

be identified and solved during the satellite's life, and some others are going to be



considered in future planning, as in the case of SPOT2 for example. A problem
which has been solved during the life of SPOT1 is the problem of images affected by
horizontal and vertical stripes (effects of the pushbroom sensor). All the images
originating after July 1986, can be corrected, but not before (Begni, 1988) .
Also, better on-board data (orbital parameters) as header data are now available
to the users.

Finally, the mapping procedure from SPOT satellite imagery introduces some
errors, because of the measuring conditions, due to image physical quality, terrain
roughness, operator error, atmospheric conditions affecting the particular image

(clouds, haze), and vegetation coverage.

1.2.2. To develop methods of manipulating the captured data.

Any mapping project produced must conform to a set of standards. As such
this introduces an obligation that the captured data should be:

1.2.2.1. Transformed into a unique coordinate system.

1.2.2.2. Having minimum possible error.

1.2.2.3. Merged into a known and unique set of data, if data from different
sources are used.

1.2.2.4. Suitably structured.

In the data manipulation stage the captured data have to be arranged, examined
and processed with different methods. Some of the data manipulation stages,
methods and techniques which are examined are the following:

1.2.2.1. Coordinate transformation stage.

Usually, the coordinate system is chosen to be the same as that adopted by the
national cartographic organisation, in order for the data to be ready for map
production, or directly comparable. The test area used for this project is in France
(Montagne Sainte Victoire). The projection system used in this work is that
adopted for official mapping by IGN (Institute Geographique Nationale), Lambert



Conformal Conic zone lll. A general earth centred Cartesian Geocentric coordinate
system is used for setting up satellite imagery in order to avoid the effects of earth
curvature caused by flattening (mathematically) of the earth surface to the map
projection. In order to get output data from the DSR1 analytical plotter in a square
regular grid, the UTM projection system was chosen, because the geographical
system gives different interval value for Northings and Eastings; and the geocentric
system is not used for mapping purposes.

Several Pascal programs were written in order to do the transformations in
the forward and reverse way for these four projection systems (Geocentric, UTM,
Lambert and Geographical systems).

All the data measured from the analytical plotter had to be transformed from
UTM via geographic to Lambert zone |ll system. An error is introduced due to the
multiple transformations, initially from control points transformation stage,
through the output data from the analytical plotter and finally from the
transformations during the data manipulation stage.

In this project the projections and the coordinate systems employed are
studied, and errors caused by the transformations are estimated.

1.2.2.2. Blunder detection method and technique.

The errors which are involved in a data capture procedure are: the gross,
systematic and random errors. In order for the data to have the minimum possible
error it is necessary to apply techniques for eliminating and trapping. Erroneous
data can be removed or corrected if the value of the error is known. Elimination of
systematic error(s) is generally an easy procedure when the magnitude and the

source(s) of the systematic error(s) are known.

Gross error detection is a much more difficult task, and as yet there is no
complete remedy. Blunders are made during the data capturing procedure and affect
the accuracy of the final product. Therefore it is necessary to trap and to remove
them. The main characteristic of a blunder is that its magnitude is very large in

comparison with the measured value itself. Blunders are subdivided further into



40

large, medium and small. Large blunders are introduced mainly in the automated
procedures and are easily detected, while medium and small blunders are much
more difficult. It is remarkable how blunders affect the nearest "correct" points
and it is well known that after a statistical analysis, points which appear as large
residuals are not necessarily or likely to be blunders.

In recent years much more attention has been paid to blunders by the
international photogrammetric community, which is involved in the aerial
triangulation process, but only a very few investigators have been concerned with
the blunders involved in the data captured for DEM purposes. Some works were
centred on global techniques such as: fitting polynomials to the data (Jancaitis and
Junkins,1973), filtering in both the spatial and frequency domains (Johnson,
1978), with other known problems of the global techniques; and only one Hannah
(1981) has developed some local methods using constraints on both allowable slope
and the allowable change in slope in local areas around each point.

SPOT data contain blunders mainly due to the measuring conditions. In this
work a study of the blunders involved in the SPOT data is carried out and a locally
self-checking blunder detection algorithm is developed.

1.2.2.3. Data merging method and technique.

Data have to be merged if they are derived from different sources or
acquiring methods (This presupposes different accuracies).

It is a fact that in the worldwide cartographic organisations there exist data
from different sources. The most common sources are the existing maps, through
digitisation procedures and the stereoscopic models by applying photogrammetric
techniques. Photogrammetric techniques can be applied on aerial photography or
satellite imagery, softcopy or hardcopy data, depending on the platform, the
source, the media, and the method of the information being recorded. In this study
two different sources are examined. The aerial photography and the SPOT satellite
imagery. There are two main instances:
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1.2.2.3.1. Collecting elevation data tfrom SPOT as main frame
{source).

Capturing data from SPOT imagery in a dense grid covering a large area as a
main frame and then in one part of this large area we capture some additional data
from aerial photography with the same or lower density of grid. This applies when
a SPOT DEM exists and we want to fill a gap or to get better relief representation
and terrain features over part of the area, keeping the SPOT information.

1.2.2.3.2. Collecting elevation data from aerial photography as a

main frame.

The data are captured from aerial photography in a dense grid as a main frame
and then some additional data from SPOT imagery are collected to fill a gap, or to
get later relief changes, for the map updating procedure. It is not a realistic case,
but it has some applications in countries with boundary problems. Also it can
happen in the experimental stage as it did in this project where the aerial
photography data was captured in a 30 m regular grid (main frame), while the
SPOT data is in 100 m.

Generally it is hard to find references for merging data derived from
different sources and in particular there are no previous references for merging
data from the two different sources used in this project.

The commercially available Laser-Scan DTMCREATE software installed on a
VAX/VMS work-station in the Department of Photogrammetry and Surveying at
UCL and used in this project does not accept different reliability data (having
different weights). In order to be able to process them and to achieve uniformity
in terms of the final product, a data merging algorithm was developed. The merging
algorithm allows two sets of data with different accuracy to be suitably merged into
one set of data of uniform accuracy.

The two data sources were merged as follows:

1. In a 30 m grid interval (the high resolution source grid interval), by
taking into account their relative accuracy depending on the source from which
each was derived. This was carried out by applying the estimated relative accuracy
factors (RAF) or weights for the aerial photography and SPOT data.

2. In a 60 m grid interval, which is derived by skipping the aerial



photography data, through the data skipping procedure.

The data in each of the above cases were merged as follows:
1. According to the estimated RAF and
2. As equivalent accuracy data, having the same RAF, which means that the

SPOT data were merged as being as accurate as the aerial photography data.

After the merging procedure the data are checked directly with the initial
high resolution data. A statistical analysis was followed in order to estimate how
the lower resolution source data affect the high resolution data, in dense and in

sparse form.

1.2.2.4. Data structure technique.

The design of a data structure is far too important to leave to chance or to
pursue haphazardly. For almost all applications a poorly designed data structure
can result in the failure of the application. It may be expensive in run time or in
storage space. It may not be transferable to an updated hardware system, or in the
worst case, the manipulation routines may never function correctly because of
obscurity and unnecessary complexity in the data structure. The data structure
shouid be sophisticated, satisfactory to the memory requirements and processing
speed for a particular situation.

Nowadays the commercially available packages lead the way and the user
simply has to follow the data structure which is recommended. In this work the
data has to be structured by changing its format. Several Pascal and Fortran
programs were written to change the data format and several Laser-Scan routines
were used during the data manipulation procedure, from the initial output file
from the analytical plotter (count number and string of coordinates), to the
Laser-Scan Internal Feature Format (acceptable input form for the DTMPREPARE
package), to DTl format suitable for displaying purposes, up to ASClIl WORD or
real data suitable for statistical analysis purposes.
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1.2.3. DEM creation and contouring.

Initially the accuracy of the interpolation package, or more specifically of the
smoothing application function, is examined. This was carried out by interpolating
the data derived from the aerial photography, and the data merged from two
sources. The interpolation was carried out in the same sidelength as the captured
grid. Then the data are compared directly with the initial data (interpolated and non
interpolated). A statistical analysis is followed, in order to estimate the accuracy
of the smoothed data.

Contour maps at scale 1:25,000 and 1:50,000 were produced from the
interpolation of aerial photography data (30 m grid) and the interpolation of SPOT
data (100 m grid). The contour interval was 20 m. The two SPOT hardcopy data
were used to produce contours in order to examine the quality of the contours in
relation to the image quality.

The 1:25,000 aerial photography and the SPOT derived contour maps were
overlayed using a different colour. The two SPOT hardcopy data were overlayed
separately. A grid was overlayed in another different colour on top of the aerial
photography derived contours. This procedure facilitated the quality assessment of
the contours derived from SPOT compared to those derived from the aerial
photography data.

1.3. Outline of the thesis - overview.

The thesis is organised into ten chapters.

Chapter 2. Digital elevation model, terrain description and data acquisition
methods.

A brief outline is given in the first part on the meaning, the definition of the
DTM; and the difference between the digital elevation model, digital ground model
and digital terrain model. The significance of the DEM and SPOT imagery as a part
of GIS/LIS follows; and all the steps for a DEM generation and creation are outlined.

In the second part there is a review on data acquisition which addresses the
terrain type, terrain use, sample density, pattern and sampling mode.
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At the beginning there is a description of, and approach to, the terrain
(terrain type and use). The terrain is described and evaluated through parameters
and approaches such as the geomorphometric and the mathematical approaches.
Methods of terrain classification by photogrammetrists are described; adopted
terrain types, slope categories and land classification which are suitable to the
project requirements are estimated. Two Fortran programs were written. The
first was to estimate the gradient and the aspect and the second to convert the
estimated values in a raster form, in order to be able to display through the
existing displaying module. The presentation in a raster form of the gradient and
aspect for the two sources derived "raw" data give a very good indication of the data
quality.

A review of the data collection follow;. Sampling density, pattern, and mode,
which are suitable for DEM data capture are examined. The sampling patterns are
divided into three main patterns, the grid, the random and the combination of those.
The advantages and disadvantages of those patterns are pointed out. The sampling
density is examined in relation to the sampling pattern and the terrain type. The
relation between density, economy and accuracy factors is pointed out. The crucial
factors in choosing the data collection method and measuring point density are
examined. Finally the data collection method and pattern used in this project are
presented.

Chapter 3. Data collection implementation, sources, methods and techniques.

This chapter is related to the data capture methods and techniques; data
collection implementation; data collection software; the problems and weak points
of all the procedures; and the SPOT satellite imagery.

At the beginning there is a reference to the data acquisition methods and
techniques.

The data collection implementation used in photogrammetry is explained. The
analytical plotters are briefly described with emphasis on the Kern DSR1
analytical plotter which is used in this project. The data capture program used in
the project is described and its accuracy is determined.

The problems and the weak points of all the procedure are pointed out
starting from the major technical problems in photogrammetry, the
implementation (particularly those which are related to the hardcopy used in the
analytical plotters) and the SPOT satellite images. In this section there is a brief
description of the SPOT satellite, the image quality - physical error sources (eg.
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earth, orbital dynamic, platform, sun illumination, atmosphere) or reasons due to
technical characteristics ( ie sensor, mirror view angle ) . Some solutions and
corrections to be applied are outlined. A brief description of the software for
setting up SPOT images follows, and the procedure for setting up SPOT on the
analytical plotter (exterior orientation accuracy) by previous investigators is
described.

A reference to the previous SPOT heighting accuracy for DEM generation
experiments follows and some statistical figures are estimated.

Finally there is a brief presentation on the SPOT image utilisation,
assessment and results as well as the significance of SPOT for topographic mapping.

Chapter 4. Test data.

This chapter describes the test area and gives the image characteristics of the
two different sources: aerial photography and SPOT satellite. There are two SPOT
stereopairs of the same area used in this project. A primary statistical analysis of
the aerial photography source is given in terms of: control point accuracy, aerial
triangulation accuracy and accuracy of the setting up procedure. Then the control
point accuracy for the SPOT stereopairs and the accuracy of the setting up
procedure on the analytical plotter are determined.

Chapter 5. Accuracy of captured data.

Chapter 5 is concerned with the estimation of the accuracy of the SPOT data.
A review of the statistical methods applied to the data regarding the sources and
types of errors is presented. Then the accuracy of the captured data from aerial
photography is estimated. The aerial photography data is more reliable, so was used
as the "ground truth" (high resolution) in order to evaluate the SPOT data (low
resolution). The SPOT data accuracy (SPOT heighting accuracy) is estimated by
direct comparison of the SPOT data with the high resolution elevation data derived
from aerial photography. A lot of tests were carried out at this stage such as,
remeasuring DEM blocks in which a large systematic error appears; estimation of
the operator variance; terrain (slope) and vegetation effect; error examination in
a dissection procedure; off line correction for the systematic error; remeasuring
blocks by the experienced operator and remeasuring blocks from a second SPOT
stereopair. Several Pascal programs were written at this stage such as, the
elevation checking and statistical analysis program using data from the two

sources; the DEM block joining into one larger block program; and an error



displaying program. Finally, discussion, conclusions and recommendations are
given regarding the SPOT heighting accuracy achieved.

Chapter 6. Manipulation of the DEM data.

Chapter 6 looks at some aspects of the manipulation of the DEM data as
follows:

Firstly the SPOT data have to be transformed from the UTM projection
(output from the DSR1 analytical plotter) to the Lambert zone Il projection, in
order to be comparable with the aerial photography data. An inevitable error is
introduced to the coordinates due to the multiple transformations, initially from
the ground control points transformation stage, through the output from the
analytical plotter and finally from the transformations during the data
manipulation stage. The errors caused by transformation are examined and
evaluated.

Secondly a local self-checking and trapping blunder detection algorithm is
developed in order to check the data (particularly the SPOT data) for blunders
which are apparent during the data capturing procedure.

Thirdly the aerial photography data with 30 m grid spacing and the SPOT data
with 100 m grid interval are suitably merged. In order for this to be possible the
relative accuracy factors (RAF) are estimated. Then the data are labelled with the
various relative accuracy factors (RAF) and merged, bearing in mind the uniform
data accuracy needed in order to have a known accuracy final product (eg. a contour
map). The SPOT data were merged the first time with the application of the
estimated RAF, while the second time were merged with RAF = 1.0, which means as
equivalent to the aerial photography data. This was necessary because the
Laser-Scan software does not accept different reliability data (with different
weights).

Fourthly the aerial photography data with 60 m grid spacing (sparse data -
data skipping procedure) and the SPOT data with 100 m grid interval are merged.
Again the SPOT data were merged the first time with the application of the
estimated RAF, while the second time were merged with RAF = 1.0, which means as
equivalent to the aerial photography data. The variable grid density data are used in
order to estimate how the SPOT data density affects the DEM accuracy and quality.

Finally the data was changed in format in order to be ready and in acceptable
format for input to the commercially available Laser-Scan DTMPREPARE,
DTMCREATE and displaying software.



The manipulation flow-charts of the aerial photography and SPOT derived
data are shown in the figures 1.1 and 1.2.

Chapter 7. Accuracy of the DEM.

In this chapter the DEM accuracy considerations, the influence of the terrain
structure, the relief representation through the interpolation methods, the
predicted accuracy of a DEM, and the interpolation errors and contouring from
DEM data are presented.

The influence of the terrain is examined by estimation of the semivariogram.
The semivariogram of the test area is presented and the interpretation is given.
This is followed by a study of fractals, and the fractal dimension of the test area is
estimated.

The interpolation methods are presented. Two basic categories of
interpolation methods are examined : grid-based and triangulation-based
interpolation. Grid-based and triangulation-based categories are compared and the
directing factors in choosing an interpo'lation method are outlined. The pointwise,
global, and patchwise grid-based (random to grid) methods are further examined
and compared. The required accuracy of the interpolation method is estimated as a
key factor in estimating the optimum sampling interval.

The accuracy of the interpolation method, or more specifically of the
smoothing interpolation function of the DTMCREATE package is estimated. The
aerial photography and the data merged from two sources are interpolated in the
same sidelength as the grid interval. A statistical analysis follows and the accuracy
results are estimated in order to examine whether there is any effect of the
smoothing function or of the generation of the imaginary points.

Finally the contouring interpolation methods (contour creation from grid and
triangulated data) are outlined and the quality assessment of the interpolated
contours at 20 m intervals derived from the SPOT DEM data, as compared to the
contours derived from the aerial photography (background) is carried out.

Chapter 8. Automated techniques of capturing data for DEM production.

This chapter looks at the automated techniques of capturing height
information for DEM production.

At the beginning there is a brief reference to the automated techniques
applied to the photogrammetric instruments. Then a brief reference is made to the
current techniques applied to the digital images.



Source
AERIAL

| KERNDSR1 |

DEM Generation)
Program

Grid Node Points
String of coords format

Lambert coords

WO sources elevatio >

checking program

Data Merging

(String to IFF Format
Program

IFF format in ASCIt code

(FRoMTEXT MODULE )

IFF format in Binary

form {Unreadable)

DTMCREATE AND
OUTPUT MODULES

< > ( Program
»( Skipping data )
i Program

Figure 1.1. Manipulation flow-chart of the aerial photography data.



Source
SPOT

| KERNDSR1 |

DEM Generation)
Program

Grid Node Points
String of coords format
UTM coords

Blunder Detection
< Program )

UTM to Geogr Transf.
Program

String of coords format
Geogr. Coords

(Geogr to Lambert Tra.
Program

String of coords format
Lambert coords

WO sources elevatioD »
checking program < ’( Data Merging

Program
. Progiram
String to IFF Format

IFF format in ASCIl code

@ROMTEXT MODULE)

IFF format in Binary
form (Unreadable)

DTMCREATE AND
OUTPUT MODULES

Figure 1.2. Manipulation flowchart of the SPOT data.



50

The automated techniques used in the Department of Photogrammetry and
Surveying at UCL are examined. A brief description of the stereomatching
algorithm and a quality assessment of the UCL experiment are given. The MDA
system is outlined and a quality assessment of other experiments such as: the
French - Canadian, the Taiwan and the Mt. Fuji experiment are presented.

The relation between the manually captured DEM data and that generated by
stereomatching algorithms is examined. Finally the manually and the automated
data capturing methods are compared.

Chapter 9. DEM applications.

This chapter is a general outline of the DEM applications, the uses of DEMs in
topographic mapping, and the applications of the DEMs derived from SPOT
imagery.

Chapter 10. Work summary, conclusions, discussion and recommendations.
This summarises the work and the results achieved. Then conclusions, and a
discussion, recommendations for future work are made.



Chapter 2.

Digital elevation models.



2. Digital Elevation Models.
2.1. General - Definitions.

Landform is usually perceived as a continually varying surface that cannot be
modelled appropriately by the choropleth map. A continually varying surface can
be represented by contours and these contours can be effectively regarded as sets of
closed, nested polygons. Although sets of isolines (contours) are very suitable for
the display of a continually varying surface, they are not particularly suitable for
numerical analysis or modelling. So other methods have been developed in order to
be able to represent and to use effectively information about the continuous

variation of an attribute (usually altitude) over space.

Surface modelling is a general term which is used to describe the process of

representing a physical, or artificially created, surface by means of a

mathematical expression. In order to generate the model, a set of samples (xj, yi,
zj ; i= 1,2,...,n) are obtained from a real surface. The x and y coordinates are

associated with the spatial positions of sample valués while the Z coordinates
represent the values of the variable which is modelled. This variable can be
elevation (most common), temperature, wind speed, population distribution,
poilution distribution etc. So the digital surface can be applied to any surface for
which numeric information can be obtained. Terrain modelling is one particular
category of surface modelling which deals with the specific problems of
representing the surface of the earth.

