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Abstract: An analysis of almost 200 references has been carried out in order to obtain knowledge
about the DEM (Digital Elevation Model) accuracy assessment methods applied in the last three
decades. With regard to grid DEMs, 14 aspects related to the accuracy assessment processes have
been analysed (DEM data source, data model, reference source for the evaluation, extension of the
evaluation, applied models, etc.). In the references analysed, except in rare cases where an accuracy
assessment standard has been followed, accuracy criteria and methods are usually established
according to the premises established by the authors. Visual analyses and 3D analyses are few in
number. The great majority of cases assess accuracy by means of point-type control elements, with the
use of linear and surface elements very rare. Most cases still consider the normal model for errors
(discrepancies), but analysis based on the data itself is making headway. Sample size and clear
criteria for segmentation are still open issues. Almost 21% of cases analyse the accuracy in some
derived parameter(s) or output, but no standardization exists for this purpose. Thus, there has been
an improvement in accuracy assessment methods, but there are still many aspects that require the
attention of researchers and professional associations or standardization bodies such as a common
vocabulary, standardized assessment methods, methods for meta-quality assessment, and indices
with an applied quality perspective, among others.
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1. Introduction

Digital Elevation Model (DEM) is a generic term for digital topographic and/or bathymetric data,
in all its forms [1]. There is some confusion in the use of the terms DEM (Digital Elevation Model),
DTM (Digital Terrain Model), and DSM (Digital Surface Model). We are going to consider that the
term DSM is a case of DEM in which the elevations contemplate the buildings, vegetation, etc., that is,
all the elements on the earth’s surface. The term DTM would be a model in which the elevations are
referred to the bare ground. DEM is a generic term that would encompass both terms. Although the
terms DEM and DTM can be equalized, a DEM can be considered a subset of a DTM, since these can
represent other morphological elements [1].

Several data models are considered to store the elevation of the terrain, e.g., regular spaced
tesellation (grids), regular spaced points mesh (lattice or mesh of points), Triangular Irregular Network
(TIN), curves of iso-elevation (contour lines), etc. [1]. We are going to deal with the first one as
it is currently the most widely used for DEMs treatment [2]. Grid models are conformed as a
regular-rectangular array of cells each of which stores an attribute value, so the area of each cell
adopts the same elevation value, producing a sudden change in the limits of each cell (a raster model).
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The elevation is represented by patches, which are the cells of the grid. Thus, the size of the cell, or
resolution, is a key parameter. This parameter is related to the traditional concept of scale and detail
of cartographic products. Small cell sizes, giving high spatial resolution, are linked to large scales
and great spatial detail. Large cell sizes, giving small resolution, are linked to small scales and less
spatial detail. Therefore, there is a direct relationship between resolution and accuracy: the higher
the resolution, the greater the expected accuracy, and vice versa. In fact, there are many studies that
empirically show that increasing the size of the cell decreases the accuracy of the DEM [3]. Finally,
one of the main practical advantages is the amount of existing software tools for working with grid
models; this is because they are easy to handle, data are arranged in the form of a regular array (a
matrix). This arrangement facilitates the design of algorithms for working with this type of data, unlike
the Irregular Triangle Networks (TIN) in which the data are scattered and random. A matrix is a fast
and efficient data structure for the analysis of algorithms and as primary surface representation for
analysis [1].

Data capture technologies (e.g., field survey [4], photogrammetry [5], remote sensing [1,6], LiDAR
(Light Detection and Ranging) [7], etc.) have a great relevance for DEM production and quality. In our
view, in recent years, there have been two fundamental advances—on the one hand, modern techniques
such as LiDAR determine elevation by direct distance measurement procedures, which offers much
more accuracy in elevation determination; and on the other hand is the ability to generate global DEM
products (known as GDEM) (e.g., SRTM—Shuttle Radar Topography Mission-, ASTER—Advanced
Spaceborne Thermal Emission and Reflection Radiometer-, TanDEMx-TerraSAR-X add-ons for Digital
Elevation Measurement-) with great ease and accuracy. DEMs are geospatial data products that are
mostly produced by national mapping agencies (e.g., the Instituto Geográfico Nacional in Spain,
the Ordnance Survey U.K., etc.) and in most developed countries, the territory is covered with
high-spatial resolution DEMs. DEMs are data products at the service of entrepreneurship, public
administrations, the private sector, researchers, and universities, etc. in order to generate added
value [8].

DEMs are data products with applications in an extensive set of disciplines such as Civil
Engineering [9], Hydrology [10], Geomorphology [11], Biology [12], etc. Some of their applications
include modelling for the prevention of natural disaster (floods [13], fires [14], etc.), soil erosion
studies [15], weather forecasting [16], climate change [17], etc. DEMs have been included as a data
theme for Europe (Inspire) and as a global fundamental geospatial data theme by the United Nations
Committee of experts on global geospatial information management [18]. Therefore, one of the
fundamental premises is the need for DEMs to have sufficient quality to meet the needs of those
applications [19]. It could be the case that a DEM with a certain quality level is used in a study that
requires a different quality level. Two cases can occur: First, that we use a DEM with a higher level
of detail and accuracy than the needs of the study require, so we would be missing the possibilities
of DEM and consuming more resources (e.g., memory and hard disk space, computation time, etc.).
Secondly, that we use a DEM with an insufficient level of detail and accuracy for the needs of the
study, so we would be conducting a study generating inaccurate results, which may lead to erroneous
conclusions. In order to solve this problem, users should know the quality of the DEM product they
want to use, which must be recorded in the product’s metadata. However, it has been verified [2] that
users of DEMs are not aware of the importance of knowing the quality of the DEM used before using it
in their studies or analysis. The quality of a geospatial data product covers a broad range of aspects
(e.g., positional, thematic, temporal, logical, etc.) [2] from the producer’s perspective. From the user’s
perspective, quality should adopt a character more relevant to the specific application and use case
that is intended to be developed, which is related to the “fitness for use” perspective on quality.

To the best of our knowledge, there are no standardized methods for the quality assessment of
DEMs with an integral vision or centered on the “fitness for use” perspective; however, there are many
methods of assessing (positional) accuracy that can be applied to DEMs. These methods have evolved
from the NMAS (National Map Accuracy Standard) [20] to the most recent, complex, and sophisticated:
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the ASPRS Positional Accuracy Standards for Digital Geospatial Data [21]. In this way, we must
indicate that in this paper we use “quality assessment” and “accuracy assessment” to refer to the same
idea: in both cases, we refer to the discrepancy between elevations as defined in Section 2 (altimetric
accuracy). We must bear in mind that when we talk about quality in a DEM, despite the fact that the
quality concept is much broader and covers more aspects of a data product, we assimilate it to the
altimetric accuracy of the DEM since this is the main data that DEMs provide us with.

The aim of our work is to analyse the methods used for the accuracy assessment of DEMs in the
last three decades. Accuracy assessment methods usually give a final value (or values) as the accuracy
parameter of the DEM, and the procedure for obtaining this value of accuracy is what we intend to
investigate. We must also indicate that our objective is to analyze how a cartographic product that we
assume is ready for use is evaluated, that is, it is the producer who has previously been in charge of
filling out, completing and preparing a product for use by users. To achieve this purpose, an analysis
of almost 200 references has been carried out. In the analysed references, except in rare cases that an
accuracy assessment standard has been followed, accuracy criteria and methods are usually established
according to the premises established by the authors. Our aim will be to present an overview of the
methods used and criteria followed for the DEMs’ accuracy assessment over the established period of
time. We believe that this analysis can be of great interest to both producers and users as it offers a
broad overview of relevant aspects that can help them improve their assessment methods and report
(e.g., metadata) on the accuracy of DEMs. In this way, a more rational use of resources could be made
and, on the other hand, an appropriate use of DEMs would be made, adapting the analysis to their
possibilities based on their accuracy.

