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Abstract. The factors influencing the qualitative and quantitative components of the result of surveying in open-pit
mining using a quadcopter were identified and systematized, and the mathematical dependence of the influence of
factors on the final error of surveying was determined. After a large number of field observations — numerous flights
of a geodesic quadcopter over mining facilities — the subsequent mathematical justification of the results of the aerial
photogrammetric surveying was made, which allowed to analyze the degree of participation in the final accuracy of the
survey of each of the considered factors. The results of this study demonstrate the source of errors, which provide the
surveyor with the opportunity to efficiently and competently carry out pre-flight preparation and planning of fieldwork.
The study and subsequent consideration of the factors affecting the accuracy of surveying with the use of an unmanned
aerial vehicle are the basis for the subsequent development and formation of a methodology for using a geodesic quad-
copter in the conditions of open-pit mining.
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Introduction. Currently, surveying is on the way to reduce the time spent on field work [1, 2],
however, office work is becoming more complicated due to the use of new survey technologies,
methods and instruments. The information is processed with the help of increasingly modern soft-
ware, which requires from the surveyor as an engineer not only knowledge of mining and technical
processes, but also programming skills and digital processing of the results obtained [3, 4]. An exam-
ple of this is the use of unmanned technologies in the surveying measurement of mining objects in
open-pit mining [5, 6].

Unmanned aerial vehicles (UAV) are increasingly being used [7, 8] due to the rapid deployment
of the survey complex [9, 10], the ability to obtain up-to-date information [11, 12], as well as high
profitability when surveying small territories and objects.

Aerial photogrammetric surveying for professional mapping of the territory and the display of
the actual surface places increased demands on the output data, namely, to maintain the geometric
parameters of the survey. Small UAVs — quadcopters — are economical [13, 14] and portable, which
makes them convenient for surveying mining facilities of a small area (no more than 100 hectares)
[15]. Aerial photography using a quadcopter does not differ from surveying using airplanes [16], but
is performed from a lower altitude and at lower flight speeds [17, 18].
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The methods of using UAVs are developing at a high pace [19, 20], but the main principle of each
survey remains the same — high measurement accuracy that meets the requirements of normative acts,
and, consequently, a reduction in surveying errors [21-23].

Problem statement. Currently, norms and rules for the use of unmanned technologies in open-
pit mining have not been formed [24, 25], with the exception of instructions for their use provided by
manufacturers. This indicates the need for research in this area and the creation of a mathematical
justification for the use of a quadcopter in the mining industry [26, 27]. A competent and correctly
chosen theoretical justification of the process of aerial photography of objects using quadcopters will
contribute to the formation of a methodology for using this technology in the production activities of
surveyors [28, 29].

Due to the experience of the flights performed, as well as the tests of equipment manufacturers,
in the course of this study, the subjects of the study were identified — the decisive reasons for obtaining
any error when measuring objects and surfaces using quadcopters [30].

Methodology. The regulated and unregulated parameters were identified as the reasons that have
a significant impact on the efficiency of the quadcopter and the performance of aerial photogrammet-
ric measurement. The bifurcation of the influencing factors is due to the possibility of influencing the
parameters.

Regulated factors:

« UAV flight altitude, m (60, 80, 100, 120, 140);

* UAV flight speed, m/s (5, 7, 9, 11, 13, 15);

» number of identifications, pcs. (0, 1, 2, 3);

« forward and lateral overlap of the images (55/75, 65/75, 75/85, 85/95).

Unregulated (external) factors:

« weather conditions (sunny, cloudy);

« time of day (illumination) (morning, afternoon, evening);

* wind speed, m/s (2.5, 7.5, 12.5, 17.5);

« surface properties (cleaned surface, low vegetation, shrubs, sparse woodlands).

To determine the factors affecting the error of aerial photogrammetric measurements and final
errors, about a thousand flights were performed, each with its own purpose (based on the specified
parameterization and determinism of error factors). The selection of the parameters of the influencing
factors is based on the experience of flights on the ground, not laboratory tests [31]. Field work was
carried out on the deposits of sands, sand-gravel material and limestones of the Leningrad region.

