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Abstract—The paper presents a study realized for a better
understanding of the quality of a digital terrain model; The
possibility of modeling the spatial distribution of errors and the
land-error relationship are analyzed. A modality of modeling is
proposed in the form of a regression equation whose variables
are represented by certain parameters hereinafter referred to
as field parameters. By applying this regression model, the
regression coefficients corresponding to each parameter are
obtained, and with these coefficients a regression equation is
obtained which can be used to generate an error surface. The
quality of this error surface can be evaluated using statistical
moments, minimum, maximum error, average error and
standard deviation.

Index Terms—digital terrain model, regression model,
spatial distribution, terrain parameters.

I. INTRODUCTION
Despite the increasing concerns of recent decades to
understand and quantify uncertainty within the digital terrain
model, knowledge about digital model errors is still in its
early stages and the integration of this knowledge into
spatial modeling applications is being developed to a limited
degree, the assessment of the quality of the digital terrain
model is generally summarized to the value of the average
square error (RMSE - Root Mean Square Error).
The average squared error is an estimator that implies that
the errors are uniform within the digital model when in
reality they are dependent on the terrain features (these
characteristics are not uniform so the errors are not uniform,
they vary spatially and are spatially correlated).
Research on modeling the distribution of these errors has
been done by a relatively small number of researchers.
Many authors have mentioned the existence of this spatial
variation of errors in the digital model, but in their studies
they have started from the hypothesis of uniform
distribution of errors.
II. METHODOLOGIES FOR QUALITY ASSESSMENT
OF DIGITAL TERRAIN MODEL
Digital terrain models are representations of terrain
topography which contain inherent errors that represent
uncertainty. Models are often used in analyses without
quantifying the effects of these errors, so a systematic study
of the quality characteristics associated with an elevation
model is required.
Previous research has tended to focus on a certain aspect
of quality, such as the quality of the interpolation method,
the comparison of different sampling methods, or the quality
of data sources.
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An approach is needed that considers all these factors,
and evaluates the quality of the final model in relation to the
original land surface. A second limitation of previous
research is the inconsistent and incomplete way of assessing
and describing quality. The authors adopted one, or maybe
two of the three quality assessment approaches: visual
evaluation, geomorphometric characterization and precision
estimation.
The most common approach is to estimate accuracy. It is
considered that measuring altitude error is a useful method
of quality assessment.
The quantification of altitude errors can be a more
attractive method, from a computational point of view, than
the general description of the quality obtained through a
visual evaluation. However, the digital model is very rarely
used only as the source of altitudes for a certain area of
interest, but rather the digital model is used as a basis for
more complex analyses in the analysis of spatial relations
and processes that characterize a topographic surface.
There is no evidence of how one method of quality
assessment is better than the other, and which of the methods
describes this aspect more clearly; the adoption of the three
methods and the provision of a variety of perspectives appear
to represent an increased potential for an evaluation and
description of the quality as complete as possible.
A. Visual assessment of quality of digital terrain model
Visualization provides useful methods for understanding
spatial data in general [12] and also for evaluating their
quality [6]. A number of visualization techniques can be
applied to digital models and their derivatives to help
evaluate quality.
Visualization is a subjective approach to quality
assessment, the findings are dependent on how the user
chooses to view a model, and these findings are rendered
descriptively.
Two-dimensional rendering allows the end user to
examine the range and the distribution of altitude values in a
digital model; the fidelity of this representation depends on
the number of colors in the palette: too few colors do not
give enough details, while too many colors can lead to great
difficulty to discern the details.
However, this technique is not very discriminatory when
applied for viewing digital elevation models. Only a general
impression of the topography is provided, and only major
errors can be identified with regard to quality assessment [9].
The representation in orthographic projection, also known
as pseudo 3D projection, simulates an oblique perspective
view of the surface of the digital model. The amount of
information transmitted by this technique depends on the
direction of visualization and vertical exaggeration [10].
Reference [10] states that "mesh" display is useful for error
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detection; in addition, a second variable or data set can be
draped on the surface.
The realism of a map or frame draped over an
orthographic representation of the digital model benefits our
visual observation of areas that differ from what is expected
[9] and that could also be draped with good results
representing the digital model derivatives described below.
Reference [21] describes the use of these visualization
techniques as being useful for verifying the
geomorphological coherence of the land surface
representation (channels, ridges).
The representation of the derivatives of the digital model
(gradient, aspect) can provide much more useful information
about the quality than simply representing the digital model.
The terracing phenomenon can be identified by deriving and
representing the gradient, while a representation of the
aspect can highlight plateaus, ramps and other artefacts
arising as a result of interpolation) [1, 9, 10].
B. Quality assessment based on geomorphometric
characteristics
The evaluation of the geomorphometric characteristics of
the topographic surface allows the use of several methods to
evaluate the quality.
Reference [8] determined a series of geomorphometric
variables to give a complete and quantitative description of
the surface shape in the field of relief shape evaluation.
Geomorphometric variables can quantify some of the
problems and artefacts highlighted by visualization,
allowing an objective comparison of elevation digital
models, however, this approach to quality assessment seems
to be undertaken quite rarely.
References [1] and [10] used frequency histograms to
identify terracing as an interpolation artefact. A frequency
histogram of altitude values often has a "spiky" appearance
due to the terracing effect. Some landscapes are naturally
terraced, to some extent, or as a result of agricultural
practices.
Therefore, a histogram with a "spiky" appearance does
not necessarily imply a poorer quality of the digital model,
which is why the geomorphological characteristics of the
surface must be interpreted in the context of the features of
the land surface that is represented.
These techniques seem to be useful in identifying the
digital models that are suitable for certain fields of
application. For example, geomorphological features might
give information about how smooth the surface is, how
many false pits are present, how large the pits are, and if
there is a tendency for gradient (slope) distribution, possibly
caused by some quantification problems.
This information could help the user decide whether a
digital model is suitable for a particular purpose, such as
hydrological modeling. By examining the frequency of the
gradient and aspect distributions, conclusions can be drawn
about the fineness of a digital model. Surface texture indices
provide an indication of the diversity and roughness of a
digital model [11].
There are also various indices of diversity and
heterogeneity, commonly used in the field of landscape
ecology, which could be used to quantify surface texture.

