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Abstract

The purpose of the work is to review and consider alternative frameworks for object position determination,
including for solving dispatching and navigation tasks in technological areas for the operation of highly automated
autonomous vehicles without the use of satellite navigation equipment. The main problems associated with the use
of satellite navigation equipment for the positioning of vehicles equipped with an automated driving system, as well
as loading equipment interacting with them, are considered. The promise and relevance of developing alternative
systems and methods for positioning the automated transport component during open-pit mining are shown. The
review of technologies is presented, confirming the concept of current research direction related to the digital trans-
formation of the mining industry, ensuring the positioning and position determination of mining equipment at mining
enterprises without the use of satellite navigation means. An analysis of existing solutions, their advantages and
disadvantages, is carried out. It is proposed to implement the solution to the problem based on machine vision
algorithms, the radio direction-finding method, and laser range finding means. Options for the interaction of auxiliary
and correcting devices in solving the problems of object orientation in a local coordinate system are provided. The
results of field and laboratory studies of radio direction-finding and machine vision methods are presented.
A patented, detailed algorithm for determining object coordinates in a designated area, developed by the authors, is
described; based on this algorithm, a method for determining the position of loading equipment when interacting
with transport vehicles equipped with an automated driving system without the use of global navigation satellite
systems is proposed.
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Introduction

Open-pit mining with truck haulage is characterized by high operational costs compared to other
methods of mineral deposit development!. For instance, loading and hauling operations alone can
account for up to 40 % of all costs per unit volume of mined mineral [1]. Climatic conditions and
hazardous factors associated with open-pit mining [2] lead to a shortage of qualified personnel at mining
enterprises?. In response to this situation, mining companies in the Russian Federation and abroad

! Typical technological schemes for conducting mining operations in open-pit coal mines. Moscow: Nedra, 1982, p. 405 (in
Russian).
2 Kuchumova A. Quarry “drones”. Dobyvayuschaya promyshlennost. 2020. N 1 (19), p. 64-68 (in Russian).
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are striving to reduce dependence on the human factor through the automation of the haulage tech-
nological process, which can increase the productivity of the haulage component by up to 30 % [3].
According to published data, by the second quarter of 2022, a fleet of more than a thousand haul
trucks equipped with an automated driving system (ADS) was in operation worldwide. Forecasts
indicate that the number of haul trucks equipped with such systems globally will only increase [4, 5],
and by the second half of 2026, the market volume for such mining equipment will exceed
4 billion dollars, confirming the relevance of developing the ADS and its components for quarry
transport [6].

An important condition for the effective operation of quarry mining equipment equipped with
ADS is its precise positioning within the automated area, which is closely related to localization
and routing [7, 8]. Currently, modern ADS and dispatching systems perform position determination
of controlled objects using global navigation satellite systems (GNSS), such as the American Global
Positioning System (GPS) and the Russian Global Navigation Satellite System (GLONASS) [9-11].
With ground infrastructure, GPS can provide positioning accuracy of up to several tens of centime-
ters®; however, without ground infrastructure, the positioning accuracy decreases* to 15-20 m. For
GLONASS?® the declared error in the position determination of stationary objects using ground in-
frastructure is 1 m.

However, there exists a number of industrial and technological positioning tasks for which the
solution by conventional methods is inefficient. These include positioning for open-underground
mining technological processes, as well as operation in northern regions with an unstable satellite signal
level [7, 12, 13]. It is known that in the Arctic and Antarctic, satellite navigation systems have errors in
the position determination of objects [7, 12, 13]. At the same time, these territories possess significant
mineral reserves [14-16] and are a priority for development®,

Despite the advantages of GNSS, the application of the system has a number of features that can
be considered disadvantages. Specifically, these include the necessity of ground infrastructure for
high accuracy, as well as the low power of the signal received from satellites in conditions of insuf-
ficient coverage. For example, on average, the GPS signal power at the earth’s surface is only
-160 dB (1 W) [17], which makes it vulnerable to intentional jamming [18-20]. The signal can be
completely jammed or spoofed, in which case the navigation equipment will determine incorrect
coordinates [17, 21]. Furthermore, signals from satellite navigation systems can be distorted and lost
without external influence due to the effect of metal structures and terrain relief [22-24].

