RASTER ALGORITHMS FOR SURFACE MODELLING

L. Tang

Chair for Photogrammetry and Remote Sensing
Technical University Munich
Arcisstr. 21, D-8000 Munich 2, Germany
Tel: + 49-89-21052671; Fax: + 49-89-2809573; Telex: 522854 tumue d
E-mail: tang@photo.verm.tu-muenchen.de
Commission III
ABSTRACT:

(1) Can the constraint edges be considered in a
simple manner so that the computational complexion of the constrained triangulation can be
improved to some extent?

Two raster algorithms for solving problems iIi surface
modelling are presented. A raster-based triangulation
allows for a simple consideration of constraint edges
and thus improves computational complexion of the
constrained triangulation to a great extent. A medial
axis method derives geomorphological elements, e.g.
peaks, pits, saddle points, ridge and drainage lines,
from a given set of contours and actually assists in
generating a high-quality digital terrain model from
contours. Examples demonstrate the efficiency of a
joint use of the two algorithms in terrain modelling.

Digitized contours are usually used as primary data
for DTM generation. However, generating a HQDTM from contours depends to a great extent on the
availability of the geomorphological information
(Clarke et al., 1982; Christensen, 1987; Ebnerffang,
1989; Aumann et aI., 1990; Tang, 1991, 1992). Actually, it is quite difficult to acquire this kind of information in a direct manner since e.g. it is usually not
contained in a topographic map explicitly. Nevertheless, geomorphological elements such as peak and pit
regions, saddles, ridges and valleys fmd their expression in contours and can even possibly be derived from
contours (e.g. Finsterwalder, 1986; Tang, 1991). Another question is here of interest:

Keywords: raster algorithm, surface modelling, Delaunay triangulation, Voronoi diagram, distance transformation, medial axis, geomorphological element,
digital terrain model.
1. INTRODUCTION

(2) How can geomorphological elements or at least
their approximations be derived from contours
automatically and then be used for HQ-DTM
generation ?

Digital terrain models (DTMs) find more and more
applications in a variety of branches of science and
management of today. This leads to the fact that demand for high-quality DTMs (HQ-DTMs) is increasing. A HQ-DTM here means that the DTM ought to
restore the terrain surface as exactly as possible, both
in geometry and geomorphology. Once the acquired
primary data are available, a rigorous consideration of
geomorphological information which represents the
terrain relief in form of distinctive points (e.g. pits,
peaks and saddle points), breaklines and ridge or
drainage lines becomes then the first essential of
generation of a HQ-DTM. It means that the HQDTM should keep this information as good as given.
A possible way to achieve this is to triangulate the
given sets of points and lines. However, triangulating
points and lines (so-called constrained triangulation, a
common issue in surface modelling) is quite difficult
to be implemented with respect to algorithms and
computationally even quite time-consuming in case
where a large number of constraint edges exists
(Lee/Lin, 1986; Wang/Schubert, 1987; de FlorianiJPuppo, 1988). A question arises:

Answers to this question as well as the first one will be
given in following sections.
2.ARASTER-BASEDTRIANGULATION
To answer the question (1) in the last section a rasterbased triangulation was deve10pped and will be described in the following.
2 1 Basic idea

In surface modelling, object surface can be described
by a triangulated irregular network (TIN), which consists of planar, nonoverlapping, and irregularly shaped
triangular facets on the given data sets. In this way the
3-dimensional problem of surface description is then
reduced to a 2-dimensional one, i.e. establishing the
adjacency relationships among the given data points
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only on the x-y plane. This is the task of a triangulation
as well. Among various approaches (e.g. Lawson,
1977; Watson/Philip, 1984; Preparata/Shamos, 1988)
the Delaunay triangulation is the one which is often
used for (terrain) surface modelling (e.g. Christensen,
1987; de Floriani/Puppo, 1988; Tang, 1991).

not on the border of the array has two horizontal and
two vertical neighbours, which are called the 4-neighbours. In addition, the pixel has four diagonal neighbours. Both these and the 4-neighbours are called
8-neighbours of the pixel. Provided N can be 4 or 8.
Two pixels are N-adjacent if they are the N-neighbour
to each other. A N-path is a sequence of distinct pixels
among which the two neighbouring pixels are N-adjacent.

