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Abstract - Digital terrain data models in high resolution
are required in applications for visualization but also, e.g.
for identification of various types of terrain features.
These two aspects are in a way contradictory since the
former application require a large number of data points
to represent the high resolution, while the latter cannot
deal with such a large number of data points without high
demands for heavy computational powers. A solution to
this problem is a structure that includes quantitative char-
acteristics for visualization and a qualitative representa-
tion for feature analysis. A digital terrain data model
characterized with these dual aspects has been designed
and will be presented in this work.

Keywords: Digital terrain model, qualitative spatial
reasoning, qualitative methods, wavelets.

1 Introduction

The work described here is concerned with the generation
of digital terrain models generated from laser-radar data
in high resolution. The purpose of the terrain data model
has been to not only create a model primarily useful for
visualization, i.e. basically a terrain model that can be
used for description of the terrain surface in terms of tri-
angles. Such a structure can be used to mathematically
solve various analytical problems as well and requires
normally heavy computational efforts that cannot be
solved efficiently. The approach taken in this work to
overcome this problem has been to develop a method
based on a qualitative representation that can be used for
qualitative spatial reasoning [1] or pattern matching and
applied to problems that otherwise would require ineffi-
cient quantitative efforts. Consequently, it turns out that
the grid-based terrain data model with irregular data
points developed in this work is dual and thus by simple
transformations can serve both as a quantitative and as a
qualitative structure. This approach differs consequently
from traditional triangulation methods such as for
instance in triangulated irregular networks (TIN), see e.g.
[2] or in work by Bertolotto et al. [3] which is more con-
cerned with aspects of multilevel description but not with

qualitative aspects. The basic grid with its irregular poin
is generated from laser-radar data by means of a variat
of wavelet transforms [4]. The purpose of the qualitativ
structure, that is symbolic as well, is to determine variou
terrain features in a filtering process where the features
interest can be ditches etc. Another purpose is to carry
change detection which is a process where different v
sions of a certain sector in the terrain are compared
investigate whether anything has happened between
times when the two observations are made. To accompl
these two examples the areas spanned up by the four c
ners of the grid, including all irregular points, has bee
classified with respect to various qualitative surface ca
gories as a means for description of the terrain in a sy
bolic form.

Digital terrain models in high resolution are graduall
becoming more important in applications where synthe
environments are required. Example of such application
are various types of simulators and training systems e
which generally require not only information in high reso
lution but also information corresponding to mappings o
the real world. The general purpose of the terrain data
basically for visualization and to some minor extent als
for quantitative analysis. Other applications where terra
data will play an important role in the near future are i
3D-GIS [5] where the normal usage will be similar to th
quantitative approach taken here although in GIS effo
to develop systems where symbolic (qualitative) metho
will be applied are under way, see e.g. [6]. However, s
far, not much work in this regards is focusing on 3D sym
bolic applications.

This paper is organized in the following way. In section
the problems in focus for this work are formulated. Th
section following this is concerned with the quantitativ
aspects of the terrain model and then there are three f
ther sections that will be dealing with the qualitativ
aspects. Thus section 3 belongs to the former part wh
sections 4 through 6 is concerned with the latter. That
section 3 describes the quantitative terrain data structu
how it is determined and its characteristics. In section
describes the classification of the grid areas. A brief ove
view of the digital terrain database and the category da
base are demonstrated in section 5 followed by some sh
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descriptions of the primary purpose of the class structure
in section 6. Eventually, some concluding remarks to the
work are given in section 7.

2 Problem formulation

The basic purpose of this work has been to develop a
structure that can be used for visualization of a digital ter-
rain model in a very high resolution. Secondary to this is
to use this quantitative structure for analytical purpose as
well. However, the problem here is twofold and thus a fur-
ther problem in focus has been to develop a structure use-
ful for detection of changes of specified areas over time.
That is, where the information of the same area has been
acquired at different periods in time and for that reason
may correspond to different versions of the terrain. A fur-
ther goal in focus for the research is to develop a structure
that can be used for determination of specified terrain fea-
tures such as ditches. The approach taken here is qualita-
tive for the latter two problems. This is basically
motivated because the large quantities of data that must be
dealt with in short periods in time will require large
amounts of computational power that will be difficult to
carry through in real time. Consequently, the main subject
of this paper has been to develop a DTM that can be
applied to both qualitative and quantitative applications.
Input data used in this work is registered from a scanning
laser-radar called TopEye which is a property of TopEye
AB, Säve, Sweden. This laser-radar has a maximum laser
pulse repetition rate of 7 kHz and an accuracy of 0.1 m.