48 Digital Object Identifier 10.32754/JMT.2019.2.08

Vol. 2, No. 2, Dec. 2019
As described earlier, the "holes" in the surface of a digital
model represent a possible artefact of the interpolation
process.
These artefacts prevent the automatic running of many
hydrological analyses and must therefore be eliminated.
There are various algorithms for removing these artefacts,
which are reviewed by [14], the most commonly used
algorithms in GIS packages are the flood-filling type.
C. Assessment of the accuracy of digital terrain model
The most intuitive way to assess the quality of a digital
model is to determine the size of the altitude error.
Determining this error for each cell is not a practical
operation; a number of control points are chosen from the
model whose altitude is compared with the known terrain
altitudes associated with these points or with those extracted
from a digital reference model.
Thus, one can estimate the characteristics of the error
distribution within the digital model by determining the
accuracy.
In many cases – due to the time required and sometimes
the impossibility to perform measurements on the ground –
it is not possible to determine the "true" values of the
altitude. Instead of determining the absolute accuracy of the
model it is more practical to determine the relative accuracy
by comparing the altitude values extracted from the
generated model with those known for an adequate number
of control points.
There are two issues that need to be considered when
using such a method to evaluate the quality of a digital
terrain model, namely: what points should be selected and
how high accuracy can be achieved.
III. SPATIAL DISTRIBUTION OF ERRORS.
THE ERROR-TERRAIN FEATURES RELATIONSHIP
Given that the errors within a digital model of the terrain
are spatial variables and self-correlating, a precision surface
(accuracy surface) provides more detailed information on
the quality of the digital model than the global estimate
given by the average square error.
Because this surface will be a model of the errors within
the model, the shape of this surface will be substantially
similar to the shape of the surface described by the digital
model, namely a two-dimensional string of precision
estimates.
Certain types of terrain – steep or devoid of details,
generate large errors in the digital model, so it can be
assumed that the distribution and size of errors within a
digital model of the terrain are at least partially correlated
with the geomorphological characteristics of the terrain.
The identification of the relation between the errors of the
digital model and the geomorphological characteristics can
provide the basis for creating a surface of the precision of a
digital terrain model.
The assessment of the accuracy of the digital model gives
us an indication of an aspect of its quality. This assessment
can also be used to model the effect that the errors
associated with the digital model have on future analyses
performed based on it.
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In the previous section, the notion of precision was used
as a measure of the errors in the digital model, and was
quantified as a single value.
This section presents a more detailed description of the
accuracy represented as a spatial variation (distribution) of
the error within the digital model of the terrain.
The errors are related to the characteristics of the land and
assume that they can be modeled in the form of an error
surface (the spatial distribution of errors), a surface that can
be created by modeling the relationship between errors and
the shape of the land.
The analysis of this hypothesis can be structured in the
form of the following objectives:





analysis of the relationship between the errors of
the digital model and the terrain characteristics;
developing a model of the relationships between
errors and terrain features in order to generate a
variable and spatially correlated error surface;
analysis of the quality of this error surface.