The concept of creating digital models of the terrain is a relatively recent
development and the introduction of the term Digital Terrain Model (DTM) during
the late 1950's is generally attributed to Miller and LaFlamme (1958).

Elevation is essentially an instantaneous point value. In a dense grid format
DEM, each elevation value represents the basic phenomological unit of analysis and
therefore, is analogous to pixel size in remote sensing imagery, or photographic
resolution in photographs. The terrain is viewed as a two-dimensional signal
where the pixel size or denseness of the grid is analogous to the sampling rate of

elevation.
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The DEM concentrated the interest of photogrammetrists when analytical
plotters became commercially available, in relatively low price, because of the
mass production and the analogue photogrammetric instruments were connected
with encoder units, so it was possible for the direct contribution of the computer
in data processing and mapping to be realised. DEMs provide the same sort of
information as contour maps, but in a digital rather than analogue format suitable

for processing by computer-based systems.

Three main terms (digital elevation model, digital ground model and digital
terrain model) are used widely by the scientists in that field which have been
coined to describe this, or closely related processes. Although in practice these
three terms are often presumed to be synonymous, in reality they often refer to
distinct products. Because a little of confusion rises in that point the following
definitions are provide to simplify and to standardise the use of these three terms
(Petrie, 1987).

Digital elevation model (DEM), refers to the creation of a regular array of
elevations, normally in a regular or irregular grid. In other words digital
elevation models refer to the creation of elevations array over the terrain and it
has the feature that the elevation information may be composed of either regularly
or irregularly spaced pattern.

Digital ground model is similar to a DEM but with the additional feature that
it may be composed of either regularly or irregularly located data points. There is
also presumed to be some connection between the elements which are no longer
considered discrete. This connection generally takes the form of an inherent
interpolation function which may be used to generate any point on the ground
surface.

Digital terrain mode! (DTM) , is considered by some to include both
planimetric and height information. However, unlike the previous definitions this
representation may also include derived data about the terrain such as slope,
aspect, visibility and so on. The data method of storage is the grid based method.

There are many definitions of DTMs. Some of them are the follows:
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1. Blaschke's (1968) emphasised the importance of "storing measured
coordinates X, Y, Z of characteristic terrain points in sufficient quantity and

significance ..... .

2. Leberl (1973) has given a more definitive definition, that a DTM is a set
of representative points of the surface of the terrain stored in the memory of a
computer, and algorithms to interpolate any new point of given planimetric
location or to estimate other data.

3. Ayeni (1976) has given a rather comprehensive definition of a DTM as
being the numerical (or digital) and mathematical representation of a terrain by
making use of adequate elevation and planimetric measurements, which are
compatible in number and distribution with that terrain, so that the elevation of
any other point of known planimetric coordinate can be automatically interpolated
with specified accuracy for any given application

4. Doyle (1978) finally gave the definition that digital terrain models
(DTMs) are mathematical models representing in digital form the behaviour of a
given variable associated with a terrain point.

From the above definitions it can be seen that a digital elevation model refers
only to captured grid data, while the term digital terrain model is more general and
includes grid data as well as other data.

In this work the data are captured in a regular grid. Because no other
information about the terrain is included, the term digital elevation model is the
appropriate term to be used in this thesis. Moreover the terms digital ground
model and digital terrain model have to some extent been superseded by the term
digital elevation model, which has become widely used in the scientific literature.

2.2. The DEM and SPOT imagery as a part of GIS/LIS.

A Geographical Information System (GIS) allows the integration, in a single

data base, of information from several different origins, such as: thematic maps,
DEM data, satellite images, statistical tabular data etc. Digital elevation modelling



has made a great contribution in mapping and it is an important part of the
integrated GIS or LIS.

The collection of DEM data for the establishment of a digital data base is an
enormous task. A well organised system is needed to establish a digital topographic
data base for further use in a geographic information system because not only is
collection of digital data involved but also a larger task of merging data into one
single data base. A large DEM data base, therefore, needs a well organised system,
both for production and utilisation of the data. Probably one of the most important
stages is the integrating and merging stage with other data sources. This is not easy
since capturing data in a regular grid mode is not practical, but preferable,
because of its simplicity. The merging of data destroys this regularity. An attempt
to interpolate grid data could be made, but the accuracy is reduced.

The use of digital satellite imagery in the field of GIS is becoming an
important alternative method in the creation of GIS coverage, because of the
widening availability of high resolution SPOT imagery, dramatic reductions in the
cost of computer workstations and growth in the GIS market. Satellite imagery
affords the user greater flexibility, in determining scale, time of analysis, level of
detail, and most important what information the imagery should contain, for the

user of hardcopy products only.

The most important of functions within the GIS is the production of base
mapping particularly in scale 1:50000, reasonably complete from SPOT satellite
images (Dowman et al, 1987) , the equal importance of map revision and the
terrain visualisation in which the satellite imagery can be used with a DEM to
produce a realistic perspective view of the ground.

More specifically in a Digital Cartographic Data Base, as a part of a GIS, the
digital terrain data can be in DEM form only or in DEM form plus digital line graph
(DLG) form which represents the hypsography and hydrography of the terrain.
DLG data sets are composed of topologically structured nodes, lines and areas with
related feature attributes and coordinates. The hypsography consists of information
on topographic relief (primary contour data) and supplementary spot elevations.
Hydrography consists of all flowing water features (breaklines), standing water,

and wetlands. Apart from the features already mentioned it can include information
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such as surface cover, nonvegetative surface features such as boundaries,
transportation and other significant manmade structures. Existing topographic
maps contain a large amount of terrain information. This information is useful and
can be converted in digital form with the digitisation techniques. DEM data can be
derived by interpolating elevations from DLG.

One example of such a recent creation is the Digital LandMass System
(DLMS). It is a data base of terrain and associated cultural information. It consists
of two independent components, - the digital terrain elevation data (DTED), which
is used by the US Defence Mapping Agency (DMA), and the Digital Feature Analysis
Data (DFAD).

At the moment the integration of SPOT satellite imagery within the GIS
allows the full use of vertical satellite imagery (the sensor view angle should be as
close as possible to zero). The image input is from computer compatible tapes
(CCT). The image registration and transformation (rectification) to the ground is
possible by means of control points (about four for the whole scene). The satellite
image can be geometrically corrected (geocoded). Then the image can be used for
map generation and revision. If a DEM is available the imagery can be draped over a

perspective terrain view.

In the integration of the photogrammetric systems with GIS there remain
some problems. The analytical plotter can supply a GIS normally with vector map
data extracted from the hardcopy imagery. This a major barrier between
photogrammetry and GIS. Recent developments however in digital photogrammetry
have brought the two closer because it is now possible to perform a full range of
photogrammetric operations on digital imagery, using a workstation that can also
be used for conventional GIS applications.

2.3. Steps to create a DEM.

The creation of a DEM includes the following procedures:
1. Collection of the primitive data.
2. Conversion of the data information.

3. Representation of the relief in digital form which will be useful for



further use.
In order carry out the above procedures, the following factors have to be
taken into account:
Desirable characteristics (prescribers) of the final product.

. Characteristics of the object related to the survey.

1
2

3. Data structure.
4. Methods and instruments to collect the primitive elements.
5

Algorithmic conversion.

The creating and generating a DEM steps appears in the follows figure 2.1:

PRESCRIBERS

METHODS AND INSTRUMENTS TO
COLLECT THE PRIMITIVE ELEMENTS

— CHARACTERISTICS OF THE OBJECT

! ! I

Y PRIMITIVE ELEMENTS > < ¥
* CONVERSION OF INFORMATION
—1 ALGORITHM CONVERSION - ?

DIGITAL ELEVATION MODEL

Figure 2.1. DEM generation and creation steps.

The desirable characteristics (prescribers) of the final products are very
important and should be determined at the beginning of each project. During the
exercise they are going to be the pilot line, in achieving the specified targets. These
could be:

a. The type or the structure of the product, governed by compromise between
sophistication, flexibility and production cost.

b. The quality, which means the accuracy and the measurements credibility

(precision).
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c. The cost of the DEM which is in inverse proportion to the quality
(for a given accuracy).

The characteristics of the object related to the survey (terrain) is another
important factor, in achieving the desired accuracy and adopting the suitable
methods and techniques. From the characteristics and the conditions we can
determine the best distribution and density in the spacing of the reference points
which should be collected.

The determination of the surface problem could be solved in different ways,
such as by carrying out sample measurements, during the data capturing
procedure, or later by removing the redundant information. The selection of the
method of primary collection of data or any algorithmic conversion should obey the
structure and the details of the measured object.

The primitives elements (data) have a major part in defining the quality of
the DEM. For example even if the most complicated algorithm is used, it will be
impossible to describe a subject from which we have a deficit of reference points.
The population of the reference points (ie. the height data) which have been
collected or arranged should be, the minimum permissible (for financial reasons)
in order to describe the object according to the prescribers. Moreover the data
have to be manipulated (compressed, organised, transformed into the desired

coordinate system etc).

The methods and instruments to collect the primitive information depend
mainly on the desirable characteristics of the final product and the structure of the
surveying object. However the existing instruments (hardware) and software may
be restrictive. The information in general is not collected in one way (group of
instruments or methods) but from many ways. These should give quick, accurate
and cheap information.

The collection may be done by, direct methods (ie. land surveying), non
direct methods (ie photogrammetry) or mixed methods. Each method gives speed,
accuracy, flexibility and cost depending on the equipment and their combination. So
we have the possibility to choose each time the equipment and methods which will

give us better results.



The conversion of information. The term "interpolation" defines a conversion
of the data structure with a foreseeable loss of information. Each conversion
algorithm uses a mathematical model which fits on the measurement object. The
mathematical model is the basis of the interpolation. The best algorithm for the
conversion should have the following characteristics. The method must be fitted
satisfactory in the reference points which constitute the exacting approach of the
measurement object and to give the ability to the user to confine (filtering) the
noises which are involved in the data collection.

2.4. Terrain description and approach - data acquisition
methods.

2.4.1. General.

Many natural phenomena are so complex that attempting an exhaustive
analysis is hopeless. Nevertheless the phenomenon-based approach should almost
certainly be preferred over one based on an entire large data structure on a
particular, small set of problems at hand, or worse still, on a convenient machine
representation (Mark, 1979).

A data structure may be defined as a set of objects (data), together with the
relations (if any) among them.

Relations between data elements may be three types: explicit, implicit, or
algorithmic.

Explicit relations are just that : associated with the datum is a list (or other
explicit indication) of the related elements.

Implicit relations are indicated by the position of the data element in storage.
For example, in a list of elements, each item is related implicity to the preceding
and following item in the list.

Algorithm relations are ones which are neither implicity nor explicity
indicated, but which are nevertheless may be discovered through an analysis of
some or all data. An example would be the nearest neighbour of a point among points
distributed irregularly in space. Since this can be determined from an analysis of
all point coordinates there is an algorithmic relation between such neighbouring
points.
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The problem structure in digital terrain modelling is very complicated,
because there are several groups of specialists, each group examining the
phenomenon (terrain) from a different perspective, and hence would have a
different view of the "structure phenomenon”.

The geomorphologist often views the terrain in terms of a land-forming
process (past or present) combined with time (stage of development) and
influences of geologic structure. The fluvial geomorphologist tends to see the
terrain as a set of contiguous, hierarchically-arranged drainage basins, linked
together by the drainage net. Other geomorphologists see the terrain as a set of
slope units. The two dimensional analysis of slope profile form is well advanced,

but extensions to three dimensions are less common.

The surveyor is concerned not with the explanation of the form of the
earth(as the geomorphologists are), but with its accurate specification. The
phenomenon is generally viewed as a polyhedral solid; the size of its facets can be
adjusted to produce any desired degree of precision, within the limits of the
instruments. This is already a mathematical model and so can be directly
implemented as a data structure.

The photogrammetrists depending upon their training, see terrain structure
as the surveyors do; in terms of contours, or drop lines.

The cartographers also claim interest in the terrain; their approach

resembles that of the photogrammetrists.

Finally the mathematician says that the terrain would be presented as a
particular mathematical surface.

2.4.2. Terrain types and ground categories.

In sampling the surface to establish a DEM, some problems are involved such
as, the determining of adequate sampling density in order to meet given
specifications and the evaluating of the accuracy of the resulting DEM. How
accurately a topographic surface is represented by a DEM depends essentially on



several factors: sampling density, measuring errors, interpolation method and
terrain classification.

Every spot on the Earth's surface has a multitude of varied but intricately
interrelated attributes which make it unique and difficult to compare with any
other. The more carefully we define types of terrain, the more difficult they will
become to recognise and the more types there will be. However various efforts by
researchers are made for the parametric description of the topography. The
solution of the problem is not so easy because the form of the terrain surface is
very complex.

Most methods which try to categorise the terrain consider a stretch of land
from the complex earth surface with all that is made on it. The differences between
them is the variation and the different name which is given in order to specify the
terrain type.

Terrain type has a great importance in the economy of mapping. The terrain
roughness is a dominant factor in the determination of mapping cost. The price per
square kilometre will be from two to five times higher in mountainous areas than

in flat terrain.

Relief peculiarities is one subject of special interest for photogrammetrists.
This is the reason that it has grown rapidly in recent years. Since the
photogrammetrists are concerned with the spatial information of the terrain,
terrain is classified according to the degree of roughness. This problem is regarded
as a problem of data reduction and feature extraction. More specifically the
population of the height data which have to be collected or arranged should be the
minimum possible (financial reasons) and to describe the object according to a
pre-specified accuracy.

Relief study is necessary in order to:

1. Determine the appropriate grid interval (optimum sample size), to
acquire the information (data) by photogrammetry and to describe terrain
optimally with as little measuring effort as possible.

2. Determine the production time which is related to the economy and




3. To estimate the accuracy of the resulting map during the data processing.
It is well known that flat or gently sloping relief could be represented better than

rough and complex terrain.

2.4.3. Terrain evaluation (characterisation).

Terrain evaluation has developed in response to the need for an understanding
of terrain by an increasing variety of disciplines concerned with its practical uses
(scientific and applied).

Terrain evaluation (Beckett & Webster 1969) is defined as the " act or
result of expressing the numerical value of; judging concerning the worth of " an
object. This double meaning makes it somewhat more inclusive and thus preferable
to such terms as analysis, classification, assessment, or appraisal.

These terms can describe the terrain evaluation as a process which involves:

1. Analysis. The simplification of the complex phenomenon which is the
natural geographic environment.

2. Classification. The organisation of data distinguishing one area from
another and characterising each.

3. Appraisal. The manipulation, interpretation, and assessment of data for
practical ends.

Indications and rules help to distinguish the ground categories and terrain
types. The terrain evaluation (characterisation) of the terrain type is subdivided
in the following categories:

2.4.3.1. Terrain classification in photogrammetry.

2.4.3.2. Terrain description - Geomorphometric parameters.

2.4.3.3. Mathematical approach towards the terrain.

2.4.3.4. Land use and land classification.

2.4.3.1. Terrain classification in photogrammetry.

The photogrammetrists in classifying the terrain use a simple method. An

accepted obvious quantitative terrain classification does not yet exist for the
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purpose of studying the effect of terrain shape on the results of various
photogrammetric processes. But even if it did exist, then there still remains the
problem that terrain properties can vary strongly from one part to another. There
are several simple methods such as:

The maximum height differences method according to Silar (1969).
The terrain classification is shown in the table 2.1.

CATEGORY DESCRIPTION tr = t / hectare
| Regular, nearly plane surface tr < 10
Regular, varying surface,
I oval shape 10 < tr < 20
i Irregular surface tr > 20
Large number of
v Artificial, man made surface | artificial edges
(tr >> 20)

Where t is the number of local extrema and/or terrain break lines.

Table 2.1. Terrain classification. After Silar (1969).

In this method the terrain classes are grouped at four terrain classes simply
by counting the local extreme t, (number of local extreme and/or terrain

breaklines per unit area).

Makarovic (1973) presented a simple method in the progressive sampling
method for DEM generation, in which the criterion is the second height difference.
As this method utilises the progressive and composite sampling techniques, the
stereomodel is divided at the beginning into several square patches. In each patch
the height differences between adjacent sample points are calculated along each
row/column. Second differences are then calculated along rows and columns with
the additional possibility of along diagonals (Figure 2.2).

The chosen classifications are the follows:
I Regular terrain with horizontal, slightly tilted and/ or slightly curved
surfaces.

Il. Semi-regular terrain, smoothly undulated with or without few
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man-made objects.

lIl. Moderately rough terrain with some distinct morphological features.

IV. Rough terrain types with many abrupt changes.

The terrain belonging to the categories | and |l can be covered exhaustively by
plain progressive sampling. Composite sampling appears particularly feasible for
the terrain category lll. Terrain belonging to the category IV can be covered best by
the selective sampling only.
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Figure 2.2. First and second height differences along row and column.

The second height differences give the information on the terrain curvature.
If the second difference is larger than a pre-specified threshold, the local terrain
is considered to be rugged and a dense sampling is required.

Tempfli (1980), attempted to evaluate the accuracy of the DEM, deriving
quantities (eg. contour or volumes) to determine the adequate sampling interval
and the method for reconstruction to meet given specifications. In this study he
used synthetic data, but the criteria can be applied to real terrain. In this paper he
classified the terrain in three different terrain types, for contour plotting at a
scale of 1:50,000 with a contour interval 50 m.The slopes and the curvatures
were calculated over a total area 8 by 12 Km and summarised as follows (Tempfli,
1980):

Flat terrain : elevation range : 300 m.

97% of the slopes are between zero and 10 degrees.



90% of the radii of curvatures are between 1000 m and eo.

40% of the radii of curvature are between 2000 - 10000 m.
Rolling terrain: elevation range : 600 m.

96% of the slopes are between 0-25 degrees.

95% of the radii of curvature are between 100-50000 m.

40% of the radii of curvature are between 1000-5000 m.
Rugged terrain: elevation range : 1000 m.

91% of the slopes are between 0-30 degrees.

90% of the radii of curvature are between 200-1000 m.

40% of the radii of curvature are between 200-1000 m.

2.4.3.2. Terrain description - Geomorphometric parameters

for approaching terrain.

Geomorphologists classify terrain by developing and applying complicated
systems. There is a considerable number of different quantitative indices in
terrain description or terrain roughness. Terrain roughness refers to the
irregularity of a topographic (or other) surface (spatial variations of the
terrain). These are (Mitchell, 1973 and Mark and Aronson, 1984):

Grain, texture, relief, average elevation, elevation relief ratio, slope
parameters (slope or gradient, average slope, slope direction changes or aspect),

and the curvature or wavelength.

Grain indicates in some way the scale of horizontal variations in the
topography. It is used for the longest significant wavelength in the topography and
is dependent on the spacing of major ridges and valleys. It is assessed by selecting a
random point, drawing a series of concentric circles having .diameter increments
eg. of one mile and determining the maximum difference within each circle.

Texture indicates in the same way as the grain, the scale of horizontal
variations in the topography. It is used to refer to the shortest significant

topographic wavelength. It is very important in Geological studies.



Relief is used to describe the vertical dimension or amplitude of topography.
It is the difference between the highest and the lowest elevations (extreme values)
in the unit area equivalent to the grain size. Relief describes the vertical dimension
of the terrain. Another concept is the relative relief introduced by (Frederiksen et
al, 1984), in order to eliminate the dependence of the definition on this reference
area, by dividing the local relief by the extent of the reference area (its diameter
or perimeter). Relative relief is a dimensionless quantity; it depends on the extent
of the reference area and its frequency distribution allows classification of terrain
according to roughness and genesis.

Average elevation. Is derived from the mean of randomly chosen points within
the unit area.