The Delaunay triangulation of a set of points is usually
defmed in term of another geometric structure, the
Voronoi diagram (sometimes called Thiessen polygons or Dirichlet tessellation). Defmitions of these
two dual graphs can be found in (e.g. Preparata/Shamos, 1988). Therefore, once the Voronoi diagram of
the given set of points is constructed, the Delaunay
triangulation of the same data set can be derived directly from it.

2.2. Creatin2 the OyP of points and lines
Once a given set of points is mapped onto arrays by a
vector-raster conversion the OVD can be constructed
by means of a distance transformation (DT). A DT is
an operation that converts an array, consisting of feature and background pixels, to a new one where each
pixel has a value corresponding to the distance to the
nearest feature pixel. Different distances can be used
for a DT. The one of interest here is the charnfer(3, 4)
which approximates the Euclidean distance quite well
and requires a local distance mask of 3x3 pixels only.
Detailed descriptions on this topic can be found in
(Borgefors, 1986).

The construction of the Voronoi diagram can take
place either in a vector (Lee/Lin, 1986;
Wang/Schubert, 1987; Preparata/Shamos, 1988) or in
a raster world (Borgefors, 1986; Gottschalk, 1988;
Ebner et aI., 1989; Tang, 1989, 1991). For reasons of
distinction the V oronoi diagram in raster is referred
to as quasi Voronoi diagram (OVD). The difference
between the QVD and the Voronoi diagram lies essentially in the raster geometry. This fact leads to the
following idea: Mapping the given set of points onto a
suitable raster and constructing the QVD there, a vectorial TIN is then derived from the QVD by using certain raster operations. That is, the task of a
triangulation, establishing the adjacency relationships
among the given points, is accomplished here in a raster world by means of raster operations. This triangulation is called the raster-based triangulation.

For creating a OVD two arrays are necessary: a distance array for carrying out the DT and a feature
array for forming the QVD. The given points are
mapped onto the two arrays as feature pixels. The distance array is initially two valued: zero for feature pixels and infinity (i.e. a suitably large integer value)
elsewhere. In the feature array the corresponding
point number is assigned to each feature pixel and a
unique value to background pixels. While the DT is
applied to the distance array, the background pixels in
the feature array are overwritten by feature ones. As a
result, the OVD is formed.

As mentioned in section 1 the problem that is of interest here concerns the constraint edges in a triangulation. There are some vectorial algorithms proposed
for the constrained (or generalized) Delaunay triangulation (e.g. Lee/Lin, 1986; Wang/Schubert, 1987; de
Floriani/Puppo, 1988). The computational time of
using them obviously depends above all on the number of constraint edges in the data sets. Since the constraint edges are the known edges in the TIN
regardless of the Delaunay criterion they act as boundaries and divide the Voronoi diagram into parts. In
this case the Voronoi diagram is called the bounded
Voronoi diagram (Wang/Schubert, 1987). Hence, how
this kind of OVD can be achieved is the main issue of
the raster-based triangulation.

In order to take account of constraint edges in the raster-based triangulation a method of encoding feature
pixels in both the distance and the feature array was
developped. In the following, a feature pixel that
corresponds to a point in the given data sets is called a
point pixel (P-pixel) and a feature pixel that comes
into being by mapping a line segment is referred to as
a line pixel (L-pixel). The encoding method aims at
achieving a bounded Voronoi diagram. Therefore, the
following criteria are applied for encoding feature pixels in both the distance and the feature array:
•