The aim of the research is to review and consider alternative frameworks for the position deter-
mination of objects, including for solving dispatching and navigation tasks within the technological
process areas of highly automated mining equipment without the use of navigation equipment. The
development and implementation of alternative methods for the position determination and naviga-
tion of mining equipment with an ADS are relevant scientific and technical tasks [7, 20, 25].

Methods

The literature describes the application of optical [26, 27] and non-optical [26, 28, 29] methods
for solving the task of spatial orientation of objects in a local coordinate system. However, a detailed
consideration of the application options of these methods for the positioning of mining equipment with
an ADS requires an analysis of the interaction between the elements of the excavator — truck system
during loading. One of the main conditions for achieving maximum productivity of technological

3 BenchManager high-precision positioning system for quarry machinery. URL: https:/rit-it.com/2015/03/21/sistema-vysoko-
tochnogo-pozicionirovanija-benchmanager-dlja-karernoj-tehniki/ (accessed 10.04.2025).

4 Lebedev V. Active safety systems in the mining industry. Gold and Technology. 2022. N 4 (58), p. 106-110.

5 High-precision positioning using GNSS GLONASS. URL.: https://russianspacesystems.ru/bussines/navigation/sdkm/vysoko-
tochnoe-mestoopredelenie/ (accessed 10.04.2025).

6 Order of the Ministry of Natural Resources and Environment of the Russian Federation dated June 9, 2023, N 357 “On approval
of the Program for licensing hydrocarbon resource sites in the Arctic zone of the Russian Federation for the period up to 2035, the
resource base of which can potentially ensure the utilization of the Northern Sea Route” (in Russian).
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process areas for the operation of highly automated mining equipment is the coordinated work of the
excavator and the haul truck. For this purpose, there exists a methodology for the approach and
positioning of a haul truck with an ADS, which regulates the spatial and temporal parameters of the
process to rationalize the loading cycle and ensure safety. The methodology supports the rationality
of the positioning configuration, has a recommendatory nature, and is based on an analysis of in-
dustrial practice and standard schemes’. A key parameter is the orientation of the haul truck parallel
to the pit face axis. This arrangement minimizes the time for approach and positioning for loading,
as well as the rotation angle of the excavator’s boom. Furthermore, positioning is carried out on the
right side of the excavator, which ensures safe loading from the side or from behind. Although
positioning the haul truck at an angle to the pit face axis may in some cases reduce the boom rotation
angle, this configuration is not rational, as it increases the duration and complexity of vehicle ma-
neuvering, negating the potential time savings. The orientation of the haul truck parallel to the pit
face axis allows for the standardization of the truck’s trajectory in the loading zone, as well as for
the automatic determination of the excavator’s position based on the application of object spatial
orientation methods.

Among the alternative methods for the position determination of objects for dispatching and routing
in transport sections, two approaches can be distinguished — determining the object’s position on the
ground (using a dedicated area of known size referenced to an object on the ground) and in geodetic
coordinate systems, such as WGS-848, PZ-90°, and their analogs [30]. In this case, the object’s coor-
dinates can be linked to coordinates in geodetic coordinate systems.

From the set of methods ensuring the position determination of objects in geodetic coordinate
systems, one can distinguish astronomical navigation [31], object identification on the ground using
machine vision [7, 32] and real-time positioning systems based on wireless data transmission tech-
nologies [33-35].

Astronomical navigation is one of the oldest methods for the position determination of objects.
In the modern world, astronomical navigation is used as a backup method for position determination
at sea and in the air [31]. Progress in the field of machine vision, the increase in computational power
of compact computers, and the search for solutions to replace GNSS in zones of unstable operation
have renewed researchers' interest in astronomical navigation. As a result, prototypes began to appear,
combining methods of astronomical navigation and machine vision, embodied in compact, low-cost
devices [20].

