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Abstract. The methodology of building a digital elevation model based on the results of aerial photogrammetric survey 
from an unmanned aircraft is proposed, which is based on the division of the initial point cloud into equal segments. 
This allows, having made an assumption of the linear character of change of height of points in a separate segment,  
to approximate them by separate planes. RMS errors of the models from the survey data were calculated according to 
the scattering of the points in relation to the approximating surfaces, which made it possible to reveal the dependence 
of the model construction error relative to the sizes of their constituent segments, as well as to propose a method for 
filtering the cells containing outliers with respect to the expected model error. The proposed method was tested on the 
models of three mining objects – limestone quarry, phosphogypsum dump, and peat cut. The experimental results 
showed a multiple reduction in model error compared to standard DEM models providing the required accuracy for 
mining documentation. 
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Introduction. The exploitation of mineral deposits is connected with mine surveying [1], 
that includes engineering support of mining operations [2], monitoring of geomechanical pro-
cesses [3, 4], accounting for the movement of mineral resources [5], accumulating, storing and 
generalizing information about spatial and temporal changes occurring on the Earth’s surface and 
in the underground [6]. These tasks are united by the conception of mine surveying, which  
includes the processes of instrumental measurements, their mathematical processing, and the 
presentation of the obtained data in a form convenient for further works [7, 8]. The order  
of operations performed at each stage should provide strict quality control of the received, used 
and output data with the possibility of localization and filtering the data containing unacceptable 
errors (outliers) [9]. 

The empirical determination of the errors based on a statistical estimation of the patterns  
of measurement dispersion. A necessary condition in this case is the presence of redundant  
measurements, the number of which provides the robustness of the formed estimates. Redundant 
measurements are formed under certain geometric conditions, such as the equality of repeated 
measurements among themselves or the equality of zero sums of increments of coordinates or 
heights in closed polygons [10]. In the absence of redundant measurements, accuracy assessment 
becomes possible only as an assumption, which is based on extrapolation of measurement errors 
to the result that allows obtaining only the expected errors, not to find the factual ones. 
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The most engineering mine surveying surveys, which are connected to geometric support of 
mining operations related to solving the problems of determining the volume of extracted rock mass, 
constructing surveying mine graphic documentation, setting out project coordinates, etc., do not form 
a sufficient volume of redundant measurements. In this case, the quality control of the work requires 
additional mining surveys, which allow the risk of obtaining false information due to extrapolation 
of the results of the local inspection to the work as a whole. Modern means of mine surveying  
measurements, such as ground-based and aerial laser scanning systems, unmanned photogrammetric 
systems, have been widely introduced [11, 12] because they allow minimizing the time of field work. 
However, even with all its advantages (the high speed and completeness of the collected data, the 
safety of work) the issues of processing the received data, assessing their accuracy, comparing of any 
temporal models and solving engineering mining and geological problems with their help have not 
been found yet [13, 14]. 

Problem statement. The high speed of the survey and completeness of the collected data,  
obtained by laser scanning systems and photogrammetric systems is achieved with automatization of 
the measurement process, which can be obtained only in the complete absence of a priori selection  
of specific objects of surveys. In other words, the user can choose only the surveying area, and not 
individual objects of interest to him. As a result, the “point clouds”-data formed by these systems 
represent a set of coordinates that irregularly and randomly cover the survey object [15, 16]. 

The randomness of remote sensing data does not allow a direct comparison of several temporal 
mine surveys, because each time the points will be placed in a new way on the object being surveyed, 
not allowing the actual content of the model to be unambiguously predicted in advance and requiring 
the redundant information to guarantee the result. That is why the amount of data can exceed tens and 
hundreds of millions of points. Such a volume of information only reduces the randomness and  
discreteness of the model, without solving the problem, replacing it with difficulties with storing, 
processing and transmitting big data [17]. 

If the problem of randomness of the model can be extensively reduced by increasing the density 
of points, then the problem of discreteness cannot. Whatever the density of the formed cloud, discrete 
points are not able to completely fill the entire space of the model. In turn, one of the main require-
ments for mine graphic documentation is the ability to obtain information at any point in the model 
that is why it is necessary to interpolate points of the cloud [18]. 

