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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

DOI 10.15622/ia.20.6.1

A. NAKAYAMA , D. RUELAS , J. SAVAGE , E. BRIBIESCA
TELEOPERATED SERVICE ROBOT WITH AN IMMERSIVE
MIXED REALITY INTERFACE

Nakayama A., Ruelas D., Savage J., Bribiesca E. Teleoperated Service Robot with an Immersive
Mixed Reality Interface.

Abstract. Teleoperated service robots can perform more complex and precise tasks as they
combine robot skills and human expertise. Communication between the operator and the robot
is essential for remote operation and strongly affects system efficiency. Immersive interfaces
are being used to enhance teleoperation experience. However, latency or time delay can impair
the performance of the robot operation. Since remote visualization involves transmitting a large
amount of video data, the challenge is to decrease communication instability. Then, an efficient
teleoperation system must have a suitable operation interface capable of visualizing the remote
environment, controlling the robot, and having a fast response time. This work presents the
development of a service robot teleoperation system with an immersive mixed reality operation
interface where the operator can visualize the real remote environment or a virtual 3D environment
representing it. The virtual environment aims to reduce the latency on communication by reducing
the amount of information sent over the network and improve user experience. The robot can
perform navigation and simple tasks autonomously or change to the teleoperated mode for more
complex tasks. The system was developed using ROS, UNITY 3D, and sockets to be exported
with ease to different platforms. The experiments suggest that having an immersive operation
interface provides improved usability for the operator. The latency appears to improve when
using the virtual environment. The user experience seems to benefit from the use of mixed reality
techniques; this may lead to the broader use of teleoperated service robot systems.

Keywords: teleoperated robot, service robot, immersive operation interface, mixed reality
interface, virtual reality environment

1. Introduction. Service robots can perform more complex and precise
tasks by harnessing human experience through teleoperation. Teleoperation
systems are intended to provide technical means to perform the desired task in
a remote environment [1]. In an efficient teleoperation system, the operator
must be ensured that the desired task is adequately performed in the remote
environment. To this end, teleoperation systems must overcome a series of
barriers such as distance, and time delay, among others. Furthermore, the
relationship between the operator and the remote environment strongly affects
the system efficiency. This means that system performance can be vastly
improved by allowing the operator to understand the interaction with the
remote environment intuitively and easily.

The feeling of presence refers to the operator’s sensation of being present
in the remote environment [2]. Ideally, the system should make the operator
feel the remote environment as if it were the real world. There is a belief that
presence or embodiment is correlated with task performance positively [3]
so, by improving the feeling of presence, task performance is also improved.

Informatics and Automation. 2021. Vol. 20 No. 6. ISSN 2713-3192 (print) 1187
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In addition to improved performance, the feeling of presence also gives the
operator the ability to perform the task in a more natural way, similar to real-
world actions. This can reduce the need for the operator to train extensively to
successfully operate the robot.

A typical method of providing the feeling of presence is by displaying
video from the robot’s camera [4, 5]. Recently, immersive interfaces have
been used to induce the feeling of being inside the robot [6] and improve the
teleoperation experience [7]. The feeling of presence is the result of immersion
[8]. Therefore, immersive interfaces are often accompanied by Head-Mounted
Displays (HMD) consisting of a display combined with a head-tracking system
to improve immersion and control.

Communication between the operator and the robot is also essential for
effective remote operation. Virtual reality (VR) has proven to be an excellent
option for displaying information to the operator. VR enhances communication
between a system and its users by displaying and visualizing complex data
efficiently. VR systems are being used for robotic teleoperation tasks due to
their ability to allow users to intuitively interact with 3D environments and
concede fluid interaction in the physical world [9] . Gradecki defined VR as a
“technology that allows a user to view a virtual environment from any point
and angle, and interact with objects that make up that environment” [10].

By enhancing the teleoperation interface with virtual environments, the
operator can experience better robot control, allow non-expert users to control
the robot, and leverages the experts’ experience in challenging domains [11].
However, the integration of robots with VR systems can become a challenging
task, as several considerations must be taken into account. For instance, the
lack of standard interfaces that connect ROS (Robot Operating System) with
virtual reality platforms that use HMD [12], or VR sickness, which are the
ailments such as headaches, dizziness, and nausea caused by misuse of the VR
environments [13].

Latency or time delay is a key factor in teleoperation systems. The time
delay between input and visual feedback response greatly afflicts the commu-
nication between distributed master and slave systems over a network [14].
This delay can vary from a few milliseconds to several hundred milliseconds,
depending on different factors such as distance or communication infrastruc-
ture. Early experiments to test the effect of time delays on teleoperation have
shown that latency impairs the performance of the robot operation [15]. More
recent studies show that in systems with latency over 1 second, the operator
often tries to compensate for the delay with a “ move and wait ” strategy [16]
that makes the robot’s operation suboptimal. Much effort has been made to
reduce latency, such as algorithms for data compression and optimization.
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For example, Bouzakaria and collaborators [17] are trying to reduce network
latency and have obtained response times below 240 milliseconds on a local
network.

The Internet is becoming the most common communication medium
in teleoperation [18] since it offers several advantages such as ease of use,
broad accessibility, low cost, and relative reliability. But despite these benefits,
this communication technology has its drawbacks, such as latency, loss of
data packets, and others [19]. As remote visualization involves transmitting
a large amount of video data over the network, the challenge is to decrease
communication instability, such as latency, which is one of the main problems
in teleoperation [4].

In summary, an efficient teleoperation system must have a suitable
operating interface that is not only capable of viewing the remote environment,
controlling the robot, and providing a feeling of presence but also has a fast
response time.

This work presents the development of a service robot teleoperation
system with an immersive mixed reality operation interface where the operator
can visualize the robot’s actual environment or a virtual 3D environment
representing it. Mixed Reality is the concept (not any particular technology)
of combining real and virtual worlds [20]. It involves the merging of real and
virtual worlds somewhere along the “virtuality continuum” which connects
completely real to completely virtual environments [21].

The aim of adding a virtual environment is to reduce communication
latency by reducing the amount of information sent over the network and
improving the user experience. However, adding the virtual reality environment
brought the need to ensure that the task was being performed correctly, so
visualization of the real environment through the robot’s cameras was also
required. To overcome this, a mechanism was added to switch between real
and virtual visualization modes.

The design and development of this teleoperation system required con-
sidering diverse aspects such as having a user-friendly operation interface,
dealing with communication media (such as transmission, protocols, and time-
delay problems), creating a custom virtual environment faithful to the real
environment, selecting proper virtual reality devices, implementing emerging
features, and testing with human operators.

The system should allow everyday users to perform navigation tasks
without extensive training. Therefore, the robot should be controlled remotely
through an operation interface, and the operator should be able to move or
navigate the robot with freedom in the remote environment. In addition, the
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operator should be able to view the remote environment through the robot’s
stereoscopic cameras with a 3D effect on the HMD.

To deal with latency issues and prevent the operator from having an
unpleasant user experience, it is possible to change the visualization mode from
real 3D to virtual 3D and continue to operate the robot in the VR environment
with no difference from the real one. One of the goals of this dual visualization
is that the user was able to navigate successfully in the remote environment
by real or virtual mode indistinctly without further issues such as dizziness,
collisions with objects, or damaging any component of the robot or the remote
environment.

Another crucial point to consider was the lighting conditions. The robot
had to be able to operate normally even when changing the lighting conditions.
This means that if the remote environment goes dark, the real visualization
would be inappropriate to continue operating as the operator would be unable
to see the environment. When changing to the VR mode, this change in lighting
shouldn’t affect the visualization. However, the operator must still be able to
perceive the new lighting conditions to preserve the feeling of presence and
enhance the user experience.

The developed system contains an operation interface with two visual-
ization modes: a real stereo video from the robot’s cameras and a virtual 3D
environment mapping the real environment. The interface is displayed in an
HMD to put the operator in a virtual space that contains both visualization
modes. This HMD also controls the movements of the robot’s head by fol-
lowing the operator’s head movements. For navigation and other features, a
joystick is used. The service robot can perform navigation and simple tasks
autonomously or it can switch to teleoperated mode when navigating in difficult
places or when performing complex tasks.

The tests suggest that the immersive mixed reality interface for tele-
operation provided improved usability for operators. On the one hand, the
VR mode provided an environment to experiment naturally with the robot and
remote location. On the other hand, visualization in real 3D was a great aid
when users needed to ensure that the task was performed similarly in real and
virtual environments. Communication latency appears to have improved when
using virtual mode, as there is no need to visualize real video. Additionally,
the virtual mode provided a certain level of realism, which is a key feature for
training operators. Teleoperation was presumably successful in both environ-
ments without collisions or major problems. Switching between visualization
modes appears to provide more control to the operator and generally improves
the experience.
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2. Related Work. Mixed reality techniques are a convenient instru-
ment for teleoperation systems. In recent years the advances in VR technology
have prompted the use of HMD’s and 3D visualization. A variety of applica-
tions taking advantage of such technologies have been proposed to enhance
teleoperation. For instance, Lipton and collaborators [22] developed Baxter’s
Homunculus, a telerobotic system that uses commercial VR technology and a
Baxter robot. Baxter is a versatile manufacturing robot designed to perform
repetitive assembly line tasks. This system consists of a VR Control Room
presented to the user through an Oculus Rift (a commercial HMD). The Control
Room has the shape of a robot head with a window showing the robot environ-
ment pretending the user was a minuscule human inside the robot controlling it.
Unlike the proposed system, Baxter’s Homunculus does not display the images
from the robot cameras directly to the user’s eyes but on a pair of 2D surfaces
representing virtual windows within the Control Room which may cause a loss
of situational awareness. Lipton and collaborators dealt with latency by adding
the Control Room to hide the delay issues and leave the 3D interpretation
task to the user’s brain. The Homunculus system requires three computers to
operate, one for the Oculus, one for the robot, and one for transmitting and
receiving a video stream from the HD cameras. The proposed system requires
only one non-specialized computer to control the robot and a mobile device or
the Oculus Rift (with an additional computer) to visualize the user interface.
Our system uses a joystick to operate the robot intuitively as it was inspired
by video games, in contrast with the Homunculus, which requires the users to
complete a tutorial before using the system.

Immersive teleoperation interfaces present a system that maps move-
ments from the user to the teleoperated robot to perform them and visualize
what the robot perceives through its cameras. Teleyes [23] is a system based
on stereoscopic vision and head movement tracking to control Unmanned
Vehicle Systems (UVS). Its goal is to reduce the visual distortion in remote
environments by synchronizing human and machine vision. Teleyes provides
the operator with the sensation of being on board the UVS by displaying the
images from two cameras attached to the UVS on an HMD. The use of stereo
cameras provides a better perception of the environment depth. The system
synchronizes user head movement with the controlled UVS. Teleyes uses a
VR Headset with an iPhone 6 plus as HMD. An inertia measurement unit
(IMU) sensor was attached to the HMD for head tracking, and two cameras
were installed on the UVS to capture the stereo video to transmit it to the user.
Teleyes and the proposed system share the approach of enhancing the teleoper-
ation experience by matching the stereo cameras and head movement with user
visualization and control of the device. However, Teleyes was designed to work
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in a local wi-fi network which reduces communication issues. Teleoperation
from a distance or over the Internet is not under the scope of Teleyes. Its
experiments aimed to prove the ability to interpret the remote environment
from the sense of sight. Teleyes only provides real-video visualization of the
remote location it does not use any virtual environment.

Virtual Environment for Tele-Operation (VETO) [24] is an immersive
user interface for the teleoperation of a small robot. VETO was designed to op-
erate in a fully observable environment scanned beforehand and automatically
generates walls and rooms in a virtual environment for the user to explore them.
It improves the raw visual feedback with additional information in the form
of text and haptic feedback. The CrossSock Networking API was developed
to work with VETO using the C++ programming language. CrossSock is a
cross-platform, lightweight, and header-only high-level solution for developing
client-server architectures. It uses Transmission Control Protocol (TCP) and
User Datagram Protocol (UDP) sockets for data transmission. VETO uses a
Leap Motion Controller mounted on the HMD to generate a mesh represen-
tation of the user’s hand position and finger movements in the virtual view.
Its architecture uses the Unreal Engine 4 game engine for its user interface
presented on an Oculus Rift VR headset. Similar to the Homunculus project,
the VETO interface does not show video from the robot stereoscopic cameras
directly to the user’s eyes. Its perspective view is from a standing human facing
the robot. VETO is an entirely virtual environment where all the displayed
rooms, objects, and the robot itself are virtual representations of the real ones.
Only when there is a need to identify an obstacle, images from the robot cam-
eras are displayed on a pair of side-by-side windows-like 2D surfaces. This
feature makes the need for video transmission occasional, and even when trans-
mitting, the latency issues are hidden by the window-like visualization of the
video. VETO aims to be a framework for robot platforms with immersive VR
game interfaces. In their paper they present a user study that shows the benefits
of using immersive virtual environments for teleoperation in comparison with
traditional teleoperation methods.

In summary, a number of the existing VR teleoperation systems present
real video visualization from the robot’s cameras. Some have chosen to use
VR environments to get better control of robots. A few have used mixed
reality techniques and have real and virtual visualization working together.
Nevertheless, none of them have managed to use a combination of real and
virtual visualization to the point of using them interchangeably. The proposed
system has an immersive dual visualization (real and virtual) which brings
the best of both approaches. Each teleoperation system exists for a specific
purpose; ours was to work with humanoid service robots. The visualization
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mode can be switched from real to virtual or vice versa to suit user needs.
The importance of visualizing the real environment is to make timely control
decisions when performing daily life house tasks or interacting with humans.
In addition, operating under poor lighting conditions is challenging for most
of the existing teleoperation systems. It is tremendously difficult to visualize
real video in dark surroundings. Our system overcomes this situation by using
the virtual mode and the robot’s sensors to continue operating. The lighting
conditions are imitated in the virtual environment but preserving the ability to
observe all scene elements; therefore, the feeling of presence is unaltered.

Lately, Internet-based robotic teleoperation has become popular. How-
ever, Internet’s slow rate and connection instability restrict real-time control
and feedback. The user may not be able to observe the remote environment real-
time changes through video images due to network delays. Although latency
is rarely discussed, it is a extremely important issue to overcome. One of this
work’s goals is to reduce latency to improve user experience. VR visualization
use considerably diminishes latency issues since only small data packages
containing robot information and commands need to be sent. This approach
reduces system traffic compared to transmitting video images and allows proper
robot control even when communication rates are slow. By adding a 3D VR
environment to simulate the real environment, the proposed system provides
the user with a “live” virtual representation of the remote environment instead
of the delayed 3D video, which may also increase the efficiency of the user
performance.

The discussed works suggest there is a growing trend towards
immersive teleoperation interfaces enhanced with mixed reality techniques.
Mixed reality techniques and versatile robot control techniques create a
symbiosis that can break new ground in the fields of virtual reality and robotics.

3. System Design and Development

3.1. System overview. The aim of this work was the creation of a
teleoperated service robot system with an immersive mixed reality operation
interface. Besides, it was intended that such an operation interface would
be easy to use, capable of work on different platforms, and consume as little
computer resources as possible.

The proposed system (Figure 1) consists of two parts. For remote device,
a service robot with a laptop attached to its back was used (Figure 1 LEFT).
This laptop’s purpose is to directly control the robot and needs an internet
connection to communicate with the operator side. For the operator to control
the robot, an immersive operation interface displayed on an HMD was created.
Two hardware settings for the operation interface are possible. Setting A (Fig.
1 RIGHT TOP) is an HMD wired connected to a PC and a wired joystick.
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Setting B (Figure 1 RIGTH BOTTOM) is an HMD that uses a smartphone as a
display and a Bluetooth joystick. In both settings, a stable internet connection
is needed.

obot location

( R . \ f Operator location

!50
E‘E

%

Fig. 1. General system overview. Robot and Operator locations are communicated via

regular internet connection. LEFT, Real Service Robot with portable computer device

mounted on its back. RIGHT, Operator hardware settings for the immersive experience
with two possible configurations (A and B)

To deal with video transmission delay, a mix of visualization modes
is proposed: real video mode and virtual environment mode. By having a
virtual environment, the resources needed to communicate with the robot can
be reduced. Besides, when in need of visualizing the real environment, like
on regular teleoperated systems, visualization can be switched from virtual to
real or vice versa. This duality allows having the best of both approaches.

The real environment was pre-mapped into the virtual environment, this
means the real and virtual environment perfectly match. On the one hand, when
using the virtual mode, only real-world robot location has to be transmitted.
This reduces the amount of information to be sent and gains efficiency, faster
control, and provides a better teleoperation experience. On the other hand, the
real video mode can be activated if there is a need to display the robot’s view.
This mode allows the operator to visualize the real environment through the
robot’s cameras and determine if the robot is properly performing.

3.1.1. Hardware. The service robot used on this work was the Toy-
ota’s Human Support Robot (HSR) [25]. HSR is a service robot that has two
main purposes: physical work and communication. Although this robot is
currently only available for research, it has been used in many international
robot competitions such as RoboCup [26] and it is planned to be commercially
available soon. Combining 3 degrees of freedom (DOF) of its base, 4 DOF
of its arm, and 1 DOF of its torso, the HSR features 8 DOF, allowing flexible
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movements for navigation and object manipulation. The HSR also has features
like sensors, laser, microphone, stereo and depth cameras, etc. (Figure 2).

Fig. 2. Toyota’s Human Support Robot (HSR)

Head-Mounted Displays (HMD) were used to provide immerse sensa-
tion. HMDs consist of a screen divided in two to show a different image to
each eye of the user with a pair of glasses. The field of view is widened so that
the image appears positioned several meters ahead [27]. These virtual reality
headsets allow to see a virtual world directly on their screens and allow an
immersive sensation in the virtual environment.

In order to test the system performance on different platforms, two
different HMDs were used: Setting A, an Oculus Rift connected to a PC
(Figure 3 LEFT) and Setting B, a Samsung GearVR with a Samsung Galaxy
Note 8 smartphone (Figure 3 RIGHT).

EFT, Setting A: PC and Oculus Rift. RIGHT, Setting B:
Galaxy Note 8 and Gear VR

Fig. 3. Hardware Settings.
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Oculus Rift [28] is a virtual reality headset developed and manufactured
by Oculus VR. Its technical features make it ideal for immersiveness in this
system. Samsung GearVR [29] is also a virtual reality headset created by
Samsung Electronics in collaboration with Oculus VR and it is compatible
with Samsung mobile devices. The screen of these devices is used to display
the images, and their accelerometers and gyroscopes are used for rotation
tracking. The ability of this headset to work with mobile devices allows them
to be easily used in a domestic environment.

The PC used in Setting A has the following features:

— PC Dell Precision Tower 7810
OS Window 10 64 bit
Processor Intel(R) Xeon(R) CPU E5-2650 v4 2.2GHz

- RAM 16 GB

— GPU Quadro P400

— GPU Memory 8GB GDDRS

— CUDA Cores 1792

For controlling and interacting with the virtual environment a joystick
was used, the Dualshock 4 [30]. This joystick is the fourth iteration in a line
of gamepads developed by Sony Interactive Entertainment for the PlayStation
family. It has various buttons for command input, as well as the use of Bluetooth
and USB for connectivity with devices other than PlayStation. This feature
allows it to be used with PCs and mobile devices with Android.

As it was shown, to make the system accessible to a broader audience,
commercial not specialized hardware was used.

3.1.2. Software. This system uses ROS (Robot Operating System) for
robot main control, and sockets to connect the interface with the robot. ROS
[31] is a robotics middleware, a set of software libraries and tools to build
robotic applications. The Kinetic version of ROS running on the Ubuntu
Operating System (Linux) 16.04 LTS was used.

For autonomous navigation, complex tasks, and robot behaviors, a
version of ViRbot (VIrtual and Real roBOt sysTem) adapted to Toyota’s HSR
was used. ViRbot [32] is a hybrid robotics architecture to operate autonomous
robots. ViRbot system inter-operates with ROS to form an intelligent systems
development platform for computer vision, digital signal processing, automatic
planning, automatic control, and human-robot interaction. ViRbot was adapted
to work with the HSR proprietary libraries and this adapted version has been
tested in our HSR at international robot competitions such as RoboCup where
it was awarded 2nd place in 2018.

Video game engines have been widely used for robot simulation due to
their ease of content creation that allows focusing on more specific topics in
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the field of simulation. Game engines include elements for the simulation of
physics, lighting, artificial intelligence, rendering, network, etc. The quality
that can be achieved with these engines allows creating a simulation convincing
enough to be used on the interface virtual mode.

Unity 3D [33] is a video game engine that allows the creation of games
for various systems and devices such as PC, Xbox Family, Play Station Family,
Nintendo consoles, Android, i0S, Web, etc. Furthermore, Unity 3D uses C#
and javascript as base languages to create scripts that model behaviors. As for
3D models, it is possible to use various formats such as .obj, .fbx, and .mb. All
these features make Unity ideal for this work. The Unity 3D version used was
2018.2.21f1, running on Windows 10 Professional Operating System.

3.2. Local interface for teleoperation. Local interface refers to the
operator control interface presented on the HMD. Communication between the
local interface and the robot must be precise and fast. Information such as robot
position, video from cameras, and control commands need to be transmitted
from and to the robot.

To generate an immersive 3D environment, stereo video from the robot’s
stereoscopic cameras was transmitted to the local interface and displayed on the
HMD. On the interface, the operator can visualize a 3D real environment (video
mode) or switch to a 3D virtual environment (virtual mode). Additionally,
the operator’s head movement on the HMD was mapped to the robot’s head
movement, so that he can freely explore the remote environment by moving
his head (Figure 4).

Fig. 4. Mappéd head moverﬁentsy. When the user tilts his head up, the robot also tilts its
head up

The head movement information was sent to ROS using update messages
(detailed on section 3.3) to mimic this movement on the robot. Upon receiving
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the update messages, they were published as ROS messages to be executed by
the robot. Moreover, precision in the detection of headset movement had to
be carefully considered. If not properly managed, even the slightest operator
head movement could trigger a robot head movement and this could cause him
dizziness. To address this, a threshold for motion detection was implemented.
This means, when the movement was under the threshold, the information was
not sent to avoid this unpleasant experience.

To control the remaining robot movements, the joystick’s buttons and
stick were mapped on Unity. By this mapping, Unity gathers information about
the direction and speed of the joystick’s movements. This information was
sent to ROS to be converted into movement commands for the robot. The stick
movements were sent as state update messages and the button information as
event or command messages (detailed on section 3.3).

For the immersive 3D experience, the images from the robot’s stereo
cameras were displayed on the headset lenses corresponding to each eye of the
user. To achieve this, a connection with the robot was established to receive
the images on Unity. The robot can capture video with its frontal and stereo
cameras but in image format. This means, the robot cannot capture video,
instead, it captures static images. These images are quite large as stereo vision
requires images from both stereo cameras (left and right). Thus, a large amount
of data was required to be transmitted over the network.

A ROS library, web video server was used to this end. This library
allows ROS to convert the robot video images into a stream of compressed
mjpeg images. This stream is a continuous sequence of jpeg format images
with no headers or footers. This stream was received asynchronously in Unity
so that it would not cause slow processing nor affect the images displayed. The
images received were assigned to textures and presented to each eye of the user
to recreate the video from the real environment with a three-dimensional effect
on the HMD.

To deal with data quality of the received video, image enhancement
techniques were applied. Those techniques are commonly used to improve
the visual appearance of images, in terms of sharpness, distortion, contrast,
etc. Enhancement techniques in the spatial domain use the information from
the image pixels to perform the enhancement. One of these techiniques is
the Laplacioan Filter [34], which is a high-pass filter that highlights regions
with rapid intensity changes and is used for edge detection. The Laplacian
L(x,y) of an image with pixel intensity values I(x,y) is given by Eq.1. This
can be calculated using a convolution filter. Given that the received images are
discrete, then a discrete convolution kernel was used. By using this filter, the

1198 WHdpopmaTuka n asTomatmsaums. 2021. Tom 20 Ne 6. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

edges on the image can be obtained and must be added to the original image to
highlight the edges and improve the sharpness.

. 8 8%
(x,y) = 52T 52

The images received as a stream of jpeg images were placed in Tex-
ture2D Unity objects and from them, a color matrix was obtained. A convolu-
tion was applied to perform filtering and enhancement of the picture. However,
image processing can become a time-consuming task, especially when the
images to be processed are large. Visualization of real or virtual environments
could be considerably affected by this processing and could reduce the user
experience fluidity. In such cases, image processing should be performed in
parallel to avoid interference with the user experience. This process was made
in Unity with an asynchronous task for image processing.

After finishing the image filtering, the main thread detects it and the
new texture with the improved image is applied to the objects that show the
video on the headset. Then, the filtering process begins anew with the latest
received image. This process may cause frame loss, but the latest image is
always preserved.

3.3. Robot-interface communication. Communications on virtual en-
vironments are categorized by Kessler [35] on three main types:

— Events messages: Transmit information that cannot be discarded.

— Command messages: Similar to event message but require a re-
sponse.

— State update messages: Any transmission about the current state
of the shared environment. A state message becomes stale when a new state
message is generated for the same set unless an event or command has occurred
since the last state update or the full history of state changes is required by the
receiver.

Distributed virtual environments usually transmit a large amount of
state update messages. A task can not allow losing time receiving old messages.
In this work, even though the virtual environment is only on one side of the
communication, the information from the real environment was abstracted by
the robot. This allowed the information to be handled as if both environments
were virtual and thus improve and simplify communication between the virtual
interface and the robot.