Reducing the complexity of field surveying using a quadcopter is the main feature of the shift in
the balance of “field work + office processing” at the present stage of the development of surveying
measurements.

The field work was carried out using the DJI Phantom 4 PRO geodesic quadcopter — the most
commonly used by specialists for surveying on a mining facility. Field work is divided into geodetic
and hardware components. Geodetic is a coordinate determination of the position of identification
marks located on the territory of the object being shot (70-100 hectares) and forming a rigid figure
(for example, a triangle), three identification marks are used, which is recommended by the instruc-
tions of manufacturers.

The next stage is the installation of geodetic satellite equipment at a known point in static mode
to obtain raw rinex data. Data can also be purchased from commercial organizations that have a net-
work of basic reference stations.

Teobox and Agisoft Metashape Pro programs were used to process the data obtained as a result
of the survey flight. The accuracy of the survey meets the requirements of the instructions for sur-
veying measurements, and at a scale of 1:1000 is 40 cm, but, most often, the accuracy of the survey,
the number of identification marks is set by the project documentation and technical specifications.
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The hardware component consists in choosing the takeoff location of the geodetic quadcopter
(usually the center of the object being shot), assembling the UAV (detaching static holders, attaching
screws), connecting the control panel, checking the reception of the navigation signal (receiving sig-
nals from GLONASS satellites, GPS, etc.), checking the camera’s operability, adjusting it depending
on the environment (setting the focus based on the altitude of the flight, the brightness of the shooting
depending on the weather condition and the sunshine of the time of day).

An important part of preparing a quadcopter for flight is calibration, which is performed to orient
it on the ground, determine its location relative to the earth's surface. Before takeoff itself, with the
help of specialized programs (if this procedure was not carried out in advance), the flight route is
built — the flight altitude is set (70-100 m). These values are recommended by the manufacturers'
instructions and experience in the practical use of a geodetic quadcopter. At a lower altitude, there
is a risk of the vehicle colliding with a forest area or other objects due to ground features. At
a height of more than 100 m, the clarity, brightness and color of images are lost, since the photo-
graphic equipment of a geodetic quadcopter has a constant aperture and diaphragm width. Finally,
the operability of all the main functions of the geodetic equipment is automatically checked and the
flight takes place.

Each experiment is a separate surveying measurement of the object being taken (plots with an
area of ~ 70-100 hectares). The accuracy of the work performed is determined by the position of the
created model relative to the coordinates of the identification marks. Thus, if the coordinate determi-
nation of the identifications is reduced to the true value, only the accuracy of the surveying measure-
ment of the object being taken is determined, excluding other random errors. The requirements for
the accuracy of surveying using a geodetic quadcopter correspond to the ordinary values for sur-
veying measurements in open-pit mining operations, presented in the current regulatory docu-
mentation.

Office processing of the results of field flights (aerial photogrammetric surveying measurements)
was carried out in the Agisoft Metashape Pro program. A large and interfactorial sample of the ob-
tained results of surveying errors using UAVs was initialized and prepared for subsequent analysis.

There are numerous methods of mathematical processing [18] for registration, description and
analysis of observational and experimental data in order to construct probabilistic models of mass
random phenomena. Taking into account the mathematical nature of specific observation results, one
of the objectives of the study was to identify the degree of impact of each influence factor on the final
error, and as a result — on the final result of aerial photogrammetric surveying. This problem was
solved using two-factor variance analysis, which consisted in comparing the intergroup and within-
group variances and forming a judgment on the influence and role of each studied factor on the
basis of this ratio.

The main difference between two-factor analysis of variance and one-factor analysis is the sim-
ultaneous assessment of the influence of a pair of factors. Since there are quite a large number of
levels of each factor in the considered series of experiments, the MS Excel data analysis package was
used to implement two-factor analysis. In a two-factor experiment, factors A and B are considered to
interact if the effect of factor A depends on the level of factor B. The variance analysis is closely
related to the appropriate planning of the experiment.