This document is organized as follows: After this introduction (Section 1), an approximation to
the concept of vertical accuracy is presented (Section 2). Next, the procedures followed to compile
the references and a brief bibliographic analysis of them will be presented (Section 3). Structured in
eleven subsections, the fourth section presents the results and an analysis of them (Section 4). Finally,
a discussion and general conclusions focused on the most relevant aspects are presented (Section 5).

2. Approaching Vertical Accuracy in Digital Elevation Model

According to ASPRS (American Society for Photogrammetry and Remote Sensing) [22], vertical
accuracy is the main criterion in the specification of the quality of elevation data. Nevertheless,
the horizontal accuracy in a DEM is of great importance as well, since horizontal accuracy has a great
influence on vertical accuracy [22,23]. However, in the case of DEM products, it is not usual to inform
about horizontal accuracy.

When talking about the accuracy of a DEM, two types of accuracies can be distinguished [1,23,24]:
absolute and relative vertical accuracies. The absolute vertical accuracy is the vertical accuracy with
respect to a Geodetic-Cartographic Reference System where an official altitude Datum has been adopted.
On the other hand, the relative vertical accuracy refers to the accuracy with respect to a local reference
system. Absolute accuracy is necessary for the integration of altimetry data in frames relative to large
areas of interest (e.g., a province, a region, a nation, etc.). Relative accuracy is only suitable for very
local analyses and is more related to parameters derived from the neighborhood (e.g., slope and aspect
calculations).

The vertical accuracy of a DEM means the accuracy in the elevation obtained at any location in
the DEM. This vertical accuracy is related to the discrepancies d obtained from the comparison of
the elevation hDEM of the DEM product evaluated in a specific location i, against the elevation hREF
obtained from a source of greater accuracy in the same location i. Following Florinsky (1998) [25],
we do not use the term error here because this term is not adequate since the reference values used
in the comparison are also affected by their own uncertainty. In the same way, the “Guide to the
Expression of Uncertainty in Measurement” [26] indicates that the “absolute error” is not considered
measurable or estimated, discouraging the use of this term since the real value cannot be known in any
way. We can determine a given value closer to the actual than another, but taking into account all the
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factors that influence the determination of a measure any value will always be affected by uncertainty,
and therefore the true value is never known. However, we will consider as true value that which is
of greater accuracy than the one evaluated. Accuracy is related to the statistical difference between
the value considered as true and the value observed. The true actual value is approximated by the
source of greater accuracy (the reference); this is an exigency in order to minimize the influence of
the uncertainty of this value hREF into to the accuracy estimation of hDEM. Usually “at least three
times” greater accuracy is considered [20,22]. Accuracy refers to the population, in a statistical sense,
of those discrepancies and means how close the DEM recorded value (measured) is to the actual value.
Accuracy comprises trueness and precision, as stated by ISO 5725-1 [27]. Trueness is the absence
of bias, and precision is a measure of dispersion. This model is adequate for normally distributed
discrepancies where the displacement parameter (µ) is the bias, and the shape parameter (σ) is the
precision. Butler (1998) [28] established definitions for precision, reliability, and accuracy related to
DEMs. Precision is related to random errors of data sources (Ground Surveying, Photogrammetry,
LiDAR, etc.); reliability is related to outliers in measurements or elaboration processes, and finally
accuracy is related to systematic errors (e.g., ignoring the effects of lens distortion in photogrammetry).

The following equations give us the value of the elevation discrepancies at any point i, the mean
of all these discrepancies, the standard deviation, and the RMSE:

di = hDEM, i − hREF,i. (1)

µd =
1
n

∑n

i=1
di (2)

σd =

√
1

n− 1

∑n

i=1
(di − µ)

2 (3)

RMSEd =

√
1
n

d2
i (4)

where

hDEM,I elevation in position i of the DEM product
hREF,I elevation in position i of the reference
di discrepancy in elevation in position i
n number of samples
µd mean value of discrepancies
σd standard deviation of discrepancies
RMSEd root mean squared error of discrepancies

Therefore, we could consider a DEM accurate if the mean and standard deviation of the
discrepancies are low values. In most cases, the RMSEd is used as a parameter to express the
vertical accuracy of a DEM. The RMSEd coincides with the standard deviation σd only when the bias is
null (µd ≈ 0); otherwise, the RMSEd is a compound parameter of both of them, and is more adequate for
non-normally distributed data. In most of the studies, as we will see and analyze later, the differences
in elevation are considered with a normal distribution behavior. However, there is an increasing
number of studies considering a non-normal distribution. This is related to data capture technology.
Thus, for example, the data from Photogrammetry often have errors with a normal behavior, and the
data from LiDAR do not have a normal distribution [1]. In this way, the description of accuracy using a
single parameter is not possible in many cases due to the large number of outliers. It therefore suggests
that robust error distribution descriptors (minimum, maximum, median, quartiles, interquartile range,
deciles, etc.), be used in addition to the conventional descriptors.

The discourse presented in the previous paragraphs is based on statistics and is closely related to
the production processes of DEM, so it is something that DEM producers must know and adequately
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manage. However, the users’ perspective is quite different. Many users do not fully understand the
accuracy and its parameters [29] and would need the quality to be expressed in a way closer to their
interests (fitness for use). Unfortunately, to the best of our knowledge, an adequate framework for
this purpose has not been developed, although some cases related to this objective are presented in
Section 4.1.1.

3. Materials and Methods

This section covers the materials and methods employed in our analysis. First, the method applied
to collect the bibliographic material (references) will be presented, followed by a bibliographic analysis
of this material.

3.1. Method for the Selection of References

In order to obtain adequate material for our review of the procedures used for the quality
assessment of DEM, some previous decisions were taken:

1. We decided the typology of the materials to consider in our analysis: standards, scientific papers,
PhD Theses, relevant reports, and congress publications.

2. We tried to ensure that all the documents selected had a certain scientific guarantee, and for this
reason, we will select papers published in scientific journals (e.g., included in the Journal Citation
Report); contributions to international congresses of recognized prestige; and reports about DEM
quality evaluations elaborated by cartographic institutions of international scope.

3. We decided on a 30-year temporal window for the general analysis (1990–2019). An exception
has been considered here in the case of standards and their guidelines until 1947 in order to
include the NMAS [20], which had a high level of application until the end of the 1990s [30].
The period of time selected is intended to provide a broad view of the studies carried out in
relation to our topic. In this way, we cover a wide period of time in which technological change
has taken place, both in means of capturing information and in the technologies and computer
means (software and hardware) for processing DEMs. This would show us how the methods
used in the quality evaluation of DEMs have evolved, as well as the considerations taken into
account at each moment.

4. We establish a set of key words (DEM, assessment, quality, accuracy) for the searches in titles
and abstracts.

We carried out the searches on different platforms in order not to present views biased by any of
them; thus, our search included scientific databases such as ScienceDirect and Scopus, in doctoral thesis
search engines such as Dart-Europe, OATD (Open Access Theses and Dissertations) and NDLTD (The
Networked Digital Library of Theses and Dissertations) and Google Scholar.

The selection of documents has followed the following criteria as fundamental:

• Studies that deal directly with the accuracy assessment of DEMs
• Studies that deal with the modeling of the spatial distribution of DEM accuracy
• Studies that deal with the use of different statistics to express DEM accuracy
• Studies on the prediction of DEM accuracy from mathematical models
• Studies in which the accuracy assessment they are based on is related to the interpolation method

used to obtain the DEM
• Studies that try to relate the accuracy of the DEMs obtained by varying some parameters of the

obtaining procedure (e.g., depending on the number of control points used in the photogrammetric
restitution process or using other homologous image settings)

• Comparisons between different DEMs with different cell size and altimetric accuracy Considering
one of the models as a reference

• Comparisons between different DEMs depending on the capture technology used
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• Studies in which the accuracy of the DEMs is a function of the morphological parameters of the
land, for example slope and roughness

• Studies that assess the accuracy of the DEM based on the accuracy obtained in derived
morphological parameters such as slope, aspect, etc.

