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   Digital Elevation Models (DEM) have become a standard product for
   cartographic purposes, such as generation of contour maps, ortho-image
   generation and production of perspective views. An example of the last
   is draping aerial and satellite images over DEMs to produce impressive
   views. Another important application area concerns navigation
   purposes, e.g. to navigate missiles. Today the applications of DEMs
   increasingly step beyond landscape visualisation. They are used to
   fulfil the need to understand real world phenomena and to monitor
   environmental processes. This bent will certainly grow in the future.
   The terms Digital Elevation Model (DEM) and Digital Terrain Model
   (DTM) are often considered synonyms. We look at a DEM as a set of
   elevation data in numerical format stored in a computer accessible
   format. A DTM is a DEM extended with structural features such as
   drainage channels, ridges, hill tops, depressions and other terrain
   discontinuities. These structural features are usually stored as
   strings of points.
   The sampling points can be captured and stored in a regular grid or in
   irregular format, such as a triangular irregular network, and
   contours. Direct acquisition in grid format is not a common option.
   Due to operational limitations elevation data is usually collected as
   an irregularly distributed set of points. Next, by interpolation the
   data are transferred to grid format for purposes of ease of storage
   and processing (Figure 1). Generally, the grid representation obtained
   from interpolation has a higher resolution, than the original
   irregular data set.
   
   Figure 1, Creation of a regular grid from irregular distributed points
   by interpolation. SA: Search Area
   The DEM is a computer representation of the earth's surface, and as
   such, provides a base data set from which topographic parameters can
   be digitally generated. The routing of water over a surface is closely
   tied to surface form, therefore hydrological features are often
   extracted from DEM data. From slope, flow direction can be determined;
   from flow direction the upslope area that contributes flow to a cell
   can be calculated. The DEM is therefore a valuable data source for
   many GIS applications.
   Although it is actually a model of the elevation surface, a DEM is
   often treated as a "true" representation of the earth's surface. DEM
   data. However, like other spatial data sets a DEM is subject to error.
   The effect of errors in a DEM is often not considered by DEM users,
   although errors may affect results of analyses. Nevertheless, when
   using a DEM, the effect of uncertainty on elevation and the derived
   parameters of slope have to examined.
   RMSE
   A measure of elevation accuracy of DEMs is usually provided by the
   Root Mean Square Error (RMSE) statistic. The RMSE is usually computed
   by comparing the height values in the DEM with elevation reference
   values, which have been measured with a precision, which is about an
   order of magnitude better (say ten times) than the measuring method
   with which the DEM is measured. They may for example be obtained from
   GPS field observations. The RMSE is expressed as:
   
   where  is an elevation from the DEM,  is the reference
   elevation of the same point and n is the number of sample points. The
   RMSE statistic is essentially a standard deviation and is thus based
   on the assumption that errors in the DEM are random and normally
   distributed. Since it will only occur occasionally that both the
   measured point and the reference point will be located at the same
   point in the horizontal plane, one has to carry out an interpolation.
   The nature of measuring causes that all observations are inevitably
   contaminated by error; errors are an empirical reality. Uncertainty in
   measuring processes is the best investigated part of the entire geo
   data acquisition. However, uncertainty in DEMs is besides measurement
   inaccuracies and errors also introduced by choice of interpolation
   technique, point sampling interval (resolution), and characteristics
   of the terrain surface.
   We consider these aspects in greater detail in the following sections.
   Interpolation
   Usually the continuous surface is reconstructed from the sample points
   by estimating the height value of individual points by using some
   interpolation technique. Interpolation techniques are also used to
   transfer an irregular distributed height set into grid format.
   Interpolation aims thus at providing elevation data in regions where
   no data exist or to transfer an irregular distributed height set into
   grid format. Many interpolation techniques have been developed in
   course of time. Tests have shown that these interpolation techniques
   have similar performance, provided that the data behaves well with
   respect to point distribution and fluctuations in relief.
   An important issue is the robustness of a certain interpolation
   technique against the changes in the geo morphological structure
   within the vicinity of the point of which the elevation has to be
   determined (Figure 2). It is important that the points used in the
   interpolation and the point to be interpolated all belong to the same
   landscape type. For example, when we determine the height value of a
   point, which is located in a valley from two valley points and one
   slope point, the interpolated height value may be too large, that
   means erroneous. So, the goodness of an interpolation can be judged by
   considering how well the method is insensible to the changes in
   geo-morphological characteristics of the terrain.