Sockets were used for robot-interface communication because they pro-
vide a simple and reliable way for communication between completely different
processes. For instance, they can be used in different systems programmed in

ey
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different programming languages running on different OS. This means sockets
are suitable to communicate ROS with Unity 3D.

Sockets for trusted and untrusted communication can be implemented on
ROS and Unity via C++ or C# code. Trusted communication refers to messages
that always arrive at their destination and are implemented by TCP sockets.
Trusted communication could be slow to ensure the message’s arrival and in
case of loss, they are asked to resend the message. This feature makes them
ideal for command messages. Untrusted communication refers to messages
that may not arrive at their destination and are implemented by UDP sockets.
This communication is faster and even with the possible data loss, they are
ideal for state update messages.

The laptop attached to the robot (Figure 5 LEFT) contains the ROS
nodes and it is connected to the robot via Ethernet cable and to the Internet
wirelessly to connect with the interface. Incoming communications on the
corresponding ports must be redirected to this computer to ensure proper
communication. The device holding the interface (Figure 5 RIGHT) can be
connected to the Internet via ethernet, Wi-Fi network, or mobile network (in
the case of Samsung Gear VR). Communication must be established from the
device running the Unity interface to the computer running ROS. The ROS
computer receives the data and converts it to information to be published in
ROS for execution by the robot. When it receives information from the nodes,
it sends it through the sockets to the connected Unity 3D device.

Robot Laptop Operation Interface
Ubuntu O.S. Windows 0.S. / Android O.S.

) ROS Unity 3D / app
e HSR Internet —_—
! ViRBot —_ 6
] Libraries iy i
Real and virtual
Robot modes

Fig. 5. Immersive Mixed Reality Teleoperation System. The robot laptop controls the
robot and gathers the required information from the robot sensors and cameras. It
contains all the ROS nodes running on a Ubuntu O.S. and communicates with the

operation interface using sockets. The operation interface was created with Unity 3D.
It can be executed from Windows for the Oculus (setting A), or from the generated

Android app for the Samsung Gear VR (setting B)

-~

sa1do) SOy
S19)208
S12»208

Operator

3.4. Virtual environment. The operator had to be able to control or
explore the environment interactively and fluent. This means, the virtual
environment had to be able to emulate processes such as real environment and
objects physics, graphics display, objects interaction, and artificial intelligence
when required.
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The Oculus Rift API for Unity 3D, allows to easily integrate the Oculus
headset motion recognition, and the accelerometers and gyroscopes of the
smartphone inside the Samsung Gear VR. Unity allowed creating the virtual
environment for both platforms, Windows for Oculus, and Android for Samsung
Gear VR. In the case of Samsung Gear VR, it was required to install the JDK
(Java Development Kit) and to have Android SDK (Standard Development Kit)
to compile.

The virtual environment was designed and developed to perform the
teleoperation of the HSR. To this end, the real HSR was replicated on the virtual
environment by an HSR Unity model (Figure 6) from SIGVerse simulator [36].

Fig. 6. Virtual HSR model

SIGVerse is a tridimensional Unity-based simulator created by Dr. Ina-
mura and collaborators [37], which allows 3D environment interactions (percep-
tion and action) and was designed to simulate HSR in a domestic environment.

To abstract the real space into the virtual space, adequate corresponding
scales were required. Thus, the robot model was used for scale reference to
match real and virtual environments. This abstraction was achieved using the
robot to map the space where it was going to navigate. Using the robot’s laser
system with ViRbot modules and its adaptations to HSR, a map of the real
environment was obtained by navigating the robot in the real space (Figure 7).

Fig. 7. Biorobotics Laboratory map obtained from HSR using ViRbot
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This map image was transferred to Unity 3D in an adequate position
and scale (Figure 8 LEFT). With this image as the base floor, fixed objects
such as walls, ceiling, floor, or large size furniture were represented on the
virtual environment by 3D models on a fixed position corresponding with
their real position (Figure 8 RIGHT). When adding a large number of complex
structures to the virtual environment, the interface could become slow, thus, it
was preferred to use simple 3D models to avoid overload.

| oo

1 - >
Fig. 8. Map from real space to virtual space

To locate the robot in the virtual space, the real robot used its sensors
and ROS libraries to locate itself and transmit its position to the interface to
replicate it in the virtual environment. The robot position relative to the map
is requested continuously. Once the position was obtained, it was sent to the
virtual environment through sockets. Status update messages were used since
this information is constantly changing and only the latest available is used.
In the virtual environment, the information was received and assigned to the
robot model to position it on the corresponding location.

3.4.1. Lighting conditions. Most of the existing teleoperation systems
face problems when operation under poor lighting conditions (e.g. with lights
OFF) as real video visualization becomes hard to achieve. To address this, on
the local interface the operator can switch to virtual mode to be able to properly
visualize the environment and avoid collisions when moving. Nevertheless,
when using teleoperation in virtual environments, the virtual environment must
be a close representation of the real environment. This means a change in
lighting conditions should be perceived by the operator.

Unity allows creating ambient lights with brightness levels within the
virtual environment. These levels can be adjusted in real-time from the bright-
ness information of the real environment. Since the images received from
the robot are RGB images, they can be converted to HSV (Hue Saturation
Value) space. The HSV color space is an alternative representation of the RGB
model commonly used for rendering images. The Hue of this space represents
the color, the Saturation represents the intensity of the color, and the Value
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represents the brightness of the color. The average from each frame pixel’s
Value or luminosity was used to set the Unity brightness levels.

3.5. Implementation overview. As shown in Figure 5, the implemen-
tation of the system is divided into two main parts, Unity and ROS.

In Unity there is a Scene containing all the elements of the local interface.
This Scene is presented in the HMD. A virtual camera mapped with the HMD
is placed at an initial position inside the Scene (Figure 9).The camera is facing
the virtual environment to visualize all the virtual elements on the scene. A
couple of 2D planes are placed in the corresponding position with the HMD for
each eye. Those planes will display the real video to the user. The images from
the stereo cameras are used as a texture for these planes, which provides the
3D effect. When selecting the real visualization mode, the planes are enabled,
and the video is displayed on the 2D planes. When switching to virtual mode,
the planes are disabled, and the virtual environment can be observed.

Fig. 9. Unity Scene. A virtual camera representing the user is placed at an initial
position

To control the robot, the joystick is monitored by Unity to detect stick
movement or button pressing and convert this to messages to be sent through
sockets. A similar process applies to the head movement but monitoring the
HMD movement from Unity. The generated messages are sent to ROS to
be processed and executed, and in return, new information from the robot is
received in Unity to update the virtual camera position and rotation accordingly
to the real robot’s base and head positions.

In ROS, the messages arrive through sockets then, they are converted to
commands and sent to the robot for its execution. In return, the robot’s updated
information is converted to messages and returned to Unity via sockets.

For the video transmission, the web video server ROS package was
used. In summary, web video server opens a local port and waits for incoming
HTTP requests. When a video stream of a ROS image topic is requested via
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HTTP, it subscribes to the corresponding topic and creates an instance of the
video encoder. The encoded raw video packets are served to the client. Only a
URL with some parameters is required to connect to the node [38].

A brief description of the Unity C# classes and their main methods, and
ROS nodes and their functions is given below:

Player class: Main class, associated with the user. Controls all the
functions of the local interface. Initializes and configures data for communi-
cations, robot control, visualization, etcetera. Contains HostAddress, Host-
PortUDP, and HostPortTCP for sockets connections, an array of objects of
MPGIJStream class associated with the planes that display the video, and other
helpful elements. Its most relevant methods are: Start() - Establishes connec-
tions through ControllerUDP and ControllerTCP and initializes everything.
Update() - Is continuously executed to update the scene and manages sets the
robot position to the corresponding GameObject accordingly to robot state data.
moveVirtualHSR() - Updates the robot state data (position and rotation) with
the information received to be used by the Update method. headReceived|()
- To confirm the reception of head movement message from the real robot.
leftStick() and rightStick() - To manage the joystick’s stick movements and
send them through ControllerUDP objects. headRotation() - Detects head
movement from the HMD device and converts it to messages to be sent via
UDP sockets. buttonsDown() - Manages joystick’s buttons pressing and can
send TCP or UDP messages configured for each button. Simple commands
like close grip or complex commands like go to the kitchen can be assigned to
buttons.

ControllerUDP class: Manages UDP sockets. Its most relevant meth-
ods are: StartClient() - Establishes UDP socket connection, receives mes-
sages to move robot base and head, and notifies Player object when receiving
messages to execute moveVirtualHSR and headReceived. sendMSG() - Send
message through the established socket.

ControllerTCP class: Manages TCP sockets. Its most relevant methods
are: StartClient() - Establishes TCP/IP socket connection. sendMSG() - Send
messages through the established socket. TaskAsyncClient() and clientCall() -
Sends messages and receives a response asynchronously when required.

MJPGStream class: Manages everything related to video and its dis-
play on the planes corresponding to each eye on the HMD. Its most relevant
methods are: Start() - It connects to the web video server URL to get the images
from the robot stereo cameras. Two objects of this class are needed, one for
each eye, therefore two URLs with different topics are used. It also initializes
a CustomWebRequest object to manage the received images. Update() - Vali-
dates if the images received have finished being processed by the filters and
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then applies the images as textures for the planes to visualize on the HMD.
changeTexture() - when the CustomWebRequest object receives a complete
image this method is executed. It calls the filter method from this class to
enhance the image and the changeLightValue method from LightManager class
to adjust the environmental lights. filter() - Applies the filters to enhance the
images in an asynchronous process. In this method, different filters can be
configured and use the one that suits best.

CustomWebRequest class: Manages the images received from the
video web server. Its most relevant method is: ReceiveData() - This method
executes when data is received. It validates if the information is new or different
from the last received. When the complete image is received, it is sent to the
changeTexture method of the MJPGStream class to process it.

LightManager class: Processes the received images to replicate the
lighting in the virtual environment. Its most relevant methods are: change-
LightValue() - Converts all image elements from RGB to HSV to obtain an
average Value and assign this to the virtual lights. resetLight() - Resets virtual
lights to its initial state.

Server node: Main ROS node. It contains all the functions needed to
manage messages through sockets, convert messages to commands and vice
versa, and send commands to robot. Its functions grouped by usability are
described next.

Initialization functions: To configure ROS topics to subscribe or pub-
lish, initialize elements such as threads for TCP and UDP sockets and other
utilities.

ServerTCP functions: To create TCP sockets, establish communication,
receive messages, and send them o the CommandsConverter functions.

ServerUDP functions: Same as ServerTCP but for UDP sockets. Addi-
tionally, they can send messages when the head moves.

CommandsConverter functions: To convert received messages into
commands and send them to the CommandsToRobot functions for execution
and convert robot information to messages to be sent via sockets back to Unity.

CommandsToRobot functions: To send commands to robot for
execution. When the command is simple, like move base or head, a ROS
message is published to the corresponding ROS topic for execution by the
robot. When the command is complex, like “go to the kitchen”, the command
is sent to ViRbot (HSR version) to be processed, planned, and executed
autonomously by the robot.
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4. Experiments and Results

4.1. Local interface tests. To test the performance of the system, a
series of experiments were conducted. First, the experimental environment
had to be settled. Our University’s BioRobotics Laboratory was selected to
act as the real environment space. The laboratory was mapped into the virtual
space using the procedure described in the previous section. Furthermore,
hardware settings A and B for the interface and the robot were properly set,
the required connections were successfully established, and the software was
loaded to begin the tests. A compact set of users not experts in the field of VR
and teleoperation tested the system. All users received identical instructions as
described below.

The interface tests were divided into three types: real mode only, virtual
mode only, and mode mixing freely.In all tests, users had to wear the HMD
and grab the joystick. Subsequently, the interface was started and connected to
the robot to begin the visualization. In real mode tests (Figure 10), the video
received from the robot’s stereo cameras was displayed on the HMD with a 3D
effect. Such visualization provided the users with the immersive sensation of
being inside the robot; in other words, they were “seeing what the robot was
seeing". The users were requested to move their heads to explore the remote
environment. Regular movements were mimicked by the robot as expected, and
the users could control the robot’s head with their heads. Next, the users were
instructed to make slight random movements to test the movement threshold.
To prevent these movements from causing unpleasant dizziness, movements
below the threshold did not affect the robot’s movement.

After exploration by head movement, the users were asked to navigate
the robot using the joystick for about 5 to 10 minutes. Once the users got
used to controlling the robot with the joystick, they were able to navigate the
robot through real space and visualize the environment according to the robot’s
new position. Navigation tests were fluently and without significant incidents.
However, navigation was pretty slow and clumsy. Users had to reduce the speed
of the controlling movements to deal with video delays. They explained that
when performing fast movements with their head or fast-moving the robot with
the joystick, the video had a delay in showing the movement which made them
feel dizzy. In addition, they reported having used the move and wait strategy to
avoid collisions or getting lost due to the outdated video. The aforementioned
video latency incidents turned the user experience less pleasant.

To ameliorate the previous experience, the users were instructed to
change to virtual mode and repeat the previous tests in the virtual environment
(Figure 11). Users explored and navigated using only virtual mode for about 5
to 10 minutes. In these new tests, the users reported no delay in visualization
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/ . ¥
Fig. 10. User Experience Real Mode Tests. Visualization, head movement exploration,
and robot navigation with the joystick

and smoother navigation and head movement. Users no longer needed to use
the move and wait strategy, making their performance visibly faster and more
confident.

Finally, the users were allowed to switch modes freely and repeat the
explore and navigate tasks for 5 to 10 more minutes. Users preferred to use
the virtual model for navigation. Nevertheless, they inclined toward real-mode
to explore the details of the environment and verify the robot was performing
the same as in the virtual environment. According to users, the teleoperation
using this mixed mode felt more comfortable, avoided dizziness, and improved
their performance.

User experience could become difficult to measure as it is somewhat
subjective. Nevertheless, there are some tools designed to aid in this task.
One of the most practical and reliable tools is the System Usability Scale
(SUS) [39]. SUS is an inexpensive yet effective tool for assessing the usability
of a system. The SUS is composed of ten statements, each having a five-point
scale that ranges from Strongly Disagree to Strongly Agree. Its final result
is an intuitive 100 points scale. Several studies have shown that SUS results
are reliable and accurate. Therefore, SUS has become the most widely used
measure of perceived usability [40] and is one of the most used methods in
User Experience.
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Fig. 11. User Experience Virtual Mode Tests. Visualization, robot navigation, and
head movement tests in virtual mode

A SUS questionnaire was applied to users after using the system to
evaluate system usability. The answers were processed as indicated by SUS
methodology, and an average score was obtained. The usability SUS score of
the system was 80.83 £3.81. An “Additional comments” section was included
in the questionnaire. In there, users could freely express their impressions of
the system. The summary of the most popular comments is shown next.
Comments for Real Mode:

— Liked the ability to see the robot’s cameras images in 3D.

— Dizziness caused by the delay between movements and visualization.
Easy to navigate with the joystick controller.

Frustration when attempting to achieve a task due to delays.
Liked to visualize the real environment to confirm the robot position.
Comments for Virtual Mode:

— Agreeable transition from real to virtual and vice versa.

Accurate mapping between real and virtual environments.
Dizziness by delay completely disappeared.

Smooth movement of the camera accordingly to head’s movement.
Would like the virtual environment to be a little more realistic.

— Compared the system with a VR video game.
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About 80% of the users referred their experience with the system when
only using the real mode was quite fascinating but not very comfortable, how-
ever when switching to a virtual model, their experience improved, and the
uncomfortable sensations diminished or disappeared. 70% explained that using
virtual mode only was preferable, but they would have been uncertain about
duly completing the desired task. 52% pointed that virtual mode felt like a
VR game which could make them forget about the real robot and task. 95%
expressed that having the possibility to switch between modes increased their
confidence in operating the robot and provided them a feeling of integration
between the VR video game-like experience and the visualization of the real
3D cameras.

4.2. Latency and frame rate tests. Video delay issues on real mode
clearly affected user performance and led to an unpleasant user experience.
As users depend on video for perception, direct interfaces typically demand
low-delay communications. The virtual mode was devised to reduce latency
and cope with these circumstances. To quantify the improvements of using
virtual mode over real mode, the following tests were carried out.

Latency and frame rate are the critical points to measure as the user
experience entirely depends on them. Distance is another vital point when
transmitting a large amount of data. Therefore, we decided to perform the tests
using a local network and virtual private networks (VPN) at different distances.
VPNs at Tampa (United States), Singapore, and South Africa were used. The
data traveled from our Laboratory through the VPN and back to the computer
that controls the robot. Given that network traffic varies during the day, the
tests were carried out on different days and daytimes.

A stopwatch was started when sending a stream of images (mjpeg)
and stopped when receiving the beginning of video measure the video mode
latency. In virtual mode, no video data is sent, therefore, to measure virtual
mode latency, the response time of robot base movement and robot head
movement was recorded. Another stopwatch was implemented on Unity, and
it was started when sending a command to the robot. When receiving the
command in ROS, a return signal was sent to indicate the correct data was
received. In the case of the robot base, the total response time between sending
the command and updating the robot position was recorded. In the case of the
head, response time only between sending the commands and receiving them
to execute in the robot was considered. The same VPNs and conditions for 20
tests were used. The average response time of 20 tests is shown in Table 1.

To better understand the latency results, the response ratios for
Video/Base and Video/Head are shown in Table 2. Those ratios are the results
of comparing real and virtual modes latencies. They show how much faster
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Table 1. Latency Tests. Average response time of 20 tests

Network type Video Stream  Robot Base Robot Head
(ms) (ms) (ms)

Local Network 844.00 251.650 86.15

VPN Tampa 1816.00 332.65 132.05

VPN Singapore 1624.00 708.30 544.70

VPN South Africa 5187.00 694.50 596.65

the virtual mode is relative to the real mode. For instance, in the local network,
the base response time is 3.35 times faster than video, and head response is
9.79 times faster than video.

These results denote the difference between using real and virtual modes.
It can be inferred that the improvement is due to the short amount of data sent
in virtual mode compared with the video data needed in real mode. In virtual
mode, only commands for the movement of the base and head and the location
of the robot are required to be transmitted. In real mode, high frame rate video
from two cameras is required, which is a large amount of data. Therefore, the
virtual mode is faster and more fluid.

Table 2. Latency Tests. Average response ratio of 20 tests

Network type Video/Base Video/Head
Local Network 3.35 9.79

VPN Tampa 5.46 13.75

VPN Singapore 2.29 2.98

VPN South Africa 7.47 8.69

A key feature of VR applications is displaying content at a high enough
frame rate to provide a compelling experience. Frame rate refers to the fre-
quency at which consecutive images appear on a screen. Human vision can
process individual images up to 10 to 12 images per second [41], but images
at higher rates are perceived as motion. That means the higher the frame rate
is, the smoother the motion will be perceived.

Video mode frame rate was obtained by counting the received images
and dividing this number by time. Every time a complete image was received
it was accounted into a counter in Unity and then it was divided by time. For
virtual mode frame rate, a similar procedure was used. In this case, when
the scene was updated, it was added to the counter. The average frame rate
obtained is shown in Table 3.
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Table 3. Average frame rate of video and virtual modes (frames per second)

Network type Video Virtual
Local Network 35.08 316
VPN Tampa 35.79 316

VPN Singapore 3456 316
VPN South Africa 22.92 316

The received images were processed using image enhancement as ex-
plained in section 3.2 before displaying them on the HMD to avoid possible
data quality loss on video transmission. Additionally, as images are constantly
arriving to generate video, some data losses do not seriously affect the system
performance or the user experience. If a frame is lost or damaged, the next
frame arriving replaces the missing information, so users do not perceive it
is missing. The video quality was subjectively well evaluated by users; only
delays caused by latency affected video user experience. Regarding command
and robot data, they were sent using trusted communication and implemented
by TCP sockets. As explained in section 3.3, this guarantees the delivery of
data and packages, then the quality of this data is not compromised. It is worth
mentioning that during all the tests, the robot and command data always arrived
and were executed successfully.

4.3. Virtual environment tests. Virtual environment tests were car-
ried out to measure the closeness between the robot in the real world and its
representation in the virtual environment. In addition to navigation and head
movement tests reported on section 4.1, location, and illumination tests were
performed.

On location tests, the users navigated the robot on the real environment
to locate itself (Figure 12 TOP LEFT). The robot used its sensors and the
real environment map to obtain the real-world coordinates of its position; the
robot location could be visualized on RViz (a 3D visualization tool for ROS)
on the ROS computer (Figure 12 TOP RIGHT). Then, the robot’s real-world
coordinates were transmitted to the interface where Unity mapped them into
its coordinate system to display the virtual robot (Figure 12BOTTOM).

Real and virtual robots’ positions were properly matched in their cor-
responding environments. This allowed the users to navigate in both environ-
ments interchangeably and thus be able to use the most convenient visualization
for each situation.

To test illumination variations, two lightning settings were used: regular
illumination (with lights ON) and poor illumination (with lights OFF). In the
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4
Fig. 12. Localization Test. TOP LEFT, Robot navigating on real space. TOP RIGHT,
Robot location found in real-world (RViz). BOTTOM, Robot location represented on
virtual space

first case illumination on the virtual environment remained normal (Figure
13 LEFT). In the second case, illumination on the virtual environment was
automatically adjusted to darker lighting (Figure 13 RIGHT).

The difference in lighting conditions could be appreciated in the virtual
environment but not as drastically as in the real environment which allowed to
continue operating the robot even when in the real environment it was not
possible.

5. Discussion. The tests suggest that the system was able to success-
fully display 3D video from the robot cameras on the HMD and provide the
operator with a compelling immersive experience. Users intuitively interacted
with the interface and the remote environment but reported some difficulties
visualizing the real 3D environment. The momentary lags on the video screen
caused them to switch to a “move and wait” strategy. Otherwise, they would
experience dizziness and other uncomfortable effects. Either way, most of
them were satisfied with the “seeing what the robot was seeing” experience.
The ability to move the robot’s head with the head was well received, and being
able to visualize it in 3D was a great improvement. Even with the "move and
wait" strategy, the robot’s visual exploration and navigation were successful.

The real-virtual mode switching mechanism was implemented in a
joystick button, which allowed users to switch modes at will. When changing
to virtual mode, users reported a significant improvement in the visualization
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. A
Fig. 13. llumination Test. Different lighting conditions in real space and their
representation in virtual space. LEFT, Lights ON. RIGHT, Lights OFF

and navigation tasks. On the one hand, users preferred to use virtual mode for
navigation and only switched to real mode to confirm they had reached the
desired location. On the other hand, visual exploration was preferred in real
mode even with the waiting issue. They claimed real mode allowed them to
appreciate with detail the real remote location.

Regarding the results from the SUS questionnaire, recent research shows
that the magnitude of SUS means closely correspond with means of other ques-
tionnaires designed to assess perceived usability. Researchers have found that a
SUS score below 68 (average SUS score) indicates issues with the design that
need to be improved. The SUS average score for this system (80.83 +3.81)
was visibly above 68, which denotes that the system is “ACCEPTABLE” con-
sidering the SUS acceptability ranges (Figure 14). The average score obtained
also suggests an adjective rating between “GOOD” and “EXCELLENT”.

MARGINAL

AccePTABILITY
el

SoAE | F b TC T B A

ADJECTIVE WORST BEST
RATINGS IMAGINABLE  POOR o GOOD  EXCELLENT  |MAGINABLE
| IS P I TN NS | NN S TR I AU A |

0 10 20 30 40 50 60 70 80 90 100

SUS Score
Fig. 14. SUS acceptability [42]

Additional users comments obtained from the questionnaire reveals that
the virtual mode seems to have reduced the uncomfortable effects of latency
of real-video transmission.

In his work [43], Robert M. Miller claims that a response time of
two seconds is a universal requirement for human-computer interaction to be
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tolerated and perceived as interactive, and in some cases, up to half a second.
Given that one of this system’s goals was to provide a convincing immersive
user experience, the purpose of having a dual visualization mode was to deal
with unpleasant issues caused by latency. On the latency tests (Table 1), it can
be observed that video time response in the local network was under 1 second,
so it accomplishes the requirement for being perceived as interactive. However,
video stream response time considerably increases with distance, up to more
than 5 seconds in the farthest location. In contrast, the response time for the
robot base and head is significantly lower, and even at the farthest distance, it
never exceeds 1 second.

To quantify the improvement in latency of virtual mode over video
mode, the Video/Base and Video/Head response ratios are presented in Table
2. On this table, it can be observed that robot base response is up to 7.47
times faster than video stream, and head response up to 13.75 times faster. All
these results coincide with the fact that when transmitting real video from the
robot’s cameras, a large amount of information is sent over the network. On
the contrary, only basic information about the robot and the environment is
transmitted when visualizing the virtual environment. This denotes that the
virtual model relies primarily on the graphics displayed on the local device,
not on the streamed video data, which vanishes latency’s disgusting effects and
improves the user experience.

From table 3, it can be observed that the frame rate was around 35 fps in
most of the tests, which is enough to be considered motion video. Nevertheless,
some studies have revealed that on VR applications, a frame rate below 90 fps
can cause negative effects to the user. “The lower the frame rate, the worse the
effects". In this regard, some VR developers guidelines such as Oculus [44],
recommend to aim for consistent 90 fps (which is its max supported frame
rate) or to maintain 45 fps as minimum specs. This might be another cause
of the uncomfortable video mode visualization. However, the frame rate for
virtual mode in all the cases was 316 fps, which is above the recommended 90
fps for VR applications. Again these results are consistent with the premise
that virtual mode enhances user experience. Analysis of the virtual mode high
frame rate suggests that a higher number, textured, or more complex 3D models
can be used without diminishing the performance of the virtual visualization.
Such improvement on the 3D models would lead to a more realistic virtual
environment. This will be considered in future work.