This problem may be solved by constructing digital terrain models (DTM), creation of which  
is discussed in scientific works [2, 11]. DTMs in mining were used in solving problems of planning  
and estimating mineral reserves, modeling geomechanical processes [19] by finite element methods,  
assessing the risks of environmental accidents [20]. 

The standard way to construct a DTM to solve engineering problems is the interpolation of the 
space between points with triangular polygons, the vertices of which are determined by the Delaunay 
algorithm or similar. Such an algorithm of DTM construction works effectively for surveys, the result 
of which consists of a set of characteristic points of the terrain, selected by the surveyor during the 
survey work, based on his personal experience and idea of the relief shape. The points selected by the 
specialist form an array of characteristic relief points, which allow selecting structural lines that form 
a model suitable to the relief being surveyed [21]. 

Applying such a procedure to high-density point clouds is not highly efficient, because the vol-
ume of the resulting polygonal model doubles relative to the original one due to the fact that it must 
contain information not only about the points, but also about their relationships with each other. The 
model itself remains irregular and inherits all the errors of the initial data, while not having the tools 
to explicitly assess the accuracy of its polygons and requiring additional resources for subsequent 
work [22]. Reducing the resource requirements required to process such models is achieved mainly 
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by preliminary dilution of the initial point cloud, which reduces the density of the resulting model. 
At the same time, the detail and informativeness of the model decrease, as well as the previously 
performed work on determining the position of points removed from processing is devalued [23]. 

A potential way to reduce the disadvantages of polygonal models is the use of segmented GRID 
models consisting of a set of geographically conjugate segments of equal type and size, ordered in 
the form of a matrix [24]. The regularity of the resulting model makes it more resistant to a random 
distribution of source points on the surface due to the fact that the position of the boundaries of the 
segments that make up the model is determined by the size of the segment itself and the position  
of the starting point [25]. The advantage of this approach is also the immutability of the final volume 
of model data relative to the original point cloud. It is achieved by filling the model with information 
by creating attributes in each segment that generalize the necessary properties of the points inside  
the segment [26]. 

Because of these advantages, segmented models have found wide application in geodesy and 
cartography, and the issues of their creation and improvement are relevant and are being solved by 
scientists around the world [27-29]. 

GRID models are used in cartography [30], forest resource assessment [31, 32] and GIS systems. 
Despite many obvious advantages of segmented models, the issues of their use for solving mining 
and surveying tasks remain unresolved [5]. One of the fundamental problems to their implementation 
in everyday practice is the lack of tools to assess their accuracy [33]. Evaluation of the accuracy of 
segmented models is carried out by additional measurements by geodetic means for selective quality 
control of the work performed, but it requires additional time and money [34]. 

The main purpose of this work is to describe the method developed by the authors for assessing 
the accuracy of segmented models by their internal content, to identify the main dependencies of the 
formation of errors of segmented models and to determine their optimal parameters in relation to 
solving problems in mining and mine surveying. 

Methods. The standard form of DTM store is the DEM (Digital elevation model) format. It is a 
georeferenced raster image, in which pixel values are equal to average elevation in each segment [35]. 
The format itself and the programs that create it do not provide information about the quality of 
determining the resulting elevations. Therefore, the team of authors has developed its own program 
that allows to calculate segmented models from point clouds with the preservation of information 
about the errors of approximation of points in individual segments, as well as to calculate on their 
basis the root mean square error (RMSE) of the entire model. 

Two variants were considered as approximating functions: 
• the average height of all points in the segment (standard DEM); 
• the plane defined by a function of the form Z = Ax + By + C, parameters A, B and C were de-

termined by the least squares method (the author's PLANE model): 
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The RMSE of the approximation of points in the k-th segment can be found with: 
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where ˆ
kZ  is the height calculated from the approximating function of the k-th segment at the point 

(xi, yi); zi is the elevation of the point (xi, yi); nk is the number of points in the k-th segment; rk is the 
number of degrees of freedom in the k-th segment, determined according to the type of approximating 
surface (rk = nk – 1 for the average height; rk = nk – 3 for the plane). 
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The RMSE of the model can be calculated based on the RMSE of approximation of individual 
segments (2), taking into account the number of degrees of freedom involved in their determination: 
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where mk – RMSE of approximation in k-th segment; N – the number of segments in the model. 
Three mining objects were selected to study. The models were obtained by photogrammetric 

method, the calculation of point clouds was performed in the Agisoft Metashape program  
(Fig.1, Table). 

