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1. THE STATUS OF DIGITAL TERRAIN MODELS

The term Digital Terrain Model (DTM) and the concept
goes back to 1958, when C.L. Miller and R.A. Laflamme
of MIT designed a computerized system for automatic and
optimized planning of roads and highways. Because of
that origin the DTM used to appear, at conferences during
the 1960s, in relation with civil engineering applications.

It took some time until photogrammetry, surveying, and
cartography realized the much more general nature and
range of application of the concept. Even then the DTM
was seen primarily as a tool for the derivation of contour
lines for maps. And it still took some more time until
cartography recognized the potential of DTMs for produc-
ing high-quality contour lines.

During the 1970s, however, it became generally under-
stood that a DTM is a new stand-alone type of product, of
independent status and of central independent importance,
suited for various applications. It constitutes a basic pro-
duct, from which a family of subsequent programs
generate various derived products. Today DTMs are also
seen in relation with information systems, constituting a
separate layer in topographic or geographic information
systems (GIS), to be combined an interfaced with other
types of data.

A digital terrain model is a digital description and repre-
sentation of terrain surface. It can, of course, also be used
for representing other objects surfaces, or equivalent sym-
bolic surfaces. The surface is represented by a grid of
points. Common types are either irregular triangular net-
works or regular rectangular grids of points. The enclosed
triangular or rectangular grid meshes are supposed to be
small enough to represent all surface points by simple
interpolation within a mesh. Thus, digital elevation mod-
els describe surfaces only by single-valued functions
z=f(x, y) which are not necessarily smooth. With regard
to terrain the elevations of surface points are functions of

their position (X, y). Therefore, the term digital elevation
model (DEM) is used synonymously for DTM, for the
time being.

The terrain description by DTM is a special case of 3-D
surface representations, being limited to continuous
single-valued functions. A DTM should not be mistaken
for a more general 3-D surface description, as used in
CAD systems, for instance.

The basic tasks of a DTM computer program is to derive
surface points from primary data and to generate the DTM.
Primary data are usually photogrammetric or field survey
measurements, or cartographic data (digitized contour
lines). From them a regular grid of points is normally
derived by interpolation. Conventional DTM programs
are not, or not fully, prepared to handle very dense net-
works of primary points, as they can be obtained by digital
image correlation or image matching from digitized aerial
(or space) photographs. Conventional DTMs handle in
practice 103 to, perhaps, 2-10* points per map sheet and
produce DTM grids of 5-103 to 10° points, at the most.

The quality requirements for DTMs are high, in view of
their independent importance. We may distinguish quality
requirements with regard to high geomorphological qu-
ality of a DTM, and with reagard to acceptance of various
primary data.

The most important aspect is certainly the high geomor-
phological quality of a DTM. That implies first, that a
DTM consists possibly of a dense grid of points, amount-
ing to usually 5-103 to 105 grid points per map sheet,
derived from the same number of measured points or,
mostly, considerably less points (by a factor 5-10). High
morphological quality implies secondly that special ter-
rain features are represented. These can be break-lines,
ridge lines, lines of steepest descent, from lines, and also
special points like hill-tops or depression points. DTM
programs must be able to consider such features quite
rigorously.
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The second feature of quality concerns the acceptance of
various types of primary data. These can be regularly or
irregularly distributed points, measured sometimes in pro-
files or as grid points of varying density. Photogrammetry
is the main source for primary data. Points are measured
manually, partly semi- automated. Sometimes data acqui-
sition is not adequate, leaving certain areas with few or no
points. DTM computer programs must be able to handle
all cases safely, merge data of different origin, and include
checks for acceptance.

The mode of measurements has implied, hitherto, that
ussually relatively few points are measured, in such a way
that the derived DTM meets the requirements with a
minimum number of points. Break-lines etc. must ensure,
in that case, the quality of DTM. That philosophy might
change, in near future, when automatic point measurement
by digital image correlation will become available. In that
case the number of points measured may be more than 100
times larger than up to now, allowing the derivation of
much denser and more accurate DTMs, and allowing a
more detailed local analysis of terrain forms.