Based on the observations, navigation and other movements of the real
robot were mimicked by the virtual robot very closely. Regarding illumination,
tests demonstrated that in poor lighting conditions (e.g. with lights OFF), the
robot becomes hard to operate in video mode. In such conditions, the robot’s
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cameras were not able to provide an appropriate view of the environment. This
could lead to damaging collisions between the robot and any component of the
remote environment. This issue could have been solved by simply changing to
virtual mode without considering the light variation, but the feeling of presence
would have been diminished by not reflecting the new environmental conditions
of the real environment. In addition, the robot’s laser sensors can be used to
locate it in a completely dark real-world environment as these sensors do not
require visible light to work.

Even in poor lighting, the operation was feasible using laser sensors and
real environment information in the virtual environment. Users reported being
nearly unable to navigate the robot in the dark using the real mode. When
switching to the virtual mode, they regained the ability to navigate, maintaining
the feeling of presence by visualizing the mimicked lighting conditions on
the virtual environment. Finally, it should be noted that a real, uncontrolled
Internet connection was used throughout the experiments. This means that in
a real environment, this system shows presumably satisfactory results.

In addition to the tests mentioned in section 4, the system was presented
in two international robot events. First, the World Robot Summit (WRS)
2018, held in Tokyo, Japan, where our team obtained 4th place at the Partner
Robot Challenge (Virtual Space) of the Service Robotics Category (Figure 15).
Second, the RoboCup 2019, held in Sydney, Australia, where our team also
obtained 4th place at the Domestic Standard Platform of the @Home League.
In both events, the teleoperation system was presented as a Demo even when
still under development. Some attendants to the events were able to try the
system and commented about it briefly.

Virtual-Pumas/ Mexico

IFyEy3y
Demo | & hiion

Fig. 15. World Robot Summit 2018 Tokyo, Japan. Teleoperation System Demo

In summary, they expressed that the system was easy to learn to
manipulate thanks to the joystick controller, which provided the feeling of
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controlling a video game. The 3D visualization was one of the features that the
users enjoyed the most, a significant part of the testers had never experienced
or had little experience with a 3D head-mounted display such as Oculus. The
real visualization was well received, but the delays caused by latency bothered
the users. The main complaints were dizziness, fatigue, and little frustration
when trying to perform a task speedily. By switching to virtual mode, all the
users felt a substantial improvement, the dizziness and fatigue completely
disappeared. The performance also improved, and frustration diminished.
After the users felt comfortable with the double-visualization mode, they
switched at will from one mode to another to complete the desired tasks. Most
of the users were satisfied with the experience and declared that they would
use this system in real-life situations. They also expressed happiness when
using the system as it sometimes felt like a video game experience. In addition,
the users’ comments were of great utility when polishing the system features
and planning new ones. All these observations match with the comments from
the SUS questionnaire applied, which suggests the SUS results are reliable.

6. Conclusion. Teleoperated service robots are an excellent option
for combining human intelligence and motion skills with the service robots’
features. We developed an immersive mixed reality teleoperation system for
service robots. This system consists of an interface for robot operation, a
communication interface between the robot and the operation interface, and an
interactive virtual environment mapping the real environment for the operator
interface. In the operation interface, the operator can visualize the remote
environment in two modes: 3D video from the robot’s stereo cameras and a
virtual reality environment that shows a presumably accurate representation of
the real environment. The operator can select the visualization mode that best
suits the ongoing task and visualize it on the HMD. The operator can control
the robot’s head movement by moving its head, and other movements using a
joystick.

As key contributions of this work we can mention the operator’s immer-
sive feeling of presence, the use of consumer-grade hardware and software to
operate, enhanced dual visualization of the environment (real 3D and virtual
3D), the comfortable operation by regular joysticks (video-game-like experi-
ence) and head controlled robot movement, the latency’s unpleasant effects
reduced by the use of virtual mode, and the ability to operate the robot under
poor lighting conditions without sacrificing the operator’s feeling of presence.

For future work, some improvements are being considered. Improve-
ments on 3D models for a more realistic experience in the virtual environment.
Real object recognition and virtual representation using deep learning tech-
niques. Person recognition and its representation with avatars in the virtual
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environment to add human-robot interaction. In addition, there is some on-
going research about automatic virtual environment creation which would be
beneficial to add to this work.

The use of mixed reality techniques, such as that proposed in this

paper, can greatly improve the operator’s user experience, which may lead to
broader use of teleoperated service robot systems since it becomes easier for
the operator to learn and achieve more complex tasks with ease.
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A. HAKASIMA , [I. PyaJAC, X. CABAX , D. BPUBECKA
JIUCTAHIIMOHHO YIIPABJISIEMbBIV CEPBUCHBIN POBOT C
NMMEPCUBHBIM UHTEP®EVICOM CMEIIAHHON
PEAJIBHOCTHU

Hakasma A., Pyanac J., Casaoic X., Bpubecka 3. [IACTAaHINOHHO YIIPABJIsIeMbIii CePBHCHBIN
PO6OT ¢ NMMepPCHBHBIM HHTEP(PEicOM CMEIIAHHON PeaJbHOCTH.

Annoranus. CepBHCHble pOOOTHI C JUCTAHLIMOHHBIM YIIPABJIeHHEM MOTYT BBIOJHATH Ooliee
CJIOXKHBIE Y TOYHBIE 3aja4l, OCKOJIbKY OHH COUYETaIoT B ceOe HaBBIKM pOOOTa U YeJIOBEUECKHit
orbIT. CBsI3b MEXK/y OIEPaTOPOM U pOOOTOM BaxKHaA IJIS YAAJIE€HHOI paGoTHl U CUIIBHO BIIHSIET
Ha 3((PeKTHBHOCTH cucTeMbl. CyIecTByeT MHEHHE, YTO yIIydIlIeHHe OIIYIIEeHNUs IPUCY TCTBUS
orepaTopa Takxke y/TydllaeT BbIIOIHEHHe 3a7aul. MiMMepcuBHBIE HHTEP(ENCh HCIIOIb3YIOTCS
JUISL YIyYIICHUs! OIbITa YAAJCHHON PaOOThI, MOCKOIBbKY OIIYLIEHNUE MPUCYTCTBHS SBISACTCS
pe3ysbTaToM norpyskeHus. OfHaKo 3aJiepkKa WM BpeMeHHas 3a/lepkKa MOTI'yT CHU3UTh IIPOU3BO-
IUTEJBHOCTh poboTa. BpeMeHHas 3aiepxKa MexXa1y BXOJOM U BU3YaJbHOW OOpPAaTHOM CBSI3BIO
CHJIBHO BJIVsIeT Ha OOMEH NaHHBIMU Me3K Iy paclpe/ie/IeHHBIMH BeTyIIMMU 1 BeOMbIMYI CHCTEMaMU
o cetu. [TockonbKy ynajeHHast BU3yaln3alys BKIIOUaeT B ce0sl nepegady O0JbIIOro KOMmdecTBa
BHIEOJAaHHBIX, IPOOJIEMa 3aKII0YaeTCs] B CHIDKEHIU HECTaOMIBHOCTH CBsI3U. 3aTeM 3(ppexTuBHAS
cHCTeMa JUCTAHIMOHHOIO YNpABJICHUs JO/DKHA MMETh MOAXOAsLuMil paboumit uHTepdeiic,
CIOCOOHBIN BU3yaJIM3UPOBATh YAAJICHHYIO CPeJly, yHIPABIIATh POOOTOM M UMETh OBICTPOE BpeMst
OTKJIMKA. DTa paboTa Npe/ICTaBIsAET CO00ii pa3pabOTKy CHCTEMbI JUCTAHIIMOHHOTO YIIPABJICHUS
CEepBHCHBIM POOOTOM C IMMEPCHUBHBIM OIEPAIIMOHHBIM HHTEP(eicOM CMEIIaHHOM peabHOCTH, TIe
orepaTop MOKET BU3YaJIM3UPOBaTh PEAJIbHYIO YIAJIEHHYIO CPEly WM BUPTYaJIbHYIO TPEXMEPHYIO
cpeny, IpeCTaBIAlNIyIo ee. BupTyanbHas cpeia HalpaBjieHa Ha COKpalleHue 3aJepXKU Ipu
oOMeHe JaHHBIMH 32 CUeT yMeHbIIeHHs oObeMa MH(OpMALWH, OTIPaBIsIeMOi IO ceTu, U
YIIy4IIeHUs B3aUMOAEHCTBHS C Mob30BaTesieM. POGOT MOXKET BBINOMHATH HABUTALIUIO M IIPOCTHIE
3aaul aBTOHOMHO WJIM MEpeKIoYarhcsi B AUCTAHLMOHHO YIpPAaBISAEMBI pexum uisi Oonee
cnoxHbIX 3a1a4. Cucrema Obuta paspadorana ¢ ucnonb3oBanuem ROS, UNITY 3D u coketoB
IUISI JIETKOTO 9KCIIOPTa Ha Pa3JIMIHble IUIAT(POPMBI. DKCIIEPHIMEHTHI IIOKA3bIBAIOT, YTO HAIMYHE
HNMMEPCUBHOTO padodero MHTepdelica MOBHIIAeT YIOOCTBO UCIIONB30BAHUS [UIsl ONlepaTopa.
3azmepxKa IpH HCIOIb30BaHUH BUPTYAJIbHON cpesibl yBeanurnBaeTcs. I1oab30BaTeIbCKuil ONbIT
YITydIIaeTcsl 3a CYeT UCTIONb30BAHMS TEXHUK CMELTaHHOH PeasbHOCTU; TO MOXKET IPUBECTH K
Gosiee MMPOKOMY HCIIOIb30BAHHMIO JUCTAHIIMOHHO YIPABIISIEMbIX CUCTEM CEPBHCHBIX POOOTOB.

KuiroueBble cj10Ba: AUCTAHIMOHHO yIPABIseMblil pOOOT, CEPBUCHBIA POOOT, UMMEPCHBHBIN
pabounii naTepdeiic, nHTepdeiic CMEeNaHHO PpealbHOCTH, Cpelia BUPTYAIbHON PealbHOCTH
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P.P.T'ayiH, A.A. llInPOKHiA, E.A. MATH/I, P.B. MEIEPSIKOB,
M.B. MAMYEHKO
SOPEKTUBHOE ®YHKIIMOHUPOBAHUE CMEIIAHHOM
HEOJHOPO/JHOM KOMAH/IbI B KOJNIABOPATUBHOM
POBOTOTEXHUYECKOM CUCTEME

Tanun P.P., upokuii A.A., Macuo E.A., Mewepsxos P.B., Mamuenxo M.B. dddekTuBHOE
(GyHKUMOHMpPOBAaHME CMEUIAHHOH HEOJHOPOAHOW KOMaHABI B KOJJIA0OPATUBHOM
poGoToTexHUUYECKOii cucTeMe.

AHHOTauus. B cratee npencraBieHbl ONUCaHKe KOU1A0opaTUBHOTO poboTa (k000Ta) Kak
OJIHOTO M3 HO/IBH/JOB HHTEIUICKTYalIbHOI POOOTOTEXHUKH U €r0 OTIMYUTENIBHBIC 0COOCHHOCTU
M0 CpaBHEHHWIO C JPYIrMMH BuaamMu poboToB. JlaHO oOmucaHWe KOJIa0OpaTHBHOM
POOOTOTEXHUUYECKOH CHCTEMBl KaK €IMHOW KOMIUIEKCHOM CHUCTEMbI, B KOTOPOH CYOBEKTHI
(aKTOpBI) pa3MUYHOrO THUNA — KOOOTHI M JIOAM — BBIIONHSAIOT JEHCTBHS B paMKax
KoJUTabopanuy IJisi JOCTYDKCHHST eAMHOU HenH. J{ns KoitabopaTHBHOH pOOOTOTEXHHYECKON
CHCTEMbI KaK €MHON KOMIUIEKCHOH CHCTEMBI NPEACTABICHBI €€ COCTABHBIE YaCTH, a TAKKE
MIPOIECCHl M CYIMHOCTH, KOTOPBIE OKAa3bIBAIOT HEIIOCPEICTBEHHOE BIUSHHE HA JTY CHCTEMY.
TIpeacTaBieHbl KIFOYEBbIC MPUHLUIBI Kojutabopaiuu d4enoBeka u pobora (Human-Robot
Collaboration). KomtaGopatuBHas poOOTOTEXHHUYECKAs CUCTEMaA MPOAHATU3HPOBAHA, C OJHOU
CTOPOHEI, KAK MHOTOAareHTHasl CUCTeMa, U, C APYTOH CTOPOHBI, KaK CMEIIaHHAs HEOTHOPOIHAS
KOMaHJa, WICHBl KOTOPOW SBISIIOTCS TE€TEPOr€HHBIMH aKTOpaMH. AKTYaJlbHOCTh pPabOTHI
3aKJII0YACTCS B HEJOCTATOYHOM yPOBHE HCCIEIOBAHHOCTH BOIpoca (HOpPMUPOBAHUS
CMELIaHHBIX HEOJHOPOIHBIX KOMAaHJ W3 JIIOACH M KOOOTOB M paclpeiesieHus 3aa4 B HUX C
yd4eToM CHenU(UKH OJTHX JABYX THIOB YYacTHHKOB M TpeOoBaHWiI HX 0e30I1acHOro
B3aumozekcTBust. Llenpio paboOThl  SABISETCS MCCICAOBAaHME BONPOCOB  (HOpMUPOBAHUS
CMELIAHHBIX KOMAHJ M3 YHCIa 3JICMCHTOB CAMHOM KOMIUIEKCHOW CHCTEMBI YEIOBEK-KOOOT,
pacrpezieneHusl 3a1ad CpeJd YYacTHHKOB ITOJOOHBIX KOMaHJ C Y4eTOM HEoOXOAUMOCTH
MHHHMH3AIMH 3aTpaT Uil €€ Y4YacTHHKOB M TETEPOreHHOCTH ee cocTaBa. B  pamkax
HCCIIEI0BAHMS TIPE/CTABICHA [IOCTAHOBKA 3a/a4i (POPMHUPOBAHNMS CMEILIAHHONW HEOXHOPOIHOM
KOMaHJB! U3 YHCIa JIIoJeld U KOOOTOB M paclpenesicHus paboT MexIy WIeHaMH KOMaHIBI, a
TaKXKe ¢ MaTeMaTHYeCKOoe ONUCaHHe. PaccMaTpHBAalOTCS YacTHBIC CIydad 3aJadd, B TOM
YHCIe NPU PasiMYHBIX (YHKUMSX 3aTpaT y pasHBIX BHAOB YYacCTHHKOB, B Ciydac
OrpaHNYEHHON aKTUBHOCTH WIEHOB KOMAHJBI, IPH HAIMYUH 3aBUCHMOCTU (DYHKIUH 3aTpar
YYaCTHHKOB OJHOTO THIIA OT YKCJIAa HA3HAYCHHBIX HAa 3TOT BHUA pabOT YYaCTHHKOB IPYroro
THIA, @ TAKKE B CIydYae HAIMYHMs MPOM3BOIBHOTO KOJIMYECTBA BUIOB PaboT, Ha3HAYaeMBIX
YYaCTHHKAM CMELIaHHOI KOMaH/IBL.

KiroueBble cJ0Ba: KOUIAOOpAaTHUBHBIL POOOT, MHOTOAreHTHas CHUCTEMa, CMEIIaHHas
HEOJHOPO/JHAsE KOMaH/[a, B3aHMO/ICHCTBHE YEIOBEKa H POOOTA.

1. Beenenune. B xozie mpoekTupoBaHusi 1 pa3pabOTKU aBTOMAaTHU3U-
POBaHHBIX CHCTEM Ha MPOM3BOACTBE HAa OCHOBE HCIOJIB30BaHUs pOOOTOTEX-
HUYECKUX PEIICHHUi, MOBCEMECTHAs! M IOJHAs 3aMeHa po0oTamM JIIOJeH-
OIIEpaTOpPOB JUIS BBIMOJIHEHUS] IIPOU3BOJICTBEHHBIX Onepanuid (peanu3anus
T. H. OC3IIO/IHBIX MTPOU3BO/CTB), BHE 3aBUCHMOCTH OT CIIEU(UKH HCIIOIb-
3yeMBIX TEXHOJOTMUYECKHX IPOLECCOB U CIOXKHOCTH BBIMOJHIEMBIX Jeil-
CTBHH, Ha JTaHHOM JTale OKa3ajach HEBO3MOXKHOH. Pabora Ha mpomsIm-
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JICHHBIX COOPOYHBIX JIMHUSX MO-TIPSKHEMY TpeOyeT Tpyaa OOJBIIOTO KO-
JIMYECTBA JIIOJIeH, a BOIPOC O TOM, KaK aBTOMaTH3HPOBATh PY4YHOU MpoLecc
cOOpPKM MHOTOKOMITOHEHTHBIX JAeTaliedl WM 0OpaOOTKH CIIOKHBIX M3AEINI
C pa3NMYHBIMH CBOMCTBAMH M COCTaBOM MAaTEpHANIOB, MPOJOIDKAET OCTa-
BaThcs OTKPHITHIM [1]. HecMoTpst Ha 3T0, aBTOMAaTH3aIMsi OTAEIBHBIX MPO-
M3BOJICTBEHHBIX MOIIHOCTEH ¥ JIMHWH IPEANpPHUATHHA 3a CUET BHEIPCHHUS
POOOTOTEXHUYECKUX PEIICHNH MPOA0IDKAeT akTHBHO pacTh. Crexyer 0cobo
OTMETHUTb, YTO CIIPOCOM JUIS STHX LEJIEH MOJIB3yIOTCSl IMEHHO MHTEIUICKTY-
aNbHBIE POOOTHI, o0Manaromue GYHKIUIMA YaCTHYHOW aBTOHOMHOCTH JIeH-
CTBUH.

OnHUM W3 HampaBJICHWH pPa3BUTHS MHTEIUICKTYaJbHOM poOoTOTEX-
HHUKH SBJIETCS HEPeXoll OT HCIIOJIb30BaHUA (YHKLUHOHAIBHBIX POOOTOB,
MIPEAHA3HAYCHHBIX Ul BBINOJHEHHS OJHOW MM HECKOJIBKMX KOHKPETHBIX
¢ynkuuii (pabot), K MHTEPaKTUBHBIM, OCOOCHHOCTBHIO KOTOPBIX SIBIISICTCS
CIIOCOOHOCTH 0€3011acHOTr0 B3aUMO/ICHCTBUS ¢ yenoBekoM. OJHUM U3 NpH-
MEpOB HMHTEPAKTUBHOTO po0oTa sBJIseTCS KOOOT (KOIIabopaTHBHBIA po-
60t1). KomnabopaTuBHble poOOTHI MpeJHA3HAYCHBI JUIs PaOOTHl B €INHOM
paboyeM IpOCTpaHCTBE C YETOBEKOM 0e3 pHcKa HaHEeCEHHs Bpeaa Iociel-
HeMy (T.H. KoJutabopaTHBHOE B3amMojelcTBue [2-5]) u oOmamaroT psiom
MIPEUMYILECTB 110 CPABHEHUIO C WHIYCTPUAIBHBIMHU, B TIOJIB3Y YETO CBHE-
TENBCTBYET POCT AKTUBHOCTH MHTETPALMH KOOOTOB B PA3INYHBIX OTPACIIX
npousBoJcTBa [6, 7].

KommiekcHOCTh penraeMsbIx 3a/1ad HHTEIJIEKTyalbHBIMU KoJ1abopa-
THBHBIMH pOOOTaMH 0OyCIaBIUBAaeT MOBHIIICHHBIE TpeOoBaHHUA K obecre-
YEHUI0 0€30MacHOro IpOoIecca MESTEIEHOCTH COBMECTHO C YEIOBEKOM-
OIIEpaTOpOM B PaMKax €IMHOM KOMIUIEKCHOM CHUCTEMBI, B3aUMOJECHCTBYIO-
IMUMH U B3aMMOCBA3aHHBIMH JJICMCHTAMHU KOTOpOﬁ SABJIAOTCA YCIIOBCK U
k0001 [8]. B momoOHBIX crucTeMax Ko1abopaTHBHOTO poOOTa BO3MOXKHO
paccMarpuBaTh Kak OTAEIBHYIO TEXHHUYECKYIO CHCTEMY, CIIOCOOHYIO BBbI-
TIOJHATH TIOJIE3HBIE JCHCTBUS; BTOPHIM JJIEMEHTOM CHCTEMBI SIBJISETCS Ye-
JIOBEK—OTIepaTop, 00JIaJalomuii CIIOCOOHOCTSIMUA CaMOCTOSITENIbHO TIPHHU-
MaThb PEIICHUS U BBIIOJIHATD [IEIeHaNpaBiIeHHbIe M KOHKPETHBIE OTepalin
BO B3aUMOJEHCTBUH C KOOOTOM JUISl IOCTHKEHUS OOIIEH LeJIN CHCTEMBI.

HecmoTps Ha akTyalsHOCTH HAIPaBJICHUH MCCIEIOBAHUAN B O0JIACTH
KOJITAOOpaTUBHONW POOOTOTEXHHUKH, HEJOCTATOYHO NMPOpabOTaHHBIM OCTa-
eTcsi Bonpoc (GopMupoBaHus (IT0100pa IO COCTaBy) CMEMIAHHBIX KOMaH[
13 9ucIa JIo/e 1 KoOOTOB M paclpeAeieHHs 3a7ad B HUX C y4eTOM CIie-
IU(UKA TETEPOTeHHBIX aKTOPOB M TPeOOBAHMI OE30MMaCHOCTH UX COBMECT-
HOM gearenbHOCTH (oapoOHee B riaBax 3—5). B HacTosmen pabote mpen-
CTaBJICHO HCCIIEIOBaHHE BOIPOCOB (OPMHUPOBAHHS CMEIIAHHBIX HEOIHO-
ponHBIX KoMaHA u3 yncia ydactHukoB KPTC u pacmpenenenus 3amad B
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KOMaHA€ € y4€TOM HCO6XOL[I/IMOCTI/I MUHUMM3AIWU 3aTpaTt JJid €€ y4aCTHU-
KOB W pa3lIMuHbIX 3HAuCHUH I(P(PEKTUBHOCTU BBIOJIHEHUS! KOHKPETHBIMU
YYaCTHHKAMH OIIPEEJICHHBIX BUJIOB Pa0OT.

2. Ko0oT kak 3JieMeHT KoJIIA00paTHBHOI PO0OTOTEeXHUYECKOM
cucrembl. Paboyee mpocTpaHcTBO Juisi 0E30IIacCHOTO B3aMMOJICHUCTBHS C
KOJUTA0OPaTHBHBIM POOOTOM JOJDKHO OBITH CIIPOEKTUPOBAHO C TOYKH 3pe-
HUSI 9PTOHOMHKH pabouero mecra. Hannune TeXHUYECKHX OOBEKTOB U JI0-
MIOJTHATEIILHOTO 000pYIOBaHKS B paboyeM HPOCTPAHCTBE HE JOJDKHO CO-
3/aBaTh Yrpo3y O€30MacHOCTH denoBeka. B paccmarpuBaeMoii cucTeme
OIIpe/IeTICHBI Pa3In4HbIe 00JacTH Pabovero MpoCTpaHCTBa, KOTOPhIE MpPe/-
cTaBJIeHbl Ha pucyHke 1. JlaHHble 00IacTH paboyuero MPOCTPAHCTBA MOMKHO
omnucaTh ciexyonmm obpasom [9]:

— TpemenbHO JoIMycTUMoe pabodee MPOCTPAHCTBO (maximum
workspace) — MpocTpaHCTBO, KOTOPOE ONPEIEIISETCs MAKCUMAILHBIM 3Ha-
YeHHEM pajiyca KoJIabopaTHMBHOIO poOoTa — 30Ha JIOCATAEMOCTH C yde-
TOM 3JIEMEHTOB 3aXBaTa, YCTAHOBJICHHBIX Ha (yiaHIle K0OoTa;

— TIPOCTPaHCTBO OrpaHHuYeHHOro paoctyma (restricted workspace)
— 30Ha pabodell 00JacTH B paMKax IpeIeibHO JOMYCTHMOrO pabodero
npocTpaHcTBa. JlaHHas 30Ha pabouelt o0MacTH OOYCIIOBJICHA HAIMYHEM
JJIEMEHTOB POOOTOTEXHUYECKOM CHUCTEMBI — COBMECTHAasi pabouas siueiika
WA KOJUTAa0OpaTHBHOE MPHJIOKEHHE. DTO 03HAYAET, YTO PEYb HACT HE
TOJIBKO 0 KOOOTE, HO M O MHCTPYMEHTAX, Kabelsix, pabouero crona, T.e. Bce
TO, YTO BXOJIUT B AHHYIO 30HY paboueit obmactu [10]. Hammame stux sme-
MEHTOB CHCTEMBI CO3/]aeT YCIIOBUS OTPAHUUYSHHOTO JIOCTYIIA;

— OleparuoHHOE MPOCTPAaHCTBO (operating workspace) — pabodas
00J1aCTh, B KOTOPOM OCYIIECTBISIOTCS ONEPAllMOHHBIE JEHCTBUS KOJ1abo-
PaTUBHBIM POOOTOM;

— KoJutabopatuBHOE TpocTpaHcTBO (collaborative workspace) —
paboyasi 30Ha COBMECTHBIX omepanys (0JHOBPEMEHHO/IapallelIbHO) KO-
71a00paTHBHOTO poOOTA U YeNIOBEKa.
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= - [IpocTpaHcTEO
OmnepanHoHHoe - b OTpPaHHYEHHCIO
TIPOCTPAHCTRO : ' ' JOCTYIIA
Ipenenmnno KomraSopaTHeHoe
JOITYCTHMOR : IIPOCTPANCTED
pabouee _/

TIPOCTPAHCTBO

Puc. 1. O6nactu pabovero mpoCcTpaHcTBa B POOOTOTEXHUUECKON CHCTEME
YeJI0BEK—KO0OT

ABTOpHI paccMaTPUBAIOT IPEACTABICHHYI0 POOOTOTEXHUIECKYIO CH-
CTeMYy C TOYKH 3PEHHUS €€ KOMIUICKCHOCTH. J{JI1 TOHWMaHHUA KOMIUIEKCHO-
CTH HEOOXOIMMO YUYHTHIBATH CJICIYIOIINE CYIIHOCTH W OOBEKTHI, KOTOPHIC
HEMOCPEICTBEHHO OKa3bIBAIOT BIUSIHUE HA CaMy CUCTeMY (B LIEJIOM) W/WIIU
ee MOJACHCTEMBI (B Y4acTHOCTH). K TakuM CYIIHOCTSAM U OOBEKTAM MOIKHO
MPUYUCITINTL:

— TEXHOJOTUYECKHH MPOIECC BHITIOIHEHHUS OIIEpaLii;

— TeXHHYECKHe OOBEKTHI M IMOJCHCTEMBI Pa3HOTO YpPOBHS Hepap-
XUH;

— 0OBEKTHI, KOTOPHIE HCIIOJIB3YIOTCS HJIEMEHTAMH CUCTEMBI B MIPO-
Lecce JIeSITeNbHOCTH (HalpuMep, HHCTPYMEHTHI);

— cpena, HeoOXOoaMMAast ISl PYHKITMOHUPOBAHUS CHCTEMBI.