• Studies in which the quality or accuracy of the DEM is related to specific use cases (e.g., in hydrology:
catchment areas, drainage network studies, etc.)

3.2. Bibliographic Analysis of the References

Finally, a total of 173 documents have been reviewed. Scientific Articles, Congress Publications,
Standards, Reports, and Doctoral Theses have been considered (Table 1). The 122 scientific papers
reviewed were obtained by the search conducted in scientific journals, most of them indexed in the
Journal Citation Report (JCR). The rest of the studies reviewed have been compiled through different
searches in the internet (Google Scholar, etc.) There is only a small percentage (6%) that corresponds to
non-JRC-indexed documents.

Table 1. Types and number of documents reviewed.

Document Type Number

Scientific papers 122
Congress Publications 28

Reports 2
Standards 11

Doctoral Theses 10

As mentioned above, the time window chosen for the analysis runs from 1990 to 2019. Figure 1
shows the number of documents for each year in this interval, where standards have been eliminated
from this figure. Figure 1 shows that there is an incremental tendency for the number of documents
from 1990 to approximately 2012. Between years 2010 and 2016, there is a peak with a large number of
cases, and afterwards a decrement. We consider that this decrement in more recent years is due to a
change in the accuracy perspective developed in scientific papers. Studies related to a “fitness-for-use”
quality assessment perspective of DEMs are emerging and occur more frequently than those that
simply analyze production methods and DEM quality.

Figure 1. Temporal distribution of the number of documents reviewed.

In relation to standards and guidelines, Table 2 lists those taken into consideration in our analysis.
Most of the documents are standard, but four guides have also been included, as these in many cases
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are highly explanatory. The standards are mostly of American origin, either from official bodies (e.g.,
FGDC—Federal Geographic Data Committee) or professionals (e.g., ASPRS—American Society for
Photogrammetry and Remote Sensing). We highlight the Spanish standard UNE 148002 given that it
presents a totally different framework for geospatial data control and that it is based on ISO 2859 parts
1 and 2.

Table 2. Standards Reviewed.

Year Name

1947 NMAS (National Map Accuracy Standards) [20]

1983 EMAS (Engineering Map Accuracy Standard) [31]

1989 ASLSM (Accuracy Standards Large Scale Maps) [32]

1998 NSSDA (National Standard for Spatial Data Accuracy) [33]

1999 Positional Accuracy Handbook: Using the National Standard for Spatial Data Accuracy to measure
and report geographic data quality. Minnesota Planning Land Management Information Center [30]

2003 FEMA (Federal Emergency Management Agency). Guidelines and Specifications for Flood Hazard
Mapping Partners [34]

2004 ASPRS (American Society for Photogrammetry and Remote Sensing) Guidelines (2004). Vertical
Accuracy Reporting for LiDAR Data [22]

2010 STANAG 2215. Evaluation of Land Maps, Aeronautical Charts and Digital Topographic Data.
(North Atlantic Treaty Organization) [35]

2014 ASPRS Positional Accuracy Standards for Digital Geospatial Data [21]

2016 UNE 148002. Metodología de evaluación de la exactitud posicional de la información geográfica [36]

2019 IPGH. Guía para la evaluación de la exactitud posicional de datos espaciales [37]

The distribution by country of all the documents reviewed (173) is widely dispersed throughout
all continents. More studies are carried out in more developed countries than in developing countries,
which seems entirely logical. The country with the highest percentage of reviewed studies is the U.S.A.
with 16.18%. We observe that there are several studies at a global level and a smaller number at a
continental level. In our corpus, we only reviewed studies at the continental level in South America,
Europe, and Antarctica, and several globally. These studies of very broad scope are recent studies in
which we highlight the possibility of using GDEM, thanks to the availability of access to open data
from these models (e.g., SRTM, ASTER).

4. Results and Analysis

We consider relevant aspects all those related to characterizing a DEM to be evaluated and the
reference data, the extension of the quality evaluation area, the type of evaluation elements used,
the sample size, etc. Many of these relevant aspects are those that, in some way, should be considered
in a well-established evaluation method. In order to organize them properly, this section is divided
into 11 subsections that have a certain logical order, which ranges from the product to be evaluated and
the source to be used to other aspects to consider, including the size of the area and the sample, etc.

4.1. Descriptive Results of the Data Used

In this section, we are going to characterize the data used in the different studies reviewed. We will
describe both the DEMs evaluated and the data used for reference. We will also describe in more detail
the type of grid model used and the area extensions of the works, as well as their relationship with the
grid size of the models used and the data source.
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4.1.1. Source of the DEM Assessed

One of the most relevant aspects of a product to be assessed is its own data source; here, that means
which DEM-data-capture procedure has been used. Figure 2 represents the percentage of cases when
considering eleven different DEM data sources based on technologies and available databases. We must
notice that Figure 2 shows a mix of geomatics sciences, technologies, and other specific technologies
for data capture, and this is due to the fact that we consider all of them relevant because of the number
of occurrences. Although we initially established a higher number of classes, later we grouped some
capture sources because there was a great dispersion (e.g., all satellite-image based sources such as
IKONOS images, WorldView-2, etc., have been grouped into Stereophotogrammetry). Additionally,
some classes are considered relevant and not grouped. This is the case of the GNSS (Global Navigation
Satellite Systems, e.g., GPS) class, which is too significant to be included in a more general class called
“Ground Surveying”, since the last can include other surveying methods and devices. Finally, it should
be noted that 5% of documents do not explicitly detail any source and these appear as “not shown”.

Figure 2. Percentage distribution of DEMs (Digital Elevation Models) sources.

Figure 2 shows that the category with the most frequency of cases (26.70%) is the one that refers to
existing DEMs. It may seem contradictory that the source of a DEM is a DEM. These are studies in
which some of the following situations may occur:

• Studies in which the accuracy of a new version of a global DEM is evaluated (SRTM, ASTER, etc.)
• Studies in which the accuracy of a derived model (slopes, aspect, etc.) is evaluated with the use of

different DEMs from national or global mapping agencies
• Studies using DEMs facilitated by national mapping agencies. Usually the DEMs provided by the

mapping agencies have different sensors or sources of origin for their training

All of these cases have been grouped into the “DEM” class. In this class, 32.20% belong to ASTER
GDEM, 28.81% belong to SRTM, and 15.25% belong to TanDEM-X, these being the three with the
highest percentage with respect to the others.

Secondly, there are the DEMs elaborated from stereoscopic images, from aerial and space platforms.
Thirdly, topographic maps stand out in this analysis because they were one of the most widely used
DEM-data sources in the first decade of our analysis (Figure 3). Recently, the number of cases that use
the LiDAR, TLS (terrestrial laser scanning), and INSAR (interferometric synthetic aperture radar) is
increasing. Ground Surveying and GNSS techniques are not very representative, due to the amount of
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time and financial resources required to prepare a DEM using these techniques, and especially if the
DEM extension is large.

Figure 3. Temporal distribution of the percentage distribution of DEMs sources.