The influence of two independent variables (influencing factors) on the dependent variable
(measurement error) was checked. The results of this large-scale and significant in its mathematical
calculations two-factor variance analysis of empirical measurements of aerial photogrammetric
flights are presented in Table 1. The final indicator of the mathematical justification is the coeffi-
cients of determination, showing the proportion of variation of the effective feature, explained by
the variation of the factor feature.
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Table 1
Results of two-factor variance analysis
Pairs of factors Coefficient of determination Coefficient of determination
of factor 1, % of factor 2, %
Altitude/speed of the UAV 97.6 2.0
UAV altitude/identifications 62.6 219
UAV altitude/overlap 39.3 38.7
UAV altitude/surface properties 68.4 141
UAV altitude / wind speed 80.1 11.2
UAV altitude / weather condition 72.3 15.6
UAV altitude / time of day (illumination) 65.8 16.0
UAV speed / identifications 10.0 65.1
UAYV speed /overlap 8.1 76.8
UAV speed / surface properties 35.8 49.9
UAV speed / wind speed 43.2 51.5
UAV speed / weather condition 28.5 62.2
UAV speed / time of day (illumination) 204 65.1
Identifications / overlap 40.2 55.2
Identifications / surface properties 68.1 21.2
Identifications / wind speed 67.5 14.5
Identifications /weather condition 55.2 34.8
Identifications / time of day (illumination) 61.3 254
Overlap / surface properties 70.1 145
Overlap / wind speed 88.1 10.2
Overlap / weather condition 724 15.8
Overlap / time of day (illumination) 66.1 20.8
Surface properties / wind speed 45.2 35.8
Surface properties / weather condition 56.8 289
Surface properties / time of day (illumination) 60.5 30.2
Wind speed / weather condition 341 58.9
Wind speed / time of day (illumination) 321 66.0
Weather condition / time of day (illumination) 40.8 56.1

The effect of the influence of each two variables on the error of surveying measurements was
studied. Significant factors of influence, the values of which are of particular interest for subsequent
mathematical processing, are highlighted in color in Table 1. The initial results of the experiment
indicate the precision of the research and highlight the special parameters of the implemented exper-
iments (Figure).

The degree of influence of factors on the error of aerial photogrammetric measurements is obvi-
ous. The absolutely dominant parameter is the altitude of the UAV flight, the components of the

overlap of the images and the number of
identifications, in turn, have a high degree
of importance. The other parameters have
Il VAV flight altitude less influence and only carry mathematical
B UAV flight speed details in the overall component of the final
Identifications error. But, despite the predominance of cer-
W Overlap tain factors, it is impossible to neglect other
_ parameters —wind speed and UAVS, surface
[ Surface properties . . R
properties, weather conditions and time of
day. Thus, it is possible to make a typical
I Weather condition selection error, common in the analysis of
I Time of day (illumination)  mathematical data. The role of secondary
parameters is not so great in its mathemati-
cal value, however, given the precision of
calculations and their total effect on the fi-
nal error, the role is quite significant.

Wind speed

The degree of influence of the studied factors on the accuracy
of quadcopter surveying
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The most important conclusion of the presented study is that the factors that have the greatest
impact on the accuracy of the survey are regulated, i.e., the surveyor in preparation for field meas-
urements on mining facilities can reduce the error due to understanding the ratio of influence factors
in the formation of the UAV flight error.

The next step towards substantiating and developing a methodology for using a quadcopter for
surveys is to create a software product capable of performing a preliminary (pre-flight) assessment
of the accuracy of surveying measurements. A regression analysis of the model represented by 500
flights was carried out using the classical least squares method

n n

Set=(5-v). @

i i
where Y., yi — predicted and actual response values at point i, respectively.