Takum 00pa3oM, pacCMOTpPEHHE BBIMICYKA3aHHOW EIHHON KOM-
IUICKCHOM CHCTEMBI YEIIOBEK—KOOOT KaK COBOKYITHOCTh B3AaUMOCBSI3aHHBIX U
B3aMMOJICHCTBYIOMINX €€ 3JEMEHTOB SBIIIETCS HEMmoNHBIM. Heobxommumo
YYUTBHIBaTh TpeOyeMmble i ee (PYHKIHOHHPOBAHHS PECYPCHI, B3aUMOCH-
CTBUE 3JIEMEHTOB C OKpY’KaloUlel cpenoy, yIpaBiIoIIAE BO3NEHCTBUS U
II0CJICAOBATECIIBHOCTh BBIIIOJIHCHUS KOMAaH/. NuapiMu CJIOBaMH, UMCHHO II0-
JNoOHOe (pacHIMpeHHOE) TOJKOBAaHHE pacCMaTpPUBAEMON €IUHOW CHCTEMBI
YeIIOBEK—KOOOT Oy/IeT OTBeUYaTh ¢ paboTOCIIOCOOHOCTH U KOMITICKCHOCTH.
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[IpencTaBuM cucTeMy B3aUMOJIEICTBUSI YelloBeKa U poboTa B Kade-
CTBE JIBYX OJHOMMCHHBIX B3aI/IMOJICI\/IICTBy}OH_II/IX IOACUCTEM. TOF}Ia moacu-
crema «YenoBek» Oyner BKIOYaTh B ce0sl HE TOJBKO CaMOro pabOTHHKA,
HO U 0JIOK 00paboTKK MH(MOPMAIIHH, TOCTYMAOIICH OT POOOTa, O XOJC BhI-
MOJIHEHHs 3a]ad, W OJIOKAa YNPaBJSIONIMX BO3JCHCTBHN, HAINpPaBIsIEMbIX
KOOOTY Kak B SBHOM (B BHAC Tepeladd KOMaHI), TaK ¥ B HESIBHOM BHJIC
(Hanpumep, 3a cUeT NOACTpanBaHUs paboThl KOOOTa MO ICHCTBUS YeIoBe-
ka). B cBoro ouepens, moxcucrema «Pobot» coctonT M3 K0OOTa, OPraHOB
VIpaBJICHUS, OCYIIECTBILIIONNX MpHUeM B 00pabOTKy YIPaBISIOMIMX BO3-
JEHCTBUS OT YeJIOBEKa M BBIAAYY KOMAH[ IS aKTyaTOPOB W MaHHITYJIATOPA,
a Takke OJoKa oToOpakeHWs MH(POPMALUH IS MOATOTOBKHA W IIepenadn
YeIOBeKY HEOOXOAWMBIX JAHHBIX O TEKYIIEM COCTOSHHUH BBIOJHEHHUS pa-
00ThI. YTIpOIIIEHHAss CXeMa B3aWMOJCUCTBUS JJIEMEHTOB B €IMHON KOM-
TUIEKCHOM CHCTEME YeIOBEeK—pOOOT IPEeCTaBlIieHa Ha PUCYHKE 2.

bnok
oTobpakeHns |[€—
HHpopalH

E Pobor :

bnok obpaborkn |
i opMaIim

Yenopek

r Y

Vipasnatonme
BOICHCTBHA

Oprausi
VIpaB/IeHIA

Y

IToacnerema "Yesmosek" IToacncrema "Podot”
Puc. 2. CxemMaTuuHOE MpeICTaBICHUE SIMHON KOMIUIEKCHOW CUCTEMBI
4eJI0BEK—PO0OOT

B npexncrasienHoi cxeme noacuctema «Pobot» sBIseTCs 3eMeH-
TOM poboToTexHH4Ieckoi cuctemsl [11, 12], a Hanngue moncucreMsr «Ye-
JIOBEK» B €IWHON CHCTEME ITO3BOJISIET pacCMaTPHUBATh €€ B KauyecTBE dpra-
TH4ecKoil pobortoTexHmueckor cuctemsl [13]. Kpome Toro, yumnrsiBas uc-
MOJIb30BaHUE UMEHHO KOOOTOB B paMKaxX HACTOAIIEH padoThl, MOJIOOHYIO
KOMIIJIEKCHYIO CHCTEMY MOXXHO Ha3BaThb KOJUIaOOpaTWBHON POOOTOTEXHU-
yeckoit cucremoii (KPTC). B pamkax naHHO# paOOTHI UMEHHO 3TO TMOHSITHE
OyZIeT UCTIONIb30BAThCS B NAIBHEUIIIEM ISl ONMCAHUS €TUHON KOMIUIEKCHOM
CHCTEMBI YeJI0BEeK—KOOOT.

B mpornecc npoextupoBanus KPTC B 06s13aTeIbHOM MOPSIIKE TOJIK-
HBl YYHUTBHIBATHCS CJICAYIONIME YETHIPE KIFOYCBBIX MPUHINIA B3aUMOJICH-
ctBus yenoBeka U kobota (HRC — Human-Robot Collaboration) [14—16]:
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— OIepalyH, BBIIOJHIEMblE KOOOTOM, JIOJDKHBI OBITH Oe30MacHBI
N0 OTHOILIEHHUIO K JIPYTMM areHTaM, paclojioKeHHbIM B 00JlacTH pabodero
MIPOCTPaHCTBA (B MEPBYIO OYEPE/Ib, K YEJIOBEKY-0IIEPaTopy), a TakKe K 00b-
€KTaM BHEIIHEH cpe/ibl;

— po0OT AOJDKEH MPHUCIOCA0IMBATHCS K YEIOBEKY, a He Ha000pOT.
B cnyuae, ecmu KPTC ¢ynkumonupyer HemoctarodyHo 3¢ QEKTHBHO, TO
HEoOX0MMO BHOCHUTH M3MEHEHHUs B paboumii mpomecc poboTa, a HE NCKaTh
3aMEHY YEIIOBEKY;

— JIOJDKHBI CO3/]aBaThCsA TAKUE YCIIOBHSA, B KOTOPBIX JIIOOOH derno-
BEK—OIIepaTop B o0nacTh pabodero MpoOCTPaHCTBA MOT OBl MaKCHMAJbHO
HCIIOJIb30BATh BO3MOKHOCTH KOOOTa;

— TIpH IPOEKTHPOBAHUU CUCTEMBI CIIEyeT JOOUBATHCS IOBBIILICHNS
MIPOM3BOANUTENBHOCTH TPyJa W CHIDKCHUS BEPOSITHOCTH BO3HHUKHOBEHHMS
OLIMOOK 32 CUET HPrOHOMHUYECKOrO AW3aiiHa W/MJIM YIPOIEHUsT KOHCTPYK-
HH.

Takum ob6paszom, KPTC, xoTtopyro MOXHO paccMaTpuBaTh B Kade-
CTBE OTJEIBbHOW ITPOM3BOACTBEHHON €IMHMIIBI Ha TpENIpHUsTHs, 00ianaer
YHUKAJIBHBIMH CBOWCTBaMH, B IIEPBYIO O4Yepe]b CBA3aHHBIMU C TE€TEPOTeH-
HOCTBIO JIByX THUIIOB BXOJSIINX B HEE€ aKTOPOB — JIIOJEH M KOOOTOB. DTH
Pa3HOPOIHBIE WICHBI KOMAH/IBI MOTYT HCIIOIb30BaTh PA3INIHBIC TIOIXOIBI K
BBINOJIHEHHUIO IIPOM3BOJICTBEHHBIX OIEpanuii: KOOOTH! JEHCTBYIOT B OCHOB-
HOM Ha OCHOBAaHHMH MMEIOUIEHCS TIPOTPaMMBI, U UX JIEHCTBHS ITOBTOPSIOTCS
JUISl OMHAKOBBIX OIEpaIWi, B TO BpeMs Kak JIIOAW MOTYT HMCIOJIb30BaTh
KpPEaTHBHOCTh M HECTaHJApPTHBIEC MOAXOJb! K BBIIOIHEHUIO 3a7ad. Bropoi
3Ha4nMOM ocobenHocThio KPT siBisieTcst HE0OXOAMMOCTh COOIIOICHHS MEp
0€30MacHOCTH ¥ BBITEKAIOIIUE U3 ATOr0 0COOEHHOCTH pa3MelleH s padoue-
ro IPOCTPAHCTBA IS JIIOASH M TEXHHYECKHe clienudukanun KoOOTOB
(Hanu4ue CUIIOMOMEHTHBIX JIaTYMKOB, KOHTPOJIb CKOPOCTH JIBHOKEHHS U
T.1.).

3. Anaau3 KPTC kak MHOroareHTHOil cucTeMbl M CMeLIAHHOMH
HeoAHOPoAHOH KoMaHAbl. YuacTHUKKM KPTC B3auMoeHCTBYIOT B €IMHOM
obslacti pabovero MpoCTPaHCTBA JUIS BBINOJHEHHS €IMHOW TII00aNbHOMN
LesieBoM 3anayn. Takue 3a/1aud MOTYT OBITH PEIICHbI C MPUMEHEHHUEM TeX-
HOJIOTMH MHOTOAreHTHBIX cucteM. VccienoBaHne MHOTOAr€HTHBIX CHCTEM
C ydJacTueM IIOAed U KOOOTOB OCYIIECTBILLIOCH B pabortax [17-19]. B
4acTHOCTH, B [17] paccMaTpHBaINCh IOAXOMABI K PELICHHUIO 3aJadll yIpaB-
JIEHUs 9eJI0OBEKOM Tpymnmoil podoroB. B [20] mpencraBieHbl LEHTpaIN3o0-
BaHHbIC M JICIIEHTPAIM30BaHHBIE METOABI PACIpPEICICHUS 3a7a4 MEXIY
areHTaMH Ha MIPUMEPE WHTEIICKTYaIbHBIX JIEKTPOMEXaHUYECKUX CHCTEM.
B pabote [21] paccmaTpuBaeTcsi IElEHTPATHM30BaHHAS CTPYKTypa MHOTO-
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areHTHON pOOOTOTEXHWYECKOH CHCTEMBI C aKIIEHTOM Ha CETeBOE B3aUMO-
JIEHICTBUE MEXKIY ar€HTaMH.

Pacnpenenenunio 3a1a4 B OJHOPOJIHBIX IPYIIIax poOOTOB C Ipeiia-
raeéMbIMH MOAXOJaMH M METOJlaMH MHOTOAreHTHOI'O yIpaBJIEHUs MOCBALIe-
HbI paboThl [22-24]. OcobenHocTr (OPMHUPOBAHUS U PACIIPEICICHUS 3a71a4
B OJHOPOJHBIX KOMaHAaX, COCTOSIIUX M3 JIIOJEH, UCCIENOBAINCh B [25—
27]. OgHaKo HETOCTATOYHO MCCIIEJOBAaHHBIM OCTAeTCs BOIpoc GopMupoBa-
HUSI CMEIIAHHBIX KOMaH]| M3 JIIOAEH M KOOOTOB M pacIpeieieHus 3a1ad B
HHUX C YYETOM CIEHU(UKN 3THX ABYX THUIIOB yJaCTHHKOB U TPEOOBaHUH MX
0€e30I1acHOr0 B3aUMOJAEHCTBHA.

IIpo6memy dhopmuposanns KPTC, B KOTOPBIX y4acTBYyeT MHOXKECTBO
KOOOTOB M JIIOJIEH, a TAK)KE PAcIpeeICHUS U BBIIIOJIHEHHS €€ 3IIEMEHTaMU
3aJa4, MOXHO paccMaTpuBaTh B KOHTEKCTE TaK Ha3bIBAEMbIX MHOI'OAre€HT-
HBIX cUCTeM. [1000HBIE CHCTEMBI TPEACTABISAIOT COOOH HEKOTOPOE MHO-
JKECTBO MHTEJUICKTYalIbHbBIX ar€HTOB, B3aUMOJICHCTBYIOIIUX IPYT C IPYTOM,
YUUTBIBas B3aMMHOE BIMSHHE APYr Ha JIpyra BHELIHEH Cpelbl U CaMHX
areHToB [28, 29]. KitoueBbIMM CBOWCTBAMU areHTOB SIBJISIOTCS IIEJICHA-
MIPaBJIEHHOCTh U aBTOHOMHOCTH NPUHSTHUS PEIICHUH W AEHCTBUH, T.e. 1o-
JOOHBIE areHTHl 00J1aal0T YePTOH MHTEIUICKTYaIbHOCTH (IIOAPOOHOE OIH-
CaHWE TIOHATHA WHTEJUIEKTYalbHOTO areHTa NpeicTaBIeHo B pabdorax [5,
17, 30, 31]). IlpumeHeHne MHOTOAreHTHBIX POOOTOTEXHHMUYECKUX CHCTEM
MO3BOJISIET pemaTh NpoOJIEeMy paclpelesieHns] MEXTy areHTaMH BCEro
CTIEKTpa 33734 U NepepaclpenessTs (IepeHa3HayaTh) UX B 3aBUCUMOCTH OT
M3MEHEHHUH cpelibl (YHKIIMOHUPOBAHUS, a TAK)KE COCTOSHUS M COCTaBa ca-
Mmoit cuctemsl. B KPTC nipu B3auMoAeiiCTBUN WHTEIUIEKTYaJIbHBIX areéHTOB
HEOOXO/IMMO YYHTBIBATh TaKHE AaCIEKThl, KaK OOLIHOCThH I1I€JH, aBTOHOM-
HOCTb areHTOB U COIVIACOBAHHOCTb JCMCTBUI areHTOB.

AHaNOTUYHBIMH aclieKTaMH 00JiafaeT KOMaH/a MPH PacCMOTPEHHH
3aJa4 KOJUICKTUBHOI'O yNIpaBlIEHHs OpraHU3allMOHHBIX cucteM [32]. Tpagu-
LMOHHO I0J] KOMaHAOH MNOHMMAIOT KOJUIEKTHB (OOBEIMHEHHE areHTOB,
OCYILIECTBIISIIOIIMX COBMECTHYIO AEATEILHOCTh M 00JaJarolIux OOLIMMHU
WHTEpecaMH), CIIOCOOHBIN JTOCTUTATh e AaBTOHOMHO M COTJIACOBAaHHO,
IIpY MHUHUMAJBHBIX yHpaBistomux BosieiictBusix [33]. B pamkax KPTC
CMEIIaHHas HEOJHOPOIHas KOMaHJa COCTOMT M3 JIOJeH M KoOOTOB, OCy-
LIECTBIISIOINX COBMECTHYIO COTTIACOBAHHYIO IESTEIBHOCTD.

Ha mpakTuke corylacoBaHHOCTh ACHCTBHH PEIKO MOSBIAETCS cama
mo cebe; AOCTH)KEHHE COIVIACOBAHHOCTH B JEHCTBUSIX TpeOyeT Hanudus
ynpasineHusi. IIpi 3ToM KOMaH/IBI, COCTOSIINE U3 JIFOAEH, MOXKHO paccMaT-
pHUBaTh KaK OpPTraHMU3AIlOHHBIE CHUCTEMBI, M Ul oOecreueHus: TpedyeMoro
MOBEJICHHS YYaCTHUKOB BO3MOXKHO IPUMEHEHHE OOIIMPHOTO Habopa cyIe-
CTBYIOIIUX CIIOCOOOB yrpaBieHus (cM., Harpumep, [33]). Komanmsl, cocto-
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SAIME TOJBKO U3 KOOOTOB, MOKHO paccMaTpHBaTh B KaYeCTBE MHOTOAr€HT-
HBIX cucteM [25, 34] nim rpynn [35], cmoco6sl ¥ METOBI yIpaBIeHUs, KO-
TOPBIMHU TaK>K€ XOPOUIO Hccae0BaHbl [36-39].

Crneun¢ukoil cMenIaHHbIX HEOJHOPOJHBIX KOMaHJ SIBISIETCS HE0O-
XOAUMOCTh OOBETMHEHHS B CUCTEME YIPABJICHHUS MEXaHU3MOB YIIPaBIICHHS
OPTaHHM3AIMOHHBIMU M TEXHUYECKUMHU cucTeMaMu. OJJHOH U3 MepCreKTHB-
HBIX METOMOJIOTHH, paccMaTpHBAIOIIMX HWMEHHO  OpPTaHHU3aIOHHO-
TEXHUYECKHUE CHUCTEMBI, SIBISICTCS METOMOJIOTHS KOMIUICKCHOM AEATEeNIbHO-
ctu [40]. B To ke Bpemsl, IIOCIEAHSAA SBIICTCS 110 CYTH PACIIMPEHIEM TEO-
pUH YTIPaBICHUS OPraHM3alMOHHBIMH CHCTEMaMH, U TIpelJlaraeMele B e
paMKax MOJICIT M METOBI TPeOYIOT alalTaly K CIEHU(PUIECKUM 3a1a9aM
JUTs1 poOOTOB (B YaCTHOCTH, KOJIIAOOPATHUBHBIM).

CormnacHo [26, 32, 41], >Ku3HEHHBIH UK KOMaHABI COCTOUT U3 IBYX
sTanoB — ¢opmupoBanus 1 GpyHkunonuposanus. 1o oTHoLIEHUIO K pac-
cmarpuBaeMbiM KPTC stan ¢opmupoBanus pa3aesiéH Ha onpenesieHue co-
CTaBa yYaCTHMKOB KOMaHIbl U €€ aJanTtalyio K 0COOCHHOCTSM peniaeMoin
3ajayn. DTan (GYHKIMOHUPOBAHUS PacCMaTPUBAETCsl B paMKax KoJutabopa-
THUBHOT'O TPOCTPAHCTBA, C YUETOM B3aMMOJCHCTBUSI YelOBEKa M KOOOTa U
TpeboBaHuii Oe3omacHocTH Komadoparuu. Ciexyer OTMETUTh, YTO IPO-
aHAJM3MPOBAHHBIC HCCIIEOBAHUS COCPEIOTOYECHHI B OCHOBHOM Ha H3yde-
HUM UMeHHO 3Tana ¢ynkiponnpoBanns KPTC [42-44]. Ognako Ha mpak-
THKE 9acTo TpeOyeTcsl pemars 3aJadr, OTHOCSIINECS K 3Tary (opMHpOBa-
HUSI KOMaH/IBL.

4. @opMupoBaHMe CMEIIAHHON HEOJHOPOIHOH KOMAHABI U3 JI0-
Jell M1 KOOOTOB W pacmpenejieHne padoT MexXIy ee ydyacTHUKamu. Pac-
CMOTPUM KOMAHJIly, WICHAMU KOTOPOW SBJISIOTCA MHOXECTBO JIOACH

H ={h}’, , rae n — KONUYECTBO JMIO/CH B KOMAHIE 1 MHOXECTBO KOJUIabo-

i=12
patuBHBIX poboTOB B =1{b,}"_, , rne m — xomudectBo K0OOTOB. IIpenmono-

XKHUM, YTO YCIIEIIHas IEATeNbHOCTh KOMaHIbl TPEeOyeT OCYyIIECTBICHHS
MHOXECTBA Pa3IHIHbIX BUIOB pabot U = {u, }!_ , Tae g — KomI4ecTBO 3TUX

pabor.

Homyctum, 9To mr000# areHT B cocTaBe cMemaHHoil koMaHasl KPTC
o0amaeT HEKOTOPOIl XapaKTePHCTUKOW ¢ HaOOpPOM 3HAYEHHH, OTpa)aro-
muM 3(GEKTUBHOCTD BBHITIONHEHHUS ONpPEIelIeHHbIX BUAOB pabdoT. s de-
JIOBEKA 3Ta XapaKTepUCTUKA MOXET OTpaKaTh €ro KBAJIM(UKAIMIO /s BU-
J0B paboT (IpOM3BOAMTENBHOCTh Tpynaa [33]), s ko0oTa — mpeaHa3Ha-
YEHHOCTD JUIS BBIIOJIHEHHSI 3THX Pa0OT C TOYKH 3PEHUS] TEXHUYECKUX BO3-
MOXKHOCTEIl M XapaKTEepUCTHK (HAMPUMEpP, TOYHOCTH MO3UIMOHHPOBAHUS
aKTyaTOpOB, HAMYME OMNPEICICHHBIX MAaHUIYJATOPOB (3aXBAaTOB) W/WIH
cTenenei cBo0obI U T.1.). DPHEKTUBHOCTH BHIITOIHEHUS k-0Tr0 BHIa padoT
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. . k
i-M 4eJIOBEKOM M j-M KOJIab0paTUBHBIM pOOOTOM 0003Ha4uUM uepes 7, =0

k k k
u 7, 20 cooTBeTCTBEHHO. XapaKTEPHCTHKU 7, W 7, SBIAIOTCA Oe3pas-
J 1 J

MEpPHBIMH, a UX BEIHYMHBI MOXKHO NPEJICTABUTh B BHJE HEOTPHIATETbHBIX
ko _k

BEILECTBEHHBIX yucen (7, %, € R ).
2", >

[Mpeamnonoxum, 4to TpeOyeMble K BBITIOJIHEHUIO MOJHBIH 00bEM pa-
6ot 3aman BektopoMm V =(V',...,V?),V* >0,k €[l,q]. Teneps BBenEM H0-

TIOJIHUTENBHYIO0 XapaKTePUCTHKY YYaCTHUKOB KOMaHIIbl — 3aTpaThl HA BbI-
HIOJIHEHHE OIPEJETIEHHOr0 BUAA paboT, 3aBUCSIIME OT 00beMa ITUX paboT X
1 3((HeKTUBHOCTH KOHKPETHOTO WiIEHa KOMAaHJBI 1", T.C. ONpelelsieMble
yHkumeit s3atpaT ¢ AByMs NepeMeHHbIMU: C(X, .7, ) U (xb] T ),

_ 1 2 q _ 1 2 q o
X, = (05X 5o X0) 5 X, = (X, 5 X, 50y X, ) JUIA THOCH M POOOTOB COOTBET-

CTBEHHO. B o0mem ciydae (yHKIUH 3aTPaT OTHOCSTCS K HPOU3BOJACTBCH-
HBIM (DYHKIMAM, OJHAKO I OIpENeNIeHUs KOHKPETHOrO BHIA (YHKIUH
OTZEJIBHO IJIS JIIOACH W KOOOTOB ONpEeNennuM CyTh CaMHX 3aTpart, KOTOpbIe
MOHECYT y4YacTHHKMA KOMaHJbl MPU BBINOJHEHUU OMPEACIEHHOT0 o0beMa
paboT KOHKPETHOTO BU/IA.