Since there are currently very interesting DEM data capture technologies (e.g., LiDAR) and since
there has also been a highly relevant source such as printed maps in the past, it is interesting to analyze
whether the corpus of documents used reflects this situation. In this line, Figure 3 is presented. A trend
observed in the last decade is the increasing use of existing DEM products. We consider that this is due
to the increase of free products, especially GDEMs such as SRTM, ASTER, TanDEM-X, etc. The use
of GDEMs enables the development of environmental, planning, and infrastructure projects at the
national or regional level, even internationally, and they are also a very useful tool in developing
countries with a poor official geospatial data infrastructure. This is also due to the moderate spatial
resolution they have, in some cases reaching even 12 × 12 m. Figure 3 also shows the increase in the
use of LiDAR technology but the opposite occurs with the use of printed maps where, as is logical to
think, the trend of use is decreasing. Another interesting trend to highlight is the decrease in the use of
Stereophotogrammetry. Cases incorporating the other alternatives are too few to establish trends.

Finally, it should be noted that sometimes the original data sources are supplemented with
auxiliary data (e.g., break lines) to improve the quality of the DEM to be generated. These auxiliary data
are usually vector-type and are “burned” on the grid model. In this way, 3.82% of cases (Figure 4—Row
I) include fundamental lines of the terrain to improve the DEM’s accuracy and, therefore, its quality
parameters [38,39]. Generally, it is about including in the model stream lines (stream burning), dividing
lines, and singular points. Bonin [39] emphasizes the improvement of the quality of the DEM by
including these lines since the tendency of DEM data is to underestimate the elevations in the divisions
and to overestimate it in the channels. This procedure also improves the subsequent calculation of
other parameters such as the slope. Some studies [39–42] analyze the effects that inclusion of these
lines has on the final accuracy of the model.

Figure 4 shows more aspects considered when evaluating the quality of a DEM, in addition to the
aspect considered in the previous paragraph. Therefore, from now on, we will refer to this figure on
several occasions when we analyze the different aspects that are reflected in it.
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Figure 4. Distribution of percentages of the studies analyzed that meet various considerations in the
accuracy assessment of studies in which visual assessment is carried out.

4.1.2. Data Model of the Product

As stated in Section 1, it is clearly shown that most of the cases use grid models (91%), while the
use of TIN models is residual (4%). In a previously-published [2] study in which a survey on DEM
users is presented, 91.2% used the Grid model, a percentage that coincides with that obtained in this
study. It is interesting to evidence here that the use of the contour lines is also residual because this data
model was used as an intermediate data model for the capture of contour lines from printed maps to a
later conversion to a grid, and is only used by very specific software tools related to civil engineering.
Given its quantitative importance, more details regarding the grid model will be analyzed below.

• The grid data model

In relation to the grid model, Figure 5 shows the distribution of grid resolutions in the subset of
documents where it has been indicated. In this distribution, the peak corresponding to the majority of
cases (30 m resolution) splits the distribution into two parts—on the left, the resolution categorises
with more presence, and on the right with less presence. This situation seems obvious given that
the quantitative control of the higher resolution models is more interesting than that of the lower
resolution models.

There are many studies where the DEM accuracy is analyzed in relation to the grid resolution [42]
in order to study its relation to the DEM’s accuracy, or to obtain the most suitable grid resolution for
a given application. They start from an original DEM and then it is re-sampled to different larger
grid resolutions. In some cases, derived parameters (e.g., slope or aspect) are calculated and assessed.
Based on the variations of the grid resolution, 23.49% of cases use this analysis. The result is always
that the larger the grid size, the lesser the accuracy, which is something that seems quite obvious [43].

Finally, in relation to the grid’s resolution, it could be considered whether or not there is a
relationship between it and the extension of the area assessed. In this regard, the scatter plot of Figure 6
shows a point cloud without a clear trend, although it is hinted very slightly that the larger the study
area, the larger the grid size. The large storage and information processing capabilities available today
perhaps make this not overly critical. In addition, there are several cases of resolutions (e.g., 10 × 10 m,
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30 × 30 m or 90 × 90 m) with application in the most varied extensions, from national territories to a
few km2. We consider that this is due to the fact that these resolutions (e.g., 30 × 30 m and 90 × 90 m)
correspond to some global and open-access DEMs used in numerous studies.

Figure 5. Percentage distribution of grid resolutions (in meters).

Figure 6. Log-log representation of the relationship between extension (Km2) and grid size (m).

4.1.3. Source of the Reference Data

The source of the reference data of greater accuracy is of great relevance in this analysis since
it conditions the accuracy of these data, which, as indicated, must be at least three times more
accurate than the data of the product being evaluated. These sources may be existing products (e.g.,
a topographic map or a DEM product from an official source, etc.), but in many cases, an ad hoc
survey is also carried out (e.g., a GNSS survey). Figure 7 shows the percentage distribution for the
reference data sources in the corpus analyzed. In this case, it is striking how the GNSS techniques are
the most widely used to obtain reference data in evaluating the quality of DEMs. Obtaining data from
large-scale topographic maps is the second preferred option. Classical survey topographic methods,
LiDAR, existing DEM (Figure 7), and stereophotogrammetry are options with more or less the same
global relevance in the period analyzed. As previously discussed in Section 4.1.1, the “DEM” class
groups all DEMs provided by mapping agencies, both national and global, which are supposed to
be more accurate than the assessed DEM. It is worth mentioning the prominent use of an altimetric
database, the GEDTF (Global Elevation Data Testing Facility).

In relation to the temporal evolution of the use of these sources, Figure 8 shows the percentages for
each of the three decades. Many of the trends shown are parallel to those indicated in Section 4.1.1 for
product data sources. Specifically, the decrease in the use of printed maps and stereophotogrammetry
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and the increase in the use of LiDAR techniques and DEM products are evident. Another relevant
aspect is that the use of GNSS techniques has an upward trend.

It should be noted that some of the documents analyzed do not use a source with greater
accuracy, but one with an accuracy approximately equal to the one evaluated. Another necessary
requirement for an accuracy assessment to be correct is that this source be independent from the one
that generated the product [37]. Although this is usually true, this aspect is not always highlighted in
the references analyzed.

Figure 7. Percentage distribution of reference data sources.

Figure 8. Temporal percentage distribution of reference data sources.

4.1.4. Extension of the Accuracy-Assessment Area.

Only a hundred of the revised documents explicitly reflect the extension of the accuracy-assessment
area. In many cases, this data is omitted and in other cases it is not appropriate because of the nature of
the document itself (e.g., standards). Figure 9 shows the distribution of cases using six extension classes:
global, national, >200 km2, (25, 200] km2, (1, 25] km2, ≤1 km2). These intervals are due to the work
scales which, in the authors’ opinion, are more frequent according to the objective of the study [44].
Therefore, building or civil engineering works of a local scope would be those of less than 1 km2.
Urban planning, territorial planning, civil, and engineering works of a larger extension would be all
those between 1 and 25 km2. Territorial planning works, large civil engineering and environmental
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studies, hydrological, geological analysis, etc., would be those included in extensions between 25 and
200 km2. Finally, all those studies on environmental impact, hydrology of extensions larger than a
region would be included in the class “greater than 200 km2”. Those studies of national or global
extension, which focus on the analysis for an entire nation, geographic region, or even worldwide are
included in the last classes. Figure 9 clearly shows that there is a majority class, then a package of three
classes with percentages between 10 and 20%, and then another package formed by the classes with
less than 10% of the cases that corresponds to the national and global classes. Undoubtedly, the global
case has only been developed in recent years thanks to the existence of various open access GDEMs.

Figure 9. Distribution of the percentages of studies according to their extension (km2).