For further descriptions remarks on terminology used
in the following are given here. A raster can be described by an array mathematically. In accordance
with terms in digital image processing an array element is called a pixel in the 2-dimensional case. In an
array the pixels that represent geometric elements
(e.g. points, lines and areas) are defined as feature
pixels and the rest background pixels. A pixel that is
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Each P-pixel is assigned the initial value zero in
the distance array and the corresponding point
number in the feature array. In addition, the 8neignbours of each P-pixel which belongs to the
subset of nodes of constraint edges get the local
distance values (e.g. 3 for the 4-neighbours and 4
for the rest in case of chamfer(3, 4) distance) in
the distance array and the code of the P-pixel in
the feature array.
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Figure l. Principle of the encoding method for creating the QVD of points and lines.
(a) The QVD - the feature array after the DT;
(b) The distance array after the DT using the chamfer(3,4) distance;
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•

(c) The constrained Delaunay triangulation and the
bounded Voronoi diagram.
In the QVD a Voronoi edge can be of one of the following three shapes: (a) a horizontal line; (b) a vertical line; (c) a terraced line (cf. Figure 2). Therefore,
an operator which is suitable for edge detection can
be used to locate the triangular edges in the Q VD.

The constraint edges are represented by 4-paths
in both arrays. All L-pixels have a unique code in
the distance array. In the feature array the L-pixels of each edge are cut in half and get the code of
the nearest P-pixel.

In this way the constraints are still retained and the
operation will, however, take place regardless of any
constraint. That means, the computational time here
remains as the same as the case that only points are
triangulated. Figure 1 demonstrates the principle of
the encoding method.
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2 3 Deriying a TIN from OYD
Figure 2. Voronoi edges in the Q VD.
Once the QVD of the given sets of points and lines is
available, a TIN can be derived from it by using a suitable operator. Two strategies can be applied to forming the TIN:
•

constituting triangular edges individually by locating Voronoi edges;

•

constituting triangles individually by locating Voronoi nodes.

The cases where a Voronoi node can appear in the
QVD are illustrated in Figure 3. In order to locate a
Voronoi node in the QVD, an operator of 2x2 pixels
(cf. Figure 4) is used. Positioning this operator on a
pixel in the QVD, three neighbours of the pixel are involved in it. Hence, it is called the N3-operator. Using
it, the procedure for locating Voronoi nodes in the
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QVD and thus for constituting triangles as well can
then easily be realized (cf. Tang, 1991).
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where contours serve as primary data only, though
various approaches beside a triangulation can be used
for terrain modelling (Clarke et al., 1982; Christensen,
1987; EbnerfTang, 1989; Aumann et al., 1990; Tang,
1991).
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The regions where the dashed lines appear can be
referred to as critical regions. They mark, however,
the places where certain geomorphological elements
exist, too (cf. Figure 6). The geomorphological elements here mean peaks, pits, saddle points, ridge and
drainage lines, which are essential for generation of a
HQ-DTM from contours. In principle, they can be

(e)

Figure 3. Possible cases of a Voronoi node in the
QVD.

~
~

Figure 4. The N3-opcrator
for locating a Voronoi
node in the QVD.

Examples for demonstrating the efficiency of the raster-based triangulation will be given in section 4.
3. DERIVATION OF GEOMORPHOLOGICAL
ELEMENTS FROM CONTOURS
To answer the question (2) in section 1 an approach
for automatically deriving geomorphological elements
from contours was developped and will be described
in the following.
3 1 Basic idea
Looking at the Figure 5, one can find out that the
dashed lines are horizontal triangular edges which do
lead to an incorrect description of the terrain surface.
As a matter of fact, it is hardly to gain a satisfactory
result for the terrain surface description in this case

Figure 6. Geomorphological structures reflected by
contours.

Figure 5. A TIN constructed from contours.

Figure 7. Medial axes of contours.
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derived from the given contours since they represent
structures on the terrain surface, that are reflected by
shapes of contours as well (Finsterwalder, 1986;
Ebner{Tang, 1989; Aumann et al., 1990; Tang, 1991,
1992b).