A. Spatial distribution of errors of the digital terrain model
The description of the errors of the digital model of the
field as a single value, a measure of the global accuracy,
such as the use of standard deviation, or of the average
square error, is advantageous. A single value is easy to
calculate and report, and makes the task of comparing
digital models an easy thing to do (qualitative comparison
between digital models). Several authors recognize that
determining a single value of global accuracy has its
limitations. Reference [9] argues that a study of the
precision of the digital model of the terrain is useful if one
investigates the spatial variation of the errors. Reference
[18] describes how an overall accuracy estimator does not
provide the possibility to identify areas where errors are
large, and in this case additional digital model accuracy
analysis is required.
Reference [17] states that the mean square error implies
that the errors are uniform within the digital model when in
reality they are dependent on the terrain features (these
characteristics are not uniform so the errors are not uniform;
they vary spatially and are spatially correlated).
B. Relationship between digital model errors and field
characteristics
It is intuitive that certain types of terrain (with specific
geomorphometric characteristics) are better suited to
generate a quality digital model (errors are smaller in the
case of lands with a less complex structure; digital models
of the terrain obtained by photogrammetric means in the
areas not covered are much more accurate than those
obtained in the areas covered with vegetation.
Numerous studies have been carried out to identify and
quantify the relationship between the terrain and the errors
of the digital model of the terrain.
Reference [21], evaluating the quality of two digital
models, observed large errors in higher areas and smaller
errors in lower areas; the error is strongly correlated with the
gradient, the appearance and the value of the reflectance of
the satellite images, due to the fact that in the areas with
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high relief shapes a small modification of the stereo model
determines large differences in the recorded altitude [16].
The appearance determines which areas are shaded during
the capture of the scenes. The values of the reflectance in
the case of the aerial images are in relation to the vegetal
cover that can hide the real surface of the land.
References [9], [10] showed how the precision of the
digital model of the gradient and aspect field can be
correlated and generated a regression model to make a
prediction of the accuracy based on known values of the
gradient and aspect.
C. Modeling the distribution of errors digital terrain model
It is known that the errors of a digital model of the terrain
are spatial variables and are dependent on the characteristics
of the terrain. Research on modeling the distribution of these
errors has been done by a relatively small number of
researchers.
Many authors have mentioned the existence of this spatial
variation of errors in the digital model, but in their studies
they have started from the hypothesis of uniform
distribution of errors.
Spatial correlation describes the tendency of the value of
a variable in a given position to be similar to the values in
the neighboring positions and to decrease in similarity as the
distance increases.
Reference [6] has shown that the errors are spatially
correlated and therefore a model of the errors of a digital
model should not be generated randomly, but taking into
account their spatial dependence.
They presented an autoregressive error model generated
by repeatedly changing the cell values of a digital model of
the network-type field until a spatially correlated error
surface was obtained, i.e. an area in which the error values
gradually change from one cell to another.
The generation made by them was based on a single
global value, mean square error; the values of spatially
correlated errors vary after a normal distribution of this
value.
There are two coefficients generally used to quantify the
degree of correlation associated with a set of values: the
index C set by [11] and the index I set by [2] used Moran's
index I to simulate the spatial structure of errors associated
with a digital model. This index measures the similarity of
values at specific distances (lags).
A model of spatial correlation changes can be constructed
by calculating this index for a certain number of distance
values. Monckton did not detect the presence of spatial
autocorrelation in the distribution of errors in his study.
However, the results obtained by it can be considered
inconclusive due to the low density of the points used, the
points were at an interval of 250m or greater. For intervals
(distances) smaller than those used by him it is possible to
have (detect) autocorrelation.
The studies conducted by [20] involved the use of semivariance analysis of errors to evaluate the frequency of
errors in the form of noise that appears within the model.
This allows the determination of an optimally sized filter for
the purpose of eliminating (filtering) the random noise,
leaving only spatially correlated errors within the model.
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The study did not investigate the nature of the remaining
errors, regarding the degree of spatial autocorrelation and
the value of the errors due to the particular characteristics of
the land.
These examples of modeling the spatial correlation of
errors generate error surfaces, values that are spatially
variable and correlated, but their distribution is uncorrelated
(the distribution of one error is independent of the
distribution of another error).
This means that the values of the errors vary, but not in
relation to another variable. The apparent relationship
between errors and terrain features implies that the surface
of errors contains variables that are essentially dependent on
each other.
Reference [17] used Kriging interpolation techniques to
create a surface using as input data point data, because the
interpolation method allows the generation of a second
surface consisting of anticipated values of the interpolated
values (the method assumes that the spatial variation of the
interpolation data is homogeneous for the whole surface), a
surface that quantifies the accuracy of the interpolated
values.
Also the technique of obtaining a surface by linear spline
interpolation described by [10] similarly produces an area of
the average squared errors that quantifies the accuracy of the
interpolated values.
These surfaces are spatially distributed error models, but
they only describe the uncertainty of the estimates made in
the interpolation methods used, and therefore they describe
the behavior of the values of the mean square error or
standard deviation, values that increase as the deviation of
the values relative to the input points increases.
These models do not take into account the accuracy of the
input data or the nature of the relationship between errors
and terrain features.
D. Modeling uncertainty using information about the
accuracy of the digital model
Within spatial modeling, the precision, quality and
uncertainty of the digital model of the terrain have been
investigated since 1990. However, at present, the quality of
spatial data sets and how this influences the final product of
modeling is not well known.
This is an important remark in the particular case of the
digital model of the terrain due to its wide applicability and
the large variety of data sets that can be derived from it and
to the fact that systematic and holistic studies on the quality
of the digital model are missing.
The quality of the digital model of the terrain is given by
aspects such as: altitude accuracy, geomorphological
characteristics and model limitations.
A number of factors influence the quality of the digital
model: data sources, modeling type, modeling density and
interpolation methods.