Position determination of objects by their identification on the terrain using machine vision is a
group of methods with various approaches, to both the collection and formation of a database of objects
on the earth’s surface, the recognition of which is necessary for position determination, and to the de-
tection and identification of objects [7, 32]. In general, this group of methods allows for extracting an
object with precisely known coordinates in geodetic coordinate systems from a video data stream and
referencing the position of the unmanned autonomous vehicle from which the observation is con-
ducted by the machine vision system to it [7, 32].

Among the real-time positioning methods based on wireless data transmission technologies,
position determination via triangulation of GSM communication base station signals can be high-
lighted as the primary one [33], whereas other methods within this group are more often used
for position determination in local coordinate systems [36-38]. In such systems, measurements
of signals from Wi-Fi network access points [39-41], Bluetooth transmitters, Active RFID, and
UWB [36, 37] are used for position determination of objects. Combined methods based on machine
vision are also applied [42, 43].

The implementation of position determination methodologies in a local coordinate system, based on
measuring the signal from Wi-Fi access points; Bluetooth, Active RFID, and UWB transmitters, has several

7 Typical technological schemes for conducting mining operations in open-pit coal mines. Moscow: Nedra, 1982, p. 405 (in Russian).
8 World Geodetic System 1984. URL.: https://www.unoosa.org/pdf/icg/2012/template/WGS_84.pdf (accessed 10.04.2025).
% Coordinate system PZ-90. URL.: https://astro.tsu.ru/TGP/text/1 3 7.htm (accessed 10.04.2025) (in Russian).
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approaches, and all of them are generally based on measuring signal power [35, 41, 44]. In [41], an
approach is presented where preliminary recording of signal parameters in each square of the local
coordinate system is performed, and in [35] the authors indicate that the distance to a Wi-Fi network
access point installed at a location with known coordinates is calculated based on the power of the
detected signal.

With the use of mechanical measuring instruments for celestial navigation and conducting all
measurements manually, an accuracy of approximately 1 nautical mile (1852 m) or £1 angular minute
is achieved [31, 45], which is used in maritime and air transport as a backup method for vessel posi-
tion determination. The application of modern technologies, such as machine vision and neural net-
work image analysis, has allowed for the development of a compact celestial navigation device based
on a modern single-board computer without the use of complex mechanical and optical systems; the
theory and operating principles of which are described in [46, 47]. A functional prototype of a celestial
navigation device with positioning accuracy almost two times higher than when using the manual
method (1050 m) is described in [20]. Furthermore, the NAS-14V2 navigation system, developed in
the USA in the 1960s, which allowed for determining coordinates using celestial navigation with an
accuracy of up to 90 m, is known and described in the literature [48]. Despite progress, over centuries
of application, the method of position determination by the location of celestial bodies does not allow
achieving accuracy comparable to GNSS and has a serious drawback for use on ground transport —
the necessity of constant visibility of the celestial bodies in the sky, by whose position the coordinates
of the object being positioned are determined [20].

Different approaches are practiced for the position determination of unmanned autonomous
vehicles using machine vision methods in areas with known coordinates. In [32], the authors propose
forming a database of objects for identification using satellite imagery, which remain in large volumes
after remote sensing of the earth’s surface from space. In [7] the authors propose creating special
markers on the surface with precise reference to geodetic coordinate systems, similar to those
described in [49]. An option involving equipping roads with special markers recognized by machine
vision (so-called Smart roads) [50] using masks and contours [51] is also considered. At the moment,
such navigation systems are under development and have significant potential for advancement [7, 32].
The universality of this group of position determination methods allows for their testing on scaled
models. Machine vision has a number of application peculiarities in conditions of a constantly changing
environment due to the necessity of determining the coordinates of stationary, unchangeable objects;
however, it demonstrates effectiveness when working in conjunction with auxiliary guiding and
adjusting devices and systems [25, 43].

Another group of alternative methods for position determination of objects is real-time positioning
based on wireless data transmission technologies. For determining the coordinates of an object (in
the case of a cell phone or modem) in geodetic coordinate systems, only methods based on studying
signals from GSM communication base stations are well-suited [33], predominantly, methodologies
built on the triangulation of GSM communication base station signals are used'® [33].