Voronoi edges in this QVD can be classified into
three groups: a Voronoi edge between (a) two nodes
of a contour edge, (b) two different contours and (c)
two parts of the same contour. The differentiation of
them is realized by checking the codes which are involved in the edge detection (cf. Figure 2). For
example, if the code difference is equal 1, the Voronoi
edge belongs to the group (a), else it is a member of
the group (b) or (c). Obviously, the Voronoi edges in
group (a) are neither the normal nor the special medial axes and should be left out of consideration. In
order to distinguish the special from the normal medial axes among the rest two groups, elevation should
be taken into account, i.e. if the involved codes indicate the contour points which have the same elevation,
the Voronoi edge is the special medial axis, else the
normal one.

Medial axis is a descriptor of shape (Blum, 1967) and
finds a lot of applications in computer vision, graphics
and image processing as well as computational geometry. Intuitively, the medial axis of a 2-dimensional
object is the set of points within the object figure that
are medial between the boundaries. The corresponding operation is called medial axis transformation
(MAT), which has different synonyms such as symmetric axis transform, skeletonization or thinning according to purposes and customs. The MAT can take
place either in a vector (e.g. Lee, 1982) or in a raster
world (e.g. Arcelli, 1981). In the latter case the criterion of local maxima of distances to boundaries can be
applied to locating the medial axis or skeleton pixels
(Arcelli, 1981).

There are three types of special medial axes: they
occur (1) in peak or pit regions, (2) in saddle regions
and (3) in ridge or valley regions. To differentiate
them Voronoi nodes are used. Two kinds of Voronoi
nodes are of interest, i.e. the ones that are shared by
the special and the normal medial axes and the ones
to that only the special medial axes are incident. In the
following, the former is referred to as SN-node and
the latter as SO-node. While a SN-node indicates the
connection to the neighbouring contour, a SO-node
relates only with the contour from which the special
medial axis comes into being. According to the node
status of each special medial axis, it can be classified
into a certain geomorphological element: it is of type
(1) if both nodes are SO-nodes; it is of type (2) if both
nodes are SN-nodes; it is of type (3) if one node is a
SN-node and the other a SO-node. Connecting each
special medial axis with the corresponding contour
points the geomorphological elements are then located (cf. Figure 8).

Treating contours as boundaries of shapes, the medial
axes between them can be obtained then by a MAT algorithm. Figure 7 shows an example. There are two
types of medial axes to be distinguished: the medial
axes that lie between neighbouring contours and the
ones that are found between two parts of the same
contour or between different contours of the same
elevation. The former and the latter are called the
normal and the special medial axes, respectively.
Comparing Figure 7 with Figures 5 and 6, one can find
out that the special medial axes just occur in the critical regions and approximate geomorphological elements to a certain extent. This leads to the idea that
special medial axes should be used for tracing geomorphological elements. To realize this idea two procedures are necessary: locating geomorphological
elements and assigning elevations to them.

3 3 Eleyation Assignment
3 2 Locating geomorphological elements

The MAT algorithm based on the local maxima criterion can locate medial axes between the given contours, but is not able to distinguish them. As
mentioned above, only the special medial axes are of
interest. So an algorithm based on Q VD was proposed for locating special medial axes since Voronoi
edges are medial axes as well (Tang, 1991).

For further uses, e.g. for terrain modelling, appropriate elevations should be assigned to points of located
geomorphological elements. Depending on types, different strategies are used for the elevation assignment.
In the following, the elevtion of the contour from
which the special medial axis comes into being is
denoted as HI and the elevtion of the neighbouring
contour as H2.

As described in section 2, given contours are at first
mapped onto the two arrays as feature pixels. By way
of contrast, contour edges are represented here by 8paths and nodes of each continuous contour line are
labelled by successive numbers. In addition, all L-pixeis get the same initial value zero in the distance array
as P-Pixels. In this way, contour pixels will propagate
themselves in every direction during the DT in both
arrays, and as a result a desired QVD is obtained.

For type (1): At first, H2 should be found out by
searching the neighbouring contour since it is not included in the SO-nodes. Then, if HI < H2 holds the
geomorphological element contains a pit else a peak.
For selection of the pit or peak point on the medial
axis the criterion of symmetry is applied, i.e. the
middle point. Since no additional information is available in the concerned region it is quite reasonable to
assign to the middle point an elevation of (HI - the
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half equidistance) in case of a pit or (HI + the half
equidistance) in case of a peak. Other points on the
medial axis get adjusted values between the middle
point and the concerned contour point.