Elevation relief ratio. Is the relative proportion of upland and lowland. It is
derived by subtracting the lowest elevation from the average elevation within the
area and dividing the remainder by the relief. The resulting value therefore always
falls between 0 and 1 and is expressed as a decimal.

Slope has two components - the gradient and the aspect. Slope is possibly the
most important parameter of terrain forms, because it controls the gravitational
forces available for geomorphic work. (Evans, 1972). Slope can be estimated in a
number of ways. For example surface fitting has been used with digitised
topographic map data, although with dense grid models there may be some difficulty
in fitting a smooth plane to highly irregular elevation values. Mathematically the
slope, tangent of the slope angle (tan a), is the first derivative of the elevation
value in respect to the x (East/West) and y (North/South) directions and is
defined as the maximum change of height, expressed in degrees (0°-90°).

Slope = TAN-1(V ((32/a%)2 + (3z/ay)2))

Slope is definable at any point of the terrain, except at break lines. A break
line has been defined as a line where there is a sudden or abrupt change in slope.
Break lines represent mathematically, lines where the spatial derivatives are
discontinuous. Physically they are identified with the edges of ditches, dikes, cliffs
and ridge lines.
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In their macro structure slopes can be computed in any direction regardless
of the format of the DEM data (random or regular). In other word, they include
both low and high frequencies; therefore, they can be a representative parameter

for the terrain roughness.

Aspect and gradient computation is based on the partial derivatives along the
two perpendicular directions East-West and North-South symbolised as dx and dy
respectively. They are assessed by counting the number of changes from rise to fall
and vice versa along the same random traverses used for counting contours.

The gradient defines the first derivative (or else the slope vector) of a
surface at a given point. The Gradient (G) can also be computed as a percentage of
the vertical distance between two points with respect to their horizontal distance.

G =V ((dx)2 + (dy)?)

Slope direction changes or aspect, denote the direction of an area. The aspect
(pointing downslope) represent the direction of the maximum change of height,
also expressed in degrees (0°-3600). Aspect points the downslope (toward the
bottom of the valley), or upslope (toward the ridge) along the direction of the
maximum rate of change of the slope. The aspect (A) as the directional component
of slope can be calculated as the direction that slope faces:

A = TAN'1((-32/3y)2 + (-32/0x)2)

Average slope is determined by counting the number of contours crossed by
straight lines in directions NW-SE, N-S, NE-SW and E-W. across a circular unit
area equivalent to the grain size.

Curvature, or wavelength or extent of the terrain form. The term wavelength
has been adopted from the same term in electrical engineering provided that the
terrain surface is similar to random signals and the terrain surface is equally
sampled. It is the second derivative of the elevation in an arbitrary direction. The
curvature in a terrain profile is defined as the average distance between successive
(local) maxima or minima. This curvature is measured in length units (spatial

units) and may be studied in various characteristic directions. Its relationship to
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the terrain forms can be ideally studied using the Fourier Transform.

In a profile, if the DEM sampling is Ax and the profile L, the data may

contain curvatures that range from a long curvature of L to a short

curvature of 2( Ax ). The curvature of a surface at a given point may be defined

the spatial second derivative C given by:

¢ =V ((822/0x2)2 + (322/2y2)2)

This "simple" curvature measurement is not invariant against rotations.
Fritsch and Dusedau (1987) gives in addition five more complex curvature
measures which may be used.

From the above geomorphometric parameters, the most important and
widespread, for approaching terrain are the gradient, the aspect, and the

curvature.

2.4.3.2.1. Terrain types and slope categories used in this

project.

It is a fact that the photogrammetric operator sets the floating mark on the
ground more accurately on the flat or gently rolling areas than on rough and steep
terrain (relief), where the uncertainty is a dominant factor accompanying the

measurements.

The terrain type in this work is described according to the slopes and grouped
in 4 categories. This was carried out in preliminary measurements on the SPOT
stereomodel, by the project operator. The terrain types and the slope categories
used in this work are the follows:

0 -6 Degrees 0 - 10% Flat areas.

6 - 14 Degrees 10 - 25%  Gently rolling areas.

14 - 265 Degrees 25 - 50% Semi-rough terrain.
above 26.5 Degrees above 50% Rough and steep terrain.



The slope categories were considered as a source of causing error in the SPOT
elevation measurements and they are used on the estimation and the classification,
of the caused error, in the applied statistical analysis. They are grouped in 4
categories to facilitate, in the statistical study, without losing the significance of
the terrain roughness and its influence on the photogrammetric observations.

They are also used as the main criterion in applying the height limits during
the blunder detection procedure.

2.4.3.2.2. The gradient and aspect estimation program.

Slope (gradient) and slope orientation (aspect) maps can be produced from
DEM , and these are very useful for solving problems in many disciplines.
Geomorphologists and Geologists pay a lot of attention to these products, while
photogrammetrists do not. The reason is that until now it was difficult to produce
these maps; the only way was to calculate the slopes from the contour map in an
independent, tedious procedure. However, DEM offer the opportunity to produce
slope and slope orientation maps easily.

Most people think that a map should normally be updated because of
planimetric changes rather than morphological changes. Terrain surface changes
considerably under certain circumstances. Melton's (1960) study in Wyoming
(USA) showed (through the analysis of variance) that there was a significant
difference between the steepness of north- and south-facing slopes . North-facing
slopes were, on average, twice as steep as south-facing slopes ( 4.42° as compared
to 2.219 ). This is because the material moving down the south-facing slope
'‘pushes' the stream into the foot of the north-facing slopes, which hence become
steeper.

Gradient and aspect maps with additional elements of ground material can give
information on whether the relief representation needs to be updated or not. In
addition, the representation of the gradient and aspect in a raster form gives a
rough idea of existing blunders in the initial elevation data.

A program for aspect and gradient estimation SLOPE.FOR was written. The
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main program calls the subroutines MENU.FOR, SET1.FOR and DEM_|O.FOR. The
DEM_IO.FOR subroutine calls routines from the LSL$LIBRARY package. The
SLOPE.FOR program reads a DTI file, output from DTMCREATE package, or the
NE1.FOR program.

The program NE1.FOR, is linked with the subroutines NE2.FOR and
DEM_IO.FOR. The DEM_IO.FOR calls routines from the LSLSLIBRARY package. The
purpose of the program is to convert a file containing strings of coordinates,
recorded in a regular grid, Point_Number, X, Y, Z, from the ASCII form, to the
DTl form. The DTI files can be used as input in the ROVER Module, so the aspect and
the gradient can be graphically displayed on the screen, or printed on the laser

writer.

If the dx and the dy values are known quantities, the gradient (G) and the
aspect (A) can be determined as follows:

G = SQRT ( (dx2) + (dy?) )

A =TAN-1(-dy/dx), -t<A<m
IF dy <> 0 ANDdx =0 THEN

A-->7/2 OR A > -/2

IF dx = 0 AND dy = 0 THEN
G = 0 (Flat terrain) AND A is undefined.

The gradient is determined even when aspect is undefined. From the
geomorphological point of view, rapid changes in the height values, means high
gradient. On the other hand in flat areas, or nearly flat, the gradient is equal, or
almost equal to zero.

The program asks the user through the MENU routine:

1. To specify the DTI filename, which contains the DEM or the label matrix
stored in DTI form (the DTI files are stored in the DTI directory by default).

2. To specify the output filename to store the gradient and aspect DTI
matrices. This is carried out calling a sub-menu, which contains two options, for
storing the gradient and the aspect matrices in a separate file.

3. To choose an elevation smoothing. The user can, if he wishes, make a global
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filtering of the DEM, to reduce the effect of the random noise, which is generated by
the data collection system or other factors. This can be carried out by calling the
elevation smoothing sub-menu. There are two smoothing options:

a. Smoothing based on distance from the centre 3 x 3 and

b. Smoothing based on a low pass filter 3 x 3.

4. Finally, if desired to compute the gradient , the aspect, or both. This can
be carried out by calling the slope submenu, where the program asks the user :

a. To define the DEM spacing.

b. To define the gradient magnitude under which a terrain will be considered
flat (1 < flat < 90). The threshold for the flat terrain (gradient) only affects the
aspect estimation.

The program description algorithm is presented in appendix A.

The gradient and the aspect are estimated from the captured aerial
photography and SPOT imagery elevation data. The description of the test area and
the data elevation measurements from the aerial photography is described in §
5.2.3.2, while the data elevation measurements on SPOT is described in §
524.2.1.

The gradient and the aspect estimation from the SPOT elevations data for the
entire captured area 14300 x 9900 m2 (14400 points in 100 m grid interval)
are shown in image form, in the figures 2.3 and 2.4. In the aspect and gradient
estimation, no elevation smoothing has been carried out, while in the gradient and
aspect estimation shown in image form in the figures 2.5 and 2.6 a smoothing of
the elevation data was carried out based on a low pass filtering, in a convolution
array 3 x 3 (see appendix A.2.2).

Figures 2.7 and 2.8 also show the gradient and the aspect estimation in
image form, from the aerial photography derived elevation data for the area 6900
x 6000 m2? (46200 points in 30 m grid interval). This gradient and aspect

presentation represents the half of the test area.
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The presentation in a raster form of the gradient and aspect for the two
sources derived "raw" data give a very good information of the data quality.

The aerial photography derived raster images give a very good sense of the
data responce to the terrain features. However, the raster images which derived
from the SPOT data give less good representation of the ground features as one can
easily verify by comparing the presented SPOT area with the same aerial
photography area.

2.4.3.3. Mathematical approach towards the terrain.

In recent years the investigators are oriented to the required procedures and
densities for data capture (optimum sample size). The choice of the optimal sample
spacing , meeting accuracy specifications for the DEM, can reasonably to be based
on the selected statistical analysis of the selected terrain profiles in the projected
area.

There are several techniques which use the terrain roughness parameters as
criteria to determine optimum sample size. In all of them it is accepted that the
terrain surface is effectively a continuous function. The method of measuring it
however, renders it discrete; that is a finite number of ground points are
actually measured to represent a continuous surface. Hence the concept of
approximation or modelling is required (Segu, 1985).

Some of these techniques of mathematical approach towards the terrain are
the follows:

1. Mathematical approach with the Fourier spectrum, frequency spectrum,
power spectrum, Fourier spectra, harmonic vector magnitude (HVM),
amplitude power spectrum, frequency domain-spectral analysis).
(Ayeni, 1976; Frederiksen et al, 1978; Ayeni, 1978; Tempfli &
Makarovic, 1979; Jacobi, 1980; Tempfli, 1980; Frederiksen, 1981;
Tempfli, 1982; Ayeni, 1982; Frederiksen et al, 1984; Hassan 1986).
Note: Extensive investigation has shown that a log-log scale of

the power spectrum is linearly related to its Fourier frequency
(Frederiksen, 1980; Frederiksen et al, 1984; Frederiksen et



al, 1985).

2. The Variogram (auto correlation function). (Matheron, 1971;
Frederiksen & Jacobi, 1986).
Terrain models from random functions (Frederiksen et al, 1984).
Selfsimilarity and fractals (Mandelbrot, 1968, 1977, 1982;
Frederiksen et al, 1984; Muller & Saksono, 1986).
Karhumen - Loeve expansion (Ostman, 1986).
Best Linear Unbiased Estimator (BLUE) or Kriging (Krige, 1951;
Matheron, 1963).

From the high frequencies of the frequency spectrum, we can estimate the
standard deviation between a digital elevation model and the terrain surface.

Either stochastic criteria (correlation functions or transition probabilities
in the sense of stochastic process) or frequency spectra are suitable to describe
terrain properties (Ackermann, 1978). The question is which covariance function
can describe real terrain and which functions should be assigned to the different
types of terrain. Makarovic (1972) describes the terrain by means of frequency
spectra and Fourier analysis. If the frequency distribution of terrain is known all
questions regarding point density interpolation method and accuracy can be
answered.

Nowadays these theoretical techniques are limited in their applicability
although they show some potential in the determination of sampling strategies for
photogrammetric mapping over large areas (Balce, 1987) and the interpolation
error.

In this work the variogram technique is used in finding the error introduced
by interpolation according to the distance between the measured point and the point
being interpolated. The description of the variogram, its estimation and the
graphical representation for the test area are presented in sections 7.3.1 and
7.3.1.1 The estimation of fractal dimension from the semivariogram is presented
in paragraph 7.3.2.
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2.4.4. Land use and land classification.

There are many schemes for parametric classification of land. Land
classification can vary from country to country and it is different in continental
scale. Land classification differences for the same area can arise from each
individual project point of view, ie land cover by vegetation or human land uses
and activities. For Europe the most important and simple land classification
elements contained in six classes (Stamp & Whillats, 1935).

. Forest and woodland (deciduous, coniferous)
. Meadowland and permanent pasture (grassland).

. Arable or tilled land (cereals, roots, greenfodder).

1
2
3
4. Heathland, moorland, commons and rough hill pasture.
5. Gardens, allotments, orchards, and nurseries.

6

Land agriculturally unproductive.

The vegetation structure (two first categories of the first exercise) can be
presented further in the following categories:

Height (m} Stem type Eorm
1. More than 7.0 Woody Trees
2. 15-7.0 Woody Young or dwarfed trees.
3. 05-15 Woody Tall shrubs or dwarfed trees.
4. Lessthan 0.5 Woody & nonwoody Low shrubs, grasses, sedges, and

mosses.

We can subdivide the fourth category of the previous exercise (second
exercise) in more subcategories which specify better the land cover and vegetation
in : grass, grass - scrub, scrub - bush, grass - bush, or one can subdivide
according to human activities or human land uses in : pasture, partly cultivated,
cultivated, pasture cultivated.

One other terrain classification which includes both terrain types - ground
categories and land cover is the follows (Leupin and Cherkaoui, 1980) :



Covered flat terrain Semi-covered flat terrain Uncovered flat terrain
Covered semi-rough  Semi-covered semi-rough Uncovered semi-rough
Covered rough Semi-covered rough Uncovered rough

2.44.1. Land categories used in this project.

The vegetation information for the Aix En Provence test area was extracted
from IGN (1:25,000) maps. The categorisation of the land use in this work, was
done according to the difficulties, or uncertainties that vegetation creates in the
operator setting the floating mark on the ground. The main target was the
generalisation and to keep it simple with as few categories as possible. The
vegetation information were grouped in 3 categories as follows:

a. Foliage, coniferous and foliage + coniferous trees, grouped as group 1.
b. Bush, orchard, vine trees and rice crops, grouped as group 2.
c. Uncultivated areas, grouped as group 3.

The land categories were considered as a source of causing error in the SPOT
elevation measurements and they are used in the estimation of the caused error in
the applied statistical analysis.

2.4.5. Sampling density and pattern.

2.4.5.1. General.

Data collection demands the major time and the bigger cost from any other
stage of the DEM creation. The optimum data sampling has two components, the
optimum sample size and the optimum sample pattern.

The problem in DEM creation is how we can know that we have measured
enough elevations during the process. The answer is not simple because it involves
a proper assessment of the terrain roughness in relation to the size of the area
occupied by the terrain.
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Data selection can be controlled by the operator (selective sampling), by a
computer (progressive sampling) and pre-defined patterns (in a regular
pre-defined grid). To obtain a high quality DEM the measured points must be
selected with respect to the topography. In production different sampling modes are
often combined eg. selective sampling of breaklines with progressive sampling
(Ostman, 1984).

There are a big number of sampling patterns, from which we may obtain the
required terrain elevation information, but in reality we can distinguish only
three patterns.

1. The grid pattern (systematic sampling).
2. The random pattern (random sampling).
3. A combination of the above (stratified sampling).

So digital elevation data can be produced on a regular grid, along terrain
breaklines and points, or along contours or profiles.

2.4.5.2. The grid pattern (systematic sampling).

This is the simplest approach. It is applied by surveyors and civil engineers
(cross sections) and in the acquisition of profile data measured
photogrammetrically in stereoplotting instruments.

Photogrammetric data can be derived:

1. Automatically

2. Semi-automatically, during the production of orthophotographs or under
computer control using an analytical plotter.

These are ordered points in intermeshing nodes which are formed in a regular
geometric pattern (triangles, parallelograms or squares). From the grid
determination for instance on the model, all the captured points are determined.
The intermesh grid ordered points should cover all the area in which we are
interested. The area is divided into square blocks which may have between them
different dimensions. The advantages and the disadvantages of this pattern are:



Advantages:

It is necessary to store only the height information of the points which lie in
the grid nodes. This presupposes that the origin is at bottom left. The orientation of
the block (azimuth), the grid interval, and the number of rows - columns of the
digital elevation matrix, are stored in the header.

It uses a simple interpolation method which in general reduces computer
processing time.

As the position of the points is preprogrammed and fixed, the instrument
automatically drives to the required grid node points under computer control.

It is the most promising application of automated photogrammetry.

We can use a small computer (PC or microcomputer).

Disadvantages:

The measured points do not always refer to the ground features. This may
cause lack of height information in rough terrain or too much information in
uniform and flat areas (embarrassing and unnecessary data redundancy). In this
situation filtering of the measured data may need to be carried out as a
preprocessing activity before the terrain model can be defined. Moreover depending
on the pre-specified grid interval the finer but perhaps significant terrain
features will not be measured specifically.

The interpolation procedure is quite simple and has a trend to simplify the
ground. This becomes crucial in regions with variable relief, because the changes
in ground slope are not well defined by the regular grid.

The interpolation result is a height which may be far from the real in amount
of Dz. The error Dz is the difference between the interpolation surface and the real
ground surface.

Although we measure only the height of the points which lie in the area of
interest all the points are recorded in the computer (the nodes for which there is
no measured height are automatically set to zero). This leads to disproportionate
memory requirements, if the area of interest occupies only a narrow strip of the
block.

2.4.5.2.1. Progressive sampling.

The above data shortcomings can be avoided with progressive sampling. This
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method was originally proposed by Makarovic (1973,1975 and 1977).
Progressive sampling techniques attempt to optimise automatically or
semi-automatically the relationship between specified accuracy, sampling density

and terrain characteristics.

The main idea is that one starts with a low resolution grid which gives a good
general coverage of height points all over the area to be measured. An on-line
computer attached to the photogrammetric instrument estimates the slopes and
analyzes the terrain relief. Then it applies a progressive increase in the density of
sampling (measurements) by halving the size of the grid cell in certain limited
areas, matched to the local roughness of the terrain surface. Measurements of the
height points at the increased density are carried out under computer control only
in these pre-defined areas. A further slope estimation is carried out for each of
these areas and the existing grid is halved according to the results. Further
measurements of the height points under computer control only at the increased
density are again carried out and so on.

Procedures have been tested for the use of test profiles in order to determine
the optimum grid sampling density in a working area. (Balce, 1986). The
contractors have not adopted the procedure as they consider that the selection of the
location for the test profile within the stereomodel is also subjective. Although
analytical stereoplotters are used, the progressive sampling method available with

the equipment is not used and is considered slow.

2.4.5.3. The random pattern.

In this pattern the measured and stored points are completely randomly
distributed (but specifically located) in the project area and completely
independent. It is a common data acquisition technique, in land surveying
operations. Sometimes it is employed by photogrammetrists by measuring heights
selectively at significant points only ie. at the tops of hills, in hollows and along
breaks of slope, ridge lines and streams. Thus all the points to be measured are
identified by the photogrammetrist on the basis of his inspection and interpretation
of the terrain features. From one defined area around a point, the interpolation

surface is estimated and then the height of this point is estimated. The advantages



and disadvantages of the random pattern are:

Advantages:

The information collection method is completely independent of the relief
variations. The terrain data will be collected in important positions in terms of
terrain morphology or representation, ie on hill tops, in pits, in hollows or
saddles, along breaklines (ridges), breaks of slope, rivers etc.