The application of methods based on Bluetooth technology reduces the error in object positioning
to 1-2 m [35, 41]. Similar error rates are provided by Active RFID technology — 2 m [35, 41]. The most
accurate solution with an error of about 0.3 m is the method based on the use of UWB technology [35, 41].
At the same time, the operating range relative to the base station is less than 100 m for all the listed
methods [35, 41], which is insufficient for their use in the ADS. As of 2025, the possibility of using
UWB-based methods within the territory of the Russian Federation has not been officially confirmed
by the State Commission for Radio Frequencies?.

10 Martinka J. Locating mobile phones using signal strength measurements: Master’s Thesis. Brno: Masaryk University, 2019,
p. 59. URL.: https://is.muni.cz/th/asrql/433615_thesis.pdf (accessed 10.04.2025).

11 Apple AirTags are useless for Russians. Their main feature is banned throughout Russia. URL: https://www.cnews.ru/news/top/2021-
04-26_metki_apple_airtag_pochti_polnostyu (accessed 10.04.2025).
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As a result of analyzing the features of methods permissible for hardware implementation in the
ADS, their advantages and disadvantages have been identified from the perspective of application in
the mining industry for solving tasks of dispatching and navigation within technological process sec-
tions for the operation of highly automated vehicles without the use of navigation equipment. Based
on existing methods, an original approach to the position determination of machinery at mining en-
terprises using a combination of radio direction finding, machine vision, and laser rangefinding is
proposed. Conceptually, the approach consists of the sequential application of radio direction-finding
equipment and a machine vision system for devices determining the position of a moving object
relative to a stationary one within a local coordinate system, followed by the application of laser
rangefinding means and the determination of angular movements.

Discussion

The task of determining the coordinates of an excavator is a technological process requirement
aimed at reducing downtime and increasing the readiness factor of mining equipment for open-pit
operations. The input data for solving the research problem was the requirement to ensure a positioning
error of no more than 1 m for every 200 m of distance to the moving object (excavator), moving
within an allocated local site of limited size relative to a stationary one (the mast of the entrance gate).
For the site to which the local coordinate system is applied, restrictions have been established — the
site where navigation is carried out has a flat surface (designed in accordance with the requirements
of regulatory documentation) and a slope of no more than 5 %. Significant elevation differences of
the site’s surface exceeding standard values can lead to an increase in error and the failure of the
proposed approach.

To solve the problem, a local coordinate system associated with a stationary object, relative to
which the coordinates of the moving one were determined, was introduced. Taking into account the
assumption that the allocated site is flat and has no elevation changes, a Cartesian coordinate system
is proposed for the local site. Since the task of position determination is considered in the context of
controlling a vehicle by the ADS, the entrance gate to the site is defined as the stationary object
relative to which the coordinates of the moving object are determined. The entrance gates consist of
two masts installed on the right and left sides of the technological process road used for entering the
site, such that the line drawn through the centers of the entrance gate masts is strictly perpendicular
to the road surface.

The entrance gate masts are the reference points for the local coordinate system on the site. Thus,
a virtual grid with the required step is superimposed on the entire site. The virtual abscissa axis passes
through the center of each gate mast. The intersection point of the abscissa and ordinate axes is chosen
so that the entire site is located in the first quadrant of the coordinate plane formed by the virtual axes.
The distance from the intersection point of the virtual coordinate axes to the center of the entrance
gate mast, from which the hypotenuse of the right triangle will be constructed, is set when building
the virtual axes.

A graphical method for solving the analytical problem was applied for determining the coordinates
in the Cartesian system. The sequence of actions when determining the coordinates of a moving object
in the Cartesian coordinate system inscribed in the allocated local site is demonstrated in Fig.1.