It is necessary to analyze the quality of a digital model
both in terms of altitude accuracy and in terms of the quality
of the geomorphological characteristics of the terrain. It is
also necessary to investigate how the quality of the digital
model of the terrain is affected by the uncertainty of the
modeling results.
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With no precision, there are no obvious ways to quantify
quality factors characteristic of a digital terrain model. It is
difficult to objectively judge the quality of a data set or
analytical model, and it is also difficult to assess what the
quality needed for a particular type of application should be.
Although we can calculate accuracy indices for a particular
model, they are merely estimators of accuracy, and this lack
of quality information can be expressed as uncertainty [21].
Errors, inaccuracies and therefore uncertainty exist in all
spatial data sets and in all models of analysis [17], [13],
[15], and [22]. Using data and results without considering
uncertainty can lead to inappropriate decisions [13]. A good
understanding of the errors leads to an adequate quality
control allowing the model analyzer to control and reduce,
perhaps, the errors, which leads to a better understanding of
the spatial distribution and the processes, and to an increase
of the modeling and optimization analysis strategies [17].
Many authors have proposed strategies for controlling
quality and uncertainty [6, 7, and 5]. Accuracy improvement
research has been conducted, but they have focused more on
measurement errors, namely how to appreciate and express
errors, on the propagation of errors at different processing
stages, and on how to express quality. Many studies are at
the research level and very few are systematic [17].
The statistical moments and the precision surfaces
provide limited and indirect information about the
uncertainty of the derivatives obtained based on the digital
model. Modeling the impact of the quality of the digital
model offers more direct information about the uncertainty.
Three main techniques were used to model this uncertainty:
epsilon bands; error propagation, and stochastic simulation.
Stochastic simulations provide a number of random
surfaces.
This technique does not ensure that the "real" surface is
obtained, but provides some limits between which the "true"
surface can be identified. Thus simulation techniques can be
used to determine the uncertainty associated with altitude
information within a digital model.
A fairly large variety of simulation methods are available
[4] and one of the most widely used is Monte Carlo
simulation.
The Monte Carlo method can be described as a statistical
simulation method that uses a randomly generated set of
numbers based on a given statistical distribution.
Any statistical distribution can be used to generate
random errors, but the most widely used distribution is the
normal Gaussian distribution. When additional information
about the error structure of the spatial data set is available,
the Gaussian model can be replaced by a more precise
statistical representation [6].
In the context of digital terrain modeling, Monte Carlo
simulation is based on the principle that the digital model is
one of an infinite number of possible representations of the
real elevation surface [5]. Each of these possible
representations, or achievements, is just as likely to occur,
and the digital model is considered to be a randomly chosen
embodiment.
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IV. TOOLS FOR ASSESSMENT OF QUALITY
OF DIGITAL TERRAIN MODEL
In order to quantify the quality of a digital model, it is
necessary to develop tools for quantifying and reporting
quality and uncertainty.
The methods involved in evaluating the geomorphometric
characteristics of the model as well as in determining the
accuracy, are summarized below with reference to the use of
the Photo-AddValue extension, an extension for ArcGIS 9.3,
which was developed as a set of tools needed to assess the
quality and model uncertainty of the digital terrain model.
The assessment of the geomorphometric characteristics
takes into account the general shape of the surface model.
The first step is to make representations of the digital model
and some derivatives thereof such as a representation of the
gradient and the aspect.
The estimation of some geomorphometric indices such as
the errors of the level curves (the case of interpolation of a
data set derived from level curves), the flatness indices and
the volume of the pits (pit volume) within the model
represent a quantitative and less subjective way of
evaluating the quality of digital terrain model.
The Photo-AddValue extension allows the calculation,
reporting and storage of these indices that are a function of
the character of the terrain as well as the quality of the
model, so they should not be used as quality indices when
comparing digital models covering different areas.
Accuracy assessment involves comparing altitude values
corresponding to a sample of cells within the model with
more precise altitude values.
The highest practical accuracy can be obtained by using
GPS receivers that allow differential correction of the carrier
phase signal. Where this approach is not feasible, data with
higher accuracy can be obtained from other data sources
such as level curves or points obtained from digital models
generated by photogrammetric methods, however we must
be aware that these data do not convey the "true" altitude
value because these data sources are also subject to errors.
The Accuracy Measures menu of the Photo-AddValue
extension calculates three precision estimators (standard
deviation, confidence level and average error) whose values are
reported and stored. These global precision estimators are
useful for a quick assessment of the accuracy of a digital model
and can be used to compare two or more digital models.
A precision surface that describes the variation in accuracy
within the digital model represents a much more detailed
description of the accuracy. There is a relationship between
the accuracy of the model and the terrain features. A
multiple regression model can be used to describe this
relationship and to obtain a precision surface. The main
steps to achieve this surface, using the Photo-AddValue
extension, are:
 obtaining the precision estimators (average error,
standard deviation, confidence level) and
determining the values of the field parameters at
the control points;
 determining the coefficients of the regression equation
corresponding to the terrain parameters to model the
relationship between errors and terrain features;
 generating the precision surface based on the
regression equation.
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This precision surface provides a detailed representation of
how accuracy varies within the digital model and can also
be used to simulate uncertainty.
The quality report should be produced for the user's own
purposes and for the transmission of information to other
users of the digital model of the land. A full quality report
should contain the following:
 detailed information about digital terrain model
creation process: origin, date and a description of
data sources, modeling methods used, software used;
 description of the representation of the relief
shapes, the general appearance of the land surface
model, as well as the presence of the artefacts;
 geomorphometric indices: the error of the level
curves, the flatness index, the volume of the pits;
 precision
estimators:
standard
deviation,
confidence level and average error;
 precision surface and derived terrain parameters
used in the regression model.
The first three elements should be provided in all quality
reports; the last two elements are of a much more complex
nature and can only be provided where the quality of the
products obtained on the basis of the digital model of the
land is of utmost importance.
Table I can be considered as a possible model of quality
report.
TABLE I. QUALITY REPORT MODEL
Model name