 
The main characteristics of the studied objects 

 

Parameter Limestone quarry Phosphogypsum dump Peat deposit 

Square, ha 41 159 28 
Height difference, m 132 112 23 
Number of points in the initial model, thousand points 11823 16242 5331 
Model size (.asci format), Mb 956 529 365 
Used UAV DJI Phantom 3 PRO Autel Robotics EVO II Pro DJI Phantom 4 PRO 
Flight height, m 100 150 150 
Number of shots, pcs. 127 1800 536 
Matrix size, inch CMOS 1/2.3  1  1  
Resolution of snapshots, Mpixels 12.4 20 20 

 
Segmented models are built for each point cloud with segment sizes 1; 1.5; 2; 2.5; 5; 10; 15; 20; 

25; 50 m, the RMSE of each segment are calculated (with a positive value of rk), the general RMSE 
of the models are found, and maps of the distribution of standard errors within each model are con-
structed. 

Results discussion. The RMSE of the models calculated for each case with the formula (3) and 
shown in the graphs (Fig.2).  

With the analysis of the obtained dependencies, it can be seen that the errors of DEM models 
behave the same in all studied objects, proportionally decreasing along with the segment size in the 
model. For equal values of segment sizes in different models, different values of RMSE are achieved, 
increasing in direct proportion to the increase in the total height difference in the model shown in the 
table. The average elevation used in the construction of the DEM model does not allow us to give  
a consistent estimate of the points in the approximated area due to the presence of non-horizontal 
sections in it, the error of the resulting height in the segment is directly proportional to the magnitude 
of the height difference inside it. Reducing the segment size reduces the chance of a large height 
difference, thereby reducing the model error. 

Fig.1. Point clouds of the objects under study in the paper: a – limestone quarry; b – phosphogypsum dump; c – peat deposit 
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The errors obtained for the 
minimum of the considered seg-
ment sizes of one meter exceed 
the values allowed for mine sur-
veying surveys. By extrapolating 
the linear nature of the model er-
ror, it is possible to determine the 
required segment size for each 
case. However, due to the fact that 
the number of cells in the model 
increases quadratically with cell 
size, such a solution will lead to 
an avalanche-like increase in the 
volume of the overall model, 
which will cause both problems 
in filling the generated cells with 
information and difficulties in 
storing, transferring, and pro-
cessing the model as a whole. 

Using a plane as an approx-
imating surface reduces the ef-
fect of the height distribution 
within the segments on the model 
error. Such effect is achieved 
with the fact that the PLANE 
model will qualitatively repeat 
the original data set in the case of 

a uniform change in height within a single segment. When comparing the dependencies of RMSE in 
PLANE and DEM models, it can be seen that, with the exception of limestone quarry models with 
cell sizes of 1-5 m, the proposed assumption corresponds to the results of the experiment. 

The highlighted anomaly reveals the main drawback of the PLANE model – in the case of  
approximating relief containing vertical sections, function (1) can return an undefined value,  
the height of the marks tends to be ±∞. The RMSE calculated by formulas (2) and (3) due to squaring 
the deviations between the model high values and the cloud points is sensitive to the presence  
of rough results in the initial data, that is why it can give an overestimated value. Figure 3 shows  
the dependences of the model errors with the error distribution of individual segments in it. 