We can also analyze the relationships between the extension (km2) of the study and the data sources
of the DEM and the reference data (Table 3). First, we analyze the case for the products, then for the
reference data and finally, the relations. Table 3 clearly shows that the different sources have extension
categories that are more logical to them. For example, LiDAR and Stereophotogrammetry stand out
more in smaller range categories and DEMs in broader range categories. The same occurs for topographic
maps, but in this case, this source is also present in the global and national categories. Not surprisingly,
Ground Surveying, TLS, and GNSS have their largest presences in the smallest extension categories.
This situation is logical and has evolved over time (Figure 3). By reducing/increasing the extension,
the detail needs are greater/smaller so that preferred data sources (or capture techniques) change in
order to offer the needed detail with an appropriate cost and effectivity. The same Table 3 includes the
percentage of cases for the case of the reference data. Here, it can be highlighted how GNSS technologies
and other topographic surveys have a relevant participation. Due to its past importance, the use of
topographic maps appears with relevant values in some categories. For its part, LiDAR appears in
some categories in which it competes with GNSS and Ground Surveying techniques. It should be
noted that DEM products are the preferred option for the global category and that the use of control
infrastructures such as GEDTF is very residual. Finally, a direct comparison of values at each extension
and source cross for product sources and reference data clearly indicates different perspectives. We may
think that data from one type of data source can be controlled with data from that same type of source;
this can happen, but the most logical thing is to go to sources that offer greater accuracy. This is what
we believe is evidenced in Table 3 by the observed preference over GNSS techniques and topographic
methods, and even LiDAR. In other words, Table 3 confirms that in the production of DEM data and
in the evaluation of its positional accuracy, the most suitable data sources are sought for each of the
two perspectives.
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Table 3. Cross tabulation between extension (km2) and data sources for products and reference data (%
of cases).

Global National >200 Km2 (25–200] Km2 (1–25] Km2 (0–1] Km2

DEM
Prod 4.88 1.63 18.70 7.32 0.00 0.00
Ref 2.97 0.00 6.93 0.99 0.00 0.00

Stereophotogrammetry Prod 0.00 2.44 5.69 4.88 7.32 3.25
Ref 0.00 0.00 1.98 0.00 1.98 0.99

Topographic Prod 0.81 0.81 8.13 3.25 5.69 0.00
Maps Ref 0.00 0.99 4.95 4.95 5.94 0.00

LiDAR
Prod 0.00 0.00 3.25 5.69 3.25 4.07
Ref 0.00 0.99 0.99 8.91 3.96 1.98

INSAR
Prod 0.00 0.00 1.63 0.81 0.00 0.00
Ref 0.00 0.00 0.99 0.00 0.00 0.00

GNSS
Prod 0.00 0.00 0.81 0.00 0.81 0.81
Ref 1.98 0.00 16.83 2.97 6.93 5.94

Ground Surveying Prod 0.00 0.00 0.00 0.00 0.00 0.81
Ref 0.00 0.00 6.93 0.99 0.00 2.97

ICESat
Prod 0.00 0.81 0.00 0.00 0.00 0.00
Ref 0.99 0.99 0.00 0.00 0.00 0.00

TLS
Prod 0.00 0.00 0.00 0.00 0.00 0.81
Ref 0.00 0.00 0.00 0.00 0.99 0.00

GEDTF
Prod – – – – – –
Ref 0.99 0.00 0.00 0.00 0.00 0.00

4.2. Visual Analysis

Before going into more quantitative aspects, this section will deal with a typology of the quality
assessment of DEMs that is quite powerful but also has a certain subjective basis because it is based on
the personal experience of the operator. One of the most basic techniques for assessing DEM quality
is visual analysis [28,45,46]. Visual analysis is not a quantitative technique, only a qualitative one,
but one that quickly reveals the existence of problems in a DEM dataset. The expertise of the analyst is
very important but in many occasions also a previous knowledge of the data production flow and
the morphology of the terrain helps the visual detection of those sites where there may be problems.
In view of Figure 4—Row II, it can be concluded that the vast majority of cases do not contemplate
visual evaluation (only 2.91%). Our experience with producers and researchers is that this evaluation
process is usually carried out more frequently than indicated in Figure 4—Row II, but that it is not
given great importance since it is not usually formalized. We consider that the existence of any kind
of document giving clear guidelines on how to carry out this type of analysis would allow greater
recognition and confidence in this type of process.

4.3. 1D, 2D + 1D, and 3D Accuracy Assessments

Altimetry (1D) cannot be considered without a planimetric position (2D). It was Koppe (1902)
who first indicated the relationship between altimetric and planimetric accuracies, which depends
on the slope. This relationship is even present in some standards (e.g., NMAS), which allow some
displacement in planimetry to adjust altimetric discrepancies. This dependence of altimetry on
planimetry is the reason why traditional planimetric surveying methods have offered better positional
accuracies than altimetric ones [1]. Therefore, positional accuracy standards (e.g., NMAS, LMAS, etc.)
have established different levels of accuracy for each one of them, and they also propose independent
assessments for the planimetric and altimetric accuracies (e.g., NSSDA, etc.). The majority of cases of
the corpus are only altimetric accuracy assessments (1D) (Figure 4—Row III). In this 1D case, there are
two major options for the statistical analysis, the first one based on the normal distribution model (e.g.,
NSSDA) and the second on the use of percentiles, as proposed by ASPRS [21] for the case of vegetated
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areas. We have not found cases where planimetry is used as a way to adjust altimetry (2D + 1D cases).
Finally, there few studies (≈4.0%) in which a 3D assessment is carried out [23,47]. 3D analyses are
usually based on statistical models other than the ones based on normal distribution.

4.4. Control Elements (Points, Lines, and Surfaces) Used in Accuracy Assessment

The control elements are a subset of the population of interest that are used to carry out the
assessment, and they are the reference. As indicated in Section 4.1.3, they must be at least three times
more accurate than the data of the product being evaluated. The problem with grid models is that
their elements (cells) are not always easily identifiable in the field, and that they do not have an actual
existence. To overcome this problem, Ariza-López et.al. [37] proposed a method based on the use
of four auxiliary points per control point and the interpolation of the non-identifiable control point.
21.43% of the corpus use the grid model (Figure 10). The GNSS technology (see Section 4.1.3) is
mostly used to generate points of high positional accuracy that are used to calculate discrepancies
(Equation (1)). Sometimes the use of vertices of an existing geodetic net has been reported [48,49] since
these points have an easily-identifiable location. On other occasions, data from spatial platforms such
as ICESat [50] or from existing databases such as DTED [51] are used. In Figure 10, we observe that
point data is the most frequently used with 67.86%, and this is consistent with what is advanced in
Section 4.1.3. Becek (2014) [47] performs the assessment using linear elements (roads, paths, tracks,
. . . ), and in this case compares longitudinal profiles obtained from the DEM product against profiles
obtained from The Global Elevation Data Testing Facility. This facility is a reference data set of great
accuracy with 8500 linear elements. There are many cases in which the assessment is performed using
other DEMs [17,42,52–56]. In this situation, it is very common to resample the reference (with the
highest accuracy) so that, by means of a spatial superposition of both models with the same spatial
resolution, and with the same geographical frame, the comparison is carried out. This does not mean
that the comparison is superficial; in short, it is a one-off comparison, since it is the cells of the grid that
contrast [57].

Figure 10. Percentage distribution of cases according to the geometry of the reference data.

4.5. Calculation of the Discrepancies

The discrepancies presented in Section 2 and formulated in Equation (1) refer to the same
position in the DEM and in the reference; however, this calculation can be performed with certain
qualifications that must be clarified because, as indicated previously, the problem with grid models is
that their elements (cells) are not always easily identifiable in the field, and that they do not have an
actual existence.

Kraus et al. (2004) [53] proposed a geometric procedure calculating the discrepancies between
a DEM position and the elevation that would correspond to that position, but taking into account
the elevations of the closest points and the curvature of the terrain. In this way, there are other
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studies [47,58–60] that also make use of the variability of the elevation where neighbors are taken
into account [61]. In other cases, use is made of the analysis of the variability of the elevation in the
direction of the rows and columns; they are like crossed topographic profiles [62].