Itis a typical feature of modern system which handle large
volumes of data that beyond the mathematical and algo-
rithmic aspects the data management is of predominant
importance. That concerns first the question of efficient
data structures, allowing access to local areas for purposes
of checking, correcting, updating etc. It also implies inter-
face for a number of follow-up programs, as well as
graphic - interfaces for various graphical systems, plotters
and screens.

In general, with regard to DTMs, the attention has moved
from data acquisition and interpolation methods towards
data management, representation of results, quality con-
trol, derived products, and integration data bases and
information systems.

2. THE DTM PROGRAM SYSTEM SCOP

SCOP is a well-established modular computer program
system for the generation and application of high quality
digital terrain models. It handles primary data of arbitrary
origin and has been designed from the beginning on for
large volumes of data, i.e. for large DTMs.

It has been developed by INPHO GmbH, Stuttgart, in
close cooperation with the Institute of Photogrammetry at
Stuttgart University, and the Institute of Photogrammetry
and Remote Sensing of the Technical University of
Vienna (Prof. Kraus). It started as a program for the

generation of rectangular grids from irregularly dis-
tributed data by linear prediction. The DTM was intended
a prime product from the beginning on, whilst contour-
lines were considered a derived product. Soon, the general
scope and range of the system was extended to various
field of application, taking into account the expanding
hardware and software environment. The general features
of the system can be summarized as follows:

rigorous consideration of break-lines and excluded areas
in the DTM generation and all DTM application mod-
ules.

efficient data structure with direct access to local areas

development of a family of programs for the derivation
of follow-up products, in particular isolines (contours),
derived profiles, derived points, volume computation,
perpsective views, digital slope models, slope maps, etc.

establishment of graphic interface for various plotters,
screens and graphic systems.

The more recent development phase has concentrated on
DTM intersections with raster or vector models, raster-
graphic representation of DTMs, with shading etc., DTM
editing, DTM data management and GIS interfaces.

In the following some items are described in more detail.
Input data can be 3-D terrain data of quite arbitrary origin,
which may cover the surface in variable density, and in
regular or irregular distribution. SCOP distinguishes
different classes of points:

- Arbitrary surface points of no special characterisitcs

- Points of special importance, like hill tops etc.

- Singular points which are not part of the terrain surface

Also various line data may serve as input:

- break-lines which the gradients of the terrain are discon-
tinuous

- form-lines for describing special terrain features, like
ridge-lines

- border-lines which limit the DTM area, externally or
internally. Border-lines can be given as 3-D or as 2-D
lines.
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Surface points are just given by their position (X, y) and
the height (z), without point number. Numbering is only
required for special points and for lines.
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The first program module of SCOP (known as
SCOP.DMS, data management system) handles the input
data and prepares them for the DTM generation. It can
cope efficiently with large numbers of observed points, up
to hundred thousands of points.

After reading-in the input data the DMS module arranges
them in a structured binary data file, for direct access to
any part of it. The standard input format WINPUT allows
acceptance of mixed types of data, especially of photo-
grammetric and of digitized cartographic data. There is
another data format (DAOQOI1), especially designed for
tacheometric survey data. Input data can be transformed,
if necessary, e.g. for absolute orientation of photogram-
metric models.

Input data can be represented, for checking purposes, in
forms of lists or in geometric presentation (matrix or quick
plot). Especially graphical plots are essential for checking.
Here, the system is higly flexible, as the total set of data,
windows, or only certain classes of data (e.g. break-lines
alone) can be looked at. Output is possible, via a graphics
package, on various plotters, screens or graphic systems,
also via data base systems.

A number of internal checks routines control consistency
and plausibility of the input data (like crossing of lines,
empty areas, height differences ctc.) For data correction
and data cleaning quite a number of updating functions are
prepared (like changing, deleting, merging, separating,
re-coding etc.).

The central algorithm part of the SCOP system is the DTM
generation module SCOP.DTM, as the quality of a DTM,
is determined by the DTM data structure and the interpola-
tion algorithm.