If the data collection system is sufficiently sophisticated then the number of
points which are required for a given accuracy, is less than the number of the

points from the other patterns (grid and the grid-random combination pattern).

Disadvantages:

Requires large computer resources.

It is possible to have in some area superfluous points and in others too few, so
it is necessary to predetermine the type of interpolation surface to be used.

The interpolation procedure take a lot of computing time, if a random to grid
interpolation is used.

Needs experience.

2.4.5.4. The combination of grid and random pattern.

Is the common approach to data acquisition taken by photogrammetrists. In
this a relationship exists between some of the points forming the model.

The data is captured in the following general patterns:
1. Composite sampling.
2. Selective sampling.
3. Contours
4. Profiles
5. Characteristic lines
6. Joined triangles.

1. Composite sampling.
Composite sampling is the development of progressive sampling. This
approach uses both selected and filling data. It is applied in the non-automated,

operator controlled type of stereoplotting instruments. In this approach the



significant points are first measured in terrain and then additional points will be
measured both along the centre line to give a longitudinal profile and at right angles
to give a series of lateral cross-sections.

2. Selective sampling.

Selective sampling is a procedure using distinct morphometric features and
"anomalous" terrain regions. Such data represent a geometric framework for
subsequent manual, semi-automatic, or automatic non-selective sampling to form
a complete DEM. Data on distinct morphometric features have high information
content. In the latter case additional more homogeneous data have to be sampled,
proving the so called "filling data". These can represent contour lines, parallel

profiles or point grids.

3. Contours.

It is applicable in the analogue instruments. The operator follows the contour
line and records points which lie on it. So a sequence of X, Y coordinates of points
which lie in the same contour (constant Z) is recorded. Again this may be
supplemented by spot heights measured in hollows and along terrain break lines, at
the top of hills, ridge lines and streams etc.

4. Profiles.

In this case the pattern could vary from almost ordered points to nearly or
completely random points. The profile is a sequence of measured points in a
straight line.

Profiles could be:

Parallel and equidistant.

Parallel but not equidistant.

Not parallel and in changeable distances.

5. Characteristic terrain lines.

Is a sequence of X, Y, Z coordinates from one specific ground feature. This
feature could be the top of an embankment or its base, or ditch and will define a
change of slope. The points are usually stored sequentially along a terrain line. This
method is used mainly in technical constructions because these have well defined

(clear) surfaces (obvious slope changes).
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6. Joined triangles.
The measuring heights lie on triangle apexes. The shape of the triangles is
irregular. (random).

The advantages and disadvantages of the combination of grid and random
pattern are:

Advantages:

These patterns are more flexible and come closer than the grid pattern to the
segment topography. The profiles are flexible in terms of choosing the position, but
less flexible in specifying the profile interval and direction.

The models easily are measured and the degree of experience required is not
necessarily greater than that for the ordered points method.

There is a good accuracy-economy relation if the evaluation is good.

Disadvantages:

This pattern requires large computer resources.

When information is obtained from contours the accuracy is less (measure on
the fly, dynamic measurements) than when information is obtained from a node
pattern (where the instrument stops and waits for the operator to set the floating
mark on the ground and then to record the point).

2.4.5.5. Sampling mode.

In data capture procedure we distinguish between static and dynamic.

In static sampling (point to point), the instrument is frozen while the
operator records the coordinates of this point.

In the dynamic sampling (on the fly) the instrument moves (automatically
or manually) and the points are recorded continuously. We can distinguish two
kinds of dynamic sampling, the sampling in pre-specified time and the sampling in
pre-specified equal distances. The sampling in pre-specified time is a difficult
task for the operator, so the applications are very limited.

Comparing the static and the dynamic sampling, the static sampling gives
better accuracy measurements, while the dynamic sampling is a quicker



procedure.

2.4.5.6. Examination of the relation between density, economy

and accuracy factors.

DEM data are composed of mass points, breaklines and characteristic spot
heights. The mass points are observed along parallel profiles and may or may not
be in a grid pattern. Breaklines are classified as sharp and round. The former are
edges of interpolated surfaces and when used in contour interpolation they produce
a sharp jag in the contour. The round breaklines are used where extra information
is needed but where a sharp jag is not required. The characteristic spot heights are

observed on hill tops, depressions, saddles, water surfaces and road intersections.

Data density for mass points range typically from 1.6 mm to 2.3 mm at photo
scale. Even the stereoplotter operator who has plotted contours for several years
does not immediately know where to observe DEM data in order to produce a
surface from which contours can be interpolated which correctly describe the
terrain. He has to be trained by giving him interpolated contour plots so that he can
see the result of his work. For this reason it would be preferable to have fast
interpolation of a patch of DEM data and immediate presentation by

superimposition in the stereoplotter optics.

Breaklines enable fewer mass points for a specified surface accuracy and they
enable contours to be produced which are cartographically more acceptable.
However, breaklines are time consuming, both in the time taken to decide where to
observe them and in their actual observation. Experience has shown that it is
easier to allow the observation of more points than necessary rather than the
careful and time consuming selection of the essential points (Toomey, 1988).
Later a computer program can be used to reduce the number of breakline points.

At first it was assumed that an increased geometric quality of the DEM would
be achieved if the points to be measured were selected with respect to the
topography. However this assumption was later found incorrect (Ostman, 1986).
In this work it was found that regular grid measurements complemented with

breaklines gave about equal standard error in interpolated elevations as compared



with operator selected points.

In another study Ostman (1987) examined if the operator selected points
improve the geometric quality of the ground forms and, if this is the case, the
amount of improvement. He believed that operator selected points contain more
information than points in a regular grid, but what is the content of this
information and how should it be used by the interpolation algorithm? Ostman
(1987) agreed with Rudenauer (1978) that operator selected reference points did
not give an improved overall standard error in elevations compared to grid

measurements in which the same number of reference points were used.

The accuracy of the DEM depends on the identity of the initially captured
points. In the case of capturing data in a regular grid, the grid interval is related to
the density and consequently to the number of the captured points. The larger the
number of collected points, the better relief representation (more accurate
DEMs).

For many reasons the number of captured points should be reduced to the
minimum because of the conflicting requirements of density, accuracy and

economy factors.

It is well known that an increasing point density improves the standard error
of the elevations of a DEM (Ostman, 1987). The standard errors of ground forms
(slope and curvature) were studied theoretically. The conclusion reached was that
only a slight improvement of standard error in slope occurs with increasing
density of point measurements, but somewhat more slowly than the improvement
of the standard error of the elevations (Forstner, 1983; and Ostman, 1987).
This improvement was estimated to be proportional to the power 0.5 of the
sampling distance (Forstner, 1983), while Ostman (1987) estimated the
corresponding power to be 0.15. It is also shown by simulation that the standard
error in curvature is almost independent of the sampling intervals that were used.
In order to increase the quality of the ground forms, Forstner (1983) suggests
taking additional form measurements, such as direct measurements of slope or

curvature.

Balce (1986) captured sample profiles from large scale aerial photography:



1:4,000 with flat terrain and 1:8,000 with rough terrain. One stereomodel from
each photo scale was sampled completely at various grid sampling intervals, in
order to find out the optimum grid sampling interval. Profiles were captured with
an analytical stereoplotter as follows:

1. From the 1:4,000 aerial photograph (flat terrain) in 3m grid interval as
basis for comparison profile , using grid interval of 20, 51 and 62 m. Breaklines,
hilltops and depressions were also measured.

2. From the 1:8,000 aerial photograph (rough terrain) in 4 m sample
spacing as basis for the comparison profile, using grid interval of 7 and 12 m.

The roughness factors for each profile, which were going to be used for
analysing the results of test comparison, were determined from the basic profiles.

Four interpolation programs were used : one based on Fourier
transformation, one based on the self-similarity concept and two based on linear
interpolation.

From each grid sampling combined with breaklines, hilltops and depressions,
contour lines at 0.5 m interval were interpolated and plotted at 1:1000 scale. The
discrepancies of contour lines were estimated. From the RMS's of discrepancies of
contours, it was evident that they all met the required accuracies. From these, it
was concluded that the true optimum grid sampling interval was 62 m for the flat
terrain and 12 m for the rough terrain.

In another experiment (Balse, 1987), the same interpolated algorithms
were used. The roughness factor in this test was defined to be the mean slope which
was consistent, as was proved later.

The data were obtained from wide-angle aerial photography, at a scale
1:60,000, for compiling 1:20,000 provincial topographic series of the area with
10 metre contour lines. The profiles were sampled with 25 m spacing using an
analytical stereoplotter. Profiles of varying sample spacing with spacing 50, 75,
and 100 m were derived from the long profiles.

For the purpose of validating the observations one model was sampled three
times at grid intervals of 75 and 130 m for the entire model, and 25 m for its
southern part. Breaklines, hilltops, and depressions were also measured. From
each grid sampling combined with breaklines, hilltops, and depressions, contour
lines at a 10 m interval were interpolated and plotted at 1:20,000 scale. From the
discrepancies of contour elevations, it was found that the contour plot from the

130 m grid sampling did not meet the specified accuracy (entire model), the



contour plot from the 75 m grid partially met the specified accuracy (accuracy
suffered in the rugged portion), while contour plots from the 25 m grid met the
specified accuracy with RMS of 3.2 m. On the other hand the 75 m grid interval for
the rolling and flat terrain portion, and 25 m for the rugged portion met the
specified accuracy.

Balse (1987) recommends that without progressive sampling, one has to be
more conservative. The following profile attributes should be used with the most
suitable programs:

Boughness of the terrain Length of sample profile Profile_sampling rate
Rough terrain (R.F>=15) Long (length>=1.75 model base) High (Ad<=0.8 mm at image scale)

Flat terrain (R.F<15) short (length<1.75 model base) low (Ad>0.8 mm at image scale)

The varying width affects not only the data collection time but also data
storage and computing time. In most cases the computing time depends linearly on
the number of grid points, in perspective representations this is also true for the
plotting time (derivation of contours). For DEM computations performed on a
Harris H100 minicomputer, a 49% data reduction (varying grid size) had an
effect of about 7% reduction of computing time, 49% saving in storage and a
considerable reduction of 40% in both computing and plotting time (Kostli and
Wild, 1984).

The Danish mapping firm Aerokort has investigated the price for generating
DTMs. The price of measuring a grid DEM, including break - and structure - lines,
is twice the cost of classical contour plotting. If only the grid is measured the price
is almost the same. This is in accordance with investigations carried out by Toomey
(1986). However, if the DEM is in established only to compute contours, it might
be an unprofitable investment. So if it is possible to use breaklines, etc. in other
applications the benefit of establishing DEM is improved. In urban areas DEM
information is a part of the digital situation model (DSM). With the integration of
the DEM and GIS it is possible to measure both models in one step (Sandgaard,
1988).
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2.4.5.7. Forcing factors in adopting data collection methods and
the density of the data points.

One central problem in photogrammetric data acquisition for DEM is the
selection of the points to be measured. This selection can be controlled:

1. By the operator as in the case of selective sampling (manual selected
points in which the human operator is needed to perform this selection.

2. By a computer in the case of progressive sampling or

3. By pre - defined patterns as in the case of sampling in a regular grid.

Manual selection of characteristic points is performed by an operator. The
decision of where to increase sampling density is based on the topography of the
terrain as judged by the operator. In order to obtain a high quality DEM, the
measured points must be selected with respect to the topography. In production
different sampling modes are often combined. We can combine the profiling or
progressive sampling with the selective sampling of breaklines and other terrain
characteristics.

Progressive and selective sampling are special algorithms which are
developed to drive the analytical plotter to the estimated measuring point position.
So special software is needed.

There are several factors which affect and impose the decision of adopting the
data collection pattern. Some of them are as follows:

The sampling density and pattern should have a close relationship with the
terrain type.

The specific type of equipment available for the photogrammetric
measurements. If an automated or semi-automated photogrammetric instrument is
available, the use of a regular grid is preferable (supposing that the appropriate
software exists).

The required accuracy in the specific project. In static mode measured
heights are 2 to 3 times more accurate than the dynamic (on the fly) mode of
measuring heights (contouring).

The vast majority of the worldwide cartographic organisations use the the
classical contouring method for measuring heights (dynamic mode). This method

does not require special software, so it can be applied to analogue instruments,
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which are still widely used on the production line.

Regular grid measurements complemented with breaklines, is of considerable
importance in many situations. It is significant when designing the data structure
for the storage of digital elevation data and is also of interest when carrying out
progressive sampling. Is this approach more successful with respect to the overall
standard error, or is the choice of point pattern in general of less importance?

In a practical situation, the setting of sampling parameters, for instance the
grid spacing, can be a very difficult task. If the grid is too sparse, important
features might be missed and if the grid is too dense, sampling is too expensive.

2.4.5.8. The data collection method and pattern used in this
project.

In this project a regular (square) grid pattern for data collection was
adopted. The author believes that for the terrain measurements the other regular
grid patterns (such as the rectangular, hexagonal and triangular grid pattern) do
not make any difference, but sometimes can create problems eg. in the stage of data

manipulation.

The collecting of random data (operator selected points) was not carried out
because:

1. It does not give an improved overall standard error in elevations compared
to the grid measurements that the same number of reference points is used
(Rudenauer, 1978 and Ostman, 1987).

2. It is always variable depending on the inspection and interpretation of the
operator.

3. It is avoided for normal production because this method is time consuming,
a smaller grid interval is preferable instead to maintain accuracy.

4. It is debatable whether random data are to be considered as more reliable
than regular grid points under poor measuring conditions encountered in SPOT

images of breaklines or steep-sided valleys (see § 5.2.4.5).

From aerial photography digital elevation measurements using a grid interval
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of 30 m was carried out in order to offer a good background for checking the SPOT
elevation data. Random data in terrain peculiarities are not measured, because the
basic purpose was to provide a sufficient "ground truth" for checking purposes,
rather than a perfect relief representation. The greatest possible distance of a
SPOT point to a checking matrix node point is 21.22 m. An interpolation procedure
was carried out taking into account the four nearest neighbour matrix points in
respect of their distance from the point to be checked. If we consider the fact that
97,390 points were measured then the grid interval of 30 m was the appropriate
one as it was a good compromise between accuracy and economy of data capture.

The grid interval for the SPOT measurements (100 m) was chosen with the
critetiajof 'averaging' the terrain relief, and also to do with the SPOT capability
for manual data capture. This was satisfactory, because the test area includes most
terrain variations. Although the SPOT panchromatic pixel is 10 m x 10 m,
measurements in a grid interval less than 30 m do not make sense, because the
operator can not see clearly the relief change in respect to the floating mark
movement. A 30 m or 50 m grid interval is too dense for a 1 : 25,000 map,
because 50 m on the ground correspond to 2 mm on the map. The 30 and 50 m grid
interval are more suited to automated procedures. The grid interval of 100 m
corresponding to 4 mm on the map (0.25 mm on the image scale) is adequate for
gentle slopes as it '‘averages' the relief, but in very rough and steep terrain a
100m grid is inadequate.

In this work the test area (12.4 x 6.9 Km2) occupies only a small part of the
satellite image. In other projects, and particularly mapping over large areas, it is
necessary to make sure that the cartographic specifications of the earth's geoid are
accurate, and to begin to address standard methods of storing and accessing the huge
quantities of data. One major shortcoming of using satellite imagery is the ability
to derive from the imagery accurate object space positions of geographic features.
This problem is usually not significant for small geographic areas (3600 km?2 or
less), where one monoscopic image or one stereomodel is all that is required; it is
often easily solved by using an abundance of accurate photo identifiable ground
control points. However, for large cartographic projects (particularly in areas of
sparse control) the problem is much more significant. The derived object space

positions between image boundaries will contain discontinuities, and a multiplicity



of ground control points will be required. This can limit the use of SPOT data in
large mapping projects over sparsely controlled terrain, unless special
measurements are taken.



Chapter 3.

Data sources, methods and techniques.



3. Data collection implementation, sources, methods and
techniques.

3.1 Data capture methods and techniques.

Data capture is the encoding of data. In general the data information is not
collected in only one way ie from one data source or method, but in many different
ways. Combining different sources and methods should give us quick, accurate and
cheap information.

The collection may be done by:

1. Direct methods ie land surveying.

2. Non direct methods ie photogrammetry.

3. Mixed methods.

The above can be explained by the Figure 3.1.

__p "1 LAND SURVEYING
DIRECT METHODS >
| > APR, SONARS
MIXED METHODS >
__p—®—1  EXISTING MAPS
NON DIRECT METHODS >
N > FIOTOGRAVINETRY

Figure 3.1. Data capture sources and methods
The data collection by photogrammetry may be done by:
1. Automatic photogrammetric instruments such as image correlator

instruments.
2. Semi automatic photogrammetric instruments such as analytical plotters



or new digital plotters which accommodate softcopy (CCT) instead of hardcopy
(film).

3. Non automatic analogue instruments with the operator assistance.

Digital mapping techniques include map digitising, direct encoding by
electronic survey instruments, and the encoding of text and attributes by various
means. So data can be drawn from many sources. Nowadays for each source we can
extract the data using 5 methods and techniques:

1. Terrestrial survey.

2. Conventional photogrammetry.

3. Photogrammetry from space.

4. Use of scanner and array system (from existing graphics such as
digitising a contour map, or an orthophotomap with contours).

5. Use of active scanner systems and RADAR.

Brief descriptions for the conventional photogrammetry and the

photogrammetry from space cases are:

Conventional Photogrammetry.

Classical photogrammetry is based on conventional photography.
Photogrammetric techniques are used to bring forth an almost endless variety of
useful products that convey information about given surfaces and objects. A very
important and perhaps the best known application of photogrammetry is the
compilation of topographic maps and surveys complete with contour lines, based on
measurements from aerial photographs. Orthophoto scanning is another less
known but very useful application. Included in conventional photogrammetry are
grid based techniques and raster techniques (photo-mapping)

Photogrammetry from space.

If the camera or sensing system is borne in a space vehicle, the process may
be called space photogrammetry, or satellite photogrammetry. The increased use of
high altitude aircraft and space vehicles for acquisition of basic imagery and other
data has extended the range. In a parallel way the photogrammetric implementation



and techniques are adapted to the new approaches. New techniques and algorithms
have been developed in order to reduce the amount of ground control, especially by
the use of inertial position and height-finding systems to give the precise position
of the sensor at any desired instant.

Some of the new advanced methods, techniques and applications developed in

both photogrammetry from space and remote sensing are the following :

1. Manipulation of imagery from various sensors to accomplish theme
extraction.

2. Automatic classification, or derivation of specialised information.

3. Geocoding of remotely sensed data.

4. Automatic  height information  extraction for DEM production
(auto-correlation techniques). Automatic correlation techniques are applied on
the SPOT, Landsat MSS overlaps and thematic mapper overlaps (the thematic
mapper derived DEMs are low accurady +/- 70 m RMS in height).

5. Automation techniques in the development of integrated , automated
cartographic systems in which the photogrammetric system is a central element of
a continuously automated mapping process.

6. New kind of products in graphical, digital, or image form.

3.2. Data collection implementation.

The methods and the instruments used to collect the information depend on:
1. The desirable characteristics of the final product.
2. The structure of the surveying object.

3. Existing equipment, measurement instruments and computer software.

The data collection may be done with:

1. Automatic photogrammetric instruments, or digital plotters.

2. Semi- analytical photogrammetric instruments (analytical plotters).

3. Non automatic photogrammetric instruments (analogue) with operator

assistance.

Certain data structures are particularly suited to the data collecting,



100

processing and outputting techniques, but they must be capable of providing a

certain type and level of data accuracy.