Using the graphical method, it is shown that any point located in the first quadrant of the coor-
dinate plane and not belonging to the coordinate axes can be the vertex of a right triangle, one side of
which will be located on the virtual abscissa axis. Then the hypotenuse of this triangle will be the
segment laid from the center of one of the masts to the point whose coordinates need to be determined.
After measuring the angle between the hypotenuse and the abscissa axis, the lengths of the two un-
known legs are calculated based on the properties of a right triangle. Then the coordinate of the point
in the local coordinate system will be the distance from the intersection point of the coordinate axes
to its projection on the axes. Thus, to determine the coordinate of a point on the local site, it is neces-
sary to measure the hypotenuse and the angle between the hypotenuse and the virtual abscissa axis,
which forms two measured quantities.
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Fig.1. Sequence of determining the coordinates of a moving object in the Cartesian coordinate system on a designated
local area: a — location of the virtual coordinate axes and the entry gate masts relative to the haul road;

b — example of determining the coordinates of a moving

object (coordinates Xi, Y1); ¢ — location of the hypotenuse

CB of the virtual triangle between the coordinate determination devices; d — location of the virtual lines AB and AC
(coordinates of the moving object); e — example of the encoder’s zero point location on the moving object
in the coordinate determination device; f — example of the zero position of the encoder of the coordinate
determination device in the entry gate mast

1 — virtual axis 0Y; 2 — moving object; 3 — virtual axis 0X; 4

— left entry gate mast; 5 — right entry gate mast; 6 — haul road,;

7 — zero position of the coordinate determination device's encoder on the moving object; 8 — longitudinal axis of the moving object;
9 — location of the coordinate determination system’s encoder on the moving object; 10 — zero position of the coordinate

determination device’s encoder in the left entry gate mast; 1

1 — location of the coordinate determination system’s encoder

in the center of the left entry gate mast; 12 — center of the right entry gate mast

The distance between the object, whose coordinates need to be determined, and the entrance
gate mast is proposed to be measured using the laser rangefinding method, which can provide a
measurement error at a distance of 200 m of less than 0.005 m for modern device models. Also,
Fig.1, d allows us to understand that the greatest error in determining the coordinates of a moving

y
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Fig.2. Plot of projection value deviations of point A
when measuring angle ACB in the calculated length
of segment AB (0Y axis coordinate) on the encoder resolution
at a distance of 200 m to the moving object; X — typical
resolution values of commercially available absolute encoders,
steps per revolution; Y — maximum deviation from the
calculated distance to the moving object between encoder
steps at 200 m range, mm
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object is caused by the resolution of the encoder
when measuring angle ACB. In this regard, to
determine the sufficient accuracy of the encoder,
the maximum deviations of the projection values
of point A when measuring angle ACB were
calculated, and a diagram of the dependence of
these deviations in the calculated size of segment
AB (coordinate of the 0Y axis) on the resolution
of the encoder at a distance of 200 m to the
moving object was obtained (Fig.2). It should
be considered that the cost of an encoder in-
creases depending on its resolution — the number
of measurement points (equal steps) per one
revolution.

The values of the second measured quantity —
the angle between the abscissa axis and the hypo-
tenuse of the triangle — are proposed to be measured
by an absolute encoder using an opto-mechanical

This is an open access article under the CC BY 4.0 license
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measurement method, where a unique digital position code is provided for each shaft position, read
by an optical system from a code disk.

Subsequently, based on the obtained angle value and the distance to the object measured by the
laser rangefinder, the calculation of the object’s coordinates X and Y is performed.

The radio direction-finding method and machine vision, when applied sequentially, allow
for orienting a motorized platform equipped with a laser rangefinder and an absolute encoder for
measuring the described quantities (the hypotenuse of the right triangle and the angle between the
hypotenuse and the leg lying on the abscissa axis).

An array of sensitive photodiodes is installed on the moving object, onto which the laser range-
finder beam is directed. To simplify the operation of machine vision algorithms, it is proposed to
install bright point light sources as markers along the perimeter. The radio direction-finding method
is used for the primary targeting of the motorized platform, which includes a laser rangefinder and a
video camera of the machine vision system. This approach allows for a significant reduction in the
region of interest for machine vision. It should be considered that weather conditions can introduce
distortions into the results and require the development of additional measures and technical means
to compensate for their influence. If one of the components fails, an alarm signal must be generated
by the self-diagnostic means.