When analyzing the distributions of segment errors within the model, it can be seen that 
outliers in the error values of the PLANE model with small segment sizes are caused by the 
presence in the sample of small segments with gross errors exceeding hundreds of meters in some 
cases, which is impossible, based on the actual height difference within the model (see Table). 
There are no segments with such a RMSE value for large segment sizes, since the large approxi-
mated area inside the segment contains, in addition to vertically distributed points, areas of terrain 
with a flatter relief that “flattens” the resulting surface. The maximum error of approximation of 
points in the segment coincides with the maximum error of DEM. The constancy of the resulting 
mark inside the DEM segment does not allow its root-mean-square errors to exceed a certain 
threshold value, unchanged to the size of the model segment and determined by the height  
difference in the original point cloud itself. 

Fig.2. Dependence of the RMSE of segmented models on the segment size  
for objects: a – limestone quarry; b – phosphogypsum dump; c – peat deposit 
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In all cases, both for DEM and PLANE models, the calculated value of the general RMSE of 
model is shifted from the median value of the error distribution of the individual segment that make 
up it to a larger side, which is also a consequence of gross unresolved errors in individual segment of 
the model. 

To correct detected shifts, segments were filtered that contain RMSE values exceeding the upper 
limit of the statistically significant sample of the model under consideration: 

max 3 1.5m Q IQR  , (4) 

where IQR is the interquartile range (the difference between the quartiles of the sample Q3 and Q1 are 
the values separating the first 75 and 25 % of the total number of values in the ordered row of RMSE 
segments of the model, respectively). 

The choice of formula (4) to determine the acceptable RMSE value and the rejection of other 
statistical criteria for finding outliers was made based on the fact that the overall distribution of errors 
of individual segments within the model has a significant left-sided asymmetry, as can be seen in the 
scattering diagrams (Fig.3). The application of formula (4) gives greater stability of the results in the 
case of an abnormal distribution of a random variable. 

The values of the general RMSE models after filtering are shown in Fig.4. The graphs show that 
after filtering out the segments containing outliers, the type of dependence of the change in the RMSE 
of the model assumes a smooth character in all cases. At the same time, the type of dependence for 
each of the considered objects has some characteristic features, explained by the individual distribu-
tion of relief within the grid of the segmented model. It is worth noting that the shape of the error 
distribution curves of the DEM and PLANE models is similar within each of the studied objects, as 
well as the fact that the RMSE of the PLANE model is 1.5-10 times smaller than that of the corre-
sponding DEM model. 

Figure 5 shows a map of the error distribution of the PLANE model of the limestone quarry 
object after filtration step. Visual analysis shows that even despite the large size of the segments, the 
dominant area of the model is determined with errors not exceeding 10 cm, which meets the require-
ments for mine graphic documentation. Rare values that exceeded 10 cm are localized in areas  

Fig.3. Distribution of RMSE of single segments in: а – DEM; b – PLANE model 
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containing the objects not typical for the main model, for example, oversize marking the safety berm, 
dumps slopes, vegetation, buildings in the northern part of the pit, etc. 

Conclusion. The quality and content of each model is unique to each survey. The total error of 
the model consists of a number of weakly correlated factors that determine the quality of the internal 
and external orientation of the model and the measurement error during the survey. The complexity 
of determining and controlling these factors in practice often leads to results of unpredictable and 
unsatisfactory quality; therefore, the possibility of a posteriori evaluation of the accuracy of the  
resulting model acquires additional value [17]. 

The proposed modelling method allows comparing each element with a measure of its accuracy. 
The resulting PLANE models correspond in their accuracy to the requirements of mine graphic  
documentation, and the sequence of the experiment performed and the processing of its results can  
be considered as a tool for complex analysis of the quality of the resulting point clouds. 

Despite the fact that the obtained research results solve the problems formulated in the introduc-
tory part, the described approaches are rather a tool that provides extensive opportunities for solving 
mining and technical problems. The volume of data after the approximation of the initial point clouds 
decreased by 100-300 times for a model with a segment size of one meter, and even higher values for 
larger segments. In the future, all this will make it possible to use models not only for solving engi-
neering problems, but also for deep learning of neural networks in predicting geodynamic manifesta-
tions, computer vision in unmanned control of mining equipment, and many other tasks. 

Fig.4. Dependence of the RMSE of segmented models on the segment size 
after filtration step for the objects: a – limestone quarry; b – phosphogypsum 

dump; c – peat deposit 
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