Stereoplotters typically produce segments or points which in a traditional
procedure are not even coded, but only registered in an arbitrary manner.

Digitising by manual digitising tables create points, lines or polygons
depending on the selected logic.

3.2.1.  Analytical plotters.

An analytical plotter is a computer controlled stereoplotter. Basically it is a
photogrammetric plotting system which solves mathematically in real-time the
relationship between photographic image coordinates measured in the two
dimensional photographic reference system and the ground coordinates of the object
in the three dimensional 'real' world. Photo coordinates are measured by some
form of stereocomparator. These are then fed directly into a suitably programmed
high-speed mini (micro) - computer which solves the basic photogrammetric
equations and provides a readout of model or ground coordinates. The control
computer calculates the necessary corrections required in real time and

implements them in real time.

The major difference between an analytical plotter and an analogue one is in
the process of stereo restitution of a photogrammetric model. In an analogue
plotter, the process of stereorestitution of a photogrammetric model is done by
reconstructing the exact geometric relation of the image and the terrain in the
instrument with the help of optical and/or mechanical devices. With the advent of
electronic computers, the reconstruction of a stereomodel in an analytical plotter
is computed based on two conditions which relate an image point, an exposure
station and the corresponding object point through collinearity equations.

Analytical plotters have no limitations with respect to types of photography
they can accept (focal length, film format size - not larger than the stage plate -,
lens distortion, film shrinkage). The effects of these elements are compensated for

in straightforward mathematical manner. They do not need fine mechanics and
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optics for simulation, and a high degree of accuracy is obtained. A properly
designed analytical plotter will permit accurate photographic scale measurements
of two micrometers.

For the acquisition of terrain elevation data the analytical plotters can be
programmed to drive to any desired position or series of positions corresponding to
the required pattern and density of points in the stereomodel.

3.2.1.1. The Kern DSR1 analytical plotter.

3.2.1.1.1. Description

The Kern DSR1 is a high precision stereoplotter, with a sophisticated
distributed computing architecture.

The DSR1 without the peripherals is an optical-mechanical device,
comprising coordinate input devices (handwheels/trackball, footwheel/handdisc,
footswitches), four lead-screw servo-motor systems driving the stage plates, and
a DEC LSI-11 processor (P2). This processor is devoted to driving the stage plates
to maintain a stereo model in response to hand/foot wheels inputs, and to solving
the collinearity equations. The departmental DSR1 is linked to a host computer, a
DEC micro PDP 11/73 (P1) with memory capacity of the central unit of 64 K and
running under RT11. P1 performs all other computational and input/output
functions such as calculation of model orientations. Various peripheral devices
such as a KERN GP-1 plotting table can also be attached to P1.

The software on the Kern (Cogan and Hunter, 1986) is written in a
non-standard Pascal (Pascal 2, Oregon Software) language. Pascal language is used
for reasons of transparency, self-documenting and fairly rigid program
structures. It is highly modular in structure. P1 programs such as the orientation
programs, make use of internal subroutine libraries of commonly used functions,
and a library of subroutines for communicating with the plate processor. The
library subroutines are available to users to develop their own host computer
programs for driving the DSR for instance in stage plate or model coordinate
systems.
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The structure of the distributed computer facility is shown in the figure 3.2.
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Figure 3.2. The Kern DSR analytical stereoplotter system.

3.2.1.2. Data collection software.

3.2.1.2.1. The DEM data capture program (DEM generation
program).

This program (Saksono, 1988) was not supplied by Kern and is not official
Kern software, but was written specifically for the requirements of the
Department of Photogrammetry and Surveying at UCL. The p}ogram is installed on
the PDP 11/73 microcomputer which supports the Kern DSR1 analytical plotter
and it appears as an option-to the main Kern menu. With this program the user can
measure points lying on a regular grid with pre-specified grid interval, random
points, or a combination. In the regular grid case, the instrument drives to the
grid points at the specified grid interval and waits for the operator to measure the
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height. Then it drives to the next grid point and so on. The manual planimetric
contro! (conventional handwheels or the trackball) is disabled. That means the
user can not move the floating mark (in plan) while he is observing the points, but
the computer automatically drives the measuring mark to the next precalculated
planimetric position of the defined grid node. The user can record the point by
pressing the right foot pedal, or can discard the point by pressing the left foot
pedal. The points may be discarded when the operator decide that he can not
sufficiently interpret and measure them. The recorded points are stored in the PDP
11/73 hard disk (in the current logical device) and displayed on the screen. If a
point is discarded then a message "skipped", following the point number, is
displayed on the terminal, but nothing recorded in the file.

The program asks the user to give :

The number of the desired DEM rows and columns.

The grid spacing.

The initial point, the direction along X axis and the direction of the DEM
block.

The user can either insert the above point coordinates from the terminal, or
drive with handwheels to the desired position and record them.

The output data from the DEM generation program consist of:
A file which contains the generated digital elevation data as a string of
coordinates (point identification, X, Y, Z ground coordinates).
A file for storing the corresponding image coordinates, with respect to the
fiducial coordinate system, of each stored DEM point.
A file containing information of the starting points for the next block.

3.2.1.2.1.1. Accuracy of the DEM data capture program.

The accuracy problem of the semi-automatic methods of the DEM capture
programs lies in the capability of a computer to drive the floating mark to the
precalculated positions. Most of the existing packages follow a geometric pattern,
most commonly a grid pattern. The most important consideration is avoiding an

accumulation of error in the planimetric positioning of the floating mark. This can
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be avoided easily if all the planimetric coordinates of the grid nodes are computed
directly with respect to the starting origin. In this way the planimetric position of
the floating mark is independent of the points being generated. The DSR1 data
capture program follows this procedure.

In a sample of two blocks, the planimetric coordinates were checked with

respect to the grid normality and the grid interval. The grid RMSE planimetric

accuracy of the DEM data capture program was found to be less than 25 um in the

image scale or 1m in the ground (for the SPOT images).

3.3. Major technical problems in photogrammetry. Weak points

of analytical plotters and SPOT images.

3.3.1. Problems in photogrammetry.

This section is not intended to cover all the problems facing the
photogrammetrist in his effort to obtain precise measurements from imagery
collected photogrammetrically or by other remote sensing techniques, but to give
an idea or a sequence for dealing with the following problems on analytical plotters
and with the SPOT images. The problems in photogrammetry can be grouped in
three categories.

1. Obtaining the basic (raw) data.
2. Processing the data.

3. The nature of the earth's surface.

1. Obtaining the basic data.

One of the serious problems is that the conditions are rarely ideal for
obtaining and preserving high quality original imagery. Some of these problems
are related to the instant of exposure (ie. movement of the platform, sensor

orientation etc), the camera or sensor, the film and the atmospheric conditions.

2. Processing the data.

Some of the operations which can cause difficulties at the stage of
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transferring the quantitative information from the photographs to the map
compilation sheet are:

The developing of the original film, making prints and operating the
photogrammetric instruments.

3. The nature of the earth's surface.

The character of the surface of the earth itself causes difficulties for the
photogrammetrist. Some of the problems are related to the earth curvature and the
relief.

3.3.2. Weak point of analytical plotters related to the
photographic material.

Apart from the high cost, analytical plotters suffer from one major
disadvantage, related to the quality of the photographic image. The photographic
emulsion is not of uniform thickness, it does not give infinite resolution and the
film base is not perfectly dimensionally stable. In addition there are some
problems due to the poor radiometric fidelity of the film writer. Image degradation
occurs during the process of film writing, destroying the information fidelity.

High resolution space sensors record very large volumes of digital data at
very close sampling intervals (13 microns on the SPOT focal plane). This
resolution is degraded by the process of film writing the digital data onto
photographic emulsion, due to poor dynamic response of the film.

Moreover digital SPOT image data (from which the hardcopies are printed)
contain much information both as subtle grey level values and high frequency
linear features, often less than 1 pixel in width. It is noticeable that a significant
degree of degradation of this image information occurs during the process of film
writing. Two main factors influencing the photographic image quality are: the
transfer of the maximum grey scale range onto film ,and the preserving of the high
frequency information. The first process relies on the histogram of the digital data
being matched to the sensitivity range of the photographic film. The second process
relies on adjacent pixels in the image being printed with different digital values.
Laser film writers can do this, but continuously modulated LED film writers
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cannot. The laser film writers are superior for high frequency detail, clearly
printing individual pixels. Continuously modulated LED film writers are better for
reproduction of subtle radiometric variations, preserving image texture. For
linear feature following, predominant in topographic mapping applications, the
preservation of the high frequency information was found to be more desirable than
radiometric fidelity (if a choice had to be made), although the measurement of
digital elevation models is probably better when the image texture is preserved. In
other words the preservation of grey values improves the measurements of area

features such as digital terrain models (Gugan & Dowman, 1988b).

Technology can not satisfactory solve these problems with film yet, and film

parameter still remains as a limitation in classical photogrammetry. The only way

to overcome the problem is the digital plotter, which uses a soft copy (Computer
Compatible Tapes) as data source (instead of film) and the same software as in the

analytical plotter.

3.4. SPOT satellite imagery.

3.4.1. Weak points of SPOT satellite images.

3.4.1.1. neral ch isti f the SP Hi

In this section it is not intended to explain the whole working mechanism of
the SPOT satellite system, but to identify a few points which | think are relevant in
understanding the foremost weak points.

SPOT (Systeme Pour I' Observartion de la Terre) satellite was launched by
the French on 22 February 1986. The satellite orbits in a near circular,
sun-synchronous, near-polar orbit at an altitude of 832 Km. The orbit was
declared operational after a two-month post launch assessment. The revisit
frequency is 26 days (that means the satellite will pass over the same point in 26
days , after 369 orbits), though the off-nadir viewing capability of the satellite
enables more frequent coverage of a given area to be achieved if required. The

satellite carries two identical and independent instruments, named HRV1 and HRV2
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(Haute Résolution Visible) which are designed to operate in either panchromatic

mode (A = 0.51-0.73 um) over a broad spectral band producing imagery at 10m

resolution, or in multispectral mode within three narrower spectral bands

producing imagery with a ground resolution of 20m.

Each HRV instrument is essentially a reflecting pseudo-Schmidt telescope.
They have focal length 1082 mm, aperture /3.5 and spherical corrector lenses.
When SPOT uses the off-nadir viewing, swath width of individual images varies
from 60 to 80 km depending upon the viewing angle. The vertical images cover an
area 60 x 60 km?2, if the panchromatic mode is used. The swath width on the
ground is 117 km (60 km per HRV and 3 km overlap).

The pushbroom method of imaging is a system composed of a linear array of
detectors oriented perpendicular to the flight path, built in the focal plane of the
sensor. The panchromatic SPOT images are really a composite of a succession of
1-D images (linear array), formed by a 6,000 element CCD array (Charge
Coupled Devices), which transforms the incident light into a sampled video signal.
These do not point exactly to the satellite nadir point. The array offset (constant
parameter) for the panchromatic band is -0.476° (-0.00830777 rad), while for

the multispectral band it is 0.476°. Each detector is 78 mm long and 13 um wide.

An image is comprised of the output from 6000 sequentially recorded lines of
imagery, giving dimensions 78.0 by 78.0 mm.

These 1-D images are taken at 1.5 msec intervals (exposure time of the
linear array sensor), as the satellite orbits the earth at =7.5 km/sec, so a
complete image is formed about every 9.024 sec. Within one second, 667 lines can
be recorded, which means the information of 667 x 6,000 pixels. Each pixel
consists of 8 bits of information, that are compressed by pulse code modulation into
6 bits for transmission to the ground stations. For this reason, the recording data
rate is around 25 Mbits/sec for each HRV.

There are four linear arrays, two within each HRV instrument. The linear
array is approximately perpendicular to the satellite's track, and the plane formed
by the array and the perspective centre is approximately vertical. For producing
stereopairs and repeatability of observations, the array is frequently tilted
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relative to the vertical by 45 steps, by increments of 0.6°, so that it is looking at
angles off the vertical of up to 27° or so (B/H ratio from 0 to 1.1), but the plane
formed by the array and the perspective centre remains approximately vertical
and perpendicular to the satellite track. With this mirror it is possible to view
any point within a strip 475 km either side of the ground track (Mather, 1987).

This technique provides a quick revisit capability on specific sites. For
instance at the equator, the same area can be targeted 7 times during the 26 days of
an orbital cycle (98 times in one year with an average revisit of 3.7 days). At
latitude 45, the same area can be targeted 11 times in a cycle (154 times in one
year, with an average of 2.4 days, a maximum timelapse of 4 days and a minimum
timelapse of 1 day) The mirror movements are controlled by the ground control
station. The projection is pseudo-cylindrical.

The advantages of a pushbroom scanner over a conventional multispectral
scanner are: greater reliability, no moving parts, higher geometric accuracy,
higher spatial resolution, higher radiometric accuracy, higher signal to noise
ratio, lighter weight, smaller size, lower power requirement, longer life
expectancy, and lower cost. The disadvantages are: there are many more detectors
to calibrate, and cannot sense wavelengths longer than near infrared (Curran,
1985 pp. 155).

SPOT images are convergent images so a stereopair can represent almost the
same area. The stereoscopic view in SPOT is achieved because of the different
mirror view angle in which the image is recorded. That means that the one image is
taken with an oblique view towards the east, the other one towards the west or the
one could be vertical or near vertical. By contrast, in aerial photographs a
stereoscopic vision is obtained when the stereopair has a common part of the same
area ( overlap area) usually 60%.
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Figure 3.3. Vertical and oblique SPOT image.

The HRV instruments are carried on a platform. The platform itself helps to
provide some basic services such as power supply, communication with the ground
station and between various components within the system, attitude measurements
and general control. Electrical power is generated by means of a solar panel. Power
up to 1.8 Kw is generally geng(atgq which is quite sufficient for running the

system.

The image data as collected needs to be transmitted to the ground station. The
chosen communication frequency used by SPOT is X band, which allows the
transmission of all the data recorded (Chevrel et al, 1981). In addition to this
data, information about sensor calibratio“r; and platform attitude also needs to be
transmitted to the ground. Thus the information to be transmitted is enormous and
the ground receiving station needs to have a good management system to handle the
data. The whole SPOT system is controlled by an on board computer which has a
prime function of running a program which generates mirror pointing

instructions for the two HRV instruments.
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Throughout the mission, periodic on-board calibration of the CCD array is
made and the amplifier gain can be adjusted by ground command. These adjustments
permit compensation for large variations, along each orbit, of the angle of
incidence of sunlight on the terrain. The sensitivity of the HRV sensor is such that
reflectance steps on the order of 0.5 can be detected under suitable conditions of

illumination, ie. sun higher than 30° above the horizon.

More details on the SPOT satellite system can be found in Begni (1982),
Begni et al (1984), Chevrel et al (1981), SPOT User's Handbook (1988) and on
the satellite orbit are available in Begni (1986).

SPOT data is either released on magnetic tape or on film positives. The type of
data that is used has an infiuence on the results. Digital SPOT image data contains
much information both as subtle grey level values and as high frequency linear
features. SPOT images will produce several levels of processed imagery as standard
products:

Level 1A : Is the photographic film for photogrammetry. This is printed
from the raw data, with equalisation of the response of the detectors (known as CCD
detector normalisation). Neither interband calibration nor geometric correction is
applied (so neither GCPs nor on board attitude data are used). A level 1A images
always comprises 3000 by 3000 lines in XS mode or 6000 by 6000 lines in
panchromatic mode. Auxiliary data are supplied concerning the scene location,
imaging geometry, and spacecraft attitude rates. The location accuracy is not
specified. This product has some problems noted by investigators and users. In
order to overcome these problems SPOT Image decided the release of a new 1AP
product with the following specification and improvements:

1. Better fiducial marks, 8 thin marks exactly positioned at the centre of the
corner and median pixels of the raw image.

2. Auxiliary data, which are going to be provided on CCT or MS-DOS floppy
disk.

3. Better geometric accuracy.

4. Enlargement of the global scaling 1:350,000 instead of 1:400,000.

5. Observation comfort with the anamorphosis procedure, which is a linear
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scaling along lines, in order to cancel the fictitious tilt of the stereomodel.

6. Better quality of photointerpretation, which is going to be achieved with
the following procedures:

lower contrast, by non disturbing processing (stretching often unsuited) of
the standard image.

edge enhancement by a specific filter, in order to improve the detection and
interpretation of the linear items.

film density and contrast in accordance with the aerial photographs
specifications.

Level 1B : Level 1A, corrected for known  geometric distortion
include along-line and along-column resampling to eliminate earth rotation, earth
curvature and panoramic effect; mirror look angle and orbit characteristics
(geometric system corrections), but not attitude errors. The outline of a level 1B
image forms a parallelogram, instead of a rectangle. RMS location accuracy is
1,500 m for vertical scenes and 1800 m for oblique scenes. RMS local error is 17
m, 1.2 Km over the whole scene including relief errors.

The corrections to the level 1 products are made using only mathematical
models and parameters estimated through payload telemetry or the orbit
measurements.

Level 2 : This is a precision processed level. The radiometric corrections
are as for level 1B. For geometric distortion, corrections involve bi-dimensional
corrections by means of ground control points (6 or 9 GCPs per scene) and
auxiliary data, but not a DEM. This means that parallax effects due to relief,
particularly noticeable in oblique viewing imagery, are not corrected. Relief
displacements remain. The image is rectified according to a given cartographic
projection. The total number of pixels varies over wider ranges than is the case
for level 1B data. The specification accuracy of position (RMS location accuracy) is

50 m for oblique to 30 m for vertical viewing.

Level S : The corrections applied to level S data are similar to those applied
to level 2 data. The scene is rectified relative to another scene used as a reference.
Distortions due to relief, are not corrected, but since the parallax effects are
essentially the same in both reference scene and in level 1S scene, the two scenes
can easily be superimposed using identifiable homologous points. RMS location



accuracy is 0.5 pixel ie 5 or 10m depending on the image mode.

Level 1P : Level 1A imagery printed with a diapositive size of 225 x 225
mm format size at 1:266,000 scale. The imagery is corrected for measured
attitude variations in such a way that all linear and non-linear attitude biases
(roll, pitch and yaw) are eliminated, and resampled to 9,000 x 9,000 pixels. In
this way the product which obtained, has a constant orientation over the entire
image. This version appears specifically oriented to photogrammetric applications.
Level 1P is going to simplify the software for SPOT stereo restitution.

Moreover the following special products are made and distributed from SPOT

Image: quick look films, quarter scenes, P + XS merged images and mosaics.

3.4.1.2. _Image quality - Error sources.

The question of the image data quality is best approached from the user's point
of view. An alternative might be a more scientific approach such as evaluating the
radiometric and geometric quality derived from signal theory but this is the
privilege of specialists. The user is generally more interested in one particular
data property. Mapping applications, for example, demand a certain level of
geometric quality, whereas the study of vegetation cover calls for radiometric
quality.

Geometric quality describes the capacity of the data to give the exact location
of imaged objects. Geometric quality depends on the geometry and dynamics,
knowledge of any departure from anticipated geometry and dynamics, and the type
of preprocessing performed on the raw data. Geometric quality can be split into
intrinsic geometric quality and extrinsic geometric quality. Intrinsic quality
concerns the image quality reference to external data. For a scene considered
individually the most appropriate criterion may be the accuracy of shape
reproduction, or in other words, the absence of internal distortion within the
image. Extrinsic quality introduces the use of auxiliary data, e.g viewing angle and
image orientation.

Four mathematical geometric quality criteria have been developed, describing

both intrinsic quality and extrinsic quality of an elementary image:
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1. Scene location accuracy. This is the difference between the actual and
estimated positions of the scene centre.