C 0JIHOU CTOPOHBI, 3a 3aTpaThl MOXKHO CUUTATh JICHEKHBIE CPEICTBA,
TpeOyeMble Ha TPHUBICUCHNE W yJep’kKaHWe/3a/leiicTBOBaHUE areHTa B KO-
Manne. Tak, /s Joged 3aTpatamMu OyAeT SIBISITHCS BBIIUIAUMBAcMas MM
3apa0oTHas IIaTa, Al poOOTOB — 3aTpaThl Ha HKCILIYaTALHI0 U OOCITYKH-
BaHHE (aMOPTH3AIIMOHHBIC PAacXOAbl Ul YNPOLICHHS HE y4YuThIBaeM). B
9TOM CITydae MpH YBEINIeHUN 00beMa paboT I 4eIoBeka moTpedyercs He
TOJIEKO YBEJIWYMBATH €T0 3apabOTHYIO IUIATY, HO U BBIILUIAYMBATE JOIOJHU-
TeJbHBIC ACHEKHBIE CPEICTBA I YASp)KaHUS B KOMaHJIE, OTJEIbHO OIlla-
YMBaTh ero paboTy B Hepabouue JHHM, IOCIe OKOHYAHUS pabodero BpeMeHH
B paboune 1Y U T.1. Kpome Toro, nmpu yBenuuennu oobema paboT, Ha3Ha-
4aeMOro 4YelIoBeKy, ero 3(h(eKTHBHOCTh HEM30EKHO HAUYHET CHHXKATHCS, B
TOM YHCIIE /IO 3Ha4eHUsl, OJIM3KOrO K HYIO, HAallpUMep, B CiIydae repeHa-
npsokeHus. Bmecre ¢ Tem, 3aTparhl Ha KoOoTa OyayT pacTH IpPOMOPIHO-
HaJIbHO KOJIMYECTBY PaOOT OMPEAEIEHHOTO THIA WM OOIIEr0 KOINYeCTBa
BCEX Ha3HAYEHHBIX PaboT BCEX BHUIOB (B Clydac HEHYJIEBOH 3 {(eKTHBHO-
CTH Ul BCEX YKa3bIBaEMBIX BUJIOB paboT, Oe3 ydeTa CLEHApHEB C ero Io-
JIOMKOM ¥ OIUIaThl CTOUMOCTH PEMOHTA).

C npyroii CTOpPOHBIL, 3aTPaThl B 00IIEM BU/IE MOTYT OTPa)kaTh U BpeMs,
HEOOXOMUMOE JUIsl BBIMOJHCHHS Pa0OT. AHAJOTHMYHO TEPBOMY CIIy4alo,
B Clly4yae IIepPCHAIPsDKEHUs, OTCYTCTBHS WIIM HEJOCTaTKa IOJHOLEHHOIO
OT/bIXa YeJIOBEK OyHeT TepsTh 3(PQEKTUBHOCTh C TEYCHUEM BpeMeHU (B
KOHEYHOM cYeTe — /10 HyJieBoro 3HaueHus1). KoOoT jxe MoxeT (hyHKIMOHH-
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PpOBaTh KPYIJIOCYTOYHO, @ BpeMsl Ha BBINOJTHEHHE OIpeieIeHHON paboThl He
3aBUCHT OT MPOJIODKUTENBEHOCTH €0 HEMIPEPBIBHOTO (DYHKIIMOHUPOBAHUSL.
TakuM 00pa3oM, MOKHO HPEAIOIOKUTh, YTO B CIIydac YBEIHMYCHUS
o0bemMa paboT AJIs YeJIOBEKa ero 3arpaThl OyAyT yBEIMYMBATHCS HEIMHEH-
HO, a st K00OoTa — JIMHEHHO, MT03TOMY BO3bMEM JIMHEHHYIO (pyHKIWIO JUIs
OmlpeNieNieHust 3aTpar KoOora. B kaudecTBe (QYHKIMH 3aTpaTr JIEOIEH JUIs
VIPOIIEHUsST CO3aBaeMOil MOZeNH OylIeM HCIIONb30BaTh KBaJPaTHYHYIO
MPOM3BOACTBeHHYIO PyHKIHI0 Ko006a-/lyrmaca, koTopas Ais i-rO areHTa,
BBINOJIHSIOIETO k-bIi BUA paboT ¢ 9Q(EKTUBHOCTBIO y, , NMPUMET BHJ

()’

k
2”;1,

¢(x,,n,)= ZZZI . CnetyeT OTMETHUTH, YTO TAKXKE CYLIECTBYIOT H
JpyTHe MPOU3BOJCTBeHHbIC (PpyHKIMK (PYyHKIMU 3aTpaT), Harpumep, 0000-
meHHast pyHkims Ko66a-/lyriaca, GyHKIUS ¢ TOCTOSIHHOM 3J1aCTHYHOCTBIO
samenieHus (¢pynkuus Cosoy), mpou3BoACTBeHHas GyHKIUsA JICOHTheBa U
ap. Takum o6pa3om, BBITYKIOCTh (YHKIHMH 3aTpaT Iyl dejoBeka Oyner
03Ha4aTh yOBIBAIOIIYIO OT/a4y OT HETO NpH HapamiBaHHKM 00beMa Ha3Ha-
yaeMoi eMy paboThl k-T0 BHJa 1 HEU3MEHHOCTH 3HaueHHs (P PEKTUBHOCTH
BBITIOJIHEHUSI UM 3TOTO BHIa paboT, a y K0OOOTa B 3THX e YCIOBUIX OTHa4a
OyZeT mpOoTOPITMOHAIEHO BO3pacTath [41].

Jlns Bcex y4acTHHKOB B KOMaHje cuurtaeM, 4to C,(-,-) mu ¢, (-,°)

HEOTPHUIATENBHBI, MOHOTOHHO BO3PACTAIOT H HEBOTHYTHI 10 IEPBOMY apry-
MEHTY, MOHOTOHHO Y6bIBatoT 1o BTOpomy, a Takke ¢;(0,+) =¢;(0,-)=0.

ConepkaTeIbHO MOHOTOHHOCTh OTPaKaeT POCT 3aTpar IIPH YBEIUYCHHUH
00bEMa BBIIONHAEMBIX paboT (mepBblil apryment). [lpu sTom, yem BbIIE
3¢ PeKTUBHOCTE (BTOPOH apryMeHr), TeM 3arparhl Hike. HeBOorHyTocTb
OoTpaxkaeT TOT ()aKkT, YTO 3aTPaThl BO3PACTAIOT KAaK MHHUMYM JIHMHEHHO
(00BIYHO, IT POOOTOB), a B CiIydae BBIMTYKIOW (PYHKIMH 3aTpaT — TeM
opicTpee, yeMm Oomprmmii 00BEM paboT Ha3HAYEH WIeHY KOMaHABI (3G QeKT
yCTaBaHUs).

Omnpenenum clieyroe yCIOBHs:

— J00OW wWIEH KOMaHIhl MOKET BBITOJHHUTH JIIO0OH HEOTpHUIla-
TENBHBI 00bEM PabOT KaXKI0TO BHU/IA;

— (yHKUMM 3aTpaT ajAUTHBHBI (T.€. HE YYUTHIBACTCS JOMOJIHH-
TEJILHOCTD 3aTpar 0 pa3indHbIM BuaaMm pabor [41]).

[Ipy BBINONHEHWH JAHHBIX YCJIOBHH ONTHMAalbHOE paclpeeieHue
paboT Mexay 4WieHaMH KOMaH/bl MOXXHO HAalTH, PELIMB CIEIYIOIIyIO 3a/1a-

qy:
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n m
Zc[(xh[,rhl)+ch(xb_,;;,_)—> min
P = 27 b; {{xg‘ SURE 20},1(:1,(1}

: ” ©)
Zx,f’ +lef =V* ke[l,ql.
i=1 Jj=1 ’

Ecmu GyHKIMM 3aTpaT dWiISHOB KOMAHIBI SABISIOTCS (QYHKIMSAMH
k
Ko66 =3 gl 2 -
000a-Zlyrmaca  (T. e. cl.(xh,,rh’)—z A prll c;(x,,1,) =
h

k

. xb
:Zzzlrb':go r—k’ , ie[l,n],je[l,m],p() — BO3pacTaroIias BbIMyKIas

b/

rinaakas @ynkuus, ¢(0)=0, To pemeHue 3agauu (1) OyaeT cooTBETCTBO-

BaTh PEILICHUIO 3aJa4d ONTHMAJIBHOIO PacIpee/iCHHs] paboT MEXIy dJje-
HaMM OJHOPOJHOM KOMaHZBI, MpelacTaBleHHOMY B [41]. B 1o xe Bpewms,
cnenurKka CMEIIAHHOW KOMAHJBI, BKIFOYAONICH JBa BHUJA WICHOB pa3-
JIUYHOW TIPUPOJBI, TPeOyEeT pacCCMOTPCHHS TTOCTAHOBOK 3aJ1a4 CO CIICAYIO-
[IMMH PACIIHUPCHUSIMU W OTPAHUICHUSMHU:

1. Pasnple BHOBI (YHKIUI 3aTpaT AN pa3HBIX BHUIOB WICHOB KO-
MaH/Ibl — JIFOJIei U poOOTOB.

2. OrpaHn4eHHas aKTHUBHOCTH pOOOTOB B KOMaH/E (B BBHIIOJHECHUH
paboT Kaxmoro BuAa 00s3aTEIBHO JODKEH YYaCTBOBAThH XOTS OBl OAWH de-
J0BEK ).

3. 3aBUCHMOCTB 3aTpaT POOOTOB Ha BEIOJHEHHE HEKOTOPOTO BUAA
paboT OT KOJMYECTBA JIFO/ICH, HA3HAUCHHBIX HA BBITOJHCHHE TOTO XK€ BUIA
paboT.

4. HeanauTHBHOCTh (PYHKIIUI 3aTpaT y OJHOTO BHJA YICHOB KO-
MaH/Ibl WM y 000HX cpasy.

PaccMoTpuM HIXKE HECKOJBKO MOCTAHOBOK TaKUX 33734 C pa3jiny-
HBIMU OTPAaHWYCHHUSIMHU M TMPUBEAEM S]] MPUMEPOB PEIICHUS 3a1a4d ONTH-
MU3aIUH.

4.1. llocTaHOBKa M pelleHHE 3adaYH B CJIy4Yae pPa3IndHBIX
(yHKuUii 3aTpaT y pa3HbIX BUAOB y4YacTHHKOB. [lycTe QyHKINH 3aTpaT
YIEHOB KOMaHIIBI — KOOOTOB U JIIOJIC COOTBETCTBEHHO — MMEIOT BHI:

*
JTAHHOE YCJOBHE COOTBETCTBYET IPHHLUIIAM B3aUMOJEHCTBUS UCIIOBEKA U
KoJutabopartuBHOTO podora B pamkax KPTC.
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q x[]:/ )
cj(xb/arb/):z_k’]e[lzm]; (2)
k=t Ty,
k
q k xh, . (3)
Ci(xh,’rh,) = Zrh,(D I"_k 51 e[l,n],
k=1 h;

rae ¢(-) — BO3pacTaromlasl BBITyKiIas I1aakas GyHKuus, ¢(0)=0.

[Ipeanonoxum, 4yTo QYHKIMU 3aTpaT aAdUTHBHEL PaccmMoTpum mo-
CJIEIOBATENILHO HECKOJIBKO CIIydacB 3ajaud (JOPMHUPOBAHUS KOMAHIbI, IPH
KOTOPBIX:

1. HexoTopblii 00bEM pabOT €JUHCTBEHHOTO BHUAA PACIIPEIEIseTCs
MCXIAY ABYMs YHYaCTHUKaMU KOMaH/bl, OIVMH U3 KOTOPBIX ABJIACTCA Y€JIOBC-
KOM, a Ipyroi — KoJ1abopaTuBHEIM pob0TOM (g =1,n=1,m=1);

2. O0BEMBI paboT pa3IMYHBIX BHIOB B KOJIMYECTBE ¢ paclperneis-
IOTCSI MEXJy YYaCTHHKaMH KOMAaHIBl COCTaBOM, aHAJOTMYHBIM II. 1
(geN,g<oo,n=1,m=1).

3. OO0béM paboOT E€AMHCTBEHHOTO BHIA DPACHpPEHCNACTCS MEKIY 7
JFOJBMHU M 11 KoboTaMu (g =1,n,m € N, n < 00, m < ) .

4. OO0BEMBI paboT pa3IMYHBIX BHJOB B KOJMYECTBE ¢ pacrperess-
I0TCS MEXKIY 7 JIFOJBMH M 711 KOOOTaMHU (g,n,m € N, g < 00,1 < 00, m < ).

PaccmoTpum BHavane 3amady | m pemuM e€ B JUCKPETHOM BHJE.
[Ipennonoxum, 9To 006EM paboT BKiIOYaeT B ceOs V MIEHTHYHBIX aTo-

Vv

MapHBIX ONEpalUi, T.€. y — Z v, - Torma oOmrue 3aTpaThl CHCTEMBI Ha
1=1

BBITIOJIHEHHE 00BEMa paboT X MOT'YT 3aITUCHIBATHCS KaK:

c.(x,,7,,%,,1,) =, (x,,1,) +¢,(x,,1,) , OO
c,(xh,rh,x,,,rb) = max{ch(xh,rh),cb(xh,rb)} H

X, = th,xb :zvb,x:xh +x,,
heH beB
rne ¢, (-,) — (YHKIUS 3aTpar YeioBeKa, ¢, () — (yHKIHS 3aTpaT KOOO-
Ta, X,,X, — 00BEMBI pabOTHI, BHITIONHSEMBIC YEIOBEKOM U KOOOTOM COOT-
BETCTBEHHO, /H/ U B — HEKOTOpble MHO>KECTBAa HHJIEKCOB TaKHE, 4YTO

HUB={,2,.,V}.
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OyHkuuo oOmMX 3aTpaT c (x,,7,,X,,7,) CIENYET HCIOIb30BATh,
KOI'Jla 3aTpaThl cenapalenbHbl (HalIpuMep, U3AEPKKH Ha OIUIaTy TpyHa JIto-
nel n conepkanue kobortoB). Ecim ske TpeOyercs, HanpuMep, IPOBOIUTH
ONITHMU3AIIMIO 110 BPEMEHH BBIITOJIHEHHS BCETO ITyJia padoT, Torna ciiemyer
NONBb30BaThCs PYHKIMEH ¢, (x,,7;,X,,1,) - Janee B Tex cinydasx, KOrjaa BUj

(hYHKIMY 3aTpaT HEBAXKEH, OyIEM MOJIb30BaThCS 3aITUCHIO c(x,,71,%,,1,)-

3amaya ONTHMAJBHOTO pachpeleNieHuss padoT 3aKIoyYacTcs B
HAXOXK/IEHUU 3HAYEHUH x, =x, > 0,x, = x, > 0, MUHUMU3HPYIOIIUX 3HAYeE-

HUe QYHKIIUH OOIIHNX 3aTpaT, TO €CTh:

C*(x27rh>x2’rb) = Arg min(c(xh,rh,xb,rb)).
x,20,x,>0,
X=Xp,+Xp

I[J'ISI peuaicHus 3TOM 3aJa4r MOXXHO HCIIO0JIb30BaTh CJ'IeJ.'[yIOHII/If/'I ajro-

V-1
putM. Ipeanonoxum, uro aust o0béMa padboT /! :ZVI HaM H3BECTHBI
I=1

v v y1 v V-1

MUHUMH3UPYIOIIHME 3aTPaThl = — th’ X, :th’ X =x, +x, ,
heH beB

HUB= {1,2,.__,1/_1} , @ BEJIMYMHA MUHUMAJIbHBIX 3aTpaT paBHa, B 3aBU-

CHUMOCTH OT THIIA 3aTpart:

V-1 V-1 V-1 V-1 V-1 6
. =c.x, sn,x, 1) =¢,(x, ,n)+c(x, ,r), 00

_ v-i V-1 V-1 V-1
¢ = c,(x, »n,x, 1) =max{c,(x, ,n)c(x, ,7)}.

t

Torma BenuYMHY MHHHMAIBHBIX OOLIMX 3aTpaT sl 00bEMa paboT
¥ =x"" +v, MOXHO onpenenuTh CiIeAYIOIUM 00pasom:

1% v v v V-1 V-1
¢ =c.(x,,1,%,,n)=c. (X, ,1,X, ,5)+
V-1 V-1

e, (x, +v,,n)—c,(x, ,r,)
+min " }[’,4 e " fl,,, T 5 6o
¢, (x, +v,,n)—c,(x, ,1)
V-1 V-1
max {Ch (xh + VV’ rh )’ Ch (xb ’rh)}a

¢ =c,(x,,r,,x, ,r,) =min o o
max{c,(x, ,7,),¢,(x, " +v,,7)}
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Tak xak uis BEIOpaHHBIX (YHKIWH 3aTpaT ¢,(0,1,)=¢,(0,1,)=0,

TO C IMOMOIIBI0 METO/]a MATEMATHICCKON HHIYKIIMA MOYKHO YOCAUTHCS, U4TO
3HAYCHUS MUHAMAIBHBIX OOIINX 3aTpaT C: u c[V MOTYT OBITh HAMIEHBI IS

moboro V>0 . OTMeTHM, YTO TNPEJIOKECHHBIN aJrOpUTM MPUMEHHUM Ha
Cllyyail MPOM3BOJILHOTO OrPAaHUYEHHOTO YHUCIA YYAaCTHHUKOB CMEIIaHHON
KOMaH/IbI, T. €. pelllaeT TaK¥Ke U 3aa4y 3.

Teneps paccmoTrpum 3axauy 2. Eciu dyHKImME 3atpat KOOOTOB U
moaei uMeroT BUI (2) U (3) COOTBETCTBEHHO, TO 3a7a4yy MOKHO PEIIUTH
cienyromuM oopasoM. [lycts pacnpenesnsiembie 00bEMBI paboOT 3a/1aHBI BEK-
topom ¥ =(V"',..,V),V* >0,k e[l,q], T.e. k-ii BUL PaGoOT COCTOMT W3

V* >0 npeHTHUHBIX aToMapHBIX onepauuid. [Ipu 3TOM OIEpalUH, COCTAB-
JSFOLIME Pa3iMYHbIE BUABI pa0OT, MOMApHO PA3IWYHBl W BBIIOIHSIOTCS
yYacTHHKaMH KOMaHBI B 00IIeM ciiydae ¢ pasHoi 3¢ ¢dekTuBHOCTHIO. [lyis
K&XKIO0ro k =1,q OyleM BBIMMCIATb 3HAYEHHS MUHMMAIBLHBIX 3aTpaT CH-

CTeMBI Ha BBIIONHEHHE 00bEMa padoT V- .

¢ :Cu(x:arhk’x}]:vrbk):ch(xlfarhk)"'Ch(xlfarhk)yx/]: +xl]: =Vt

¢

HHH 9TOI0 H€06XOZ[I/IMO BBIYUCJIATH 3HAYCHUA x: n x;: , 4YTO MOJKHO

cienaTh MO aJrOpUTMY pemieHus 3anadu 1. Torma MUHMMAaNbHBIE 3aTPAThI

i a
Ha BBINOJIHEHHE Bcero 00béMa paboT V OyayT paBHbI o/ — Z ¢ . 3amaua 4
c c
k=1

pelIaeTcst aHaJIOTUIHO.

4.2. llocTaHOBKA W pellleHHe 3aJa4d B cJy4ae OrpaHUYEHHOMH
AKTHBHOCTH Y/JIEHOB KoMaHAbL. [Ipemmonoxum, yTo (QyHKIMH 3aTpaT
YJICHOB KOMaHIbl UMetoT BUI (2) m (3) st KOOOTOB MW JItOJIEH COOTBET-
CTBEHHO. BBenéMm cienyroniee orpaHU4eHNE: KAKIbIH U3 3alaHHBIX BEKTO-
pom V = (V‘,,,., Ve, VE>0,ke [1,g] 06BEMOB paboOT JIOJIKEH BBINONHATHCS

KaKk MUHHMYM JBYMs WICHAMH KOMAaHIbBI, OJTUH U3 KOTOPBIX 005A3aTEIHHO
SIBIIICTCSI YSTTOBEKOM.

Bynem pemars 3anauy (1) B HenpepsIBHOM Buje. PaccMoTpum crie-
IYIOIIE YaCTHBIC CITyYamn:

1. Opmun Bug paboT, OMUH YETOBEK, M KOOOTOB.

2. OpuH BULI paboT, n TOAEH, M KOOOTOB.

3. ¢ BumoB paboT, OUH YENOBEK, /1 KOOOTOB.

4. g BuAOB paboT, n MroAeH, M KOOOTOB.

Pacemorpum ciyyait 1. Ilyets x, — 4yacth 00bE€Ma paboT, KOTOPHII

Mbl OOJDKHBI PACHpCACIUTD JJId BBIIIOJTHCHHA YCIOBEKOM. Hrorosoe pac-
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npejesicHre Bcero o0béMa paboT V' MexIy 4WiICHaMH KOMaHIbI JOJDKHO
MHHUMH3HPOBATh 3aTpaThl Ha €rO BBIIIOJHEHHE, a 00BEM 3apaHee HeH3Be-
CTEH.

JlobuThes 3TOr0 MOKHO, MHHHUMM3HPYS NpUpaIleHHe 3aTpaTr Ipu
npupameHnn  o0bpéma  pabdor. Ilockonbky ¢yHKIMM 3arpaT KOOOTOB
¢;(x,1,) JIMHEHHBIL, TO JUIs o0ecIieueHnss MUHUMYMa 3aTpar TpeOyeTcs Bbl-

Opath K00OTa j, BBINOJIHSIIONIETO JAaHHBIH BUI pabOT ¢ MaKCUMaIbHOH 3¢-
(eKTHBHOCTBIO, M HA3HAYMTH EMY 4acTh 00bEMA PaboT B pasmepe J/ —x, .

Haiiném teneps x, . 3aMeTHM, UTO MOCKONBKY c,(x,7,) — BBITyKJIas
. 0. 0 -
dynxums, T Vje[l,m] 3x) :Vx>x? ¢ (x,5)> ¢ (x,n,)- B cuiy Hempe

PBIBHOM muddepentmpyemoctu byHKIMN c,(x,r,) eciu

: . 1
Fxp >0:¢,(x,7) =c;(x,1, ), TO 3x, € (0,x.):¢;(x,,1) =c;(x,,1, ) =—.
J rb

Oto u Oymer nuckomas 4actb 00béma padot. Cienyer OTMETHTb, YTO B CIIy-
uae ¢ (x,r,) > c;(x,r, ) Vx> (0 oNTUMaNbHOrO PELICHUS HE CYLIECTBYET.
j

[IpennoxeHHbli aIrOPUTM NPUMEHUM Ha Cllydaid MPOU3BOJIBHOTO
OTPaHWYCHHOTO YHCJa YYaCTHHKOB CMEIIAHHOW KOMAaHIBI, T.C. peIIaeT
TaKxKe U 3a7aqy 3.

PaccmoTtpum ciyuait 2. ANroputM peuieHds TOT e, HO Telepb
HEOOXOJMMO HCKATh BEKTO -y ' 1 Ecmm
A p (x5, 11 Vie[l,n] c,.(xh’,rh’)ﬁr—.

b
J

n

Z X, <V , TO pe€HICHUC JUISl Ka)KA0TO U3 YJICHOB KOMAaHAbI — n}oaei/i MOXHO

i=1

n

HalTu 1o anroputMmy ans ciayvas 1. Eciou xe Z x, >V, TO pacnpezene-
i=1

HHE pabOT AOJDKHO yIOBJIETBOPSTH CIIEAYIOIIEMY YCIOBHUIO:

ci(xh, 5T, )= C;(xhz T, )=..= C;1(xh,, ’rh“) < C;‘(xlz’rb/ )= L
I"b/

3anaya 4 pemaeTcsi aHaJIOTHYHO.

4.3. IlocTaHoBKAa W pelleHHE 3aJa4YM B cCjay4dae 3aBHCHMOCTH
(yHKIHM 3aTPAT YYACTHUKOB OTHOTO THUIIA OT YHCJIA HA3HAYEHHBIX HA
3TOT BHJA PadoT y4acTHHKOB Apyroro tuma. PaccMorpum 3amady o ¢op-
MHUPOBaHHH CMEIIAHHOW HEOJHOPOJHOM KOMaHJBI JUIsl Cirydas, Korma a¢-
(eKTHBHOCTH KOOOTOB 3aBUCAT OT YHCIIA JIIOJICH, BBIMOJHSIOMINX 3TOT K€
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BU pabort. JlelicTRyronue TpeOoBaHus K 0€30MacHOCTH KOJIIa0OpaTHBHBIX
POOOTOTEXHUYECKUX CHCTEM TPeOYyIOT BHIOOpA TPACKTOPUM JIBMIKEHHSI, HC-
KIIIOYAIOIUX NPUYMHEHUE TPaBM 4YeJIOBEKY. B cBs3M ¢ 3THM pa3yMHBIM
SIBIIICTCS TIPEATIONIOKEHIE O TOM, YTO YeM OOJIbIIe B paboveld 30HE JIFOJIEH,
TeM OoJiee CIIOKHBIE TPACKTOPUH MPUAETCS MCIIOIb30BaTh — TaKUM 00pa-
30M, 3G PEKTUBHOCTH OyAeT cHIKAThCs. Kpome Toro, B aTOM ciydae QpyHK-
LM 3aTpart Uit KoOOTOB OyIeT TakkKe 3aBHCETh eIl U OT KOJIMYeCTBa JIOACH
C HEHYJIeBOH 3(PEKTUBHOCTHIO BHIMOIHEHUSI PaloT, T.€. ¢y = f (xb/ T, ,IN,).

PaccMorpum ciywait ¢ JMHEWHBIM TajieHHeM (G (GEKTHBHOCTH.
[ycTb hyHKIMM 3aTpaT YICHOB KOMaH/Ibl — KOOOTOB UMEIOT BH/I:

k

q xb. .
¢, (%513, N = D (14N =, j € [Lm]. )
k=1 b

J

3mece N , — YHCJIO JIFOJIEH, KOTOPBIM PAaCIpPe/IEN€H HEHYIEBOI 00B-

ém pabot Buza k. ®yHkuumu 3arpar moxaei umerot Bun (3). Kak u panee, Bce
3aTpaThl CYNTACM ATUTHBHBIMHU 10 BUIaM padoT.