The model implemented in the Minitab 20.2 software environment takes into account categorical
factors (surface properties, weather conditions, time of day), quadratic influences of numerical fac-
tors, as well as their paired interactions. Further complication of the model is considered irrational
due to the high multicollinearity (mutual influence) of factors.

To account for the influence of categorical factors with more than two values, they were con-
verted into dummy variables using the encoding —1; O; 1, (Tables 2, 3). The categorical factor
"weather condition”, which takes only two values (sunny S/cloudy O), was encoded binary.

Table 2
Encoding of the “time of day” factor
The significance of the The value of the encoded factor
factor in observation Evening Day
Evening V 1 0
Day D 0 1
Morning Y -1 -1

Table 3

Encoding of the “surface properties” factor

The value of the encoded factor

The significance of the factor in observation

The cleaned surface | Shrubs | Low vegetation
The cleaned surface Z 1 0 0
Shrubs K 0 1 0
Low vegetation NR 0 0 1
Sparse woodlands R -1 -1 -1

In order to give a qualitative assessment of the relation, taking into account both numerical and
categorical factors, the Cheddock scale was used, according to which the coefficient of determina-
tion (%) 10-30 corresponds to a weak relation between the studied parameters, 30-50 — moderate,
50-70 — noticeable, 70-90 — high, and 90-99 — very high. The scale is conditional, but it is widely
used in the construction of multifactorial mathematical models.

Initially, a linear model was investigated, but it did not describe the dependence accurately
enough (the coefficient of determination was 63.7 %, which corresponds to a noticeable relationship
on the Cheddock scale), and the graph of standardized residuals showed that the function changes
non-linearly, so the model included quadratic influences of all numerical factors, as well as all possi-
ble interactions of factors among themselves; in addition, response transformations were performed
to normalize the residuals. As a result of the described modeling and step-by-step elimination of
insignificant interactions and factors, the following model was obtained:
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M =137,9 + 0,1611H + 0,3406V1 + 0,085V2 — 1,842P1 — 0,853P2 — 24,52N — 0,652Z — 0,06 7K —
—1,936NR +2,655R + 1,817V - 0,842D — 0,975Y + 0,3320 — 0,332S + 0,002911H; + (2)
+0,03529V22 +0,01724P1, —0,00642H V2 —0,00746H P1 + 0,2492P2 N,

where H — the altitude of the flight, m; V1, V2 — the speed of the quadcopter and the wind, respectively,
m/s; P1, P2 — the values of the forward and lateral overlap, respectively, %; N — number of identifica-
tions, pcs.

Formula (2) is presented in general form, and for each combination of factors it will have a
simplified form. Each of the studied categorical factors (surface properties, weather conditions, time
of day) takes the values 0 or 1, i.e., in the final formula is set binary to simplify perception and use.
So, for example, when surveying a cleaned surface in the morning in cloudy weather, the values of
categorical parameters specifying the type of surface K (shrubs), NR (low vegetation), R (sparse
woodlands), time of day V (evening), D (day), as well as the weather mode S (sunny) will be zero,
and the values of Z (cleaned surface), Y (morning), O (cloudy) will take the value of one, which will
lead the resulting dependence to a more compact form.

Conclusion. The resulting model describes the influence of the studied factors on the response
quite accurately. The coefficient of determination of 78.9% describes the relationship between the
obtained error of surveying measurements using a geodetic quadcopter and the studied factors as
high on the Cheddock scale, which, in turn, characterizes the model as having a sufficiently high
predictive ability.

Based on the obtained dependence, a software product is being developed (a patent is planned to
be prepared) which allows predicting flight quality by specifying a set of studied factors: the values
of the overlap of the images selected by the observer, the planned flight altitude and speed of the
quadcopter, wind speed at the selected altitude, surface properties, weather condition and time of day.

Mathematical processing of an extensive set of empirical data provides ample opportunities for
further formalization of the analysis of the information obtained, which will become a significant help
in the formation of methodological guidelines for the performance of surveying of mining facilities
using a quadcopter.
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