Example "Thalham": It covers an area of 400x400
square meters on the ground. The contours with a
constant equidistance of 2 meters were manually digitized from a topographic map of a scale of 1:10000.
The total number of contour points amounts to 1168.
The given contours and the derived geomorphological
elements are shown in Figure 8. Figure 9 is the TINDTM.

For type (2): The selection of the saddle point follows
the symmetry criterion, too. The saddle point gets
then the mean value of HI and H2. Other points get
adjusted values as described above.

Example "Koralpe": It covers an area of 1480x1620
square meters on the ground. The contours with a
constant equidistance of 10 meters were manually digitized from a topographic map of a scale of 1:10000.
The total number of contour points amounts to 4252.
Figure 10 (a) shows the given contours and the

For type (3): If HI < H2 holds the geomorphological
element represents a ridge line else a drainage line.
The elevation assignment by a linear interpolation between HI and H2 is a simple and also widely accepted
way.

Figure 9. Example "Thalham": the TIN constructed
from the given contours and the derived geomorphological elements.

Figure 8. Geomorphological elements from contours.
4. DIGITAL TERRAIN MODELLING USING
RASTER ALGORITHMS

derived geomorphological elements. Following the
procedure described above, a TIN-DTM was generated from these data at fIrst. It was then converted
into a raster DTM by a planar interpolation of the
triangular facets. The 10-meter contours and the 2.5meter intermediate contours were derived from the
raster DTM (cf. Figure 10 (b». The improvement of
the DTM quality is evident.

Contours are often used as reference data for DTM
generation. A HQ-DTM from contours means that
the given contours ought to be restored from it on the
one hand and the intermediate contours derived from
it should reasonably be shaped on the other hand. The
fo~mer can be guaranteed by the constrained triangulatIon, and the latter requires, however, geomorphological elements for assistance.

With regards to the computational complexion the
raster-based triangulation was compared with an
existing vectorial algorithm for the constrained Delaunay triangulation. The comparsion was carried out on
a Hewlett Parckard graphics workstation HP 9000/350
CHX, which is equipped with a MC68020/25MHz
CPU, a MC68881/20MHz floating point processor
and 8 MBytes main memory. In addition, a test on the
computational time for a triangulation without con-

At first, geomorphological elements are derived by
means of the medial axis approach described above. A
TIN-DTM is then generated by the raster-based triangulation of the given contours and the derived geomorphological elements. Finally, various follow-up
products can be derived from the TIN-DTM.
To evaluate the presented approaches two practical
examples are given in the following:
571

(a)
(b)
Figure 10. Example "Koralpe": (a) given contours and derived geomorphological elements; (b) contours (thick)
and intermediate contours (thin) derived from a TIN-DTM.
REFERENCES

straints was made for the example "Koralpe" to see the
relative difference. The results are given in Table 1.

Arcelli, C., CordelIa, L.P., Levialdi, S., 1981: From
Local Maxima To Connected Skeletons. IEEE Transactions on Pattern Analysis and Machine Intelligence,
PAMI-3, No.2, 134-143.

Table 1: Computational time for the triangulation.
example

vectorial
(rnm:ss)

raster-based
(rnm:ss)

Thalham

2:05

0:51 [401x401]

Koralpe

21:28(2:59)

1:39(1:38)[493x540]

remarks

Aumann, G., Ebner, H., Tang, L., 1990: Automatic
Derivation of Skeleton Lines From Digitized Contours. International Archives of Photogrammetry and
Remote Sensing, Volume 28, Part 4, 330-337.

1 ) The time in ( ) is valid for a
triangulation without the constraints.
2 ) Digits in [] indicate the size
of array for the QVD construction.