Figure 1: An illustration of the DTM with the 0.5 m grid.

3 The quantitative structure

3.1 Point categorization and filtering

In creating a high resolution DTM from laser-radar data
without the storage of too many unnecessary data points
an important step is to separate the points belonging to the
actual ground from the ones belonging to the trees. This is
due to the fact that it requires many points to represent the
saw tooth pattern appearing when some measurements are

from the ground and others from the top of trees. Beside
such a structure does not describe the terrain in an acc
able way. Thus the separation is carried out as describe
in [7] and ground data includes consequently only som
low vegetation, large stones etc. The remaining data ar
then locally transformed into a regular grid with 0.5 m
between grid points, see figure 1. This is done for simpli
ity both in representation and calculation, as well as to
allow for a straightforward application of the Fast Wavele
Transform (FWT) in later stages. The grid-size 0.5 m wa
chosen as an approximation of the average (irregular)
measurement density, which is about 0.3 m in scans an
about 0.4 m between the scans. Depending on the meth
used for determination of the grid points and the local
measurement density this could introduce some minor
errors in the representation.

Figure 2: Overview of the information process flow of the
DTM generation.
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The first step of the above process i.e. concerning the gen-
eration of the quantitative structure of the DTM is demon-
strated in figure 2. The process is made up by three steps,
forward transform, point score and selection and finally
inverse transform. These three steps will be discussed fur-
ther subsequently.

To describe how data can be reduced while keeping the
high resolution required to find terrain structures of inter-
est is the main concern in this section. This leads to a need
for variable resolution in different parts of the terrain. Flat
parts obviously need fewer data points while others may
need many. Many approaches focus on the local height
differences in data, where keeping the data in areas which
have large differences between neighboring points and
exclude the ones in flatter areas is an intuitively clear
approach. Several methods to do this exists. Here the
focus is on methods using FWT to find such areas [8]and
[9]. Important factors guiding the choice of method has
been computational speed and ease of implementation,
due to (near) real-time requirements.WT is an alternative
way to Fourier Transform, to represent and analyze sig-
nals using short wavelets instead of standard long waves
respectively. The characteristic difference between the
two methods is that the WT, instead of giving a pure fre-
quency description, produces a combined time-(or space-
)frequency description that keeps the locality of the
events.Also, in contrast with the FT, the WT is in fact a
whole family of transforms with different choices of
wavelets producing different transforms [4].

Figure 3: The grid square and the location of coefficients
after application of two steps of the forward transform.

The larger symbols refer towcs at a lower resolution level.

Starting in the one dimensional case, the transform
divides a signal into two classes of values, corresponding
to the fourier coefficients in the FT case, called the scaling
coefficients (sc) and the wavelet coefficients (wc), where
thescrepresents a coarse (low pass filtered) signal and the
wc represent the remaining detail not present in the