As indicated in the previous subsection, in [37], a method is proposed based on the use of four
auxiliary ground survey points per DEM control point, and the interpolation of the non-identifiable
control point of the DEM from this set of four points. This set of four auxiliary points must be located
on a terrain plane in order to perform a linear interpolation [34].

Despite the fact that interpolation for the contrast between the DEM and the reference data is
always necessary, 18.47% of the corpus establishes an analysis of the interpolation method used,
generally contrasting between different interpolation methods (Figure 4—Row IV).

4.6. Statistical Model for the Discrepancies

In Section 2, an analysis of the behavior of discrepancies has been performed. In this case, the
model based on the normal distribution has been used. This model is explicitly proposed in numerous
standards (e.g., EMAS, NSSDA, etc.) and also recognized by various authors (e.g., Oksanen [63]).
The vast majority of corpus cases (89.17%) use this model (Figure 4—Row V). The fact that the use of
LiDAR technology has increased considerably in recent times means that systematic errors are observed
depending on the ground cover, which is why the use of robust statistics is increasingly common.
In the first decade of studies analyzed (1990–2000), all of them considered a normal distribution of
discrepancies; in the decade from 2001 to 2010, 8.33% considered a non-normal distribution; and this
percentage grew to 16.88% in the decade from 2011 to 2019. Thus, in cases where the normal distribution
is not considered, robust parameters are used such as the median (Höhle et al. (2009) [64]), percentiles
(Maune, [1]), etc. In this way, the problem of the existence of many outliers can be avoided by means
of the NMAD (Normalized Median Absolute Deviation), a value that could be compared to the
standard deviation in a normal distribution [65]. In [66], a control method is proposed based on the
observed discrepancies (non-parametric model), which is controlled by means of various tolerances
and a multinomial model for proportions. This method can be considered as an advance in the use of
percentiles since a statistical contrast is performed, allowing acceptance or rejection depending on the
case. This is not merely descriptive, as reporting a percentile is.

4.7. Sample Size for the Accuracy Assessment

First, it should be noted that this section only focuses on point control elements, since no references
have been found for the other types presented in the previous section. Sample size is important
because it is related to the representativeness of the sample, but it is not the only element that affects
it (e.g., Section 4.8 deals with stratification). It should also be noted that the necessary sample size
is highly conditioned by the statistical perspective that is adopted; a perspective of estimation of a
quality parameter is not the same as that of quality control.

Sample size is a very relevant aspect to achieving good precision in statistical estimation,
as indicated by the theory of statistical sampling [67]. Thinking about a normal distribution of
discrepancies, the sample size is directly related to the population size (usually considered infinite),
the level of significance and the variance in the population, and indirectly related to the precision of the
estimation. In relation to quality control, which is based on hypothesis tests, any sample size ensures
type I error (producer risk), and the larger the sample size, the greater the power of the statistical
contrast, that is, the ability to detect small deviations from the set point. This is related to type II error
(consumer risk). In any case, although there are many documents of the corpus that analyse this aspect,
a statistical approach is unusual, an empirical approach is more usual, and many documents do not
make clear the statistical approach they take.

Most standards for positional accuracy control recommend a minimum of 20 control points (e.g.,
NMAS, NSSDA, etc.). FEMA advises 20 control points on each type of vegetation cover that exists in
the study area, establishing a classification of five cover types: open terrain, weeds and crops, scrub
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and bushes, forested and built-up areas. In this way, 100 control points are typically used, 20 for each
of the five cover types [34]. STANAG 2215 [35] recommend a minimum of 167 control points in order
to estimate a representative positional accuracy index. Zhilin Li [68] indicates that 570 control points
are needed in order to obtain a stable value of accuracy in flat areas.

Only recently have positional accuracy standards (e.g., UNE 2016, ASPRS 2014) begun to link
the sample size with the size of the area to be controlled. For instance, the last ASPRS standard [22]
includes a table with the number of control points according to the number of hectares of the project.
As shown in Table 4, the analyzed cases of the corpus show a great diversity in the number of control
points used as sample. For instance, Wang et al. (2015) [56] advise the use of 400 control points for
an extension of 960 Km2, but this number is 10 times more than the number recommended by the
ASPRS [22].

Table 4. Maximum, minimum, and median values of the number of control data used in the studies
according to their extension.

Extension Km2 0–1 1–25 25–200 >200 National Global

Maximum 1098 211,128 8,500,000 900,000 15,270,000 200,000,000
Minimum 19 50 15 4 5,264,617 744

Median 140 100 230 250 1,026,308 1,500,500
n 7 7 48 28 21 12

Although not all the extension categories shown in Table 4 have a high and representative number
of cases, some interesting conclusions can nevertheless be drawn. As we can see, the maximum and
minimum values are quite irregular. However, we observe that the median grows as the extension of
the study increases, which indicates a certain coherence. In conclusion, there is no consensus regarding
the sample size.

Some of the cases studied present a perspective directly focused on analyzing the influence of
the sample size on the evaluation. This can be very important information for achieving an optimal
number of control elements and reducing the investment of the assessment. However, an optimal
number is somewhat complex due to the number of variables involved. In relation to some positional
accuracy standards, there are several theoretical studies (NMAS, EMAS, ASPRS, etc.). In this way,
in the corpus there are 5.73% (Figure 4—Row VI) of cases which analyze the accuracy obtained by
varying the number of control elements (generally points).

Finally, it should also be noted that there are several studies (e.g., Heritage et al. (2009) [69] and
Erdogan (2010) [4]) (Figure 4—Row VII) that offer equations that relate sample size and sampling strategy
to the interpolation algorithm and local terrain morphology in order to estimate the DEM accuracy.

4.8. Terrain Segmentation for Accuracy Assessment

As shown in Figure 4—Row VIII, it is not very usual (16.56%) for the terrain to be segmented or
divided into zones in which the evaluation of positional accuracy is evaluated and reported. In this
way, a single accuracy index is not offered for the entire DEM, rather accuracy indices can be offered
for each of the areas under consideration. Reporting by areas is something that has been proposed in
some standards ASPRS [21]. The most usual is that the segmentation is a stratification, that is, they are
considered zones, connected or not, whose intra-variability is less than that of the population as a whole.
This provides a better description of the performance of a DEM in its different sub-areas. ASPRS [22]
considers three critical aspects that influence accuracy: different producers and technologies in the
data capture, the topographic variation, and the vegetation cover. The criteria for defining these strata
can be varied; some common ones are the use of the morphology of the terrain (e.g., flat, undulating,
or mountainous) [38,42,70] and the vegetation cover [70,71].

The reasons for the first criterion (morphology) are related to the behavior of the relationship
between altimetry and planimetry that has been indicated in Section 4.3. For instance, Zhilin (1991) [68]
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concluded that regardless of the data capture technology used, the DEM’s accuracy depends on the
slope of the terrain, so it may be interesting to change the sampling density spatially in order to collect a
sample of each type of terrain according to its slope. In this way, Heritage et al. (2009) [69] and Erdogan
(2010) [4] concluded that the accuracy is not a general parameter of the model but has a local behavior
depending on its morphology. The tendency of most authors is to think that the most abrupt areas
have greater uncertainty than the most undulating or flat areas [72]. This is totally logical, considering
that data capture in rough terrain has higher uncertainty than in flat terrain, in all the technologies
that can be used in data capture. However, Zhou [73] relates the morphology of the terrain with the
uncertainty obtained in derived parameters such as slope and aspect, and concludes that flat areas are
the most affected by the uncertainty in slope and aspect; however, in steep areas, the uncertainty of
the slope and aspect is quite low. The importance of this criterion is reflected in the high percentage
(35.67%) of cases of the corpus (Figure 4—Row IX), which is a very high value in comparison with
other possible considerations in DEM accuracy assessments.