Blum, H., 1967: A Transformation for Extracting New
Descripters of Shape. Proceedings of Symposium on
Models for Perception of Speech and Visual Form,
W. Whaten-Dunn, Ed. Cambrige, MA: M.LT. Press,
362-380.

5. CONCLUSIONS

Borgefors, G., 1986: Distance Transformations In
Digital Images. Computer Vision, Graphics, and
Image Processing, 34, 344-371.

Techniques from raster data processing can lead to
quite simple and robust solutions for complicated
problems in surface modelling. The raster-based
triangulation improves the computational complexion
at a great deal in case of a large number of existing
constraints. The medial axis approach derives geomorphological elements from the given contours and
thus contributes a lot to the improvement of the DTM
quality in the case where only contours are available
for terrain modelling. The combination of the two approaches leads to an even satisfactory result. So the
use of raster techniques for digital terrain modelling
is promising.

Christensen, A.H.J., 1987: Fitting a Triangulation to
Contours. Proceedings Aut.o-Carto VII, 57-67.
Clarke, A.L., Gruen, A., Loon, J.C., 1982: The Application of Contour Data for Generating High Fidelity
Grid Digital Elevation Models. Proceedings AutoCarto 5, 213-222.
De Floriani, L., Puppo, E., 1988: Constrained Delaunay Triangulation for Multiresolution Surface Description.
Proceedings
of 9th
International
Conference on Pattern Recognition, Rome, Italy, 566569.

572

Tang, L., 1989: Surface Modelling and Visualization
Based on Digital Image Processing Techniques. Optical
3-D
Measurement
Techniques
(Ed.
A.Griin/H.Kahmen), Wichmann Verlag, Karlsruhe,
317-325.

Ebner, H., Reinhardt, W., Tang, L., 1989: Beitdige der
Rasterdatenverarbeitung zum Autbau digitaler GeHindemodelle. Zeitschrift fUr Vermessungswesen, 268278.
Ebner, H., Tang, L., 1989: High Fidelity Digital Terrain Models From Digitized Contours. 14th ICA-Congress, Budapest, Hungary.

Tang, L., 1991: Einsatz der Rasterdatenverarbeitung
zum Autbau digitaler GeHindemodelle. Mitteilungen
der geodatischen Institute der Technischen Universitat Graz, Folge 73, 100 p.

Finsterwalder, R., 1986: Zur Bestimmung von Talund Kammlinien. Zeitschrift fUr Vermessungswesen,
184-189.

Tang, L., 1992a: The promise of raster data processing
in digital terrain modelling. Proceedings of European
International Space Year Conference, Munich, March
30 - AprilS (to be published).

Gottschalk, H.-J., 1988: Die Konstruktion eines Digitalen GeHindemodells mit Hilfe der Triangulation im
Raster. Nachrichten aus dem Karten und Vermessungswesen, Reihe I, Heft Nr. 100,21-30.

Tang, L., 1992b: Automatic Extraction of Specific Geomorphological Elements from Contours. 5th International Symposium on Spatial Data Handling,
Charleston, South Carolina, August 3-7 (to be published).

Lawson, c.L., 1977: Software for C1 Surface Interpolation. Mathematical Software III (Ed. J. Rice), Academic Press, New York, 161-194.
Lee, D.T., 1982: Medial Axis Transformation of a Planar Shape. IEEE Transactions on Pattern Analysis
and Machine Intelligence, PAMI-4, No.4, 363-369.

Wang, C.A., Schubert, L., 1987: An optimal algorithm
for constructing the Delaunay triangulation of a set of
line segments. Proceedings of the 3rd Symposium on
Computational Geometry, 223-232.

Lee, D.T., Lin, A.K., 1986: Generalized Delaunay
Triangulations for Planar Graphs. Discrete and Computational Geometry 1, 201-217.

Watson, D.F. and Philip, G.M, 1984: Systematic
Triangulations. Computer Vision, Graphics, and
Image Processing, 26, 217-223.

Preparata, F.P., Shamos, MJ., 1988: Computational
Geometry: An Introduction (Corrected and Expanded Second Printing). Springer Verlag, New York.

573