coarser signal (high pass filtered). Each of the coefficien
has a particular place in space, centered at the location
one of the original values. The exact behavior of the tran
form and the corresponding interpretation of the coeffi-
cients depend on the particular wavelet chosen. A
common way to generalize to the 2D case is to use a se
rable transform, which means applying the 1D transform
column wise and row wise separately. The result of this
procedure is four classes of coefficients, of which some
are LP-filtered in both horizontal and vertical direction,
some are HP-filtered in both directions and finally some
that are LP- and HP-filtered in opposite directions, see fi
ure 3. All coefficients that are HP-filtered in any direction
are consideredwcs. Awccan then be considered sensitive
to differences in different directions, i.e. vertical, horizon
tal and (both) diagonal directions. This procedure can b
repeated several times using thescas new input, and thus
producing a multi-resolution analysis of the area, each
time filtering out more and more details in thewcs. A par-
ticularly simple way to keep all interesting details is to se
all wcs smaller than a given filtering value to zero, apply
the inverse transform, and then associate everywcwith its
place in the grid, keeping every point associated with a
sufficiently largewc. In this way, the rule does not apply
directly to points with diagonally sensitivewcs. Instead it
turns out that in some such cases the set of significant
points may be replaced with a diagonal edge. Other, mo
sophisticated methods exist [8][9], that consider the fac
that thewcs are determined from grid point values other
than the one at the same location, but to keep a fast an
simple method in mind is required. This approach can b
seen as sufficiently accurate.

Figure 4: Thewcs are defined as the difference betwee
the prediction and the actual value. Here calculated a

wci=si-(si-1+si+1)/2. Using the already calculatedwcs the
scs are calculated asscj=sj+(wcj-1+wcj+1)/4.

The particular WT chosen here is a biorthogonal trans-
form proposed by Sweldens [10], [11] that he calls the lin
ear WT, a variant built entirely for the spatial domain with
the help of a tool called the lifting scheme. The lifting
scheme is a special way to build a WT and has a numb
of interesting features as it is fast,O(n). Contrary to most
constructions it is in place. There is also a simple way t
determine its inverse, etc., see [10], [11]. In the case of th
linear WT, see figure 4, it is possible to interpret intu-
itively in a reasonable way. Thewc can be interpreted as
the failure of the signal to be locally linear and the

 : Vertically sensitive wcs
 : Diagonally sensitive wcs
 : Horisontally sensitive wcs
 : Scs

s0 s1 s2 s3 s4

The linear wavelettransform

wc1

wc3
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remainingscas a lower resolution approximation that pre-
serves the zeroth and the first moment of the signal, i.e.,
preserves up to first degree polynomials. In 2D the result
is slightly more complicated to interpret, since there are
four types of coefficients whose support can overlap.
However, thewcs can, in this case, be seen as a failure to
be locally bilinear, where thewc which is sensitive in ver-
tical and horizontal direction can approximately be seen
as its 1D part in that direction and the diagonally sensitive
wc as the “correlation” between two linear approxima-
tions in vertical and horizontal directions. The remaining
signal correspondingly preserves the bilinearity of the
original signal [10], [11].

Figure 5: The reduced DTM with 2m grid and the
irregular data points.

3.2 Triangulation

Triangulation is here carried out stepwise by using only
the significant points, including the corners points of the
grid area. Many possible approaches of different com-
plexity exists to this problem. In this case it is already
known that the errors will be low if the existing points are
used. An additional requirement is to let an edge of the
square, when such a structure is present, correspond
directly to an edge of a triangle. Unfortunately, the error
of the filtering of thewcs does not directly correspond to
the error of the triangulation of points in the interior of a
square, but the additional error introduced will be low.
The triangulation is applied after the categorization (see
section 4) and by then the positions of the significant
edges are known. However, there sometimes will be more
points in a square than the ones pertaining to a certain
edge, or we can have squares with differently “thorny”
edges, combined edges and extreme points, etc. In these
cases it has been decided to regard the remaining triangu-
lation steps as less important and determining the edge
lines locally through Delaunay triangulation in every
square. For extreme points direct Delaunay triangulation
is used, without consideration of the structure of the cate-
gorization. An example of the reduced DTM can be seen
in figure 5.