2. Relative length distortion . This is defined by the ratio: (estimated
distance - actual distance) / actual distance.

3. Anisomorphism. this is determined by the length distortion in two
orthogonal directions.

4. Local coherence. This concerns the along-line (across-track) and
along-column (along-track) regularity of the ground sampling interval.

Furthermore, three additional geometric quality criteria have been defined.

1. Multispectral (band-to-band) registrability. (when scenes acquired in
different spectral bands).

2. Dual mode (P + XS) registrability (when scenes acquired in different
spectral bands).

3. Multidate registrability (when scenes acquired on different dates).

Radiometric accuracy describes the quality of radiation measurements in the
different spectral bands. By making certain assumptions, one can deduce from these
measurements the spectral reflectance of imaged objects (terrain targets). The
quality of these measurements depends on the atmospheric conditions (absorption
and scattering), the characteristics of the HRV instruments (scanner optics) and
the type of preprocessing performed afterwards (detection and conversion, scanner
signal amplification and scanner calibration).

Geometric and radiometric quality requirements cannot be satisfied to the
same degree at the same time for the simple reason that they are not always

mutually compatible because of limitations imposed by the fundamental physics.

As a part of this thesis deals with the SPOT elevation data, the geometric
accuracy is more important than the radiometric quality. Therefore, the
radiometric quality will be described briefly, and particularly as a cause of
difficulties in the operator factor, whereas the geometric quality requirements,
particularly the major physical quantities or factors determining this quality,
will be dealt with more extensively, bearing in mind that the following section is
not intended to cover and to analyse all the possible error sources, but to examine

some of those related to some of the essential problems of the SPOT satellite
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imagery.

Analysis of the physical quantities which are involved during the recording
procedure, acting ag error sources) affecting the image geometric quality and some
st
of the quantities which affect the radiometric quality are given below:

1. Due to the earth:
Rotation, curvature, oblateness, morphology (relief displacement) and
exposure angle.
2. Due to the orbital dynamics:
Altitude variation, velocity variation, precession, tracking.
3. Due to the platform:
Attitude, drift.
4. Due to the sensor:
Misalignment, viewing angle, non linearities, exposure time (MLA),
interframe deformation, calibration.
5. Due to the sun's illumination:
Zenith angle, shining direction angle, sun-morphology interaction,
sun-atmosphere interaction, shadow.
6. Atmosphere:
Absorption and scattering, refraction, diffusion, clouds, haze.

In the following paragraphs some of the error sources which affects the image

quality are examined.

The earth rotation effect.

While the SPOT satellite travels during the image acquisition of a complete
scene, the earth revolves and both these angular changes combine in a composite
motion which causes the satellite ground track to deviate from the nominal

plane of orbit as shown in figure 3.4.

So the successive scanlines recorded by the linear array scanners shift
westward as a result of the Earth's rotation. The amount by which successive
scanlines shift is a function of the latitude. The shift is as its maximum at the

equator as the following simple calculation shows:
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9.024 sec * 40,073 Km = 4.185 km
24 * 60 * 60 sec

The total shift between first and last image line therefore is approximately
4.185 km in ground scale. In the image scale (1:400,000), the shift is
approximately 1 cm. This is the reason that after post processing most images take

the form of a parallelogram instead of square.

Top c

ABALLEL r

vm

GRS 8

SPOT Orbit

Figure 3.4. SPOT orbital relations. (After Kratky, 1987).

Corresponding geographical longitude slip KE increases linearly with time.

The resulting change in the nominal orbit due to earth rotation is given by

the formula Ag = @g * t, where Wg = 2 ©/24/60/60 = 0.072722 mrad/s is the

constant angular velocity of earth rotation, and t is the time.

The nominal position of the satellite Sg is not affected by earth rotation
position and therefore is defined by the orbital parameters T and € and by the

geographical coordinates ¢ and ks. The earth rotation effects the actual position of



the satellite nadir point displacing it from Sg to S.

In this analysis the composite motion T(t) and XE(t) can both be assigned to

the satellite as if it orbited around a stationary earth. The effect of travelled angle

T (fig. 3.4 and to derivations by Kratky, 1988), can be expressed by changes of

geocentric latitude y and geographic longitude 7\3.
siny=cosecosT , tandg=tant/sine , A=Ag+Ag

Geographical latitude ¢ is derived from y by:

tan ¢ = a2 tan y / b2
The earth curvature.

This not an error but is treated as an error source. The effect of earth
curvature is relevant when satellite imagery is used for extracting height
information, because of the large area of coverage. If a large area is mapped then
care should be taken to solve this problem. This can be done either by applying a

displacement to the image coordinates, or more effectively by employing the
Geocentric coordinate system.

Given a distance (C) of a ground point (P) from nadir point (N) of an

image, the difference (Az) in measured elevations exhibit a negative trend. This

trend (Az) can be approximated by the formulae Az = - (C%/2*R), where

R is the earth's radius (R = 6,378 Km). C then can be found from the follows:

From the sin rule (R/sinb)= (R+H/sinc) and hence
c = sin~l( (R+H)*sinb/R)
a=180-c-b and Cs=sina*R

110



Figure 3.5. The earth curvature error.

For viewing angle 27° and H=835 Km, then C= 433 Km and Az = -14.7 m.
The relief induced distortion.

The image distortion due to terrain can be dominant or comparable to the
errors due to map inaccuracy in undulating and mountainous terrain. The
distortion due to topographic relief depends on the sensor altitude and view angle,
and it is in the form of slope forelengethening rather than foreshortening.

Topographic relief displacement is the shift in position of an object displayed
in an image, caused by the elevation (topographic relief) of the object. The effect is
to cause the scale to change throughout the image and to cause images to be displaced
radically from the nadir, from the position at which they should appear, for
objects whose elevations are above the datum. Relief displacement in terms of a
radii distance from the nadir point r is given by the equation:
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Where :
D : Is the relief displacement.
: s the distance on the image from Nadir to the displaced object.
Is the height of the relief.
Is the height of the vehicle above the datum.

o~

The magnitude of relief displacement is given in the following example (Logan
et al, 1988):

For an aircraft flying at an aititude of 4,572 metres (15,000 feet) an object
3,000 metres from aircraft nadir and 600 meters in elevation would suffer a 394
metre displacement from true location on the image. The displacement error
increases with decreasing altitude (600 metres displacement at 3,048 metres
altitude), and decreases at higher altitude (91 metres displacement at 19812
metres altitude).

For the SPOT satellite flying at an altitude of 835,000 metres:

For the vertical images. An object 30,000 metres from the platform nadir
and 600 metres in elevation would suffer a 21.6 metres displacement (2 pixels).

For the oblique images, ie for an image with view angle 20°, an object 333.9
Km from nadir and 600 metres in elevation would suffer a 239.9 metres

displacement (24 pixels).

The relief displacement in the pushbroom systems cannot be ignored as it can
be ignored for normal relief on Landsat 1,2 and 3 image. The effect of the relief can
be removed by using a rigorous three dimensional model of the geometry of two
images, or by having a digital elevation model available in order to compute, and

hence to correct, the effect of relief at any point.

Irregularities in sensor platform motions.

Irregularities of the platform can be distinguished in attitude and altitude
variations. In the case of single exposure the platform can be considered to be
stationary at the time of exposure. For SPOT the platform moves during formation
of the image. In addition the satellite orbit is not stable.

Deviations in the platform attitude lead to a variety of distortions due to roll
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f (¢), pitch g (@), and crab or yaw h (k) motions. Moreover there are forward

movements on the space borne platform relative to the ground during the time of

recording the image.

The effects of tilt can be considered in rigorous mathematical terms and the
movement of the platform modelled by a matrix representing rotation. The
elements of such a matrix can be found with the aid of ground control points (GCPs)
or by measuring movements of the platform by sensors or by reference to fixed

objects such as stars.

The attitude accuracy directly affects the registration accuracy. Error caused
by attitude accuracy can not be completely removed by a ground data processing
system without including other errors. Consequently, improvement of attitude
accuracy and the development of an advanced attitude control system are needed to
support subpixel registration accuracy without the use of control points. For image
resolution of 10 metres or less, attitude accuracies of 10-4 degrees at the sensor
with attitude drift less than 107 degrees/sec are essential to achieve subpixel
registration accuracies without control points, provided other sources of
positioning error are corrected to a pre-specified tolerance to support the
required subpixel registration. The final registration accuracy depends on the
number, the quality, and the distribution of the GCPs.

The ephemeris data are calculated every three days and the values are given
for each scene to an accuracy of 100 m in each direction. The attitude of the
satellite is determined to 600 m on the ground (0°.04); change over a scene is
given on the tape and is reported as being linear over a scene with a magnitude of 7
to 8 pixels.

The maximum drift in attitude is specified as 0.0006 Deg/sec, in 1.5 ms this
could cause a movement of 0.013 m on the ground, so the accumulative change over
an image 60 x 60 km could be 78 m. The lines will also be displaced relative to
each other due to the rotation of the earth; this effect will vary according to the
latitude. At 45° N the change in heading is 2.75° which means a shift between lines

of 0.5m. The accumulative shift over 60 km is 3 km.
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Variations in the platform altitude result in variations in the line scale in the
recording direction. This is not significant, but observable when comparing
different scenes. The column sampling interval is not affected. The spacecraft's
altitude above the earth's surface is determined by three separate factors:

1. The oblate shape of the earth.

2. The eccentricity of the orbit.

3. The varying relief of the earth's surface.

The converging orbit, combined with the inclination of the orbit and earth
curvature are particularly important factors.

Pixel offsets.

The interval of time between sampling the detectors is 1.5 ms, during which
time the satellite will move forward 10m. With the axis vertical, adjacent lines
will therefore join each other but the quality of the join will be affected by any
change in altitude of the satellite or movement from the vertical plane passing
through the centre of the earth or from a constant distance from the geoid. This
overlap will also affect the radiometric resolution. Oblique lines will overlap each
other as shown in figure 3.6.

Figure 3.6. Lines overlap in an oblique image.

The panoramic effect.

The panoramic effect is introduced as soon as the strip selection mirror of an
HRV scanner moves away from the vertical viewing position to acquire oblique
imagery. This phenomenon is significant for extreme oblique viewing. In the
extreme oblique viewing angle = 27° an oblique image covers a larger area in the
across track direction (about 81 km) than along track direction which will remain
the same as normal (60 km) and therefore the sampling interval increases from
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10 to 13.5 m in panchromatic mode. The line sampling interval increases steadily
as a result of:

1. The increasing distance between sensor and target.

2. The angle between the vertical and the viewing direction

3. Increasing effect of the earth's curvature.

The remedy adopted is to use a film format with different scales for the x and
y axes.

Because of the panoramic effect, if a stereomodel comprising of a vertical and
an oblique image is set up then the different scales in the stereoscopic base
direction (across track) cause the model to appear to be sloping.

The problem with the images affected by horizontal and vertical stripes
(effects of the pushbroom sensor) has been solved by SPOT for images originating
after July 1986. Images produced before then apparently cannot be corrected
(Begni, 1988).

Sensor noise and information recording device.

As stated earlier, the detection device on the SPOT satellite is based on the
‘pushbroom' technique where a line on the ground in the cross-track direction is
detected by a 6,000 pixels line within one electronic sweep. Although a pushbroom
scanner has no moving parts during the recording procedure, it has moving parts
in forming the view angle. Because of the moving parts, it is difficult to achieve
perfect adjustment within the recording device, and thus these problems of
mechanical scanning remain.

Distortions due to recording device.

The optical components of the recording device (camera) are not free from
distortion. Each image line is recorded instantaneously by an aésembly of four CCD
(Charged Coupled Device) arrays with 1,728 CCDs per array. Each CCD generates
one pixel. The complete assembly is known as DIVOLI and its function is to optically
split each line into four groups of 1,500 points, with each point being recorded by
an array. In panchromatic mode this results in a 6,000 pixel line whereas in
multispectral mode a 3,000 pixel line is recorded for each spectral band by
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combining the signals from adjacent CCDs.

Atmospheric absorption and scattering.

The earth's atmosphere has an effect on the path of radiation from the surface
of the earth to the sensor. The main factors controlling the absorption and
scattering are the angle of incidence, sun angle and the quantity of water vapour,
ozone and aerosols in the atmosphere reacting to solar radiation reflected back by
the ground and reaching the recording device after passing twice through the
atmosphere. The two major effects resulting from these phenomena are attenuation
of the useful radiation in the spectral band in question and a haze or blurring effect
due to the atmosphere. SPOT CCD detectors require that observations of a point on
the ground be long enough for photon flux reaching the detector to be significantly
greater than the noise level of the system itself. (Gugan, 1987b).

Atmospheric refraction.

The effect of atmospheric refraction is that the path from the earnh surface to
the sensor is not a straight line but is curved according to the refractive index of
the layers of the atmosphere. The atmospheric refraction has been carefully
studied by applying techniques proposed by several authors (Schut, 1969;
Saastamoinen, 1972 and 1974; Bomford, 1984; Forrest and Deroughie, 1974).
Models of the earth's atmosphere have been constructed, and using these a
correction can be calculated. The contribution of earth curvature to the refraction
is said to be very small (Schut, 1969) and therefore it can be omitted.

Finally we can include the following atmospheric conditions as sources of
causing problems in the image quality:

Shadow.

Shadow areas can be recorded in an image due to the look angle because the
solar illumination does not coincide with the sensor viewing direction. Shadow
creates problems on the photogrammetric observations. It is likely that imaged
terrain which is not directly illuminated by the sun will not be completely dark
because of diffuse sky illumination due to the atmospheric scattering.
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Clouds.

From the 662,000 SPOT scenes acquired after two years of the SPOT 1
launch (22/2/1988) , about 25% are usable and present a cloud cover of under
10%, 30% present a cloud cover of under 25%, while 50% are difficult to use or
are not usable at all (cloud cover up to 50%).

Haze.

Atmospheric haze varies from place to place and from time to time, depending
on such things as industrial aerosols, dust, sea-salt nuclei and humidity. Haze is
often much less in evidence in the early morning (0630-0900 local time), and
late evening (1800-2000 local time).

Oblique images present larger distortions than vertical images. Off-nadir
view influences the geometry of a SPOT scene. In the following paragraphs are
outlined the most important distortions due to the off-nadir view images, with

numerical examples.

The off-nadir view changes the geometry of a SPOT scene in across track
direction. Assuming a mirror look angle of 8.6°, an instrument field of view
(IFOV) of 4.13° and an altitude of 835 km, then a distance of 60 km on the ground,
corresponding to a nadir view, is distorted absolutely to 61.2 km in a tangential
plane.

The influence of the earth curvature increases with increasing off-nadir
view in across track direction. With a mirror look angle of 8.6°, an already
distorted distance of 61.2 km is stretched by a further 300 m.

The relief displacements in across-track direction also increase. With a
mirror look angle of 8.6° and a maximal terrain height of 350 m, the displacement
near the outermost pixel of a row is nearly 60 m.

While nadir viewing does not give a significant difference in height on the
edges of the frame, the off-nadir frame shows, in addition to the well known
perspective distortion across the track, an increment of about 50 m between the

far edge and the near edge with regard to the ground track.
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Moreover, SPOT images can exhibit a wide range of differences from the other

satellites for a variety of reasons: (Swann et al and Kauffman et al, 1988).

1. The gain of the HRV sensors is such that a given scene may have a very
narrow distribution of digital intensities, resulting in low contrast. When the
imagery is radiometrically "stretched", quantisation effects become clearly
visible.

2. The ability to point the sensors in a particular direction means customers
have an input into the programming schedule. The arbitration of these requests
sometimes results in acquisition of stereopairs days, weeks or months apart (the
minimum lapse time is 1 day). The resulting multitemporal scenes can appear
quite different due to agricultural, seasonal, and sun-angle changes (sun angle

changes are always a likely problem).

3. Off-nadir viewing often results in a difference for the same ground areas
between the two views. This occurs primarily when, in one view, the ground is
between the satellite and the sun, while in the other both the satellite and the sun
are one side of the ground area. Off-nadir viewing can even have the effect of
making areas that are light-coloured in one image dark in the other.

4. Lastly, SPOT's sun-synchronous orbit is referenced to the nadir track of
the satellite. With high off-nadir viewing, the satellite can be up to one-half a time
zone away from the sun-time of the other pass. Shadows visible in the imagery will
then have different orientations.

3.4.1.3. Treating of the SPQT imagery - corrections to be applied .

Several orbital simulation procedures have been developed in the last few
years for geometric correction and registration, based on different analytical
techniques. These have a common need for a significant number of ground control
points. The simulation programs take into account all, or at least the most
important and unavoidable, of the error sources such as the orbit dynamics
(Earth-satellite dynamics), the satellite attitude, the sensor viewing geometry,
the sun illumination and the atmosphere.
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Vertical satellite imagery.

The vertical image can be handled easily. It contains mainly two types of
distortion caused by the sensor orientation (tilt or movement during the image
acquisition), and by the relief of the ground. The second source of distortion is
negligible in most vertical satellite imagery, so in order to use the data it is
necessary to correct the sensor distortion and register imagery to a ground
coordinate system. It will be possible to automatically correct the image for the
relief effects if a digital terrain model already exists of the area. This is a common
process in remote sensing, known as geocoding. The procedure for producing a
geometrically corrected orthoimage by registration to a number of ground control
points (GCPs) is called rectification. This process requires the identification of
points (GCPs) in the imagery for which ground coordinates are known. A number
of coordinate pairs then allow the satellite image to be geometrically corrected to
the ground coordinate system.

Obligue satellite imagery.

Oblique imagery contains larger distortions than the vertical image. It will
again be possible to automatically correct the image for the relief effects if a
digital terrain model already exists of the area, and to generate a geometrically
corrected orthoimage after registration to a number of ground control points. This
is possible for a level 1A scene by applying 2nd degree polynomials with sub-pixel
accuracy (requires at least 6 GCPs). Accuracies of 0.6 to 0.8 pixels in along-track
and 0.6 to 0.9 pixel in across-track can be achieved. The results showed that the
distortions in the across-track direction can be described by this solution. An
affine solution (requires at least 3 GCPs) is not possible because the distortions in
across-track direction do not behaviour linear. Polynomials of higher degree
should not be applied. With an increasing degree an increasing number of GCPs
have to be measured , which can be very time consuming (ie. 3rd degree requires
10 GCPs, 4th degree requires 15 GCPs and 5th degree requires 21 GCPs)
(Michaelis, 1987).

Stereoimagery.

Stereopairs can be used for 3D measurement and DEM generation. This
requires the use of a specialised hardware system such as an analytical plotter, or
a digital plotter. The image geometry of SPOT is classed as dynamic, because the
position and the orientation of the sensor is changing throughout the 9 second
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period. The collinearity equation represents the light path of a push broom sensor
but the position and attitude parameters are constant only for recording a single
line data. Thus, time dependent collinearity equations must be used to determine
them with the aid of ground control, and linear or polynomial constraints must be
used to link successive sensor positions. It is clearly impossible to store the
exterior orientation elements of all perspective centre positions so some
interpolation is required (Dowman, 1984). As a result it is not possible to form
an error free model. Stereoscopic viewing is possible from any pairs taken from
different angles but a better stereoscopic impression will be obtained with a
greater separation between the orbits from which the images have been obtained,
and also after corrections have been applied.

3.4.2. Software for setting up SPOT images.

The menu for setting up SPOT images appears similar to the user to that for
setting up aerial photographs. It follows the same highly modular, flexible and
maintainable structure.

The software suite is accessed from a special menu which contains the
programs required by the SPOT system. These programs are for Camera
management, Control point (coordinate) management, Coordinate conversion ,
Plate processor, SPOT orientation (Project definition, Inner orientation, Exterior
orientation), Coordinate system control, DSR1/GP1 On-line definition, DSR1/GP1
On-line compilation.