The DTM interpolation derives from the given points and
lines the heights of a usually densified rectangular net-
work or grid. The grid spacing can be chosen and may vary
within a DTM, depending on the degree of smoothness of
the terrain.

It is a decisive feature of the DTM data structure that the
DTM is more than a grid model. The line structures
(break-line etc.) and singular points are integrated parts of
the DTM, and are stored within the structure, not sepa-
rately. Thus the special terrain features can be directly
maintained and given access to in all subsequent applica-
tion programs which make use of the DTM.

The project area is subdivided, with some overlap, into
computational units within which the interpolation takes
place and which allow fast local access. The comput-
ational units are further subdivided in case of break-lines.
Also complicated cases can be handle. The subdivision
into units allows efficient treatment of large sets data.
DTM projects of up to one million points have been trated.

The resulting DTM is stored as binary file with direct
access to local area, also in case of very large DTMs.

The DTM interpolation algorithms generates the actual
DTM from the given data. The main interpolation algor-
tihm of SCOP is based on a modified version of the
method of linear prediction, which has proven to be most
versatile. It gives a surface description by summation of
weight functions attached to the observed points. From it
the heights of any desired (grid-) points are easy to be
calculated. The interpolation process has been greatly
optimized in order to reach efficient performance, in spite
of originally involved mathematical procedure. It is a
special feature of the algorithm that the computational
effort goes proportional with the number of observed
points, whilst the (larger) number of interpolated points
has little effect on the computing time. Thus, strong den-
sification of the network is relatively easy to obtain. A
second feature of the method is the inherent possibility of
filtering of data. As a result, height residuals are obtained,
allowing (least-squares) accuracy estimates and blunder
detection. A special case is filtering of systematic scan
errors in case of parallel profiling.

The modified prediction method constitues the main inter-
polation algorithm, especially for obtaining high-quality
DTMs. However there are two other particularly fast in-
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terpolation methods implemented as part of the DTM
generation module. They are characterized by the moving
average and the moving tangential plane principle. Still
another procedure is used if the observed data are given in
a, possiby incomplete, grid pattern. The algorithm in that
case completes the grid, and incorporates all additional
features (break-lines etc.) The program structure of the
DTM module is such, that additional interpolation algo-
rithms could be implemented as subroutines, if found
desirable.

We do not claim that the SCOP system could not be still
further extended or adapted to additional requirements. At
present it has reached a good level of maturity, has been
confirmed in practical use by a great variety of applica-
tions. It represents a fully operational, general-purpose
and high-quality DTM system.

The accuracy of a DTM can be defined as the r.m.s
difference (in z) between the real (or the idealized) terrain
surface and the DTM surface. It is determined in first
instance by the data acquisition, i.e. by the fidelity with
which the observed points and the structural information
represent the actual surface. The accuracy of the observed
points is very much less significant, by comparison. The
structural features (break-lines etc.) also have normally
not much influence on the overall DTM accuracy, al-
though they are of great importance for the representation
of local morphological quality.

The interpolation algorithm of a DTM program can also
influence the resulting DTM accuracy. It must maintain
the inherent accuracy and fidelity potential of the data, as
implied in the density of points and the morphological
features. Often the data are inadequate to some extent,
have gaps or great variation in density. In such cases the
interpolation algorithm must not produce non-plausible
results (like overshooting), sticking close to linear inter-
polation. Also, data blunders should be detected automati-
cally. In the SCOP system the filtering of data, producing
residual errors on the basis of a minimum principle, allows
precision-estimates and analysis of such questions.

Accuracy prediction for DTMs in general is difficult, as it
depends strongly on the density of points in relation to the
shape and roughness of the terrain. According to empirical
results the average DTM accuracy depends about linearly
on the average distances between points, for a given type
of terrain. Photogrammetric data acquisition from aerial
photographs, with the usual point density of about 2 000
points per stereo-pair, gives a DTM accuracy in the order
of about h/5 000, for reasonably smooth terrain. Derived
contour-lines then have the same vertical accuracy.