3.3 The resolution pyramid

To allow for a terrain representation in different accura-
cies and to be able to efficiently represent structures of
different size the use of different levels of resolution for
different purposes is required. This is well supported by
the use of the WT with its natural multi-resolution struc-
ture. When we want to categorize squares larger than 2
the dyadic form of the FWT suggests using successive
multiplication with two as the natural choice. The same
grid structure and algorithm can be applied to the large
squares as was used in the original 2m squares. This
means that the candidates among the points on larger
scales are those points that earlier were corners and wh
now have become border points etc. In addition to this th
only significant points that will be included are those with
largerwcs than were accepted on the next earlier level,
which means that the filter level will be set to a higher
level at each lower resolution level. Consequently, the
result shows that some points are significant on just a s
gle level while others may be significant on two or per-
haps all levels. Note that a categorization at 4m not
necessarily is the same as an addition of the incorpora
categorizations at 2m because of the alternative focus 
the different levels of detail at different resolution levels

The grid size with the highest resolution chosen here is
2m and larger grid sizes will be 4, 8 and 16 m. The mot
vation for these grid sizes that taken together froms a
structure similar to the traditional resolution pyramid [13
is to allow the presentation of small and up to fairly larg
objects. The difference between this type of resolution
pyramid and the traditional type is that here each level
corresponds to a 3D surface. However, each level must
generated in parallel while in the traditional case each
new level, except the original image, is generated from th
earlier level in accordance with a set of predefined rule
Thus the resolution pyramid developed in this work
requires calculations of each level in advance and inde
pendent of each other. All information from each level
must then be stored in the database since it will take to
much time to generate this information only when neede
The resolution pyramid structure will not be discussed
further in this paper.

4 The qualitative grid categories

4.1 Category definition

In the qualitative analysis the smallest building blocks
correspond to the grid areas of 2m. The goal is to classi
all such 2m squares into a particular qualitative class,
described in terms of four subparts; such a description 
here called a category. To do this the squares are divid
into nine separate parts called square-areas, these are
four corners, the four edges between them, i.e. the bor
ders, and the interior, which are coded as in figure 6. He
it is assumed that the elevation values of the four corne
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have been assigned. From only these values nothing can
be said about the interior or the borders, but assuming a
bilinear relationship, this simple square in itself gives rise
to nine possible subcategories. These subcategories are
defined as in figure 6. Roughly speaking, the direction of
the inclination is determined from the direction of the pos-
itive derivative of the grid area.

Figure 6: The square-areas and the grid points belonging
to each area.

The remaining subparts refer to deviations from the struc-
ture defined by the four corners and a bilinear approxima-
tion, due to extreme points or edges in the square.
Depending on the level of description many extreme
points or edges exist in a square, but to keep the number
of categories at a manageable level only one edge or
extreme point need to be described. This schema can eas-
ily be extended to allow for any number of structures. The
same square-areas are still used to define the additional
structure, as can be seen in figure 6. The structure is
divided into three separate subparts called “state”, “orien-
tation” and “refined-orientation”. The subclass state refers
to whether the deviation is positive or negative. Orienta-
tion, in the case of an edge line, to square-areas corre-
sponding to the start and end of the edge and in the case of
an extreme point just the square area. The refined-orienta-
tion is a finer, more detailed classification used mainly for
triangulation and is only relevant for square-areas with
more than one possible grid point.

An edge is interpreted as a horizontal structure connecting
two points of approximately the same height. An extreme
point is interpreted as a point differing in height from its
neighbours by a sufficient amount. A point is not neces-
sarily of only these kinds since, for instance, a ground
point close to an extreme point may be associated to a
largewc and consequently be saved. Note that edges
between two square-areas not always can exist, as the
inclination of the square constrains the possible types. A
flat square can not have an edge between a corner and one
of the borders etc. It is important to note that the categori-
zation is made strictly for one square at a time. This
means that for border points an extreme point in one

square not necessarily must be an extreme point in a ne
bouring square.

The full categorical description thus consists of four sub
parts called inclination, state, orientation and refined or
entation. The subparts are represented by one or two
numbers according to the figures and can be used sep
rately or together, depending on the purpose.

4.2 Category determination

Assuming that only those points that are “classified” as
significant are used as input to the process of category
determination, it is nevertheless desired that as much
information as possible from the point categorization
algorithm, i.e. the FWT, is used to reduce the number o
possible grid categories. Thus, the already known fact th
the point difference is negative or positive for points at th
border will be used. Furthermore, information that tells
whether thewcs are sensitive to diagonal edges and the
fact that the low resolution approximation from thescs
represent an accurate ground level [12] will be used as
well.