The reasons for the second criterion have more to do with the behavior of the data capture technique
in relation to the type of vegetation cover. In this way, when LiDAR began to be used as a data capture
technology, and from then on, non-normal behavior in the distribution discrepancies in elevations
began to be considered in many studies [34,64,74–76]. Zandbergen (2011) [74] established that the
non-normality of the discrepancies distribution may be due to the outliers, the spatial autocorrelation,
and the non-stationary processes that underly the occurrence of vertical discrepancies. The cause is the
different accuracy behavior of LiDAR data depending on the type of vegetation cover. In the case of
InSAR [77,78], it was observed that the height of the vegetation produces quite high discrepancies,
something similar to that observed for the LiDAR technology, but not in such a marked way. The ASPRS
standard establishes a fundamental vertical accuracy for open areas (assuming a normal distribution
for discrepancies) and a supplementary vertical accuracy for vegetated zones expressed by the 95th
percentile. Each vegetation cover should have both a fundamental and supplemental vertical accuracy,
whenever possible. As shown in Figure 4—Row X, 15.29% of cases analyze the behavior of accuracy
based on ground cover, especially those using LiDAR as data capture technology.

Finally, regarding the spatial and statistical structure of discrepancies in Equation (1), Oksanen [79],
using omnidirectional variograms, determines that at distances greater than 300 m, it becomes
unstructured. In other studies, the same author [80] concludes that the application of geostatistics can
be very problematic because the assumption of stationarity is applied to small areas.

The only reference that relates sample size and strata is ASPRS [22], which recommends a
minimum of 20 control points in each of the strata (e.g., representative vegetation cover types within
the study area).

In addition to the analysis of the accuracy of the DEM based on the morphology of the terrain and
the vegetation cover, as we have previously indicated, there are also 16.56% (Figure 4—Row VIII) of
studies that perform an analysis of the variability of the accuracy for the entire study area, without
relating this accuracy to a parameter such as slope, aspect, vegetation cover, etc. We believe that these
are studies that do not delve into the analysis of the accuracy and the parameters on which it depends.

4.9. Accuracy Assessment by Means of Mathematical Models

A mathematical model is an expression, which can be more or less complex, that relates various
variables, some that are considered explanatory, or independent, and others that are explained or
dependent. In all cases, the results of the application of a mathematical model are compared with
empirical accuracy values. These mathematical models can take into account several independent
variables such as the terrain slope, the density of points for the DEM generation, the spatial distribution
of these points, the interpolation method, etc. [81] in order to explain the accuracy of a given DEM.
As Figure 4—Row VII shows, 10.19% of the cases use a mathematical model to predict the accuracy of
the model. Ackermann (1994) [82] establishes the mathematical relationship between the conditions in
which a DEM must be developed (depending on the type of terrain, etc.) and its final accuracy. In some
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more recent studies, mathematical models are proposed in the estimation of the accuracy for DEMs
obtained using LiDAR methods in which a normal distribution of discrepancies is not assumed [83].
Kulp et al. (2018) [84] applied artificial neural networks (multilayer Perceptron) to the case of SRTM
DEM data. Using a 23-dimensional regression of vertical uncertainty, they can predict the accuracy
that a SRTM DEM will give us. However, in general, mathematical models do not give good results
when compared with empirical procedures for determining accuracy [62].

Interpolation techniques are mathematical methods that have a great deal of application in the
case of DEMs, so there are many documents on these techniques. Kidner (2003) [85] established that
the most determining factor in the accuracy of the DEM is the interpolation method. The interpolation
methods play an important role from the producer’s side of the DEM as well as for the DEM quality
assessment process. Interpolations are necessary to calculate the discrepancies between elevations
of the same location of the DEM product and the reference. Some studies focus on the uncertainty
propagated from the grid nodes [70,86–88] to any point within the same cell [89]. Some studies show
the difference between biquadratic, bicubic, and bilinear interpolation algorithms [90]. Other cases
are centered on the reduction of the effects due to outliers, e.g., Chen et al. (2016) [91] proposed a
robust algorithm based on multi-quadratic interpolation (MQ) methodology on M-estimators (MQ-M).
Hu et al. (2009) [92] and Liu et al. (2012) [93] uses the Theory of the Approach to estimate the accuracy
of the model considering two components, that coming from propagation of the data and that of the
interpolation. Hu et.al. (2009) consider the error of the interpolation as a systematic error. One of the
most complete models, which jointly considers the aspects indicated, is the one proposed by Aguilar
et al. (2002) [94]. This model established that the accuracy of a DEM is mainly due to three factors:
the morphology of the terrain, the point density used for the DEM generation, and the interpolation
method used. As shown in Figure 4—Row IV, 18.47% of the cases consider the interpolation method as
a determining factor for the accuracy of the DEM.

4.10. Simulation Techniques for Accuracy Assessment

Simulation has been used as a tool for analysing the behaviour of positional accuracy standards (e.g.,
NMAS, NSSDA, EMAS, ASPRS) and the accuracy of DEMs. Simulation is an easy method to understand
because it is based on the reproduction of a known process or system. Simulation can be defined as
the construction of a mathematical model to reproduce the characteristics of a phenomenon, system,
or process, using a computer in order to obtain information or solve problems [95]. The simulation
process on DEMs consists of introducing random disturbances that follow a statistical model [96].
The model is usually the normal distribution, but the spatial component can also be introduced by means
of autocorrelations and spatial models in the distribution of the perturbations [56,63,69,75,97–101].
From the pioneering papers of Fisher [102], who applied the simulation on DEM for the determination
of hydrographic basins and visual basins, the interest in applying this technique to DEMs was
demonstrated. 8.28% (Figure 4—Row XI) of the cases of the corpus use this procedure to later assess
the DEM’s accuracy. This method is quite useful since we know a priori the statistical and spatial
distribution of the perturbations introduced, something that can give us a lot of data for the validity
analysis regarding the quality evaluation procedure used.

4.11. Functional Quality Assessment

We speak about functional quality when we refer to the quality of a DEM applied to a generic
use case (for example, the calculation of slopes, orientations, etc.). We speak about “fitness for use”
when it comes to a specific use case (for example, the calculation of slopes for a specific civil project).
Functional quality refers to how the DEM model works as a model of reality and “fitness for use” to
what it offers us for a specific case, and without a doubt, both are related. Fisher [103] was one of the
first to raise the need to indicate the suitability of a particular DEM in a specific use or application.
Wechsler (2003) [29] pointed out the actual need for the DEM’s user to know accuracy parameters
in order to make proper use of them. She believes that it is necessary for the user to know the
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accuracy as well as the consequences that this may have in subsequent analyses (fitness for use). It is
necessary to emphasize that no reference has been found that proposes a guide or standard to evaluate
this perspective.

In relation to direct calculations performed with a DEM data, [8] indicates the most usual
calculations (e.g., height 75.7%, slope 71.6%, aspect 52.9%, drainage delineation 51.0%, etc.). Accuracy
assessment, based on the vertical positional accuracy, is traditionally focused on the first of these
calculations. All the previous sections of this paper are focused on this perspective. The accuracy
assessment of other parameters (e.g., slope, orientation, drainage network, visibility, etc.) can
also be determined by comparison of the derived model with sources of higher accuracy than the
assessed one [13,42,102,104–109]. Several studies are focused on quality assessments obtained from
derived hydraulic models [3,5,15,110–112]. Due to the importance of the calculation methods of
these parameters, there are also studies that analyze the effect of the computation procedure used to
determine these parameters on the final accuracy obtained [96].