The SCOP system has been implemented on a considera-
ble number of computer systems. The programs contain
almost no parts which depend on hardware or machine
systems. Therefore, they can easily be ported to any new
computer system.

Implementation has taken place on the following systems:
- various mainframe computers
- mini-computers and workstations:

VAX (VMS)

HP 1000 (RTE-A)

Siemens Nixdorf (BS 2000)
Prime (PRIMOS)

Data General (AOS/VS)

UNIX systems:

- Hewelett Packard (HP-UX)

- Intergraph (CLIX)

- Silicon Graphics (IRIX)

- Siemens Nixdorf (SINIX)

- PCs (XENIX, Interactive UNIX)

- Personal Computers:

MS-DOS (all IBM compatible PCs with processor 80286,
80386, 80486, coprocessor 80207, 80387, hard disc and
standard graphics card).

3. APPLICATION PROGRAM

It has been stated that a DTM is considered a stand-alone
product. It is therefore edited and stored independently,
for direct use.

However, the great importance of the DTM is tied to the
fact that is also a base product for a great variety of
applications. Hence a DTM program system includes a
whole family of follow-up programs with which derived
graphical or numerical products are produced. The pack-
age of derived products is open, in principle, depending
on the development of applications. We may distinguish
three groups of programs:

(I)Programs for representation of DTMs, in particular:
contourlines (isolines), derived profiles, perspective
views and raster representation, including shading.
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(2)Directly derived products, such as slope models, slope
maps, slope vectors, aspect maps, visibility maps.

(3)Derived functions which operate with DTMs. Here
especially intersections of DTMs and other digital
models are referred to.

The SCOP system has a family of application program
modules which derive graphical or numerical products.
They all maintain the efficient DTM data structure, includ-
ing the morphological features. In the following some
modules will be briefly commented. It is understood that
a discussion of DTM application, as in civil engineering.
navigation etc., is outside the scope of this paper.

Quite a number of modules are available for the repre
sentation of DTMs. The first and most conventional car-
tographic representation is by contour-lines. The module
SCOP.ISOLINES is applicable to any model with the
DTM data structure, thus producing isolines for instance
in slope models or in height difference models. Contour
intervals can be chosen and automatically adapted to
various degrees of slopes. Morphological features like
break- lines are rigorously considered, also in complicated
cases, leading to possibly sharp angles in contour-lines.
The representation of isolines by strings of points can be
adapted to the available plotter, some of which have splin
interpolation. In addition, all cartographic editing fea-
tures, including automatic numbering, are prepared.
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The module SCOP.PROFILE is designed to interpolate
and derive any vertical profiles from the DTM, if the traces
are given or can be computed. Special cases are longitudi-
nal profiles or cross sections along projected road axes,
for road design. The profiles can be represented in graphi-
cal plots. Other applications might be parallel profiles for
orthophoto-projection (although analytical orthoprojec-
tors can operate with the DTM directly).

A more simple version of the profile program interpolates
arbitrary points from the DTM. It is often used for ac-
curacy checking at check points and includes the neces-
sary statistics.
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It 1y very common, nowadays, to produce perspective
views (or parallel projection) of DTMs. The module
SCOP.PERSPECT handles the parameter required for
selecting, limiting and providing the views with hidden
areas suppressed, the DTM data structure being main-
tained. Also visibility maps can be derived. Perspective
(or parallel) views are represented as vector plot (wire
models) in which the special morphological features
(break-lines) are rigorously represented. The latest
development of the program module concerns the raster
representation, including raster shading. A special case of
it is conventional hill-shading of the DTM (in vertical
parallel projection) in raster-graphical representation.

perspective view

From a DTM other digital models can be directly derived.
Best known are digital slope models and their repre-
sentation in slope maps. Aslo aspect maps, showing the
exposition of the terrain, are in the same category.

The SCOP system includes programs for such derived
products in which again in break-lines and other morpho-
logical features are considered rigorously. Slope models
require some additional smoothing, as generally gradients
are higly noise-sensitive. The slope model has the same
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contours slope map

grid structure and the same data structure as the DTM.
Hence other program modules, especially the isoline pro-
gram, can directly be applied, as well as all graphics
routines.