The categorization process starts after application of th
forward WT, while considering the four corners, where
after two steps of the WT, thesc can be determined. The
process for determination of the grid categories can be
seen in figure 2. The process is made up by three step
i.e. generation of category hypotheses, hypotheses sco
calculation and selection of the hypothesis with the bes
confidence value; the three steps will be discussed furth
below.

Consider the square defined by thescs and the inverse
transform without anywcs (a bilinear interpolation). The
wcs are considered as additional information and can b
studied after the inclination is determined. The possible
inclinations are calculated with the use of only thesescs
for all allowed inclinations. All squares do not apply very
well to any of the categorizations and sometimes it can b
difficult to tell which is the correct one. Nevertheless, on
and only one inclination categorization of a square is
allowed.For full categorization and to find all structure
points further information about the points in the interio
and at the borders of a square must be required. Using
fact that a positivewc represent a positive deviation from
linearity and the calculated inclination the number of
edges that can possibly occur can be reduced. Here al
possible edge categorizations are calculated and saved
later purposes using the real height values.

 The most interesting of the structures is edges betwee
two square-areas and as a consequence a possible ed
point always has a higher priority than the possible
extreme-points. When new structures in a square are
tested for it is only needed to test if there is a possible
edge or not, since any point which is not an edge point
considered a possible extreme point. To do this, it has t
be checked whether either of twowcs with the same sign
at two different edge areas or whether a singlewc that
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could match a corner are possible cases. Furthermore, if a
diagonal edge is tested for then a significant diagonally
sensitivewc in the interior has to be tested for as well and,
vice versa. If the purpose is to test for a non-diagonal edge
then a diagonally sensitivewc is not allowed. The prob-
lem is not solved by this since the number of structure
points can be more than two and conflicts can arise with
several possible categorizations for a particular square.
However, the information in thewc is not sufficiently easy
to interpret for a reliable decision based on geometric rea-
soning. The solution is to save all possible categorizations
and later take the possible hypotheses by using the real
values. The type of any possible edge or extreme point is
obvious from the sign of thewc in the structure of interest.

For a final categorization any conflicts in the hypotheses
have to resolved. Here several, more demanding methods
may be used, since the number of possible instances are
relatively few. A direct method is to compare the elevation
of two edge points and give high confidence to an edge
with more or less equal height values and assign the cate-
gory value corresponding to the one with the highest con-
fidence value among the hypotheses. If none of the edges
have high enough values the lowest or highest point can
be chosen as an extreme point, depending on their relation
to the surrounding points and let this correspond to the
final categorization.

4.3 A qualitative interpretation

The categorized grid areas can be interpreted not just in a
coded way but also in a qualitative way that eventually
can be used for description of the terrain in terms of a
qualitative formalism. The latter approach can be com-
bined with color coding. Examples of qualitative terms
that may be used are “flat” for flat areas. For those cases
where the flat grid areas have a slope this can be com-
bined with its actual direction, such as “east” which is
interpreted as the slope going down hill towards east. This
can furthermore be combined with the degree of inclina-
tion, i.e. small, medium or high inclinations. Thus we can
talk about a grid area that is “flat high south-west” which
obviously is a flat area with a high slope that goes down
hill towards south-west. By attaching other neighbouring
grid areas larger areas with flat descriptions in the same
direction can be composed and retrieved.

Other qualitative types are “top” and “cavity” which again
can be either low, medium or high (shallow, medium or
deep) respectively. Other types are e.g “ridge” and “val-
ley” that can be characterized in the same way as the
above. Clearly, these latter two types can have directions
as well.

Furthermore, it is also quite clear that the approach for
qualitative classification of the grid areas is independent
of the grid sizes. For this reason, it will also be possible to
identify various cavities that are shallow but whose size
differ since they are identified from different sizes of the
grid areas,

5 The terrain database structure

The terrain database will be organized with respect to t
following data types:

- xg, yg {key to a grid area and corresponding to its
lower left corner}

- zg {the elevation of the lower left corner of the grid
area}

- c {the category indicator}
- xe1, ye1, ze1  ...xei, yei, zei {the supplementary points

and their elevation}

Observe, that here just a 2 m resolution level is include
Other resolution levels, e.g. 4, 8 and 16 m, can be store
in the database as well but that is not in focus here.