An experimental verification of the proposed concept was carried out in simulated conditions.
Field studies related to radio direction-finding measurements were conducted in an open area, located
more than 40 km from the city boundary, outside the influence zone of high-voltage power lines and
cellular operator base stations, according to the following methodology:

1. Installation of the receiving device in the line of sight of the transmitting device.

2. Measurement of the accuracy characteristics of the azimuth deviation of the signal’s angle of
arrival for distances from 1 to 50 m using amplitude modulation, binary phase-shift keying, and quad-
rature phase-shift keying.

3. Execution of a right turn and assessment of the deviation direction from the transmitting
module. Measurement of the accuracy characteristics of the azimuth deviation of the signal’s angle
of arrival for distances from 1 to 50 m using amplitude modulation, as well as binary phase-shift
keying and quadrature phase-shift keying.

4. Return of the receiving device to the line-of-sight zone. Measurement of the accuracy charac-
teristics of the azimuth deviation of the signal’s angle of arrival for distances from 1 to 50 m using
amplitude modulation, binary phase-shift keying, and quadrature phase-shift keying.

5. Execution of steps 1-4 when moving the receiving device to the left.

Figure 3 shows the direction-finding spectra of signal direction angles in the binary phase-shift
keying operation mode. A phased antenna array consisting of four whip antennas was used during the
experiment. The angle values were obtained based on the method of signal phase difference on each
receiving antenna using the MUSIC (MUlItiple Slgnal Classification) algorithm*?*3, The results of
the accuracy characteristics for the used modulation types are presented in the Table.

During the experiment, a periodic deviation of the angle azimuth in the range from 35 to 50° for
amplitude modulation and from 10 to 15° for quadrature phase-shift keying generation was observed.
The distance from the receiving device to the stationary signal source transmitting device varied from
1 to 50 m, while the accuracy characteristics of the angle azimuth deviation for binary phase-shift
keying changed within deviations of 5-7°. This method has potential in combination with machine
vision for determining the coordinates of objects in a local coordinate system.

Furthermore, during the conducted experiments under laboratory conditions, testing of the posi-
tioning of the machine vision camera relative to a marker with installed point light sources — coordi-
nate positioning markers (CPM) — was carried out. The marker image represents a geometric shape

12 MUSIC Super-Resolution DOA Estimation. URL: https.//www.mathworks.com/help/phased/ug/music-super-resolution-doa-
estimation.html (accessed 10.04.2025).

13 High Resolution Direction of Arrival Estimation. URL: https://www.mathworks.com/help/phased/ug/high-resolution-direc-
tion-of-arrival-estimation.html (accessed 10.04.2025).
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Fig.3. Front panel views during field studies:
a —direct line of sight to the object, azimuth 90°; b — object located to the right at a 120° angle;
¢ — object located to the left at a 70° angle; d — object located at a 148° angle;
X — signal strength, dBm; Y — directional spectrum of the signal arrival angle, deg

(a circle) and, from the standpoint of machine vision methods, is a vector gradient at the contour
points [29] with distinctly bright pixels inside the contour. The Hough transform algorithm was cho-
sen as the most accurate tool for determining the geometric correspondence of contours (Shape De-
tection) to the given shape.

Modulation types accuracy characteristics

Radio signal source angle azimuth, deg
t%issti;(;? Modulation type
source, m Amplitude Root mean square Binary phase-shift Quadrature phase-shift Root mean square
modulation deviation keying keying deviation
1 _ _ _ _ _
2 35-40 1.87 5 10-15 2.02
3 35-41 2.27 5 11-15 1.63
4 32-40 4.85 5 9-15 244
5 31-39 3.02 6 12-16 1.35
6 32-42 3.84 5-6 10-15 1.89
7 32-35 1.05 3 11-16 2.02
8 33-36 1.03 5 9-14 1.62
9 39-45 3.36 6 10-14 1.58
10 36-47 4.32 7 12-15 1.23
20 33-50 6.36 6 12-14 0.88
50 35-50 6.24 5 10-12 0.92