   Recent developments in locally adaptive gridding techniques have
   enhanced the sensitivity of interpolated regular grids to terrain
   structure, including ridges and streamlines. Although these methods
   are certainly an improvement, interpolation requires the segmentation
   of the area in homogeneous sub-areas in terms of geo-morphological
   structure. Underlying such a segmentation procedure is an
   interpretation process. It is therefore doubtful whether segmentation
   can be carried out completely automatically. Additional information
   stemming from other sources and a human operator will be inevitable.
   
   Figure 2, An interpolation method should be robust against abrupt
   changes in elevation
   Automatic sampling
   DEM data can be acquired from existing maps, from photogrammetric
   stereomodels,
   from ground surveys, or from other systems. At present, operational
   techniques are available that enable to acquire elevation data by
   highly automated means. Digital photogrammetry (image matching) and
   airborne laser-altimetry (LiDAR) are at present the most important
   operational automatic data capturing methods for DEM creation. SAR
   interferometry (InSAR) is rapidly becoming another fully operational
   automatic DEM capturing technique.
   Usually the measuring process is the best understood part of automatic
   DEM generation. Prior to operation a quantification of the measurement
   accuracy can be gained by calibration. With error propagation theory
   and Monte Carlo simulations quantification of the accuracy of the
   height values can be obtained a priori to carrying out actual
   measurements. Furthermore, once the measurements are performed, the
   achieved DEM can be compared with sample values obtained with a
   measurement method, which is an order of magnitude better than the
   applied sampling technique. For validation purposes the last approach
   is well accepted.
   Validation
   In practice often a set of regular distributed points at validation
   fields, such as parking lots and football grounds, are measured with
   high-performance equipment such as DGPS. The measured values are
   compared with the reference values. When the differences, usually
   expressed in the form of systematic errors, random errors (RMSE) and
   relative number of outliers, are within predefined limits, the
   recorded data set is approved. Nevertheless, caution is required here,
   since one is often inclined to consider the validation criteria as an
   on average description of the quality of the entire data set. However,
   the validation fields are usually the most and best measurable parts
   of the area. That means, they will provide a too optimistic view on
   the quality of the data set; the quality of a data set is inherently
   inhomogeneous because of the large influence of the terrain
   characteristics, which may vary locally, on the quality of the data
   set. To trace outliers, visual inspection of the end-product is often
   carried out. This is especially done when image matching is applied.
   The extracted height points are draped over the stereo image to
   inspect the presence of mismatches. Advanced graphical techniques for
   inspection of DEMs when no reference is available have been developed
   too. Such a validation procedure is certainly helpful to remove
   erroneous results. However, Burrough & McDonnell (1998) state that
   visual quality control is insufficient when the data are wrong or are
   corrupted by error.
   Resolution
   ----------
   It has been early recognised that single point accuracy, expressed in
   error types like systematic errors, random errors and percentage of
   outliers, alone is not sufficient to describe the quality of a DEM.
   Also the resolution in relation to the terrain fluctuations plays an
   important role. When the terrain surface in an area is perfectly
   horizontal, one height point will suffice to describe the elevation of
   the entire area. However, when relief fluctuations are present, more
   height points are necessary to obtain a representation, which is
   sufficiently accurate. The more rapid the fluctuations occur in the
   terrain, the higher the point density has to be. In case of a high
   point accuracy though a low resolution while the terrain fluctuations
   are high, interpolated points will show low accuracy; the terrain is
   under-sampled.
   The choice of the resolution does not only depend on the terrain
   fluctuations but also on the required level of detail necessary within
   the application domain. Features at the surface of the earth can be
   described at a multitude of scales. For a certain application domain
   only a limited range of scales is adequate. An obvious example is a
   valley. On top of the slope of the valley many details may be present
   that are not of interest when one wants to compute for example the
   erosion in terms of soil loss per square meter per year. However, when
   gradients are computed that do not represent the trend of the slope
   but the small scale fluctuations on top of the valley slope, erroneous
   results will be derived. So, at too fine a scale, one is swamped with
   extraneous detail. At the contrary at too coarse a scale, important
   features may be missed. Therefore, it can in general not be stated
   that a higher resolution accomplishes a better terrain description. A
   complicating factor is that for many applications the optimal
   resolution is still unknown. This is because the representation of the
   earth surface in digital format and the use of computational models to
   describe earth related phenomena are relatively recent achievements.
   Terrain Characteristics
   =======================
   It is a general experience that when sampling a terrain for the second
   time with the same measuring equipment and the same resolution, the
   difference between the two resulting earth surface descriptions are
   much larger than one would expect on basis of the measurement accuracy
   of the equipment. Basically, this effect is due to ground cover
   characteristics. That means the quality of a DEM does only depend
   partly on the characteristics of the measuring technique. For a larger
   part the quality depends on the nature of the earth surface. The
   uncertainties introduced by terrain characteristics concern primarily:
     * 
       micro-relief
     * 
       coverage;
     * 
       slope;
     * 
       reflectivity
   We consider these aspects in the sequel in more detail.