When starting to use the instrument, the DSR1 is loaded with the plate
processor program. This program receives the instructions sent by P1 and
responds to coordinate input by driving the stage plates in one of several modes
(eg. left plate, both plates, model system).

The SPOT image orientation procedure is basically a single image space
resection (dynamic space resection), which allows for the dynamic motion of the
satellite in its orbit during the 9 sec of image acquisition. Because of the basic
instability of the dynamic SPOT imaging system, it is not possible to theoretically
find an exact orientation of an image as it is with conventional aerial photography
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(Gugan, 1987a).

The movements of the satellite along the orbit path and the rotation of the
earth are the major components of the dynamic motion. The satellite orbiting
around the earth in an elliptical orbit and its position (attitude) is described by
the Eulerian parameters (orbital parameters) to a reference system (geocentric
coordinate system). The earth is considered as one of the focuses of the ellipse, and
the satellite position is defined by the true anomaly (F), which is the angle around
the ellipse from the perigee (figure 3.7).

The dynamic motion (figure 3.8) is modelled as linear angular changes of F

and Q with time :

F=Fo+F *x

Q=Q,+Q,"x

where x is the along the track image coordinate, F; is the change in true

anomaly, and 91 is the ascending node per mm in the image.

b
F
A \ N\ P
a E
P : Perigee
A : Apogee
E : Earth
S : Satellite

Figure 3.7. Satellite orbit.
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Figure 3.8. The UCL SPOT orbital model.

The Fy and Q, can be estimated from the SPOT orbit period and the earth
rotation rate (Gugan, 1987a):
Fi=(2r/ OP) * (ICT / PS)

Where
OP : is the orbit period (sec), ICT : the instrument cycling time (sec) and PS:
the pixel size.

Fi= (@2t / 101.46 * 60) * ( 0.0015 / 0.013) = 0.00011906 rad/mm.

Q, is calculated in a similar way, where the period = (24 * 3600) =86400

seconds.

Thus Q, = (2r/ 86400) * ( 0.0015 / 0.013) = 0.00000839 rad/mm.

The SPOT constant parameters are:
1. The mirror look angle (varies and given for each image).
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The array offset (see § 3.4.1.1).

The argument of the orbit perigee (input 0.0 rad if not known).
The satellite orbit eccentricity (nominally for SPOT = 0.001).
The rate of change of true anomaly = 0.00011906 rad/mm.
The rate of change of ascending node = -0.00000839 rad/mm.
The focal lengths = 1082.0 mm.

N o o s~ e

The orientation software is designed to allow different levels of accuracy
depending on the number of orientation parameters (unknowns). The number of
parameters included in the solution varies ( 4, 7, 10 and in the new version up to

13 parameters). The parameters will depend on the number and distribution of the
available GCPs. If 4 parameters - true anomaly (F), ascending node (2 or AN),
orbit inclination (i, nominally 98.698%)and semi major axis (a, nominally

7200000 m) - are used, then the minimum number of control points required in

practice is 4. If 10 parameters - F, Q, i, a, orientation parameters or sensor
rotations (roll w, pitch p, swing k), and rate of change of orientation parameters

(o', p', k') - are used, then the minimum number of control points required is 5,
but in practice 7 are used. As a general rule, the more parameters used in the
orientation, the better will be the orientation accuracy (smaller image coordinate
residuals which affect the accuracy of stereomeasurements). On the other hand,

fewer parameters used requires fewer control points. However some of the

parameters have more effect on the accuracy than others. In the orientation  ~

ATy

software implemented at UCL on-board recorded data (satellite orbital
parameters), provided with the images, are not used.

Currently developed software can handle a continuous strip of SPOT imagery
for triangulation and mapping purposes. These models are based on a rigorous
geometry and with the use of additional parameters and constraints. The improved
orbital modelling using attitude ephemeris with level 1A data and the inclusion of
higher orbital terms should improve the accuracy of a long strip of imagery,
although it is not possible to find an exact orientation for this type of imagery and
it may not improve the accuracy of a single model. Nevertheless it is likely that
residuals could be minimised by using these models.
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Rates of change of the satellite's attitude are recorded every 125 ms in orbit
(73 times per image). Level 1P SPOT product has this image distortion corrected.
This is very high frequency information, that could be included in the geometric
model in place of the single values per image currently used.

Some of the developed models presented in the OEEPE test on triangulation of
SPOT data (1989) are briefly as follows:

1. Physical modelling of SPOT system geometry (implemented by IGN).

The collinearity equations are written in a system linked to the instrument
platform and HRV. The unknowns are ground coordinates for all the points
measured, and orbit corrections (position and attitude) for the different tracks, i.e
one per strip. The attitude correction is supposed to be constant. The positional
correction is supposed to be linear (or constant) in time. The equations come from
collinearity equations for all the measurements, from ground coordinates of
controls and from assuming orbit corrections stay within CNES specifications
(Veillet 1989a, 1989b).

2. Use of non-parametric parameters in the solution (BINGO SPOT).

This is the approach used by Konecny et al (1986 & 1987 ). Non-parametric
parameters in the solution would be used to model residual image distortion and
would be applied to image coordinates in a similar way to radial lens distortion
with conventional photography. The development of a simultaneous bundle
adjustment solution would be likely to improve the orientation results.

3. Bundle adjustment with orbit data (DGI, Queensland).

This model uses orbital equations to model the satellite path and polynomials
plus on-board attitude measurements to model the variations of the satellite
attitude with time (Priebbenow, 1989).

4. Bundle adjustment with constraints (CCM Ottawa).

The geometric model respects the physical reality of imaging, satellite
orbiting and of the earth shape, instead of indirectly modelling their combined
effect by empirical image fitting and warping, as frequently adopted in
non-photogrammetric approaches. No auxiliary information from ephemeris and
telemetry sources is needed, but may be utilised when available (Kratky,1988).
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5. Use of CNES header data (UCL).

SPOT image is geocoded by rotation and translation of the line element of the
CCD array relative to position determined by interpolation of the header data. The
attitude information of the sensor is also used. This has the advantage of reducing
the number of ground control. Three GCPs are enough for geocoding a single image
(O'Neill & Dowman, 1988).

3.4.2.1. Exterior orientation accuracy.

The stereomodel accuracy which we can obtain from SPOT images depends on
the B/H ratio, and the quality and distribution of control points.

The Department of Photogrammetry and Surveying at UCL (Dowman et al,
1987) provided some results of the SPOT stereomodel accuracy. The assessmment
has concentrated on the Aix En Provence images. A maximum of ten control points
were used. The ground control were provided by the IGN and the check points were
measured from the 1:25,000 map sheets of the area. The main results are
summarised below:

Aix En Provence stereomodel - 10 control points used for orientation.

RMS plan accuracy (20 check points): 156.3 m.
RMS height accuracy (62 check points B/H = 0.73) 5.4 m.
RMS height accuracy (53 check points B/H= 0.32) 8.0-m.

Aix En Provence stereomodel - 6 control points used for orientation.
RMS plan accuracy (20 check points): 24.5 m.
RMS height accuracy (20 check points B/H = 0.73) 6.9 m.

Two level 1P images of Aix En Provence have also been measured. Control ‘was
not available over the whole stereomodel however.

Aix En Provence level 1P stereomodel - 8 control points used for orientattion.
RMS plan accuracy (18 check points): 13.1 m.
RMS height accuracy (62 check points B/H = 0.73) 10.2 m.
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IGN has used two sites in south - east France. 95 ground control points were
actually used from 177 available and 16 good scenes from 31 available with
viewing angles of +/- 27° and +/~ 139. A total of 608 measurements were made on
control points and 653 on check points. The results for the accuracy of fitting the
data to ground control using absolute orientation for models with the best
Height/Base ratio, expressed as root mean square (RMS) errors, were as follows :

X Y Y4
On control points 45m 41m 41m
On all check points 80m 66m 7.14m

After rejecting points greater than 2.7¢ the results became:

RMSX= 4.7 m y RMSy= 4.5 m, and RMSZ = 5.3 m.

Ducher (1989) from IGN published some later results from SPOT data for
100 to 120 well defined check points using from six to ten ground control points
per model, including a standard level 1P version. The accuracy results for metric
accuracy (Rodriguez et al, 1988; Denis and Baudoin, 1988) are presented in
table 3.1.

RMSE (m)
IGN in-flight acceptancef IGN recent tests
tests (1986) ADEF-87)
X Y Z X Y Z
Eé':,?&m T rawresults [ o4 f 55 |43 |92 |12.1 ] 4.4
Level IGN-1P 10.1 | 10.8 | 3.7
B/H=1.0 to 1.1 filtered resultg
Level 1A 3.8. 4.2 3.4
B/H=0.5 to 0.6, raw results
Level 1A 7.8 7.2 8.3 10.4 12.3 | 6.4
Level IGN-1P 9.9 11.6 | 4.1
B/H=0.5 to 0.6,filtered results
Level 1A 4.6 4.4 | 6.7
B/H=0.25
Level 1A 7.6 10.0 | 9.4
Level IGN-1P ’ 10.2 10.9 | 8.1

Filtered by rejecting points greater than a given value of residual (2.7xCg)

Table 3.1. Exterior orientation accuracy results from IGN of setting up SPOT
models.



From the presented results we can see that the plan accuracy in the 1P level
stereomodel has improved by the amount expected due to the removal of high
frequency attitude measurement errors. However, the 1P data contained serious
resampling artifacts. Some areas were undersampled due to satellite pitching, the
resulting 1P image after resampling containing pixels with a ground size of about
30 m.

Simard et al (1987) gave some accuracy results from setting up three SPOT
models:

1. Kananaskis test site. Images quality : very poor, poor.
Base to height ratio 0.5

Points Number RMS residuals (m)
In X InY InZ
GCPs 3 0.8 1.5 0.2
Homologous 19 0.5 2.4 - - -
Check 36 4.5 5.7 6.1

2. Chiang Mai results. Images quality : very good, very good.
Base to height ratio 0.83.

Points Number RMS residuals (m)
InX InY InZ

GCPs ( 1:50000 maps) 14 26.0 18.0 7.6

Homologous 13 0.1 0.7 0.0

3. Kedah results . Images quality : very good, very good.
Base to height ratio 0.87

Points Number  RMS residuals (m)
InX InY InZ

GCPs ( 1:40000 aerial phot) 13 9.1 6.2 6.4

Homologous 46 0.1 1.0 0.0

Instead of applying the dynamic space resection, Konecny et al (1987),
University of Hanover, developed a mathematical model which avoids high
correlations between the unknowns and is based on the use of photo coordinates

LR 4
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(abundance of collinearity equations). The unknowns of the orientations are
approximated by the use of orbit data, and in the course of adjustment are partly
formulated as additional parameters (maximum 32 parameters). The method has
been implemented on Zeiss Planicomp and Orthocomp hardware and a bundle
adjustment program, BINGO, has been modified to handle SPOT geometry. Test

results of bundle adjustment are given in table 3.2.

NUMBER OF | NUMBER OR INTERNAL ACCURACY
ADJUSTED | CONTROL
POINTS POINTS |oxy MAX|Oxy MEAN| Oz MAX | Oz MEAN
86 18 8.7 5.2 10.9 8.5
86 34 6.1 4.5 8.8 7.1
89 83 4.5 3.0 5.6 5.0
NUMBEROF |NUMBEROF| MEAN DIFFERENCES |MEAN SQUARE DIFFER:
INDEPENDENT| CONTROL
CHECK PNTS | POINTS X Y z X Y YA
68 18 7.9 [10.4| 48| 10.9| 13.7| 6.5
52 34 8.3 |10.5 451 11.3]|13.8} 6.2

Table 3.2. Test results of bundle adjustment ( in metres).
After Konecny (1987).

A consensus figure was declared by Denégre in November 1987 as a result of
the various values for metric accuracy which were reported by different
investigators at the PEPS closure meeting. It could be said that an accuracy of 5 m
to 9 m can be achieved in x and y, giving a planimetric accuracy of 7 m to 12 m
(RMSE), with maximum errors ranging from 15 m to 25 m. In elevation, the z
accuracy ranges from 4 m to 8 m according to an approximate formula for z error

( ez ) in metres such that e,= 2H / (B+2), with maximum errors from 10 m to

18 m.

Triangulation tests using SPOT data were carried out by OEEPE (1989) . A
test site in the South east of France was chosen. The test area was divided in two
zones (A and B strips). A SPOT strip is a series of images taken successively by the
same instrument, the same day, along the same track of the satellite. Each strip

was four images long. Five participants each carried out an independent procedure
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for the triangulation using different mathematical models for sensor orientation
and strip connections. In UCL each image was single set up (no bundle adjustment
was used). They used variable numbers of control points (4, 6 10 and 20 GCPs for
strip A; and 13 and 4 GCPs for strip B) and a variable number of check points. The
overall residuals of the measurements made by each participant is shown in table
3.3.

STRIP A STRIP B
PARTICIPANT IiEe TR0 | R WS ) NOVEER [NOVEER |_F W S )
OF CHECK | oFGers [FBGHT | PN | 3D JOFCHECK JoFaeps [HEGHT JRAN | 3D
4,6,10
IGN 101|480 | 42 [ 84 | 93| 141 [13,4 | 49 |128 [137
UNIVERSITY
4,6,10
OFHAOVER 90 (4810 | 67 129 |145 | 124 | 13,4 | 47 [139 [14.8
CCM 4,6,10
CAVDA 72 |50 | 99 |160 |188 | __ R R R I
UNIV, OF 4,6,10
aumeno | 108|480 | 85 [13.4 |146 | 123 [144 | 43 |140 [147
BRSBANE 105 4&‘30 6.9 |127 154 | 122 |13,4 | 43 |13.4 | 141
UNV. COLLEGE
LONDON 106 foand20 | 7.3 |158 |17.4 | 135 [13,4 | 85 |13.0 |155

Table 3.3. Results of OEEPE test on triangulation using SPOT data
with 4 to 20 GCPs.

Most of the participants used 2 control points for the bundle adjustment of
strip A and 2 to 3 GCPs for the bundle adjustment of strip B. These different
results appear on table 3.4.

STRIP A STRIP B

NUMBER | NUMBER R MS (m Inuveer/NUMBER|_BR M S (m)
OF CHECK| OF GCPs|HEIGHT | PLAN | 3-D JOF CHECK OF GCPs | HEIGHT| PLAN | 3-D

IGN 101 2 10.4121.5 | 24.1 141 | 2and3| 6.3 | 23.2(24.0

PARTICIPANT

gﬁ'ﬁﬁ@m 88 2 14.1|17.3 | 22.4 124 | 2and3| 5.8 ] 17.4118.3
UNIV. OF

QUEENsLAND | 108 2 9.6} 27.0 | 29.2 123 |2and3| 3.8 |17.2 |17.6
BRISBANE 106 2 9.6/27.0 ] 29.3] 122 2and3| 39 (16.5}17.0

Table 3.4. Results of OEEPE test on triangulation using SPOT data
with 2 to 3 GCPs.
From this test we can conclude that:

a) accuracy of blocks same as single models.
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b) the advantages of using more than 6 GCPs are very slight.

c) very little change between using 4 and 14 GCPs.

d) RMS in Z is less than by a factor of 0.5 - 0.7 in plan (identification of
GCPs possibly explains why heights are better than planimetry).

e) height error less dependent on number of GCPs than planimetry.

3.5. SPOT heighting accuracy - Previous experiments.

A number of tests from SPOT generated DEM have been carried out. The
results from 5 are summarised here:

1. In the southern Cyprus experiment (Ley, 1988) 14 grid elevation
matrices were measured. The sizes were 1x1 km?2 for 11 areas and 1x2 km?2 for 3
areas. A SPOT stereopair with -23.77° and 21.18° look angles (B/H ratio =
0.96) was set up. 15 control points derived from maps were used to set up the
SPOT model. The RMS error in orientation was 7.24 m in height, 15.65 m in
Easting and 9.15 m in Northing (planimetric error 18.13 m). The results are

presented in table 3.5.

WA | prenence] ™ | © dlope o
1 -7.20 17.35 | 15.78 | 24.0
2 -2.83 15.86 15.61 19.9
3 7.27 13.74 | 11.66 | 12.6
4 1.81 15.10 | 15.00 | 17.2
5 -0.80 8.48 8.44 2.0
6 15.63 28.29 | 23.58 28.6
7 20.49 35.69 | 29.22 26.9
8 15.37 19.15 | 11.43 14.2
9 20.02 23.40 | 12.11 16.0
10 3.60 12.24 | 11.69 18.1
11 15.55 19.01 | 10.95 15.3
12 16.40 19.67 | 10.87 11.4
13 22.72 24.70 9.67 9.4
14 19.62 21.03 7.58 3.8
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Table 3.5. Statistical analysis of the southern Cyprus SPOT elevation

measurements.

From the examination of the mean differences for each test area it was found
that between the estimated map heights and the photogrammetrically measured
SPOT, significant systematic errors occurred. The measured points were compared
with points in the same position derived from the digitisation of the 1:50,000
maps after a contour interpolation.

The overall area average slope is 14.3%. The resulting errors were mean =
+10.40m and standard deviation = 14.28 m. The largest mean difference was
+22.72 m and the smallest -7.20 m. The largest standard deviation was 29.22 m
and the smallest 7.58 m. The project operator was not experienced in
photogrammetric observation .

The above experiment gave a strong positive systematic error in the mean.
The standard deviation is acceptable.

2. In the Mt. Fuji experiment in Japan, 3 areas were tested (Fukushima,
1988). The objective of this study was to estimate the accuracies of DEM generated
by digital image correlation methods using three SPOT images near Mt. Fuji. The
descriptions of the tested areas are as follows:

Test area 1 : Mountainous with steep slopes. Some areas were covered with

a little snow.

Testarea2 : The centre of the area is flat and each side of this area is

mountainous.

Testarea3 : The eastern part of Mt Fuji which is covered with

coniferous forest. The slope is gradually changing.

The best results on the mean biases were -22 to -24 m and the worst were
up to -28, depending on the test area and the correlation method. That means there
is/are a source(s) that introduced a systematic influence or a systematic error in
the measure of the central tendency of "average" in the data.

3. The Nepal experiment (Grabmaier et al, 1988). Contours from
1:100,000 map with an interval of 100 m were digitised. A SPOT stereopair with

-25.1° and 29.3° look angles was set up. Contours were also interpolated from

A
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the stereo SPOT DEM measurements. A superposition of the two contour maps
allowed comparison of the two presentations. The differences between the two data
sets are the accumulated errors of the map contours, their digitisation and the
interpolation of grid points from the digitised contours, the orientation of the SPOT
stereo scene, the measurements in it, and the interpolation of grid points from the
SPOT stereomeasurements. A histogram of these differences shows 48% of all
16,895 differences to be between -25 m and +25 m, and 79% within -50 m and
+50 m.

The above experiment gave very low accuracy results due to the errors
introduced by the procedure which had been followed.

4. A small test has been performed on the Cyprus level 1A imagery (Gugan
and Dowman, 1988c), from which a 108 point grid DEM was measured and
compared with a reference DEM digitised from 1:50,000 map contours. A RMS
error of 9.9 m was obtained, which reduces to 8.6 m if the error of 4.8 m inherent
in the reference DEM is removed. This compares well with the results of spot
height measurements from the Aix En Provence imagery (5.4 m) for a similar
base/height ratio.

5. The UCL experiment (Day & Muller, 1988 & 1989) where automated
techniques of capturing data for DEM production are used (see § 8.2.2.1). The
quality assessment results derived from two tests are as follows: mean = 10.84 m
and standard deviation = 18.19 m (see table 8.1) from one test, and mean = -3.19
m and standard deviation 12.17 m (see tables 8.2 and 8.9) from the other.