Date:

____________________

__/__/_____

Author:
_____________

Description:
- coverage area
- area description

Spatial reference information
Coordinate system: __________
Datum: ____________

X min: ______

X max: ______

Y min: ______

Y max: ______
#Columns: ________

#Rows: ________

Resolution: ________

Data sources
*technical details *

Quality assessment
*quality of digital terrain model *

Geomorphologic parameters

Accuracy estimators

Error surface
*description of this surface*
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V. CONCLUSION
Assessing the quality of digital terrain model, as well as
modeling the associated uncertainty, is a large and complex
field of study and there is great potential for further
investigations in certain directions such as:








determining the appropriate number of control
points needed to calculate the precision estimators
because the Li equation that was used was not
established in order to determine the required
number of points in order to determine a precision
surface;
modelling the terrain error relation and the square
or cube values of the terrain parameters, taking into
account the fact that there could be a nonlinear
relationship between them and the model errors
depending on the specific surface of the modeled
surface. The extension allows the determination of
the corresponding correlation coefficients and the
insertion of these values in the regression model;
analysis of the influence on the relation between
errors and field parameters of the dimension
(radius) of the circular window (5, 10, 20 cells) for
extracting the values of the field parameters;
identification of other terrain parameters to
determine the regression equation that models the
relationship between terrain features and errors of
the digital terrain model.
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