The installation of the central coordinate point in the allocated region of the reference light
markers of the light board on the video image is defined as the central coordinate, relative to which the
recognition of the contours of the circles of the horizontal and vertical CPM (three on the left or right)
is carried out. Figure 4 shows an example of the image processing sequence when determining the
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e

Fig.4. Image processing sequences for CPM recognition:
a — binarization of the original image (extraction of gray tones); b — the CPM image after processing
with Hough algorithms; ¢ — the result of determining horizontal and vertical correspondences

1 —recognized circle centers; 2 — recognized circle contours; 3 — determination of the CPM quantity

contours of the circles of the coordinate markers and their quantity under an illumination of 300 Im from
a distance of 8 m by an NI 1742 Smart Camera with the following characteristics: matrix type — mono-
chrome CCD, resolution — 640x480 pixels, pixel size — 7.4-10° m by 7.4-10° m, lens aperture — F/1.4.

The process of checking the position of the CPM control points horizontally and vertically by
the machine vision system determines them so that the quantitative composition of all markers is
within the rectangular area of the region of interest, both horizontally and vertically.

The control position is determined based on the region of interest, a rectangular allocated
area in the video data stream. Accordingly, if the control position of the point light sources is
determined with horizontal deviations, it is shifted by a specified angle. The control position of
the point light sources is checked vertically in the same manner. A fragment of determining the
CPM control position is shown in Fig.5. This is how the precise targeting of the laser rangefinder
and the rotation of the absolute encoder shaft towards the marker installed on the moving object
is performed.

The described method of position determination is shown in Fig.6 as an algorithm, where: S1 —
start; O1 — construction of virtual coordinate axes; O2 — preparation and startup of the position deter-
mination devices; O3 — determination of the bearing to the moving object; D1 — decision “Bearing
to the moving object found?”’; M1 — message “Error in bearing detection. Repeat search?”’; Mil —
manual input “Yes/No”; E2 — end/stop; O4 — alignment of the position determination device on the
moving object and the entrance gate mast along one axis according to the bearing data using motorized
drives; O5 — fine-tuning of the direction using the machine vision system data via motorized drives;
06 — precise direction adjustment using the array of sensitive photodiodes and the laser emitter via
motorized drives; O7 — measurement of the segment CB (see Fig.1, c) by the laser rangefinder and
the rotation angle of the laser rangefinder ACB (see Fig.1, d) by the encoder of the position determi-
nation device in the left entrance gate mast; O8 — calculation of the moving object's coordinates;
Oul — input of the moving object’s coordinates into the control system.

Fig.5. Verification of the reference position of point light sources by the machine vision system:
a — reference position of the CMP; b — horizontal region of interest definition;
c — vertical region of interest definition

1 — reference position of the fiducial markers; 2 — rectangular region of interest
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Conclusion
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on a designated local area and alternative methods for positioning objects

has shown the relevance of developing methods
for the precise position determination of equipment in automated areas without the use of satellite
navigation.

The proposed and described method for the mutual orientation of objects in a local coordinate
system, using the example of determining the location of a stationary object relative to a moving one,
which consists in using a machine vision system and a complex of auxiliary optical and direction-
finding equipment by means of motorized rotary supports, allows, through the combined application
of machine vision algorithms, the radio direction-finding method based on the MUSIC algorithm, and
laser rangefinding means, to solve the problems of determining the coordinates of objects. Machine
vision using the Hough method in recognizing CPM determines the specified number of light markers
within the established region of interest.

The proposed method for the position determination of a loading machine, based on the applica-
tion of machine vision methods, the direction-finding method, and laser rangefinding means, has
demonstrated the operational capability of the proposed solutions. Collectively, the described solu-
tions can be considered as a basis for building digital twins of the excavator-truck complex and can
be applied to solve the problems of reducing downtime, increasing safety, and improving the transport
logistics efficiency of mining enterprises.
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