In the studies that analyze the quality of DEMs by using derived models (slope, aspect, etc.),
very diverse measures are used, for example, in the case of slope models the discrepancies or differences
between the slopes obtained in the same location, both in the evaluated DEM and in the reference one.
The same happens with orientation. In the case of the hydrographic basins, they are compared in
some cases by means of the difference in surface extension of the basin obtained in different DEMs
(evaluated and reference).

In relation to the corpus of documents, almost 21% of them determine the accuracy of the DEM
by analyzing the behavior in some parameter or derived parameter output from DEM, contrasting
with a source of greater accuracy. As shown in Figure 11, most cases use slope, aspect, and curvature
as single parameters and drainage networks and watersheds as hydrological outputs to assess the
accuracy of the DEM.

Figure 11. Distribution of the parameters used in the quality evaluation in different studies.

5. Discussion

This section discusses some relevant aspects related to the major findings presented in the previous
section. These findings are related to explicit aspects presented before, but also to evident omissions
and detected problems.

One aspect that is explicitly evidenced in the documentation analyzed is the lack of a common
vocabulary. We refer to the use of basic but very important terms such as assessment, accuracy,
precision, bias, outlier, etc. There are also problems in some documents, and grid models are confused
with raster models. This possibly evidences the presence of different overlapping circumstances
(e.g., different professional profiles, different application domains, etc.), but also of an inefficient
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basic standardization regarding DEMs. The geospatial data quality model proposed by international
standard ISO 19157 offers a framework, some vocabulary, and even adequate measures, but the use of
this standard is simply inexistent. The same is valid for the application of the concepts of GUM and
VIM guides. Looking ahead, it is possible that manuals like Maune’s (2019) can help in overcoming
these problems.

Directly related to the above is the lack of standardized evaluation methods that are largely
assumed by the scientific and technical community. Positional accuracy standards can be applied,
but they are not specifically focused on DEM and their degree of application is not very widespread
either. DEMs are very important in numerous environmental analyses and engineering projects,
but despite this standardized and widely-used procedures have not been achieved. Standard positional
accuracy assessment methods (e.g., NMAS, EMAS, ASPRS (2004), NSSDA, ASPRS (2014)) have evolved
throughout their existence, and DEM-type data is increasingly present in them (e.g., ASPRS 2014).
However, they present a very traditional perspective, the quality of the DEM is controlled by isolated
points, and DEMs do not work as isolated points. In the documents analyzed, there are already certain
advances towards what is call “fitness for purpose”, which is linked to use cases (see [2] to discover the
main use cases of DEMs). We believe that having assessment methods that are closer to the operation
and use of DEMs is a key aspect. A relevant aspect is that for the traditional evaluation of the accuracy
of the DEM, as proposed by many assessment methods, the planimetric positional component is
considered fixed and does not intervene in the calculations of the altimetric accuracy. We believe that
this could be overcome with proper 3D evaluation techniques; however, this is unusual.

Linked to the above is the issue of the (non) normality of altimetry discrepancies
(di, see Equation (1)). We consider the current situation according to the most advanced proposal,
ASPRS, to be problematic. In this case, different methods of evaluating are proposed for normal and
non-normal errors. This is logical, but it creates confusion for experts and users and does not offer
a common framework. In our opinion, since there is currently a lot of computing power available,
parametric (e.g., normal) methods are no longer as relevant, and methods based on multiple tolerances
can be applied [66]. These methods can help to resolve in a single common framework the precise
control of data mixtures since they are based on tolerable error rates. In any case, assessment methods
based on statistical models are the ones mostly being applied so far. However, more sophisticated
methods based on artificial intelligence (e.g., artificial neural networks) have already started to appear.
It is expected that in the future, these methods will have a higher level of application and that there
will be even more local knowledge of how errors occur, something that would allow better accuracy
assessments and provide a more functional or “fitness for use” approach.

In the vast majority of studies, quality assessment processes are carried out by interpolating or
resampling the reference data. All these processes carried out to match the data from the evaluated
DEM product with the reference data introduce an error into the final quantitative result which is
never taken into account. We believe that the accuracy assessment process, in addition to being a
standardized process, should avoid obtaining data that introduces error into the final result. The Guía
para la Evaluación de la Exactitud Posicional de Datos Espaciales [37] proposes a method for choosing points
on planes of uniform slope to minimize the error introduced in the interpolation process necessary to
obtain the elevation of the point coinciding with the DEM evaluated. Only in this study have we seen
a somewhat more specific treatment of this problem.

The totality of the documents analyzed shows that the evaluations of the quality of the DEMs are
carried out without informing about the metaquality of the evaluation processes. The metaquality is
defined by ISO 19157 as the “information describing the quality of quality data”, and is something
almost completely forgotten. Metaquality can be assessed, but it can also be described qualitatively
if aspects such as confidence, representativity and homogeneity are adequately reported. However,
in many studies, nothing qualitative is reported. We understand that since many of these papers are
published in scientific journals, reviewers should be more careful to ensure that the authors better
report their evaluation procedures.
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Metaquality is related to metadata, so we also have to talk about metadata. In many of the
studies analyzed, existing DEMs are used to evaluate another DEM, otherwise the DEM produced
is offered as a product to third parties. In both cases, the metadata (of the existing product or of the
generated product) are relevant and, within the metadata, the part dedicated to quality. In our study,
an exhaustive analysis of these metadata has not been carried out, but the feeling we obtain from what
we have analyzed is that the quality part of these metadata either does not exist or is very deficient.
Also related to the presentation of results is its visual representation. This is another aspect in which
there is great diversity in the documents analyzed. In any case, the spatial representation of the results
of the quality assessment is in the minority, and it is also not adequately standardized or channeled by
guides from professional or sector organizations.

In the studies that we have analyzed, there are cases that present specific areas and others
that focus more on developing methods and new proposals. In the latter case, a great capacity for
comparison is lost, as the cases are very diverse and varied. Here it would be highly appropriate for
the scientific community to have test bed data sets for testing, so that the researchers would conduct
some of their tests using these data sets. Working with these test sets would offer greater comparability
of results. This is especially indicated for studies focused on interpolation techniques. Along these
lines, Amatulli et al. [113] offer a set of data related to topographic variables for environmental and
biodiversity modeling. However, the resolution of these data is not adequate and other variables are
required for our case.

To finish the discussion, we will expound two final ideas: (1) the authors believe that a generic
quality evaluation process, regardless of technological aspects, has not been sufficiently debugged
by the producers. In short, we believe that there should be a standard method of evaluating DEM
accuracy that obviates the entire production process and offers (a) valuable parameter(s) of accuracy.
(2) An important aspect that we would like to see in the assessment is the use of the fundamental
elements of the relief (dividing lines, trough lines, hills, peaks, holes, etc.). These fundamental elements
of the relief help to characterize the relief and give greater emphasis to its expression. We believe that
they can be key elements in any process of determining the quality of a DEM. The problem with these
elements is the ambiguity in their locations.

6. Conclusions

An analysis of how the accuracy assessment of DEMs is evaluated has been presented. This analysis
is based on a study of almost 200 references spanning the past three decades. From our point of view,
the most relevant conclusion of this paper is that, despite the real importance of the applications of
DEMs in numerous fields, and the technological advances for its creation and availability, accuracy
assessment remains as an open issue, as there are no specific guidelines (e.g., standards). Of course,
there have been notable advances (e.g., better knowledge of the statistical behavior of discrepancies,
etc.), but this is not enough, and even less from a functional quality perspective, and even less from a
“fitness for use” perspective. For this reason, there are numerous topics in which scientific research
and contributions of a more applied nature can be carried out (e.g., normative documents, guides, etc.).
Many of these aspects (e.g., vocabulary, standardization, 3D control, meta-quality, data testbeds for
comparable tests, etc.) have already been indicated in the discussion section. The quality assessment
procedure and documentation of the quality of DEMs is a challenge for the entire geospatial community
and requires further attention.
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