   Micro-relief
   ------------
   Within the present context micro-relief refers to the fluctuations in
   height values within the region for which the height value of the
   sample point is assumed to be representative. The land surveyor and
   photogrammetric operator carry out an interpretation process during
   the point sampling of the terrain. They choose locations of which the
   height is close to the average terrain height value within the
   vicinity of the point, i.e. representative points are gathered. When
   using automatic DEM capturing techniques the interpretation part is
   lost; the terrain is captured blindly. Consequently sample points will
   in general not be representative for their vicinity. They may even
   record mobile objects like cars and cattle. The effect is that
   repetitive automatic sampling will show larger differences in height
   values than one should expect on basis of the accuracy of the
   measurement method.
   Coverage
   --------
   Since automatic techniques are non-discriminative they record a
   certain surface, which may not correspond to what the user wants. The
   unwanted objects of which the surfaces may be included in the DEM are
   houses, trees, hedges and cars. In other words: automated techniques
   are not able to distinguish among the many types of objects present at
   the surface of the earth. This induces the need for removal of these
   unwanted objects, which requires an interpretation process. This
   observation induces the question whether an automatically sampled DEM
   is ready for use or whether it is just an ‘image’, like a satellite
   image that still needs a lot of manual interpretation before the
   information that the user wants is available.
   Since automatic data capture is usually associated with huge amounts
   of data, attempts are undertaken to remove unwanted objects by
   automatic filtering operations. However, filtering techniques alone
   can not solve the entire problem because the discrimination between
   ‘good’ and ‘bad’ points requires object recognition and image
   understanding abilities, which lie far beyond the present state of
   algorithmic processing. The situation is comparable with the quest for
   automatic interpretation of outdour scenes in the realm of computer
   vision and artificial intelligence. After a huge amount of research
   one has experienced that automatic map compilation is a desperate
   undertaken. The problem is that one needs to model all types of
   objects that constitute together the semantic noise within the
   application domain.
   Slope
   -----
   Slope causes two main types of errors. The first type refers to errors
   in the horizontal position of the sample points. Errors in the planar
   coordinates cause height errors of which the value depends on the
   slope angle. For airborne laser-altimeter data such types of errors
   can be introduced by pointing jitter, i.e. the pointing accuracy of
   the scanning mirror. Another type of error depends on the slope within
   the region of measurement. When using airborne laser-altimetry terrain
   slope causes a part of the footprint to hit the ground earlier than
   other parts. Consequently, one part of the pulse is already scattered
   back while the other part still has to hit to ground, inducing the
   problem which part of the recorded back-scattered pulse refers to the
   ground. When applying image matching, errors may occur when the slope
   within the region of measurement is not adequately incorporated in the
   matching model. For example the slope is modelled as a ramp edge,
   while the actual slope contains second and higher order terms.
   Reflectivity
   ------------
   Automatic capturing methods rely on the signal reflection on the
   terrain surface. Water bodies cause both for laser-altimetry and image
   matching problems. Water-bodies cause laser pulses to absorb some
   portion of the signal while another part may be subject of specular
   reflection yielding reflection of the signal in the direction away
   from the recording platform. Specular reflection may also cause corner
   reflection by multipath effects when buildings and other discontinuous
   objects are in the neighbourhood of the reflected signal, resulting in
   elevation dips. Using image matching, water bodies as well as sand
   bodies like beaches and dunes show too less texture for matching
   purposes. The above sources result in systematic errors and data gaps
   in the DEM. In addition, reflectivity characteristics of the terrain
   may cause that the signal-to-noise ratio of the recorded data is low,
   producing higher than normal random height errors in the data.
   Inhomogeneous Quality
   ---------------------
   The above considerations reveal that differences in terrain
   characteristics cause inhomogeneous quality of the DEM. The height of
   sampled points on e.g. hilly terrain covered with forest will show a
   lower accuracy, then those on paved parking lots. To arrive at a
   proper quality description, points should be differentiated according
   to the type of terrain they are captured from. Consequently, to the
   data points terrain classes should be assigned as additional
   attributes.
   Automatic gathered DEMs consist of random samples of terrain. They
   thus actually provide only a height ‘image’ that still needs a further
   interpretation step in order to be useful for a certain application.
   Since entire human processing of the huge amount of data delivered by
   blindly sampling techniques is a desperate endeavour, the direction of
   solution we suggested is to use additional data sets and to acquire
   redundant data. Using advanced filtering tools, a notion of
   interpretation can be gained back. Nevertheless, for the foreseeable
   future human intervention will be indispensable.
   >------
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