Slope maps represent slopes in distinct slope classes. The
graphical representation allows hatching and colour dis-
tinction. Because of the consistent data structure those
modules can also be applied to the original DTM.

A derived product are slope-vectors, showing the lines of
steepest descent as vecor data.

A second class of follow-up programs (module SCOP.IN-
TERSECT) operates with DTMs or derived models by
combining them, or interrelating them, with other kinds of
area-data. The prime example is the intersection of two
different DTMs of the same area, forming a difference
model from which also volumes can be calculated, for
instance.

difference model

slope vectors

The difference model is a special case of relating two
overlapping DTMs via arbitrary functions of their z-values.
The intersection of DTMs can be generalized to the inter-
section of a DTM with other digital models which may be
defined by polygon surfaces, or plane area patches as-
sociated with different attribute values. Hence, for instance,
A DTM or a slope model can be intersected with cadastral
maps, with soil maps, pollution distribution, rainfall models
etc.

The SCPINTERSECT module is developed to handle
such cases efficiently. It is a generally appicable program
for intersecting and interrclating different models, even if
they have a vector data structure. In that case the different
data structures are made compatible to the SCOP data
structure. Examples are the intersection of a slope model
and/or soil classes with cadastral parcels, from which
evaluation functions can be derived as they are needed by
the offices of land consolidation.

DTM B
arca no. area volume
1 cutting : 25402.48 144809.41
filling : 921.57 204.08
2 cutting: 1357.36  15569.44
filling : 0.00 0.00
3 cutling: 2219.11 6358.70
filling : 189.90 107.49

results of volume computation
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Another example is the derivation of soil erosion risk
maps. In that case models are intersected which have an
influence on soil erosion (like a slope model and a soil
class model). With a given functional relation (universal
soil loss equation) an erosion risk model can be estab-
lished and graphically represented.

4. INTERFACES

A universal DTM system with derived product must be
able to operate in different environemnt and must be
adaptable to external operating conditions. Therefore,
SCOP has modules to convert for instance a DTM on a
binary file to an ASCII file for the purpose of DTM
transfer. Also the graphic plots can be specified for certain
instruments (plotters or screens) or made generally acces-
sible on a metafile format. Also variations in the desired
representation of plots may be wanted and must be
possible easily.

Another class of features refers to the convenient use of a
program and to interfaces to various other systems and
hardware.

SCOP is monitored via an elaborate command language
which is designed for batch mode and interactive mode of
operation. For easier handling in case of interactive opera-
tions also menus can be used.

There is a DTM interface for access from outside to the
DTM, allowing interpolation within the DTM and extrac-
tion of profiles. In this way DTM applications can be
realized without knowledge or specific consideration of
the data structure. For calling upon local height informa-
tion only one or two (at the most) disc accesses are
required, even in case of very large DTMs.

There is also a multitude of interfaces for graphical sys-
tems, plotters and screens. Graphic representation is taken
care of by a SCOP graphics package which operates on all
SCOP program modules.

In a similar way a package of DTM utilities has been
prepared for managing corrections and the administration
of DTMs. Making use of the DTM data structure local
corrections can be applied to the DTM without repeating
the interpolation of the complete DTM. Also patches or

parts of a DTM can be replaced, in case new data ask for
modification. The administration module can handle
DTMs for instance, for which a hierarchical series of
different levels of accuracy or of a resolution is given.

Lately the interfacing of DTMs with geographic informa-
tion systems (GIS) is drawing great interest, for the pur-
pose of processing and merging 3-D terrain data with other
layers of GIS data. In the SCOP system such interfaces are
realized partly as data interfaces, partly as program inter-
faces. Some information systems can directly read-in
SCOP data formats, allowing interactive graphical data
handling and processing. Also the DTM access routines of
SCOP can be used directly for fast extraction of DTMs of
parts of them within GIS. In general it is intended to
integrate SCOP modules as subordinates in information
systems, below their user surface. The first step have been
taken.
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