The resulting database structure can now be described
The terrain database contains the coordinate informatio
in all three coordinate directions. The terrain database
contains both regular and irregular points, i.e.:

Tdb: x, y, z {The terrain database}

A sub-database for determination of the grid area categ
ries is also defined.

CDB: xg, yg, c {the category database}

An example of how to access the elevation data for a c
tain area and all its occurring data points, e.g. for triang
lational purposes, can now be made in the followin
order:

{x ll ,yll , xur,yur} ⇒ Tdb⇒ {the set of regular and irreg-
ular points in the area}⇒ /triangulate and
visualize /

The area in focus is described from the points in the low
left and upper right corners.

The grid area category is determined from the CDB whe
the xg, yg-coordinates of each lower left corners are use
as search keys, that is:

{x g, yg} ⇒ CDB ⇒ {xg, yg, cg}

6 Applications

As indicated two main applications can, besides the tria
gulated terrain model, be identified. These two applica-
tions include determination of terrain features and
detection of changes in the terrain over time. Both appl
cations are based on the usage of grid area categories,
a qualitative representation of the ground. The principle
of these two application will be discussed subsequently.
further application of interest is generation of trafficability
maps which has clear symbolic characteristics, that pri-
marily may be used for visualization of areas where var
ous types of vehicles can or cannot pass. Thus, sets of
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passable triangles, i.e. triangles with a slope that does not
prohibit driving across it, are painted green while remain-
ing triangles will be red. Clearly, this type of maps will be
different for different types of vehicles. However, single
red triangles does not have any real meaning since such a
small area will never stop a vehicle from passing through.
Instead, we will here be concerned with sets of neighbour-
ing red triangles that more strongly will correspond to
realistic obstacles.

6.1 Querying terrain features

Querying terrain features can be described as a way of
identifying certain terrain bound objects of various sizes.
Examples may be everything from small object types, like
for instance ditches, and up to larger objects such as land-
ing areas for helicopters, etc. The principle of the determi-
nation of a single object type is to describe the acquired
objects in terms of the areal categories of the grid areas
and in a second step match these spatial object filters
against the sequence of grid area categories corresponding
to the area of interest. Depending on the size of the
objects acquired a suitable resolution size of the grid pyra-
mid must be selected, e.g. for ditches a 2m grid may be
picked whereas for large objects larger grid sizes may be
more reasonable.

The details of this work is part of another project and will
not be described further here. However, the goal is, in a
longer perspective, to determine the object type filters
more or less automatically from some kind of formal
description which can be integrated into a query language,
but this must be subject to further research. Another
aspect that need to be studied further is how to perform
aggregation on sets of grid areas for determination of
compound structures without passing to a lower resolu-
tion level in the resolution pyramid.

6.2 Change detection

Change detection means that changes of an area made
over a period in time should be identified. In this particu-
lar case, the principle is to stepwise compare the category
types of two versions of an area taken at different times
against each other to determine whether any changes has
been made and if so to register the positions of these
areas. Of course, just a change of a single category is not
sufficient especially not if the categories belong to areas
represented in low resolution. Instead, a change in a set of
neighbouring grid areas must be identified to be sure of a
real change in the landscape.

It has to be observed that this type of matching can be
made on different levels of resolution from a qualitative
perspective. For instance, if just the inclination of a grid
area is matched then the result will be very rough. By just
filtering out the refined orientation of the category values
the matching will be performed in a fairly high resolution
and finally if the full category values are used then the
matching will result in a quite high degree of accuracy.

Currently, a new flight with the laser-radar across an area
that was flown over about two years ago is currently
planned. This area was flat during the earlier flight but

since then a park with small hills and a little creek ha
been created and has thus become an appropriate ta
for change detection. However, this will be subject to fu
ther analysis in the near future.