Bynem pemars 3anauy (1) B HenpepsIBHOM Buje. PaccMoTpum crie-
JTYIOIIMC YaCTHBIC CITyYam:

1. Omua Bug padort, n roeH, OTUH KOOOT.

2. ¢ BUAOB paboT, n TrOAeH, OAUH KOOOT.

OTMeTnM, 4TO TP MOJA0OHON TMOCTAaHOBKE 33Ja49H TOCTATOYHO pac-
CMOTpETh PELICHUs JIsl €JAMHCTBEHHOTO KOJIA0OPAaTHBHOTO po0OTa, Tak
KaK uX (YHKIMHU 3aTPAaT JIMHEHHBI.

Paccmorpum ciydaii, korya TpeOyeTcs pacipeaeInTh MeXILy y4acT-
HUKaMH KOMaH/Ibl 00bEMBI pabOT OHOTO BUIA. BHauane 3aMeTHUM, 4TO TpU
V' — 400 HET HUKAKOTO CMBICJIa BKJIFOYATh B KOMaHy 0oJiee OJJHOTO Yeso-
Beka. JIeHCTBUTENBHO, IPU YBENMYEHUH N, YBEIMYMBACTCS TAKXKE M IPO-

m3BoAHAs (pyHKIMH 3aTpar (4) — cIeIoBaTeNbHO, MPH JAOCTaTOYHO OOJb-
oM ¥ Gonee OBICTPBIN POCT 3aTpaT MEPEKPOET BHITOAY OT paclpeieeHuUs
yacTu 00bEMa paboT Ha Jromei, 9bK (DYHKIMK 3aTpaT BBIIYKJIBI U PACTyT
pu HEOOJBIINX 3HAYCHUSIX X, MEIICHHEe, YeM y KoOoTa (CM. TaKxke

npeapLLynmid naparpad).
C npyroii cTOpOHBI, IIpu (PUKCUPOBAaHHOM 00BEME paboT U J0CTa-
TOYHOM KOJIMYECTBE JIFOJICH MOXKET MOTYyYHUThCS TaK, UTO:

n
Hox,, 5 X5 50Xy} th[ =V,
i=1
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2
", .
B aTOM ciyyae 04eBHIHO, YTO BKIHOYATh B KOMaHAy KOOOTa Helese-
c000pazHo, U Bech 00BEM paboOT ClIeAYET IOACIUTH MEKIY JTFOIbMH.
PaccMoTpuM Tereps CHTyaluio, Koraa V = const < +oo, a KoJnde-
CTBO JIIOJICIT # MIMEET TaKoe 3HAUCHHE, YTO:

¢, (x,.n,) =0, (x, .5 )==c, (x, .15, )S¢,(r,1) =

n
VX, 5 X e X, ) th’ =V,
i=1

: , , , 2
¢, (x,.5,)=¢, (x, .1, )=..=¢, (x, .5, )>¢,(r,,]) = —
b

BHauaine mocuutaeM M3AEPIKKH TS CMELIaHHON KOMaHIbl U3 OTHO-
rO 4YeJioBeKa M OJHOro kobora. B obmem cinydae, BbiOepeM yCIOBHYIO Hy-
MEpaIiio JIIOACH TakuM 00pa3oM, 4ToObl MX 3(h(EKTUBHOCTH HE pocia C
YBEIMYCHHEM HOMEPa, TO €CTh 1, >, >..>r, . Takxke OyIeM CUHTaTh,

910 Vie {l,...,n} IxV>0:V0<x<x" ¢, (x,1,)<c,(x,7, ,i).
i i J

Torma 3, . . (O _ _2
A3 3x, ¢, (x,).1, ) =6, (1, 1) =—.
T
m _ D
P il +2—V i
= h,(o
rh, rb

[Tpu noGaBneHU: B KOMaHy emE OJHOTO YeJIOBEKa BO3MOXKHBI J1BA
BapHaHTa:

@ L@ . L2 @2 _ yane)) _ . (@
1) Elxhl X X X —V,chl(xh1 ,rhl)—chz(xhz,rhz)é
\ 3
Scb(rbl,Z):—.

7,
bl

@ L@ . L2, .2 aNE)) _ e _
2) ElxhI X X X <V,ch‘(xh‘ ,rh‘)—chz(xhz,rhz)—
: 3
:ch(rh/az):_'

r}),

1240 WHbopmaTrka 1 aBTomaTtusaums. 2021. Tom 20 Ne 6. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnariH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

[TepBblil BapuaHT COOTBETCTBYET Cilydaro, KOTAa MHHUMYM 3arpar
JIOCTUTACTCS TIPU PacIpee/iCHHH BCero 00béMa paboThl Cpeiu JitoacH, Oe3
3ajeiicTBoBaHusl koOora. PaccMoTpuM BTOpO#l BapwaHT. 3aMeTHM, YTO B

@) 5 O
CHJLY BBINYKJIOCTH (YHKUMH 3aTpar ¢, (.7, x,2 > x)). O603HauNM
M _ @ _ M .
AV = x? —xi! . Tenepb paccunraem BeIWYUHY 3aTPaT IJIs ATOIO CITydas:
o x4 A0 D) Yol A
V= o ——— |+ 0| — |+3 .
T, ", 7

B o6uem ciydae o Tom, B kKakoM oTHomenun Haxoasares ¢V u ¢?

HUYEro cKa3aTh HeNb3s. ABTOpaM HE YAaJOCh HAaWTH TOYHOTO PEIICHHUs
9TOM 3alayul Jaxe IS Cilydas r, =r, =r,, TO €CTb, KOTJa BCC JIOJU BBI-
1 2

MOJHSIOT padoTy ¢ oauHakoBo# 3ddexkTuBHOCTHIO. [l0 BCEl BHIMMOCTH,
JUISL PelIeHHs MPAaKTUYECKUX 33/1a4 B TAKOW MOCTAaHOBKE MOTPEOyeTcst mc-
NIOJIB30BaTh HEKOTOPBIE IBPUCTHUYECKHE MOIX0bl. PazpaboTka Takux anro-
PUTMOB ¥ METOJIOB SIBJISICTCS TEMOM JUTS JabHEHIIIET0 UCCIICTOBAHUSL.

5. BeruucaureabHblii dkcnepument. B cpene MATLAB Obuto
MIPOBEJCHO MOJICIMPOBAHNE ONTUMAJILHOTO paclpesiesieHnsi paboT MexIy
yuactHUKaMu KPTC nist perenust cucteMbl ypaBHEHHM, IPEICTABICHHON B
(1). Ansa meneit MmogenrpoBaHusl OBUTH BHECEHBI CICAYIOINIIE OTPAHUICHUS
U TOMYIICHUS:

1. B komanze npucyTcTByeT 1 >1 nmojeit 1 m >1 K00OTOB.

2. KomnwndectBo TUMOB paboT [uist Jf0/iel 1 KOOOTOB B KOMaH/IE sIB-
JII€TCSl OIMHAKOBBIM M PaBHO ¢ > 1. JI0OOH KOOGOT M 4yenoBek B KOMaHJEe

CMOCOOEH BBINIOJNHATH BCE  BUAOB PabOT, HO C Pa3HOW A(PPEKTUBHOCTHIO,
3amaBacMoii MaTpuniamu 3(pdeKkTuBHOCTH r,=(r )W, Uy = (rb”)qu IS

ki
JFOJICH ¥ KOOOTOB COOTBETCTBEHHO.

3. Kak 6buto yka3zaHo B riase 4, B KauecTBe (YHKIMI 3aTpar Jo-

Jeil ObLIM MCIIOJIb30BaHbl KBajpaTtuuHble QyHkuuu Tuna Koo0oOa-Jlyriaca,

CyMMHpYEMbIE TI0 BCEM g BuaaMm paboT. Tak, A -ro 4eloBeKa, BBIIONHS-

IOIIET0 ¢ BHIOB paboOT ¢ pa3InYHBIMH 3HAYCHUAMH 3(PPEKTHBHOCTH

()

’”/,k, >0,k €[l,q], NaHHad QYHKIMSA OPUMET BHI: e(x, .7, ):z h,k ’

Y k=1 2’”;1,.

ie[l,n], rh" > (. B cBoro ouepenp, GhyHKIHUA 3aTpaT I -r0 KOOOTA, CYMMH-
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pyemas 10 BCeM ¢ BUIAM paboT, MONAraroTCs JMHEHHBIMA: C, ()ch/,rh/)=

k
x
b

9
k
k=1 I"b

= ,Jjell,mlr 20.
J
4. JIro0ol y4acTHHK KOMaHJIbI CIIOCOOCH BBIMOJIHSTH JIFOOOW M3 J0-
CTYIIHBIX €My q BHIOB Pa0oOT, ecii ero 3(p(eKTHBHOCTh Ui 3TOTO BUIA
paboT He paBHa HYIIIO.
5. OOmiee KONMMYECTBO 3aTpar JIOAEH M POOOTOB COOTBETCTBEHHO
U1 -TO BUAa paboT paBHO oOmeMy oO0beMy s 3TOTO BHAa padoT

yk :Zn:x; +ixlf =V* ke[l,q]. Obume 06bembl s MOOIX BUIOB pa-

i=1 j=1

n
GOT OZMHAKOBEI, HO 3HAYCHHs 0OBEMOB pafoT i mozeit V' =Y xi n
i=1

m
k _ k .
K00OTOB V, = E X, MOTYT Pa3mHYaThCA. OO6muuit 06beM paboT It BeexX q
j=1

BHJOB pa0OT MpeACTaBIsaeT co0oil MaTpuly V = (Vk P )qx ,» Tae | — xonmmnue-

CTBO THUIIOB YYaCTHHUKOB (/ =2 111 KOMaH/bI U3 KOOOTOB M JIOJEH).

Jdns mpouecca MozenupoBaHus OBUIO NPHHATO K PAaCCMOTPCHHUIO
IISTH CLIGHAPHEB, PACIOIOKEHHBIX B MOPSAAKE YCIOKHEHHS NCXOAHBIX JaH-
HBIX M HaYaJIbHbIX yCIIOBHIL:

1. OpuHakoBble QUKCUPOBaHHBIE 00BEMBI pabOT JJIsl BCEX § BUAOB
paboT s oAk u KOOOTOB, JTFO00H YYaCTHHK KOMAaHIbI MOXET BBIOJI-
HATPH JII000€ KOJIMYECTBO Pa0OT, KOJIMYECTBO JIIOJCH M KOOOTOB OJMHAKO-
BO€, 3HAYCHUS] MaTPHLBI A3PPEKTUBHOCTH [UIsl JIIOAEH M KOOOTOB 3a/1at0TCs
cirydaiiHeIM 06pa3oMm B auanazone (0..1].

2. OpunakoBble (PHKCHPOBaHHBIE 00BEMBI PAOOT IS BCEX q BUIOB
paboT s JroJed ¥ KOOOTOB, JIO00H YYaCTHUK KOMaHIBl MOYKET BBIIIOJI-
HATH JTI000€ KOIMYECTBO pabOT, KOJTMYECTBO JIIOJIE 1 KOOOTOB HEOAWHAKO-
BO€, 3HAUCHUsI MaTPHULBI 3)HEKTUBHOCTH VISl JIFOJEH M KOOOTOB 3aar0TCS
ciydaifHeIM 0oOpa3om B auamnazone (0..1].

3. HeoanHakoBble (PMKCHpPOBaHHBIE 00BEMBI PadOT Ul BCEX G BH-
JIOB paboT Jyisl JItoJield U KOOOTOB, JIFOOOW yYaCTHHK KOMAaH/bl MOXKET BbI-
MIOJHATH JF000€ KOJIMYECTBO paboT, KOJMUYECTBO JIIOJIe 1 KOOOTOB HEOH-
HaKOBOE, 3HAYECHHS MaTpUIbI 3PPEKTUBHOCTH IS JTIOJeH U KOOOTOB 3aja-
I0TCsI CiTy4daifHeIM 00pa3oMm B auanazone (0..1].

4. OpunakoBble (PHKCHPOBaHHBIE 0OBEMBI PAOOT IS BCEX G BUIOB
paboT s JroJed ¥ KOOOTOB, 000K YYaCTHUK KOMaHIBI MOYKET BBIIIOJI-
HATH TOJIBKO OIHY pPabOTy, KOJHWYECTBO JIOJEH M KOOOTOB OIMHAKOBOE,
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3Ha4YeHHs MaTpullbl YPGEKTUBHOCTH JUIS JIIOAEH U KOOOTOB 3aJal0TCsl CITy-
yaiHbIM 00pa3oM B nuanasone [0..1].

5. HeonunakoBble (UKCHpOBaHHBIE 00BEMBI paboT Uil BCEX g BU-
JIOB paboT [uIsl JtoJield ¥ KOOOTOB, JIFOOOW yYaCTHHK KOMAaH/bl MOKET BBI-
MIOJHATH TOJBKO OJHY pabOTy, KOJIWYECTBO JIO/EH N KOOOTOB HEOIMHAKO-
BO€, 3HAYCHUS] MAaTPHULBI A3PPEKTUBHOCTH ISl JIIOAEH M KOOOTOB 3a/1ar0TCs
ciydaifHeIM 00pa3oM, HO 3HaueHHs 3(PPEKTUBHOCTH i KOOOTOB — B He-
CKOJIBKO Pa3 BBILIE, YeM Y JIIOACH; 3HaUeHUsI MaTPULBI 3PPEKTHBHOCTU IS
JOZIeH M KOOOTOB 3aJaf0TCs CIIydaifHBIM 00pazom B auamnazone [0..1].

Boruncnenue 3HaueHUH, HA3HAYCHHBIX yYaCTHUKAM KOMaH[bI 00BE-

MOB paboT x,’j u xé‘ OCYULIECTBIISIOCH B cpene MonenupoBanuss MATLAB
i j

¢ ucnojip3oBanneM QyHkuuu fmincon. 3HaYeHUs 110 UCXOIHBIM XapaKTepH-

CTHKaM Ul KOMaHJ Ipe/CTaBIeHbl B Tadiuie 1, BHIYMCICHHBIC 3HAYCHUS

00bEeMOB PabOT y4aCTHUKaM HEOAHOPOIHOW CMELIaHHON KOMaH[Ibl — B Ta0-
auue 2.

Tabmuma 1. XapakTepuCTHKH KOMaHI.

3Ha4yeHue ePEMEHHBIX

Cuenapuii
nim|q Vh Vb Th Ty

0,08 0,24 0,12 0,18 0,24 0,42
No 1 313 (3] 100100100 | 100100 100 0,050,9 0,95 0,49 0,49 0,34
0,9 0,370,11 0,78 0,39 0,24

0,3 0,74 0,19 0,69 0,18 0,37

Ne 2 423100100100 | 100100 100 |0,63 0,78 0,08 0,93 0,78 0,49

0,46 0,45 0,31 0,51 0,51 0,82

0,58 0,23 0,46 0,97 0,52 0,23

No 3 41213 6010070 5010020 |0,620,680,4 0,37 0,04 0,89

0,8 0,1 0,26 0,34 0,14 0,72

0,560 0 0930 0
100 100 100 | 100 100 100 0 070 0 0580
0 0 0,82 0 0 0388

z
N
W
W
w

10 020 0
Ne 5 21413 5090 30 50 100 60 00,87 002,610
00 300 2,52
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Ta6umna 2. Pe3ynbraTsl MOAENINPOBAHHUS pacpe/eeHus oobeMa paboT
B HEOJHOPOJHOM CMELIaHHON KOMaHJIe.

3Ha4YeHHE TEPEMEHHBIX
CueHapwuii
Xn Xb
0,01 0,14 0,04 0 0199,81
Ne 1 0,01 1,66 1,82 196,520 0
1,04 0,17 0,02 198,7700
0,24 1,5 0,1 1,28 0 196,88
Ne 2 0,5 0,78 0,01 1,11 197,59 0
0,23 0,24 0,11 0,32 0 199,09
0,640,110, 1,78 107,07 0
Ne 3 0,44 0,52 0,18 1,15 0 198,71
0,88 0,01 0,1 0,16 0 88,86
0,340 O 199,66 0 0
Ne 4 0 0830 0 199,170
0 0 0,76 0 0 199,24
0,490 0 99,510 0
Ne 5 0 0,29 00 189,71 0
0 0 900 0 0

5.1. AHaIu3 NOJIyYeHHBIX pe3y/IbTAaTOB H (popMUpOBaHHE cOCTa-
Ba KPTC. CornacHo pacyeram, NpeJCTaBICHHBIM B Tadiune 2, BO BCEX
CIICHAPISIX KOOOTaM HazHAvajcst OONbIINi 00BeM padoT, 4eM JOIsIM. DTO
CBSI3aHO C OTJIIMYMSAMHM B THMAX (QYHKIUIX 3aTpaT ABYX THIIOB yYaCTHHKOB —
y KOOOTOB OHA TIPUHSTA JTHHEHHOM.

B crnenapusx 1-3 B pe3ynbraTe MUHUMH3AUUK (YHKIMHA OCHOBHOMN
00beM paboThl Ha3HAYAICS OJJHOMY KOOOTY ¢ MakCHUMallbHO# 3 (dheKTHBHO-
CTBIO CPE/IM 3TOT0 THIIA YYAaCTHHKOB AJISI JAHHOTO BHJa pabot. Kpome Toro,
cpeau JIIoAed B KOMaHJE Takke OblIa 3aMeTHa HEpaBHOMEPHOCTh paciipe-
JIeTICHUs] Ha3HayaeMbIX 00BbEMOB padoT, CHIJIBHO 3aBUCALIAs OT pPa3HHIIBI
3HaYeHUN 3P PEKTUBHOCTH 110 KOHKPETHOMY By PadoT.

PesynbTaTsl MOfeNMMpOBaHUs 10 ClieHapHsiM 4-5, rie Mool ydacT-
HUK KOMaH/bl MOXKET BBIIIOJHSTH TOJBKO OJHY paboTy (T.e. HEKOTOpHIE
3Ha4YeHHWs B Marpuiax 3(QGEeKTUBHOCTH ISl JIOJEH W KOOOTOB SIBIISIOTCS
HYJIEBBIMH), CXOXH C BBIYHCICHHBIMU 3HAYEHMSMH Ha3HaYaeMbIX 00bEMOB
pabot B cueHapusax 1-3: oCHOBHON 00beM padOT BBITOIHSIT KOOOT, €CITH eTo
3¢ PEeKTUBHOCTD /Il JAHHOM paboThl ObLIa Oobine Hysl. HecMoTps Ha 3TO,
HEKOTOpBIi 00beM paboT JMOAAM Bce e Ha3Hayalcs, eCId 3HaYeHHe ero
a¢pexTuBHOCTH ObUTIO HeHyseBoe. Oco00 ClielyeT OTMETUTb, PE3YJIbTaThl
MOJICTIMPOBAHUS 110 TPEThbeMY BHIY paboT cieHapHs S5, rie HEeHYJIEeBbIMU
3HA4YEeHUAMHU 3(PPEKTUBHOCTU CPEAM BCEX YYACTHUKOB OOJIQAlId TOJBKO
JBa KoOoTa. B pesynbpraTe KoOOT ¢ HamBBICIIMM 3HauYeHHEM 3¢ dexTHBHO-
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CTH MOJIY4YHII BECh 00bEM JTAHHOU PabOTHI, XOTS 3TOT 00bEM MOT OBITh pac-
npeJieNieH MeXIy IByMsi poOOTaMHu.

OCOOEHHOCTBIO TIOYYSHHBIX PE3yJIbTaTOB MOJACIHPOBAHUS SIBIISICT-
Csl TO, YTO BBIICYKa3aHHbIC 3HAUCHUSI Ha3HAYaeMbIX 00BEMOB PadOT MOYKHO
WCII0JIb30BATh HE TOJILKO Ha dTalle IIEpBOHAYAIBHOTO paclpeesieHns: padbot
pas3HbIx BuaoB cpeau yyacTHuKoB KPTC (B Xoze mepBHYHON ITOCTAHOBKH
3aJa4 Ha BBIIOJHEHHE paboT), HO U, B NEPBYIO OYEPEib, OCYIIECTBIATH
LIeJICHANPABJICHHBIH OA0Op cocTaBa KOMAH/IBI AJISI BBIMOJHEHUSI KOHKpPET-
HBIX paboT C y4eToM 3Ha4eHuH 3(pPeKTUBHOCTH AJIs KaXKIOr0 BUAa padoT u
BCEX areHTOB B KoMaHze. Kpome Toro, ruGKOCTb CO3AaHHON MOJETH IO03-
BOJIAET MepepacipeensiTh TpeOyeMblil I BRIIOTHEHUS 00BeM paboT cpe-
I yYacTHHKOB IPH W3MEHEHHMH COCTaBa KOMaHAbI (Hampumep, B cllydae
BBIXO/Ia M3 CTPOSi KOOOTa WIJIM HECITIOCOOHOCTH YeJIOBEKa JeNaTh KOHKPET-
HBII BUJ padOT) W/WinK 3Ha4eHUH 3(PEKTUBHOCTH /TSI aT€HTOB B COCTaBe
KPTC, B TOM 4ucie ¢ y4eToM yXe cIeJaHHOTo 00beMa paboT KOHKPETHBIX
BUJIOB.

6. 3akiTI04eHne. AKTyalTbHOCTh HACTOSIIIEH pabOTHI 3aKiIIOYaeTCs B
HEIOCTaTOYHON MCCIIEIOBAHHOCTH BOIIPOCOB (POPMHUPOBAHMS CMEIIaHHBIX
HEOHOPOIHBIX KOMAaH/I, COCTOSIINX M3 JIOJAeH 1 KOOOTOB (T.€. TeTepOreH-
HBIX TPYHNII U3 YYaCTHUKOB Pa3JIMYHBIX THIIOB) U paclpeieleHus 3aaad B
HUX C Y4eTOM CHEeUH(UKH pa3HOPOAHOCTH YICHOB KOMaHMBL, a TaKkxke 00s-
3aTeNbHBIX TPeOOBaHWN 0€30MAaCHOTO B3aMMOAEHCTBUS YYAaCTHUKOB, IPH-
cyumx KPTC. PaccmarpuBaroTcsi 4acTHBIE CIyyaW 3aJadd, B TOM YHCIIE
NPU pa3iuyHbIX (QYHKLIUSIX 3aTpaT y PasHbIX BHUAOB YYaCTHUKOB, B CIydae
OTpaHMYEHHON aKTUBHOCTH YJICHOB KOMaH[bl, PH HAIMYUH 3aBUCUMOCTH
(YHKIIMHM 3aTpaT y4aCTHUKOB OJJHOTO THIA OT YMCJia Ha3HAYEHHBIX Ha 3TOT
BU pabOT YYaCTHHWKOB JIPYroro THIIA, a TAKKE B CIydae HAJIMUYHS MPOU3-
BOJIFHOTO KOJIMUECTBA BHJIOB paboT, Ha3HAYaeMbIX yJYaCTHHKAM CMEIIaHHON
HEOAHOPOJHOW KOMaHBI.

B xozne monenmupoBarus moaaMm B KPTC HasHawancs cpaBHUTETBEHO
Mayblii 00beM paboTHl, B TO BpeMsI KaK KOOOTHI BEITIONHSIIA €€ OCHOBHYIO
9acTb. DTO CBS3aHO KaK Pa3lIMYMsIMHU B MCIOJBb3YeMBIX (DYHKIHMSAX 3aTparT,
TaK U C OTCYTCTBUEM B MOJEIM MUHHMAJIBLHOTO 3HaueHUs o0beMa paboT,
KOTOPBII MOKET OBITh Ha3HA4YeH YYAaCTHUKY C HEHYJEBBIM 3HaueHHEM 3(¢-
¢dexTuBHOCTH. KpOoMe Toro, akTyasbHOM sIBJseTCs 3a1a4a Oojiee paBHOMEp-
HOTO pacrpezeneHus 00beMoB paboT cpey yYaCTHUKOB OJIHOTO THTIA.