These studies show that DEMs derived from SPOT data are subject to
systematic error and to a wide range of random errors in a way which is not
normally expected from aerial photographs. In this project the use of large data
sets derived from aerial photography and from SPOT allow a thorough investigation
of these influences to be carried out.

3.6. SPOT image utilisation, assessment and results.

This section contains the results of the research carried out both within and
outside the SPOT Preliminary Evaluation Programme (PEPS) and presented in the



conference held in Paris from 23rd to 27th November 1987. The conference, by
its nature, therefore tended to be dominated by academic research results rather
than by operational systems. In fact one of the very few operational environments
described was the Ordnance Survey involvement in mapping in Yemen.

SPOT claim a 3-5 m RMS error in height for models with a base/height ratio
of 1.0. This, of course, is dependent upon having plenty of excellent control
(Hartley, 1988).

OS tested a SPOT stereopair against existing 1:50,000 scale mapping of
Yemen Arab Republic and decided that plan accuracies of 12 m and height
accuracies of 10 m were possible. These were not as good as those reported by
other workers but reflect a low density of control and some difficulty in finding
natural detail to use as that control which had not been distorted in some way by the
pixel structure. The result of the trial has convinced OS that adequate 1:100,000
scale maps with a contour interval of 40 m can be produced. Information content
will be less than would have been obtained from aerial photography but so,
interestingly enough, will be the cost.

Denis and Baudoin (1988) from IGN described several widely distributed
experiments. In Algeria, a RMS error in height of 4.4 m was achieved using 285
check points. He claimed that a 10m contour interval in flat areas is possible, but
this seemed inconsistent with the heighting accuracies.

Photogrammetric tests have yielded consistent results with RMS plan
accuracy of 6 m and height accuracy of 3 to 14 m being achieved, depending on
base/Height ratio and control.

Image maps. Scales up to 1:24,000 can be supported with accuracies in the
order of 10 m in plan and height. However the level of detail that can be extracted
from the image is only equivalent to 1:25,000 scale specifications.

The Mapping and Charting establishment has assessed the ground modelling
capabilities of the DSR1, I2R and MacDonald Dettwiler and Associates system with

heighting accuracies of 12 m, 12 m and 10 m respectively.

A
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Priebbenow and Clerici (1987) from Queensland Institute of Technology
described an analytical model to assess DEMs and line mapping. He reckoned that
the total effect of roll in the model is 2-9 m, of yaw 1.8 m, and pitch 40.0 m.
Model accuracies of 6.2 m in plan and 3.1 m in height resulted from a nine
parameter solution and 27 control points. He gradually cut control down with no
significant loss of accuracy until only 4 ground control points were present
(residuals checked on 188 points). Good plotting results were obtained but tracks,
fences and buildings had an 80 % omission rate for 1:250,000 scale mapping.

Jones (Nigel Press Associates) described Geospectra's DEM package. It
requires two CCTs (Computer Compatible Tapes) and ground control as input and
provides one ortho-image and a DEM as output. Level 1A SPOT images are corrected
empirically for tilt, earth curvature and rotation and then resampled into epipolar
space using eight GCPs. Elevation is extracted on a 10m grid using full grey scale
correlation. Results on withheld GCPs indicate 18.4 m R.M.S.E elevation accuracy
and 21 m in plan.

Renourd (INRIA) described very similar work on DEMs produced in France,
again based on epipolar lines. A video of perspective views on panchromatic SPOT
images was produced. It contained 5000 views and apparently took 200 hours of
CPU time to create. The result was an excellent simulation of aerial movement
around a SPOT model.

Bjerkes Joe (Satimage, Sweden) described the digital mapping capability set
up in collaboration with the Swedish National Land Survey. They use Scitex to
produce excellent hard copy results for printing originals. RMS errors of 6 m in
plan and 5§ m to 15 m in height have been achieved for experimental products.

There is a definite trend to support a belief that SPOT can provide an accuracy
of 8 m to 10 m in plan and 4 m in height, given adequate control. USGS clearly
believes that a 1:24,000 scale product is of interest to some users (Hartley,
1988).



3.7. Significance and advantages of SPOT for topographic
mapping.

Mapping from satellite imagery offers advantages over conventional
techniques, of the large area, coverage and that the number of required ground
control points (GCPs) is substantially smaller. A user can obtain a soft copy
(digital data) or a hard copy (image). They can also obtain a full image or a part (1
quarter of image).

In addition, SPOT provides the following advantages over the earlier Landsat
satellites (Rosenholm, 1988):

1. SPOT can be programmed. A program request can be made in advance, at a

reasonable cost, for one particular scene, large area or different season coverage.

2. The side-viewing capability. This offers two advantages. Firstly it is
possible to observe a scene of a requested area more frequently, so the chances of
obtaining a cloud free scene within a limited period of time increase. Secondly
there is the ability to obtain stereo pairs of images. A very good base/height ratio
is obtainable, slightly better even than for super-wide angle aerial photographs.
(The larger the B/H ratio, the more precise height information can be).

3. Good spatial resolution. SPOT multispectral images have a pixel size of 20
metres and panchromatic images have a pixel size of 10 metres (in vertical
viewing).

4. Well-adapted spectral sensitivity to aerial photographs. The
multispectral images can be made very similar to infrared colour photos, and the
panchromatic images can be produced as ordinary aerial photographs.

5. Good and stable geometry. The CCD linear arrays give high resolution and
make the geometry of SPOT very stable and predictable, essential for accurate
feature identification and location. This characteristic makes precision corrections
of extremely good quality possible and precise matching. SPOT can be corrected
extremely precisely to any coordinate system. The good geometric performances

allow a geometric localisation accuracy of 500 m RMs for system corrected images

14
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(no control points required). However, some problems of mechanical 'pushbroom'’
and CCD-technique may occur.

6. Good radiometric properties with a good signal/noise ratio and a limited
point transfer function.

7. Can be resampled and enlarged to scales of about 1:20,000 or 1:25,000
when it is used as an orthophoto background.

8. The exposure time for each ground point imaged can be automatically
maximised.

8. To form images without moving any mechanical part, which ensures
excellent photogrammetric quality along the scan axis.

10. Simple conventional evaluation technique, although there are some
problems arising from the data recording procedure. These are the following:

The sensor platform position and motion are not usually well enough known.

The collinearity equations represent the geometry, but the position and
attitude parameters are constant only for recording a single line of data (Dowman,
1984).

3.8. Conclusions relevant to project.

In this project a non direct method (photogrammetry) of capturing data is
used. The Kern DSR1 analytical plotter was employed for setting up the
stereopairs. Two sources of data were used, the aerial photography and the SPOT
imagery.

Photogrammetry as a technique of extracting information using a hardcopy as
a source of information has some problems these concern:
- obtaining the raw, data due to the method and technique for registration of
the information.
- information recording device (camera or sensor).

- the quality and the processing procedure of the photographic material,
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which transfers the problems to the analytical plotter.

- the nature of the earth surface such as the earth curvature and the relief.

These problems become sharper in projects concerning mapping from space
imagery. Many factors and error sources influence the image quality. For manual
measurements and mapping the geometric accuracy is more important than the
radiometric quality which only causes difficulties and uncertainties to the
operator. SPOT satellite imagery is more sensitive than aerial photography with
regard to the geometric quality, the radiometric quality and the operator comfort .
Some of these factors affect both the geometric and radiometric quality while all of
them affect the quality of the measurements made by the operator. These sources

can be grouped according to the main quality factor that affects them, as follows:

Geometric quality:
exposure and viewing angle, irregularities in sensor platform motions and
orbital dynamics (attitude variation, velocity variation, precession, tracking),

refraction, interframe deformation, calibration.

Radiometric quality:

sun's illumination (zenith angle, shining direction angle, sun-morphology
interaction, sun-atmosphere interaction, shadow), absorption and scattering,
diffusion, clouds, haze, acquiring time, season (in forming stereopairs)

Geometric and radiometric quality:
pixel offsets, earth rotation, exposure time, sensor noise and distortion of

information recording device (misalignment, non linearities)

Operator measurements and comfort:
all the previous sources mainly related to the radiometric quality and the
panoramic effect.

All the above factors are related to the image quality and they should be
considered if the quality of the captured information is examined. Some of these can
be examined by being varied in an experiment and others will be constant. In this
chapter an attempt is made to present some of the sources affecting the image
quality rather than developing correction techniques which are beyond the aim of
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this thesis.

In this project the image quality due to the photographic processing (three
pairs of images were printed from the original CCP data) is examined. The
illumination and atmospheric effects affecting the image quality are examined by
measurements in a second better quality SPOT hardcopy. The panoramic effect is
examined (the second SPOT stereopair is corrected for the panoramic effect, while
the first copy is not). In addition there are some other sources related to the
accuracy of 'raw' DEM data such as: the setting up procedure, the operator's
experience, the relief effect, the ground coverage, and the projection
transformations are examined in chapters 4, 5 and 6.



Chapter 4.

Test data.
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4. Test data - Images used in this work.

4.1. Aix En Provence aerial photography.

4.1.1. Control point accuracy.

The control points for setting up the aerial photography models were
provided by IGN. The control points are not all precise photo-identifiable positions.
The planimetric accuracy is in the range +/- 2 m. Some points are fixed at the top
centres of roof levels. These points are not easy to measure accurately. The
estimated residual is up to +/- 2 m in the worst cases.

4.1.2. Aerial triangulation results.

The area was covered by two adjacent strips (series F86 300 3925) of
1:30,000 scale photography (North 8 models and South 7 models), from which 10
are covered by the SPOT image, with focal length 153.19 mm. The acquisition date
was 24 May 1986.

In order to obtain a sufficient number of control points for setting up the
aerial photography models, an aerotriangulation was carried out. The aerial
triangulation was carried out by a Remote Sensing student for his MSc project
requirements. This was carried out only for the study area and it was used as the
base for controlling the photomodels for the DEM area.

The aerotriangulation and block adjustment, gave the results shown in tables
41,42 and 4.3:

OBSER| MEAN |STANDARD| VARIANCE [STANDARD

(m) |ERROR(M)| (m2) DE}/rlt;‘A)'noN

Dx | 12 | gp.230| 0.396 1.886 1.373

Dy | 12 | o0.218| 0.278 | 0.929 | 0.964

Dz| 12 [|-0.007| 0.314 | 2.076 1.441

Table 4.1. Aerotriangulation results of strip 1.
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MEAN |STANDARD| VARIANCE [STANDARD

0BSER| (" |ERROR(M)|  (m2) DE\(I’ITA:\;I'ION

Dx | 10 | 0.023| 0.237 | 0.564 | 0.751

Dy | 10 lo.261| 0.320 | 1.023 | 1.011

Dz | 20 0.007| 0.328 | 2.157 1.469

Table 4.2. Aerotriangulation results of strip 2.

MEAN |STANDARD| VARIANCE [STANDARD

OBSERV (m) | ERROR (m) (m?) DE}/#:\;’ION

Dx | 22 | o0.136| 0.238 1.241 1.114

Dy | 22 |-0.005] 0.212 0.992 0.996

Dz | 41 0.000| 0.224 | 2.063 1.436

Table 4.3. Aerotriangulation results of strip 1 and strip 2 combined.

The aerial triangulation and block adjustment give a maximum residual in
plan at a tie point of 1.16 m. The maximum residual in height at the same tie point
was found to be 0.61 m. Height control points in the overlap area, were also
observed on both strips of photography and the maximum error at these points is
2.84 m (at a point on the lower strip).

The results for control points used in the block adjustment give a maximum
residual in plan = 1.23 m at one point and a maximum residual in height = -1.05
m at another point.

The residual errors in the area of overlap were acceptable, although some
were at the limit of normal tolerance. The maximum residual in plan at tie points
is 2.24 m and the maximum residual in height at tie points is 1.99 m. These
accuracies are adequate for the present requirements for comparing SPOT data, but
under normal mapping project conditions, using this scale of photography for
1:5,000 scale mapping, the maximum residual errors in both plan and height
would need to be less than one third of the values of this adjustment.
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4.1.3. Absolute orientation results.

The number of models observed for DEMs were 10, in two strips. Aerial
photograph models were set up on the Kern DSR1 analytical plotter. The overall
setting up procedure (absolute orientation) results are shown in the table 4.4:

MEAN MEDIAN | STANDARD | STANDARD

(m) (m) ERROR (m) DE}’,';:‘)T ION
PLAN | 1.029 0.666 0.225 0.711
HEIGHT | 0.945 0.937 1.241 0.392

Table 4.4. Aerial photography models. Absolute orientation overall results.

From the above results we can estimate the mean RMS vector error,
considering of course that plan and height have different weights.

RMS Vector Error = 0.467 m.

4.2. SPOT Aix En Provence imagery.

4.2.1. First hardcopy.

In the Department of Photogrammetry and Surveying at UCL there exist two
SPOT stereopairs.

The first is provided for a collaborative test with IGN of SPOT imagery. IGN
provided the SPOT data, underflight photographs (scale 1:30,000) and control
through the aegis of the SPOT-PEPS campaign.

The second hard copy is provided for the OEEPE experiment on triangulation
of SPOT data which was carried out in the Department of Photogrammetry and
Surveying of UCL. The chosen test area is the European test site extending from
Marseilles to Grenoble. The Aix En Provence area is a part of this European test
site. Because of this test another SPOT hard copy pair is available.



4.2.1.1. General information.

The area to the north of Marseille, southern France, is a European
photogrammetric test area, well mapped and controlled, and with a climate suitable
for easy acquisition of imagery. The area was used for extensive tests of Metric
Camera Imagery (Meneguette, 1985). The area has also been selected for
collaborative tests with IC;‘.N of SPOT imagery. Details of the SPOT images used are

given below:
Scene Date View Angle
50-262 18 -5- 86 22.6°
50-262 01-6-86 -17.50

The Base/Height ratio is 0.84.

The preprocessing level is 1A level ( raw data with detector calibration
correction, radiometric equalisation, but no geometric correction).

The scene corresponds almost entirely to IGN 1:100,000 map sheet 67
(Marseille - Carpentras). The 01 - 6 - 86 scene is partial cloud covered. The
image is affected by haze, about 1/3 of the scene being totally obscured . A few
small completely opaque clouds are present on the 18 - 5 - 86 scene. The images
are also affected by horizontal and vertical striping originating in the pushbroom
sensor and uncorrectable by SPOT-Image, as these images were recorded before
July 1986 (Begﬂi‘,__jmggg) . There are a few noticeable differences in the images
due to cropz;é)wth and sun glint on water surfaces (on the east viewing scene).
These would be a problem for automatic image correlation, but are not serious for

manual tasks.

The original hard copy data was provided by IGN. The film quality proved
inferior to the original data. Inner orientation results were bad ( residuals in x

direction more than 10 um in both images after the application of affine

transformation). The images were reprinted. The Optronics film writer at Nigel
Press Associates gave only a slight improvement but the MacDonald Dettwiler
(MDA) Fire 340 at Hunting Surveys and Consultants gave a much superior film

Ll v



image, with radiometric differences clear at pixel level (Gugan, 1987) (inner

orientation residuals after affine transformation were found to be about 2 um in x

direction and 8 um in y direction in both images). However it was also noted that

the Optronics scanner had slightly better geometric fidelity than the MDA Fire.

The SPOT image corners are used for inner orientation and therefore should
be clear and distinct from the border. IGN produces film data with fiducial crosses
around the image. Unfortunately, no information was provided as to the coordinates
of these features and so they could not be used for orientation.

It is strongly recommended that film data purchased is rigorously evaluated
for radiometric quality before acceptance. Also the geometric fidelity affects

elevation accuracy and it is important that inner orientation residuals to be much

less than 10 pum.

A part of these scenes, showing the location of the 30 m digital elevation
matrix derived from aerial photographs (§ 5.2.3.2), are shown in figures 4.1 and
4.2,

The term digital or grid elevation matrix refers to manual measurements in a
normal grid providing 'raw' elevation data. That means that the data has not had any
interpolation function applied.

4.2.1.2. Control point accuracy.

in order to set up the model 10 control points have been used to find the
orientations of the sensors and a further 20 points have been used as independent
check points. The control points have been selected to be well distributed over the
whole model.

The control points have been provided by IGN and are photogrammetrically
or geodetically derived (accuracy < 1 m).
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The check points were digitised from large scale topographic maps
(1:25,000). Coordinates were given in zone 3 of the French Lambert Conformal
Conic map projection system and in the Geocentric system. (They are available
in the Geographic coordinate system and Universal Transverce Mercator (UTM)
after coordinate transformation). There is no a-priori information available
pertaining to the accuracy of these check points. However as they were digitised
from topographic maps 1:25,000, a planimetric RMSE accuracy of about 7 m
(0.28 mm on the map scale) is expected and if we take into account the shrinkage
of the map this seems to be reasonable. The height information of these points are
obtained from the map contour lines, so normally a height accuracy of about 10 m
is expected.

These points were not all suitable for use with SPOT; some were not
identifiable , some topographical features were not precisely distinguishable (such
as hill summits).

Ten well distributed ground control points, mainly road junctions, with
geodetic coordinate accuracy were used for most of the orientation calculations. The
accuracy of these control points may have a worse effect on the absolute orientation
results owing to the fact that they are not signalised (premarked) points. Their
detectability is therefore dependent on the scale and quality of the image. The
accuracy (quality) of the control points is of major significance in the setting up
the SPOT model procedure. It is found that the best control points in terms of
detectability are main road junctions. Control points which are on the top of the
hills or mountains do not give as good results as the points lying on flat or gently
sloping areas.

It can be concluded the best control points for setting up SPOT images are on
road junctions (main road and secondary roads) as these are easy to detect, to
locate and to observe. It should be avoided to be in the crossing centre (centre of
gravity) as it is difficult to be defined in planimetry. The best control points are on
one edge of the junction, particularly if the roads are joined at an angle about S0
degrees. The control should be chosen in the valleys (lower level) as it gives
better results than a control lying on the top of hills or mountains (upper level).



4.2.1.3. Exterior orientation accuracy.

The SPOT stereopair was set up on the analytical plotter in UCL with 10
control points well distributed over the model. The 10-parameter solution was
chosen. Using all check points (20 points measured from the IGN map) this
solution yielded RMS errors of 15.3 m in plan and 5.9 m in height.

Using only the 10 control points and discarding the check points the RMS
Vector error on the ground control points is 8.7 m.

The planimetric and the height residuals on the control points are shown in
figures 4.3 and 4.4. From these graphs we can see the following:

the GCPs are a great distance from the test area.

two of the GCPs (3040 and 8027) lie in the south-eastern part of the model.
These points have a 5 m planimetric error and 8.6 m and -5.5 m error in heights
respectively.

none of the GCPs lie in the test area.

the closest control point is 7.2 Km from the edge of the test area and the other
control points are further than 15 km from the edges of the test area.

it can be seen by plotting the residuals for the 20 check points that while the
height accuracies are random, the plan residuals have a pattern. This means that
the residual patterns on each image from the independent space resections are
similar (causing low residual x parallax). Similar results have been reported by
Bahr (1978) using the collinearity equations with Landsat imagery.

The image RMS Vector error is :

In Left image x=4um, y =6 um.

In Rightimage x=5um, y=6 um.

The orientation software implemented at UCL does not provide the option of
using on-board recorded data (satellite orbital parameters), which are provided
with the images.

Comparing the model absolute orientation accuracy with those of Dowman et
al (1987), Ducher (1989), Simard et al (1987) and Konecny et al (1987) (see
§ 3.4.2.1), we can say that the model setting up procedure gave very good results.
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