7 Conclusions

The terrain elevation model presented here exhibits tw
different or dual aspects, i.e. the model can either
viewed qualitatively or quantitatively. The former aspec
is demonstrated by the grid area categories intended
identification of various terrain features while the latte
has a structure that can be used for visualization a
mathematical analyses. The model can also be applied
generation and visualization of trafficability maps whic
in fact will demonstrate both quantitative and qualitativ
aspect of the model. It has also been shown that in
longer perspective it will be possible to use the model
several different applications of qualitative type. We als
believe that, in the future, it will be possible to identify
other qualitative applications as well and that the on
described here will be possible to further developmen
Finally, when applying the wavelet transform to the 0.5 m
grid using a 2.5 dm filter value it turns out that the da
reduction is 89.1%. To reduce data further than that
clearly impossible since the regular grid points in the 2
grid count for 8.8% of the original data points.

Future research will be concentrating on the method f
identification of the filters that allow identification of ter-
rain objects with features of particular interest. Eventual
this work will be oriented towards the design of a specifi
terrain feature query language where the filters corr
sponding to the acquired features, if possible, should
generated automatically from some user oriented descr
tions. Another aspect of interest is to integrate all th
applications described here in a complete system that c
handle data in a user oriented qualitative way.
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	The work described here is concerned with the generation of digital terrain models generated from...
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	This paper is organized in the following way. In section 2 the problems in focus for this work ar...
	2 Problem formulation

	The basic purpose of this work has been to develop a structure that can be used for visualization...
	Figure 1: An illustration of the DTM with the 0.5 m grid.
	3 The quantitative structure
	3.1 Point categorization and filtering


	In creating a high resolution DTM from laser-radar data without the storage of too many unnecessa...
	Figure 2: Overview of the information process flow of the DTM generation.

	The first step of the above process i.e. concerning the generation of the quantitative structure ...
	To describe how data can be reduced while keeping the high resolution required to find terrain st...
	Figure 3: The grid square and the location of coefficients after application of two steps of the ...

	Starting in the one dimensional case, the transform divides a signal into two classes of values, ...
	Figure 4: The wcs are defined as the difference between the prediction and the actual value. Here...

	The particular WT chosen here is a biorthogonal transform proposed by Sweldens [10], [11] that he...
	Figure 5: The reduced DTM with 2m grid and the irregular data points.
	3.2 Triangulation

	Triangulation is here carried out stepwise by using only the significant points, including the co...
	3.3 The resolution pyramid

	To allow for a terrain representation in different accuracies and to be able to efficiently repre...
	The grid size with the highest resolution chosen here is 2m and larger grid sizes will be 4, 8 an...
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	4.1 Category definition


	In the qualitative analysis the smallest building blocks correspond to the grid areas of 2m. The ...
	Figure 6: The square-areas and the grid points belonging to each area.

	The remaining subparts refer to deviations from the structure defined by the four corners and a b...
	An edge is interpreted as a horizontal structure connecting two points of approximately the same ...
	The full categorical description thus consists of four subparts called inclination, state, orient...
	4.2 Category determination
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	4.3 A qualitative interpretation

	The categorized grid areas can be interpreted not just in a coded way but also in a qualitative w...
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	Furthermore, it is also quite clear that the approach for qualitative classification of the grid ...
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	The terrain database will be organized with respect to the following data types:
	- xg, yg {key to a grid area and corresponding to its lower left corner}
	- zg {the elevation of the lower left corner of the grid area}
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	The resulting database structure can now be described. The terrain database contains the coordina...
	Tdb: x, y, z {The terrain database}
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	As indicated two main applications can, besides the triangulated terrain model, be identified. Th...
	6.1 Querying terrain features

	Querying terrain features can be described as a way of identifying certain terrain bound objects ...
	The details of this work is part of another project and will not be described further here. Howev...
	6.2 Change detection

	Change detection means that changes of an area made over a period in time should be identified. I...
	It has to be observed that this type of matching can be made on different levels of resolution fr...
	Currently, a new flight with the laser-radar across an area that was flown over about two years a...
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	The terrain elevation model presented here exhibits two different or dual aspects, i.e. the model...
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