[Nonmy4eHHbIe pe3yabTaThl CBUACTEIBCTBYIOT O HEOOXOMMOCTH BBE-
JICHUSI B MOJIENb JIOTIOJHUTEIBHBIX YCIOBUI 1 popaborok. B wactHoCcTH,
B pPe3yJIbTaTe MOJEIMPOBAHMS OIpECICHHBI 00beM paboTHl HE 00s3a-
TEJIBHO JOJDKEH Ha3HA4YaThCsl BCEM ydacTHHKaM. BMecTo 3Toro miaHupyer-
Csl IPOTPaMMHO PeasM30BaTh MPOLEAYpPY BBHIOOpa ONMPENEICHHOTO COCTaBa
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YYaCTHHKA M3 YMCJIA JOCTYIHBIX (B TOM YHCIIe HA OCHOBaHHHU 0oJjiee BBICO-
KUX 3Ha4eHHU 3(QQPEKTUBHOCTU BBHINOJHEHUSI KOHKPETHBIX BUAOB padoT) C
00s13aTeNbHBIM COOJIIOICHIEM TPEOOBAHMS HAIMYUSI B COCTaBE MCIOJIHUTE-
JIeH JUIs KaXKJI0ro BUa paboT HEe MEHee OJJHOTO KoOoTa U He MEHEe OJTHOTO
yenmoBeka (uist coxpaHenus camoii cyti KPTC kak KOMIUIEKCHOM CHCTEMBI
B3aMMOJICHCTBHA JroNIeii U poboToB). Takxke TuraHUpyeTcss M0OABUTH Bpe-
MEHHYIO COCTaBIISIOIIYIO 3aTpaT Ha BBIIOJHEHHE pabOT y4acTHHKaMH KO-
MaH[bl ¥ PEAUTN30BaTh W3MEHEHHE BEIMUYMHBI 3(P(PEKTHBHOCTH YYaCTHHKOB
KPTC Bo BpemeHnH, 100aBUTH BO3MOKHOCTh BBEICHHUS MPOCTOEB B paboTte
10 KOHKPETHBIM YYaCTHHKaM M MOJEIMPOBATH OTKa3bl KOOOTOB M COMYT-
CTBYIOIINE UM CHIDKEeHHE 3(P()EKTUBHOCTH, CBSI3aHHOE C 3aTpaTaMH Ha Ipo-
Be/ieHHe peMoHTa (y4eT (akropa HaJEKHOCTH POOOTOTEXHHYECKHX CH-
CTE€M), a TaKXKe IPEeAYCMOTPETh BO3MOXHOCTH pacIlpeleiecHus] 00beMOB
paboT B ciyvae 3aBHCUMOCTH (YHKIIMH 3aTpaT YYaCTHUKOB OJHOTO THUIIA OT
Yrcila Ha3HAYCHHBIX Ha ATOT K€ BUA PaboT areHToB japyroro Tuma. Kpome
TOTO, TpeOyeTcsl BHEAPEHHE B MOAENDb (DYHKIIMH JJOX0/1a areHTOB, T.€. IOJIb-
3Bl (Harpajgsl), IOTy4aeMOl areHTaMy MPH BBHITIOJTHEHHUH padoT, B TOM UHC-
Jie B YCJIOBUSX HapacTaHMs MOTy9aeMOH areéHTaMH BBITOJBI C yBEIHICHHEM
00BeMa BHITIOTHEHHBIX padoT.

BBeneHne COOTBETCTBYIOIIMX JOMOJIHEHUN U YCIOBUH B MOJENb U
IPOBEJICHUE PACUETOB OYJAET SBIATHCS NPEAMETOM AANbHEHIIHNX HCCIENo-
BaHMI 10 TEMAaTHUKE paclpeseNeHNs 3a1ad B HEOJAHOPOAHBIX CMEIIAHHBIX
xomasgax B KPTC.
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R. GALIN, A. SHIROKY, E. MAGID, R. MESHCHERYAKOV, M. MAMCHENKO
EFFECTIVE FUNCTIONING OF A MIXED HETEROGENEOUS
TEAM IN A COLLABORATIVE ROBOTIC SYSTEM

Galin R., Shiroky A., Magid E., Meshcheryakov R., Mamchenko M. Effective Functioning of a
Mixed Heterogeneous Team in a Collaborative Robotic System.

Abstract. The study describes a collaborative robot (cobot) as one of the types of
intelligent robotics and its distinctive features compared to other types of robots. The paper
presents a collaborative robotic system as a single complex system in which actors of different
types — cobots and human workers — perform collaborative actions to achieve a common goal.
Elements of a collaborative robotic system, as well as processes and entities that directly
influence it are represented. The key principles of Human-Robot Collaboration are described.
A collaborative robotic system is analyzed both as a multi-agent system and as a mixed team,
whose members are heterogeneous actors. The relevance of the work lies in a weak level of
research on issues of formation of mixed teams of people and cobots and distribution of tasks
in such teams, taking into account features of these two types of participants and requirements
of their safe collaboration. This work focused on a formation of mixed teams of elements of a
single complex human-cobot system, the distribution of tasks among the members of such
teams, taking into account the need to minimize costs for its participants and the heterogeneity
of the team. As part of the study, the problem of forming a mixed heterogeneous team of
people and cobots, and distribution of work among its members, as well as the corresponding
mathematical description are presented. Specific cases of the problem, including different cost
functions of different types of participants, a limited activity of the team’s members, the
dependence of the cost function of the participants of one type on the number of participants of
another type, as well as an arbitrary number of works assigned to the team’s members are
considered.

Keywords: collaborative robot, multi-agent system, mixed heterogeneous team, human-
robot interaction.
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E.1I0. llIMAIBKO, 1O.A. PYMSHUEB, P.P. BAIHAZAPOB, K.JI. IMIIAHOB
NJIEHTUOUKAIINA HEUPOCETEBOU MOIEJIN POBOTA JIA
PEHIEHU A 3ATAUU OIITUMAJIBHOI'O YIIPABJIEHUSA

Uimanvko E.FO., Pymsmuues F0.A., Baiinazapoeé P.P., Amwanoe K.JI. Wnenrudpuxanms
HelipoceTeBoil Mo/IeJi POOOTA /ISl PelieHHsT 32241 ONTHMAJILHOIO YIPAaBJIEHHS.

AHHoTamms.  [JIns pacyeTa ONTHMAalbHOTO YMpaBieHHs TpeOyeTcs [IOCTOBEpHas
MareMaThyecKas Moje/lb 00beKTa yIpaBjieHus. B ganbHeiieM Npy peanrus3aiuy pacyeTHbIX
yIIpaBJIeHUil Ha pealbHOM OOBEKTE 3Ta e MOJEIb MOXKET ObITh UCHOJB30BAHA B HABUTaLlMI
poboTa 11 IPOrHO3UPOBAHNSI €TI0 TIONOKEHVSI K KOPPEKTHPOBKH NOKa3aHUil CEHCOPOB, O3TOMY
Ba)XHO, YTOOBI MOJIEJIb JOCTATOUHO aJeKBaTHO OTpaxalia JMHAMHKY oObeKTa. BriBom monemu
4acTo TpeOyeT 3HAUMTEIHHOTO BPEMEHH M WMHOI[A Jake HEeBO3MOXEH C HCIIOTb30BAaHUEM
TPaJULIIOHHBIX METOAOB. BBHAOy Bce Oosbliero pasHooOpasus U UPE3BBIYANHO CIIOKHOM
HPUPO/BI OOBEKTOB YIIPABJICHNUS, BKIIIOYAsI PA3HOOOPa3He COBPEMEHHBIX POOOTOTEXHUUECKHX
cHcTeM, Bce GOIbIIYI0 aKTyaJIbHOCTh MPUOOPETAET 3a1a4a NAeHTU(DHKALMY, KOTOpPast TO3BOJISICT
HOCTPOUTh MaTEeMaTH4YeCKyl0 MOJEIb OOBEKTa YIPABJICHUS, MMes BXOJHBIE M BBIXOJHBIC
JaHHBle O cucTeMe. VneHTH(UKams HeIMHeHHONW CUCTEMBI NPEJICTABIIsIET OCOOBI HHTEpeC,
TaK Kak OOJBIIMHCTBO peajJbHBIX CHUCTEM HMMEIOT HeJIMHEHHyI0 AWHAMUKy. M ecim paHblue
upeHTH(UKANUsA MOJEIM CHCTEMbl 3aKJIOYaaach B MOAOOpe ONTUMAJIbHBIX HapaMeTpOB A
BBIOPAHHOM CTPYKTYPBL, TO HOSIBJICHIE COBPEMEHHBIX METOJOB MAIIIMHHOTO 00Y4eHHsI OTKPHIBAeT
6osee MMPOKKE NEPCHEKTUBBI U NMO3BOJISAET aBTOMATU3UPOBATh CaM MPOLECC UASHTU(DUKALIUH.
B HacTosel paboTe B KayeCcTBe OOBEKTA YNPABJICHHs PACCMATPHBACTCS KOJIECHBI POOOT ¢
auddepeHnraIbHBM IPUBOIOM B CUMYJIALMOHHOM cpejie Gazebo, KoTopast Ha CErofHAIHU 1eHb
sIBJIsIeTCS HanboJiee MOIYJISIPHBIM IIPOrPAMMHBIM ITAKETOM IIPY pa3padoTKe ¥ MOJEIMPOBAHUI
POOOTOTEXHIYECKUX cHCTeM. MaTteMaTHyeckasi Mofielb podoTa 3apaHee Hen3BecTHa. OCHOBHAs
npodJieMa 3aKJIovYaeTcs B TOM, 4TO CyLIECTBYIOIIE MaTeMaTUUeCKIe MOJEIH He COOTBETCTBYIOT
pealbHON IUHAMUKe poOOTa B cUMyilsATope. B paboTe paccmarpuBaeTcsi pellleHHe 3agadd
uaeHTH(UKAIUY MaTeMaTU4eCKOH Mojend OOBbeKTa YNpPABJIEHHs C MOMOIIBI0 MAIIHHHOIO
00yueHHs Ha OCHOBE HepOHHOM ceTH. [IpeicTaBIeH HOBbBIA CMEIIaHHBIN MOIXO0M, OCHOBAHHBIN
Ha MCIIOJIb30BAaHHU U3BECTHBIX MPOCTBIX MOJENell OObEKTOB U MACHTU(DHMKALNN HEyUYTEHHBIX
JMHAMIYECKHX CBOCTB OOBEKTa C IOMOLIBIO HEPOHHOM CETH Ha OCHOBE 00yYalomeil BHIOOPKH.
Jlns1 hopMupoBaHUst 00y YaIOIMX JAaHHBIX OBLT HAIMCaH IPOrPaMMHBbII [TaKeT, aBTOMATU3HPYIOIINI
nporecc cbopa ¢ momompio AByX ROS-y3m0B. s 0OydyeHHs] HEHpOCETH HCIOIb30BANICS
¢peiimBopk PyTorch m OblT co3maH NpOrpaMMHBIN MAKeT C OTKPBITHIM HCXOOHBIM KOAOM.
Hanee uaeHTU(UIMPOBAHHAS MOJEIb OOBEKTA HCIONBb3YETCsl MAJIs pacyeTa ONTHMAJbHOIO
ynpasiieHusl. Pe3ybTaTsl BHIYUCIMTEILHOTO SKCIEPUMEHTA JAeMOHCTPUPYIOT aJleKBaTHOCTb U
PaboTOCIIOCOOHOCT MOTy4YeHHOi Moaemu. [IpeacTaBieHHbIi MOAX0/] Ha OCHOBE KOMOWHAIIMI
M3BECTHON MaTeMaTHYeCKOIH MOJEM U JONOHUTEILHON UAEHTU(UIIMPOBAHHON HelipoceTeBoit
MOJEJM TI03BOJISAET MCHOJIBb30BaTh MPEUMYIIECTBA HAKOIJIEHHOIO (PU3MKO-MAaTEMAaTHUECKOTO
anmapara U IOBBICUTH ero 3(ppeKTUBHOCTb U TOYHOCTDH 3a CUET HCIOJIb30BAaHUSI COBPEMEHHBIX
CpeJCTB MAIIMHHOTO 00YUeHHs.

KuiroueBble cjioBa: onTuMaibHOE yIpaBJieHHe, uaeHTUdUKaus, HeiiponHas cetb, Gazebo,
nuddepeHInaTbHbIA POOOT.

1. BBeneHne. PacueT ontumasibHOro ynpaBJieHUA U3BECTHBIMHU ME-
TOAAMH OCYHICCTBJIACTCA HAa OCHOBE MaTeMaTU4YeCKOU Moaesu 00BEKTa B
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MIPOCTPAHCBE COCTOSIHUIA, NPEICTAaBIEHHOH, KaK MPaBUjIoO, B BUAE CUCTEMBI
JuddepeHInaTbHBIX ypaBHEHHH.

TpaAulMOHHO JMHAMUYECKUE MOJIENH, OMUCHIBAIOLINE HHTEPECYIOLYIO
CHCTEMY, BHIBOASITCS C UCIIONIb30BAaHMEM OCHOBHBIX (DM3MKO-MaTeMaTHUeCKUX
3aKkoHOB [1]. B aTOM citydae nonmydeHne MaTeMaTHUECKON MOJIen 0ObeKTa
yIIpaBJIeHHUS - CIIOXKHBIH MpoLecc, TpeOyouii MOAPOOHBIX CIIeLNabHBIX 3HA-
HUI 00 00beKTe yrpaBiieHus. PaspaboTka Takux Mojeneil MokeT ObITh OYeHb
TPYAOEMKOI1 U, Clle/1oBaTeIbHO, foporocTosieil. CoBpeMeHHOe OypHOE pa3BH-
THE POOOTOTEXHHUKH TpeOyeT OBICTPBIX, YHUBEPCATBHBIX 1 aBTOMATUIECKUX
MIOJXOZIOB K OIpe/IeNICHHIO MoJiesieil OObEKTOB.

CoBpeMeHHBIi abTepHATHBHBIIA CIIOCO0 MOMyYeHHs MOAEIN OOBbEKTa -
3TO ee UJIeHTU(UKALIUS, YCTAHOBJIEHHUE TOXAECTBEHHOCTH U3BECTHOMY O0beK-
Ty. B 3a1aue npeHTudUKaIM MaTeMaTHIecKast MOJeIb OObEKTa YIIPaBJICHUS
HE W3BECTHA MOJIHOCTHIO MM YACTUYHO, HO MCCJIeJOBaTE b MIMEET peasIbHbIN
00BEKT yIpaBJieHHst W ero cumyisaTop [2]. Heodxonumo HallTH HEM3BECTHYIO
MHOTOMEPHYIO (DYHKIIMIO, ONIMCHIBAIOILYIO JMHAMUKY 00beKTa. [IpocTpancTBO
BXOJHBIX BEKTOPOB 3TOH (DYHKIMYU €CTh IPOCTPAHCTBO JOIYCTUMBIX YIpaBie-
HUI [ 9TOr0 OOBEKTa.

BaxxHbIM I1aroM B MEHTU(PHUKALMYA CUCTEMBI SIBJISIETCS ONpeesieHre
THIIA UCIOJIb3YEMOH MOJIEJHN, TIOCKOJIBKY B MOJIABJISIONIEM OOJIBIIMHCTBE METO-
JIOB peaqn3yeTcs Tak Ha3plBaeMas IapaMeTpryeckas uaeHTudukanys [3,4].
CHavasa BBIOMpaeTCs olpe/ie/ieHHas CTPYKTypa MOAENH, KOTOpasi CUMTaeTCs
TOAXOASAIIEH JIIs1 OIUCaHKS JaHHOTO 0ObeKTa. Jlajiee MPOBOAUTCS UACHTH-
(pUKAIMOHHBII SKCIIEPUMEHT, B KOTOPOM U3MEPSIIOTCS BXOAHBIE U BBIXOJHbIE
CHUTHAJIBI, @ 3aTEM METOJ MIEHTU(DUKAINK PeaIN3yeT HACTPOIKY IapaMeTpoB
MOJZIEJIV B COOTBETCTBUM C HEKOTOPBIMH aJalTUBHBIMH 3aKOHAMH, YTOOBI pe-
aKIMsI MOJEJM Ha BXOIHOM CUTHAJ MOIVIA IPHOJIM3UTEFHO COOTBETCTBOBATD
OTKJIMKY PeabHOM CHCTEMBI K TOMY K€ BXOJHOMY BO3JeicTBu0. Yarre Bcero
UCTIONB3YIOT UIEHTH(PHKAIMIO 0OBEKTOB C IOMOIIBIO JINHEWHBIX CHUCTEM [5, 6],
TMIOCKOJIBKY JIJIs1 HUX JIETKO ONPEAEIUTH BIMSHAE Pa3JIMIHbIX BXOJHBIX CUTHAJIOB
Ha BBIXOJ1. XOTSI JIMHEHHbIE MOZIEIH IIPUBJIEKATEIBHBI 10 MHOTUM IIPHYMHAM, HO
OHH UMEIOT CYIIECTBEHHbIE OrpaHNYeHNs1. B HacTosIee BpeMs BO3pOC 3HAUM-
TEJIBHBIA MHTEpeC K METO/IaM UACHTU(DUKAIIMI HETMHEHHBIX cucTeM [7-9], ¢ rmo-
MOIIIBI0 METOIOB MAIITMHHOTO 00yYeHus Ha OCHOBE HefipoHHBIX ceteil [10-12]
U METOJ0B CUMBOJIbHOH perpeccud [13]. OHU NO3BONSIOT pealn30BbIBATD HE
TOJILKO NTApaMETPUUECKYIO0, HO U CTPYKTYPHYIO UAEHTU(DUKALMIO cucTeM [14].

HeifipoHHble ceTu, SBISSCH YHUBEPCAIBHBIM AIIIPOKCHMATOPOM, MPeJIo-
CTaBJIAIOT MOIIHBI MHCTPYMEHT JJIs1 MACHTU(DUKALMNA HEJIMHEHHBIX CUCTEM.
B Buty 1IMPOKO pacripocTpaHeHusi U JOCTYITHOCTH IPOrPaMMHOIO odecrie-
YEeHUs1 HeMPOHHBIE CETU 3aBOEBAJIM OTPOMHYI0 MOMyJIsApHOCTS [15-18]. Beun
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pa3paboTaHbl 1 KOMOMHHPOBaHHbIE MOAXOIbl, OCHOBAaHHbIE Ha ITAJOHHOM
mozenu [19,20]. B padore [21] npencrapieH npuMep HeilpoceTH ¢ npsmMoi
CBSI3BIO U1 MACHTU(DUKAINKY MOJEH HeOOoIbIIoro Beproiera. [IpeacrasieHo
cpaBHeHue oduiaiiH u oHJIaiiH 00y4eHus. B crathe [22] paccMoTpeH mogxon ¢
WCIIONB30BAHUEM PEKYPEHTHBIX HelipoceTell 1OAroi KpaTKOCPOYHOH MaMSTH.
JaHHbIA TUII HEHPOCETU YCTOWUYMB K U3MEHSIOLIEMYCSI BPEMEHHOMY LIary
¥ OOBIYHO UCTIONB3YeTCs AJIsl aHau3a ayano U Bujeo. CylecTByeT He Tak
MHOTro pa®oT 1O MAEHTU(UKALIMK CIIOKHBIX OOBbEKTOB yIpaBiieHus. B pabo-
Tax [23,24], npeacrasnen HoBbll anroput™ SINDy (Sparse identification of
nonlinear dynamical systems), TO3BOJISIOIINIA OMMCHBATH JUHAMUKY CUCTEMBL.
ABTOpBI IPOAEMOHCTPUPOBAIM PAOOTOCIIOCOOHOCTD ATOPUTMA HA IUPOKOM
Kpyre 3aja4, BKJII0Yast JIMHEHHbIE U HEJIMHEWHbIE OCIIIJUIATOPHI U Xa0TUYECKYIO
cucremy Jlopenua. OnHako, JaHHBIN aJrOpUTM TpeOYeT BHICOKOTO KauecTBa
BXOJ/IHBIX JaHHBIX. VI3BECTHBI Takke MOOXOAbl K MASHTU(]HIIKAUK HEepo-
ceTeBbIX Mojiesielt [25,26] MOOUIbHBIX POOOTOB, HO OHU ellle He MOy YUIn
JOJIKHOTO Pa3BUTHA.

B craTbe nmpezcTabiieHa peaqu3anus CMEMaHHOTO MOAX0/1a K UAEHTHU-
(pukanmm oObeKTa yrnpaBieH!s Ha OCHOBE TIPUMEHEHHs1 HelipoceTeil U pacueTa
ONTUMAJILHOTO YIPaBJIEHU [l IOy Y€HHOI MOoAe .

B kavecTBe 00bEKTa YIIPABJICHHUS pacCMaTPUBACTCSI KOJIECHBI MOOHIIb-
HBIi po6oT. PaspabaTbiBaeTcs porpaMMHasi pean3alus CHCTEMBI yIIPaBJIeHHsI
poboTa ¢ ucIoIb30BaHueM orepaironHoii cuctembl ROS. OHa npepocTas-
JISIeT BO3MOXKHOCTh PabOTaTh CO BCEMM aCHEKTaMU CHCTEMbl YIpaBJIeHHUS,
BKJIIOYAs alllapaTHyIo abCTPaKIHIo, HA3KOYPOBHEBOE YIpaBJIeHHe, Niepejady
COOOIIEHNI MeX Iy TIPOLIeCCaMH, M YIPaBJICHUE MTaKeTaMH.

PazpabaTpiBaeMble IPOrpaMMHbIE KOMIUIEKCH OTPadaTHBAINCH B UMH-
TaLIOHHOM cpesie-cumyisTope Gazebo, KoTopas ABJIAETCS OOHUM U3 MOMYJIsp-
HeHIIMX poOOTOTEXHUIECKUX CUMYJISITOPOB, OJ1arofiapsi CBoei COBMECTUMOCTH
¢ ROS. Gazebo - 310 3D-cumynstop, 11ejib KOTOPOro CMOJEIUPOBATh POOO-
Ta Tak, YTOOHI JaTh OJM3KYIO 3aMEHY TOMY, Kak poOOT OyaeT Bectu cedst
B peanpHOil (pusmueckoil cpene. Gazebo nMeeT HOCTATOYHO TOCTOBEPHYIO
CUMYJIALMIO (DU3UKY M PA3TNYHBIX (PU3UYECKUX SBJICHUH, YINTHIBACT BIHSHIE
CHJI, @ TAKXKe UMeeT OOJIBIIOE KOJIMYECTBO IIATMHOB 11 CUMYJISALMI PAOOThI
JaTYMKOB, HaNIpUMep JMAapoB Win Kamep. bnaropaps atum dakram, 60b-
MIMHCTBO Pa3padOTUYMKOB CHCTEM YIpaBJIEHUS pPOOOTOTEXHUYECKUX CUCTEM
MO BCEMY MUpY, HCHONB3YIOT JaHHYI0 cBA3KY ROS/Gazebo kak cranmapr ans
OTpabOTKM pa3padaThiBAEMbIX AITOPUTMOB yIpaBienus [27,28].

B Hacrosmieii pabote Obuta ucnonb3oBaHa roroasi Gazebo mMopuenb
ROSbot 2.0, uaterpupoannas B ROS [29]. B kauecTBe HCTOYHUKA TIO3UIINH,
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WCIIONb30BAJICS TUIATWH, JAIOLIUI UCTHUHHbIE KOOPAMHATH poboTta. Mojenb
poboTa B CUMYJISATOpPE Tpe/ICTaB/ieHa Ha pucyHke 1.

Puc. 1. ROSbot B cumynsarope Gazebo

IpeacTaBieH cMeIIaHHbBIA MOAX0/ K MACHTU(MUKAIMH, KOTIa YacTHY-
HO MOJIeJIb 00bEKTa U3BECTHA, UCXOMs U3 (PU3NIECKUX 3aKOHOB, a Apyras
YacTb ONpeeIsieTCs] HePOHHOI CeThio, 00YUYSeHHON Ha OCHOBE CIICIIMAIBHO
c(hopMHPOBAHHOIT 00YYAIOIIEH BHIOOPKH.

Iocne peanuzanuu dTana MASHTH(PHUKALMHY, TOTyYeHHAs] MOJEJb C
LeJIblo anpodaruy OblIa UCHOJIB30BaHA AJIS YMCJIEHHOTO pelIeHHs 3aJaud
OIITHMaJIbHOTO yrpasieHus. [IpescTaBieHHbIe pe3yIbTaThl MOAEIMPOBAHUS 1
cumysisiiu B Gazebo IeMOHCTPUPYIOT aJIeKBaTHOCTB MOyYEeHHO# HelipoceTe-
BOI MOJEIIN.

TonyueHue paboueii aleKBaTHOI MOJIEIIN PEaIbHOTO OOBEKTA yIpaB-
JICHUS1 OTKPBIBAET BO3MOKHOCTb JJIsI pa3pabOTKU peasii3yeMbIX aJIl'OPUTMOB
OINTHUMAJILHOTO YIPABJICHHUS, YIUTHIBAIOIINX TOHKOCTH JUHAMHUKY OOBEKTA.

2. N nentndukamusi odbekTa ynpasjennsi. B padore ucnonssyercst
BUPTYaJIbHBI podoT ROSbot 2.0, peanm3oBaHHBIil B cpee 11l (pU3nIecKoii
cumyJsitiua Gazebo. PoGot nipejcrarisier co0oit matgopMy Ha YeThipex
HEINIOBOPAYMBAIOIIMXCS BOKPYT BEPTHKAIBHOIT ocu Koecax. K kaxaomy kosne-
Cy IIPUCOeIUHEH 31eKTpoMoTop. Mcnonb3yercs nuddepeHuuanbHas cxema
yIpaBJeHus: JBIXXeHue poOoTa Bliepe/l U Ha3aj OCyLIeCTBIIAeTCs yTeM Hoja-
Y{ OIMTHAKOBOTO HATIPSIKEHHs Ha BCE YETHIPE NEKTPOMOTOPA; TIOBOPOT podoTa
BIIPaBO WJIH BJIEBO OCYLIECTBIISAECTCS 32 CYET MOJAUM OOJIBILETO HaNpsKEHHS
Ha 3JIeKTPOMOTOPBI JIEBBIX MJIM IIPABBIX KOJIEC COOTBETCTBEHHO.
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CucTemMa KOOpAMHAT, UCTIONb3yeMasi AJIsl ONpesie/ieHnsl Mofesu poborTa,
nokazana Ha pucyHke 2. CocrosiHue poOoTa B KaKAblii MOMEHT BpPEMEHU
onpenensiercs: Habopom uncel: {z,y, 0, v,w}, rae x, y — KOOPAUHATH POdOTA
Ha IUIOCKOCTH, § — yroJ MeX /1y OCbI0 = M HallpaBJIeHHEM po0O0Ta, ¥ — MPOCSKLIHSI
CKOPOCTH JIBMKEHHsI poOOTa ¢ Ha HamnpaBJieHHe podoTa h, w- yIoBast
ckopocTs. [Ipeanonaraercs, yTo BeKTOpa U 1 h KOJIJIMHEAPHBL.

Puc. 2. Cucrema kooppuHat podota. Bektop h nokassiBaeT HanpasieHue podorta Ipu
JBWKEHHH Briepe]. BekTopoMm ¢ 0603HaueHa CKOPOCTh ABHKEHHsI pOOOTa.

Mogesb IBrKeHsI poOOTa OIMCHIBAETCS U3BECTHOM crcTeMoil audde-
peHLMaNIbHBIX ypaBHeHuid [30]:

& = wvcos(f)

y=wsin(f) . €))

0=w

dusnuecku ynpasieHue poborom B Gazebo peann3oBaHO ¢ OMOIIBIO

JIBYX CUTHAJIOB: ©” — kejlaeMasi IMHEHHask CKOPOCTh; u* — KeJlaemMast yrioBas
cKopocTb. Bo MHOTrHX padoTax i pacyeTa ONTHUMaIbHBIX ABMKEHHI UCIIONb-
3yeTCsl MOJIENb, B COOTBETCTBUH C KOTOPOM CUTHAJIBI YIIPABJICHUS HAIIPSIMYIO
nepegamTcs B cucteMy v = u¥, w = u*. B 3TOM ciay4yae ypaBHeHus (1)
npeodpa3yloTcs B ClielyIoIue:

= u” cos(f)
§=u’sin(d) . )
0 =u~

OpnHako, Ha MPAKTUKe HAOJII0IaeTCsI COBEPILIEHHO NHast KapTHHA. Bo-
MEePBbIX, CKOPOCTH HE MOTYT MEHSThCs OECKOHEUHO OBICTPO. Y CHCTEMBbI
BCETJa ecTh ONpeeieHHast JMHaMUKa. Bo-BTOpPHIX, KaK MpaBUiIo, CYIECTBYIOT
HEKOTOPBII peryasiTop Ha 6oee HU3KOM ypOBHE, KOTOPBIN HETIOCPEICTBEHHO
YTIPaBJIsieT CKOPOCTHIO BpAIIEHH KoJiec (B CUMY/ISTOPE) WM HATIPSIKEHHUEM,
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BBIJIaBAEMBIM Ha MOTOPBI (Ha peaibHoM podorte). [IoaToMy 1is aleKBaTHOTO
OMMCaHUS MOJICJTH IBHKEHHS poOoTa, B cucteMy (1) BBeIeHBI iBa JOIOJIHU-
TeJIbHBIX YPAaBHEHU S, OMUCHIBAIOIIMX UHEPIMOHHYIO YaCTh CUCTEMBI.

& = v cos(6)

g = vsin(6)

f=w ; 3)
0= f(v,w,u’,u”)

dj = fw(U’LL)?uv?uw)

e f¥, f“ - Hem3BecTHbIE (PYHKIMH, KOTOPbIE HEOOXOANMO UIECHTU(ULIPOBATD.
Takue pakTOpbl, Kak padoTa HEM3BECTHOTO PETYNISATOpPA, TPEHHE KOJIEC O
MOBEPXHOCTb, MHEPLIUs1, HEPAaBHOMEPHOE paclipeieieHre Macchl podoTa He
MO3BOJISIOT 3anucaTh pyHKImu V) f* B sBHOM Buje.

Jis YucIeHHOH peanu3aiuu 3a4aul UASHTU(DUKAIMY 3aNHIIeM ypaB-
HeHue (3) B KOHEYHO-Pa3HOCTHOH (hopme mpu BpeMeHHOM Inare At:

Tpt1 = T + At - vicos(O)

Y1 = Yk + AL - vgsin(Oy)

Opr1 = Ok + At - wy, . )
Vg1 = FV(vk, wi, up, uy, At)

W1 = F¥ (vg, w, ul, ufy, At)

Jns upeHTHUKaMy cucTeMbl B padoTe ObUIO UCIIONB30BAHO IPHU-
Ommkenne QyHkumit [V, F* napamerpnieckumu dynkuusmu Fy n F.
O6yuaemasi pyHKIIMs C TApaMeTpaMu ¢ MPUHUMAET Ha BXOJ] TEKYIIee COCTO-
siHMe poOOTa, BEKTOP YNpaBJIECHHUs] U BPEMEHHOM IIar U BbIAAET COCTOSTHUE
poboTa B CIe Iyl MOMEHT BPEMEHHU:

V41 = Fg(vkawkau;évu(]:aAt) (5)
Wk+1 = Fg(vka Wk, u27 Ufa At)

[MapameTpsl ¢ HOAOUPAIOTCS TaKKM 00Pa30M, YTOObI TPAEKTOPHS [IBU-
KeHUs1 00bEKTA, ONKMCHIBAEMOTO CUCTEMOI ypaBHeHuil (4) ¢ Mozenbio (5), Kak
MOKHO OJMKe TOBTOPsiIa peabHyI0 TPaeKTOpHIO ABMkeHus1 podora B Gazebo.

Huxe cpaBHuBaeTCst Moniesb (2) ¢ Moziebio (3), YTOOBI OHATH KaKoe
MPEUMYIIECTBO JaeT yUeT AUHAMUKHI CUCTEMBI U HEM3BECTHOTO PEeryssiTtopa
TIPY peIIeHUH 3a/1a49d ONTHIMATFHOTO YIIPaBICHHUS.

2.1. ®opmupoBaHme 00yUaromel BLIOOPKHU. BblT BHIOpaH MPUHIIKIT
00y4YeHHsI ¢ yUUTeNIeM, IPH KOTOPOM HepoceTh 00ydaeTcs ¢ MOMOIIIbI0 Habopa
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JaHHBIX "BXO]I - STAJIOHHBIN BBIXOA", & 3aTeM IPOBEPSETCSI C MOMOIIbI0 Habopa
BAJIMAAIUOHHLIX U TECTOBBIX NJAHHBIX, KOTOPBIC HE MONaaaii B 06y11a10Luy10
BBIOOPKY.

Jia coopa gaHHBIX HMcHonb30BaIcs cuMyisiTop Gazebo n Hammcan
NPOrpaMMHBIi ITaKeT JJIsl aBTOMATH3aLuH rporecca coopa [31] ¢ momouipio
1nByx ocHOBHBIX ROS-y310B (ROS-nodes).

[TepBblil y3es — reHepaTop ynpaJieHus], yOIUKYIOIIUil CTeHepUpo-
BaHHYIO 110 ONpe/ieJIeHHbIM IpaBIJIaM MOCJIeJ0BAaTeIbHOCTD YIPABICHUS 11
pobora. [ImurensHOCTS OHOTO TIpoe3aa ~ 50 c. i Kak/10ro HOBOTO SKCIIepH-
MEHTA CJIyYaifHBIM 00pa3oM BHIOMPAIIMCH CIIeYIOIIKE TapaMeTphl FeHepaTopa
yTIpaBJICHUS: IEPUOJ, U3MEHEHHS JIMHEHHONW CKOPOCTH, NIEPHO] U3MEHEHNU S
YIJIOBOM CKOPOCTH, TNPEAE/IbHbIE 3HAUEHUS U YCKOPEHUS AJ1s1 JIMHEWHOM U YITIO-
BO# cKopocTeil. Bech npoess pa3duBasicst Ha HECKOJIBKO MEPHUOIOB M3MEHEHH ST
cKopocTH. B Teuenme oHOro neprosa, podoT YCKOpSIJICs WM 3aMeIsieTcs C
3aJaHHBIM YCKOPEHHEM, CKOPOCTh HE N3MEHSUIach IIPH JOCTHKEHNH 3a/IaHHOTO
npezena. [To 3aBepmeHnn Kax/10ro nepruosia 3Hak yCKOPEHNsT MEHSUICH.

Bropoit ROS y3en coxpaHsi mociaeqoBaTeIbHOCTh HCTHHHBIX KOOPIH-
HaT U BEKTOPOB COCTOAHUA po60Ta B TECUYCHUE NBUKEHUS, TEKYIEE YITPABJICHUE
U BPEMEHHYI0O OTMETKY. BpeMeHHO mar MexJy OoTMeTKaMM IJIsl KaXJOoro
npoe3/ia TeHePUPOBAJICS CITydaiiHO ¢ paBHOMEPHBIM pactipeaesenuem ot 0.03
10 0.2 cek. [Tnanupyemsiii BpemenHoit mar 1ist padortet HC paBasiics 0.1 cek.
BapbupoBanue BpeMEHHOTO I1ara MCHoJb30BaIOCh 1JIsl PaCIIMPEHHS Uana3o-
Ha pabotsl HC. YacTh JaHHBIX, TAKHX KaK IIPUMEpPhl arpeCCUBHOTO BOKICHHS,
coOupaach C MOMOIIBIO TeJIeYPaBICHHS.

Ha pucynke 3 npejicTaBiieHbl IpIMephbl COOMpaeMbIX TpaeKkTopuil. Mox-
HO YBUJIETb, KaK CHJIBHO PAaCXOASATCS IBIKEHHSI IPOCTON MOJIENIM M PeaIbHOTO
poboTa B CUMYJIATOpE NPU OOMHAKOBBIX YHPABJISAIONINX BO3AEHCTBUAX.

Bcero 6bu10 cobpano 238 TpaekTopwii, u3 Hu3 202 UCIOIb30BAIOCH
1utst 00yuenus, 18 muist Bagauuu v 18 111 TeCTUpOBaHMS HEPOCETH.

J171s1 Toro, 4To6B! HEWpOCeTh Mocie 00y4YeHHs C yUUTeIeM MoIJIa Npe/i-
CKa3aTh CJIeIyIolee COCTOSTHAE CHCTEMBI, HAOOP TaHHBIX [Tt 00yYeHH s I0TKEH
COfIepKaTh KaK MOXKHO 0OJIbIlIe BCEBO3MOXHBIX COCTOsiHMIA cuctemsl [11]. Tlo-
9TOMY, J1ana30H COOPAHBIX 3HAYCHUI [Isl TMHEHHON CKOPOCTU MPUHUMAIICS
paBHbIM OT -1.5 10 1.5 M/c, a yrioBo#t ckopoctu — OT -2.5 mo 2.5 pag/c.
Co0OpaHHble JaHHBIE IMEIOT HOPMaJIbHOE pacnpeseseHue (cM. pucyHok 4). ITo
JIMIarOHAJIM MOKa3aHbl YaCTOTHI PA3JIMUHBIX 3HAYCHUN BEJIMUUH U, W, Uy, Uy, -
Bre nmuaronanm rnokasaHsl COBMECTHBIE PACTIPE/IE/ICHNS Pa3HbIX BEJIMUHH.

JLtst mpocToit Mone (2) Takke COXpaHseTCs MOCIeJ0BaTEIbHOCTD
KOOpPpAWHAT U BEKTOPOB COCTOAHUA B TCYECHUE NBUXKCHUA, OJIA TOIO, ‘ITO6])I B
JaJTbHEIIeM OlleHUTh 3(p(heKTUBHOCTL paboTH HelipoceTeBoit Mojes. Coop
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2.2. Ooyuenue HelipoHHOI ceTH. B kauecTBe 0O0yuaemoit Mojen (5)
Obl1a BbIOpaHa UCKYCTBEHHAsI HEMPOHHAS CETh C apXUTEKTYPOii "MHOroCJI0ii-
Hbli epcenTpoH’'. KoHKpeTHbIe nmapamMeTpbl MOZIEJN ONMCAaHbI HUXE.

IIpozpammnoe obecneuenue. J171s1 00ydeHNS HEUPOCETH UCTIONB30BAJICS
(peiimBopk PyTorch u 6b11 cO3/1aH IPOrPAMMHBI#T TTAKET C OTKPBITHIM UCXOJI-
HBIM KOJIOM /1J151 00y ueHus1 HelipoceTeBoii Moaesu [32]. O0ydeHue peanri30BaHO
C TIOMOIIIBIO TPEX OCHOBHBIX KJIACCOB, HAITMCAHHBIX Ha s3bIKke python.

Kuacc monenmu pobota RosbotModel - naHHBIi KJ1acc COAEPKUT HEWPO-
CeTh, METOJIBI 1T pacyeTa (PyHKIIMHU MOTephb, METPHUK, (DYHKIIHIO TlepeXxoia B
creaymoliee cocTosiHue. [jist Helpoce T MOXKHO 3a/1aTh HEOOXO/IMMBbIE Mapa-
METPBL: KOJIMYECTBO CJIOEB, HEHPOHOB, TUIT MOJIENH U T.A. MOXHO CKa3aTh, 4TO
RosbotModel npepocTasnseT untepdeic 1 B3auMOIeHCTBHS ¢ HelpoceTe-
BOI MOJIEJIbIO, a TAKKe METOJIbI JIJIs1 OLIEHKU e€ 9(P(PEKTUBHOCTH.

Kitacc RosbotDataset npeactapisieT co60i CTPYKTYpy, COACPKAIIYIO
Habop JJaHHBIX 00 OTHOM cOOpaHHOM mpoe3jie. Kak/iplii 00beKT Kiiacca coaep-
KUAT HHPOPMAIIHIO O 3JIOTHPOBAHHOM TpOe3/ie ¥ PEAOCTaBIsAeT HHTEpdeiic
JUTS B3aUMOIEUCTBUS C TaHHBIMH.

Kunacc Trainer conepkutT MeTonbl JUisl HEMOCPEICTBEHHOro o0yue-
HUSl HEWpOHHOU ceTH. [laHHBIE METOIbl B3aUMOJEICTBYIOT ¢ OOBEKTaMu
RosbotModel u maccuBamu u3 RosbotDataset.

Pabora BIMOMHSIACH C UCHIONB30BaHUEM MH(PPaCTPyKTypsl LleHTpa
KOJIJIGKTUBHOTO TIOJIb30BaHUS «BBICOKOIIPOM3BOANUTEbHBIE BBIYHCICHAS U
6osnbinue ganHbie» (LIKIT «MHpopmatuka») ®PUIL 1Y PAH (r. Mocksa).

Mempuxa kauecmea modeau. 1151 OEHKU KauecTBa MOJIEIN OLIEHUBA-
JIach TOYHOCTH MPeICKa3aHUs TPACKTOPHUH JABHKEHIS MOJIENIbIO Ha TIpOe3/1ax,
KOTOpBIE He OBLTM BKJIIOUEHHI B 00y4aoIIyio BEIOOPKY. HelipoceTs monydaer Ha
BXOJ] HAYAJIbHOE COCTOSIHAE CUCTEMBI ¥ TTOCIIEOBATEILHOCTD YIIPABICHUS A
TecToBOro npoe3ja. Kak u Ha stane o0y4eHus1, NpecKa3biBaeTCs TPACKTOPHUS
JBUKeHust podora. [y cpaBHEeHMsI peICKa3aHHoi 1 AefICTBUTEIIbHOI Tpaek-
Topuii 6bUIa UcTionb30BaHa MeTpuka ATE — cpeTHUIT MOITYITb TIOCTYTIATETLHOTO
cmerienus (absolute translation error):

N
1 _ .
ATE = N ; V(e — 202+ (ye — 1),

rae N - KOJIMYECTBO TOYEK B TPACKTOPUH; L¢, Y+ — KOOPIUHATHI TOUKH (DAKTH-
YeCKON TPaeKTOpHH; Ty, §j; — KOOPIAUHATH TOUYKU MPe/ICKa3aHHON TPAaeKTOPHH.

JI7151 OLIeHKM KauecTBa MPeJICKa3aHHOro yIila Oblla UCIOIb30BaHa MeT-
puka MAE — cpeanuii Moayb OTKJIOHEHHs (mean absolute error).
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N
1 .
MAFE = N tE:O lyaw; — ydw,|,

rae yaw; — (paKTUUYECKasi BeJIMYKMHA yIia PHICKaHbs; ydw, — MpeACKa3aHHOe
3HAYEHHE YIVIa PHICKAHBSL.

Mnuozowazosas gpynryus nomeps. Ipn 00ydeHnr HEHPOCETH MUHH-
MH3HpyeTCs OTKJIOHEHHe TIPeIcKa3aHHBIX cocTosmmit {x, } 7Y or nerunmbix
{% 172" 1a orpesxe Tpaektopru k € [n,n + N]

n+N

,C: Z(Xk —)A(k)2. (6)
k=n

Hauano otpeska n BeiOupaetcs ciydaitno. [nmna otpeska N sBiseTcs
BHemHUM napametpoM. [Iperickasanue cocTosmmii {x; )72 nenaercs mocre-
JOBATCJIbHO, HAYMHAasA C U3BECTHOI'O HA4YaJIbHOI'O COCTOSHUS in le/l 3TOM
B HEHWpOCeTh Ha KaXKIOM IlIare, HAYMHAsL CO BTOPOTO, MOIAETCs MPe/IblLyIIee

MpeacKka3aHue:

Xk=n+1 = F¢(in, At)

@)
Xp>nt1 = Fy(xp—1, At)

I[Tpu 0Oy4eHNH METOAOM I'PAAUEHTHOTO CIyCKa, OIMOKA OQHOTO Mpej-
CKa3aHHOTO COCTOSIHUS X}, BIMSET Ha pabOTy HEMPOCETH Ha BCEX MPEblAYIIHX
IIarax, Tak Kak rpaiueHT, Iipyu 00paTHOM paclpocTpaHeHU! OIIMOKH, IiepeaeT-
Cs1 lasibliie Yepe3 MePEMEHHYI0 X1, KOTOpast sIBJISIETCS BBIXO/IOM HelpoceTn
Ha TIpe/IbITyIeM Iare.

ITpy Tectax BBISICHEHO, YTO MHOTOIIAaroBas (PyHKIMs MOTEph (IIpU
N > 1) npuBOAUT K MOAEJH, KOTOpasl 3HAYUTEJIBHO JIy4llle NpeICKa3blBacT
peaJIbHyI0 TPaeKTOPHIO podOTa, COrTAaCHO METPUKAM, BBE/IEHHBIM BbILIE, UM
npu N = 1. 310 00BsCHAETCA TEM, YTO HAJIMUKE [IIyMa B JAHHBIX U KOHEUHBIN
pasmep oOyuaronieil BBIOOPKH IMPUBOASAT K Iepeo0ydeHno Moesin. MHoro-
maroBasi (PyHKIUs OTEPh 3HAYMETIPHO CHIUKAET JUCHEPCHUIO IPaieHTa Ipu
OINTUMHU3ALIMK METOJOM I'PaJAMEHTHOTO CITYCKa, U, TEM CaMbIM, OOpeTcsi ¢ repe-
oO0yuyeHneM. AHAJIOTMYHBIE Pe3y/IbTaThl C MHOTOIIAroBOM (hyHKIMEH MoTeph
omucassl B [17].

Hapamempor modeau. IlapaMeTpsl MOeIH, TaKHe KaK KOJIUYECTBO
CJIOEB, YHCJIO HEHPOHOB B CJIOSIX, a TaKke (PyHKUUS aKTUBALMH, NOLOMPAIIICH
IKCIIEpPUMEHTAJILHO IyTeM cpaBHeHUs MeTpuku ATE Ha BanupannoHHON
BbIOOpKe. YKHCIIO ClI0eB MepcenTpoHa BHIOMPAIOCh B JUANA30HE MEXIY 2
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u 10. Ynciio HEHPOHOB Ha BCEX CKPBITHIX CJIOSAX JENajoCh OAUHAKOBBIM U
BoiOMpasioch Mexty 16 u 1024. Bpu nporecTupoBaHbl (PyHKIMY aKTUBAHUN
ReLU, LeakyReLU u ELU.

075 ----- daKTuyeckas TpaeKTopus
’ =~ HawvsHasi Mogens /
1.0 — Heitpocetesas mopens
0.50 X i y
‘||'\
0.25 0.5 \:
0.00 :
3 = 1
> _0.25 > 0.0
-0.50
-0.5
-0.75
_---- @aKTuU4eckas TpaekTopus
~1.00 - HaleBHaﬂ Moznenb 1.0
—— HelipoceTeBas Moaenb
—-0.75 -0.50 —0.25 0.00 0.25 0.50 0.0 0.5 1.0 15 2.0 2.5
X, M X, M

(a) (b)

4] - dakTueckas TpaekTopUs |

HavBHas Moaenb

_5. —— HempoceTesas Mosenb _
-5 -4 -3 -2 -1 0 1
X, M

(©)

Puc. 5. IIpumeps! ipeicKka3aHHbIX TPAeKTOPUI

B Buay 3aTpaTHOCTU mepeOopa BceX BO3MOXHBIX KOMOWHAIIMIA 10
BpeMeHH, Obla BHIOpaHa Clielylolasi TAaKTHUKA UCCJIeIOBaHUS MapaMeTpOB.
3acduKkcupoBaB YUCIO0 HEMPOHOB Ha 3HaYeHMU 128 1y Kaxaoi (pyHKIUN
aKTUBAIWK, ObLTA IIPOBEPEHBI Pa3HbIe KOJIUYECTBA CJI0eB. [ Bcex (pyHKIwmiA
aKTUBAIIUU OKA3aJIOCh, UTO 4 CJIOsI BCeT[a JAl0T MeHbIIIee 3HAaYeHUEe METPUKH.
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10T nmapameTp 611 3apuKIMpoBaH. [Janee ObIIM IPOBEAEHB! SKCTIEPUEHTHI C
Pa3sHBIM KOJIMYECTBOM HEHPOHOB U Pa3HBIMU (DYHKIMAMHU aK THBALIUH.

B pesysnbrarte cpaBHeHus1, HauboJee TOUHOI MOKa3asia ce0s1 HelpoceTh
¢ 4 cnosamuy, ¢ 128 HeiipoHaMK Ha BCeX CKPBITHIX CJI0AX U (DyHKLIMEH aK TUBALN
ELU. Pe3ynbraThl 06y4ueHIs HEHPOCETEBOW MOJEIH IPECTaBICHBI HA PUCYH-
ke 5. Cpennee 3HaueHre ATE 1o BceM TECTOBBIM TPaeKTOPHSM COCTABUIIO
0.66 M. [1nsa npocToit Mmoaenu cpeanee 3HaueHue ATE — 2.66 m.

3. Pemenne 3ajau ONTHMAJBLHOIO yIpaBJaeHus. [ig Bepudukanuu
BO3MOXHOCTH HCIIOJIb30BAHMS NACHTH(DUIIMPOBAHHON MOJIEH J1sl yIIpaBJIeHNU s
PpOOOTOM pelM 3aJa4y ONTUMAIBHOTO YIPABJICHUS.

3ajaHa MaTeMaTUuecKasi MojiesIb KOJIECHOro podoTa (4), Kyaa BXOJUT
yHKLMS, pean3yeMasi HeHpOCEeThI0, ONpe e IsIoNIas 3HaYeHUsI CKOPOCTen
poboTa B 3aBUCMMOCTH OT TEKYILMX 3HAUYEHHUI CKOPOCTH U TEKYIIUX YIIPABJIs-
IOIIUX BO3JIEUCTBUN.

VYnpasneHre UMeeT OrpaHIIeHUS

~1<u; <1,i=1,2
3aHaHO Ha4dyaJIbHOE U LIEJIEBOC KOHEYHOE COCTOSHUE:
x®=100000]7,
x! =[z7 4/ 67 00]T.

B paccmaTpuBaemoii 3agade 3agaHbl (ha30Bble OrpaHUYEHUS B BUJIE
CTaTUUYECKUX MPENATCTBUI KPYTI0i (DOPMEI.

PDyHKIMOHAI KayecTBa yNpaBIeHUs BKJIIOYaeT B ceOst BpeMsl JOCTHU-
JKEHU S LIeJIeBOI TOUKM, MUHHMAJIbHOE PAacCTOSIHUE OT TPACKTOPUH poOOTa J10
LieJIeBOI TOUKH, AJMHY TPaeKTOPUU U IITpad 3a Hae3/l Ha NPEensATCTBUE:

J = apty+

a \/(wf —a(tr))? + (v —y(t5))* + (07 — 0(t))*+

N-1
az YV (wk —wr-1)? + (ys — ys—1)>+
k=1

S K
as Z Zﬁ‘(r? — (2 — 2(jA1)?* — (7; — y(jAL))?)At — min,  (8)
i=1 j=1
Informatics and Automation. 2021. Vol. 20 No. 6. ISSN 2713-3192 (print) 1265

ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALINA N CUCTEMBI YIIPABNIEHUA

rjie ¢ - OrpaHUYEHHOE BPEMS 3aBEPILEHUs NIPOLIECCA YIIPABIECHUA

. t, ecm t<tt m Hx(t)—fo <e
L S

eut" - 3a1aHHbIe I0JIOKUTENbHBIE BeJMunHbl, N = { ¢ /dt - KOJIMYECTBO IIAroB
0 BPEMEHH JI0 JOCTHKEHMS 11eJIeBOil TOUKH, dt - Iar 1o BpeMEH! paBHbIN
50 mc, (Z;, §;) - KOOPAUHATHI IEHTPOB 3a/IaHHBIX (ha30BBIX OrPaHUYCHHUH, T';
- paguychl 3aJaHHBIX (Pa30BBIX OrpaHMYeHuid, ¢ = 1,...,.5, S - KOIM4ecTBO
orpannyennii, K = VA—J;J, ag, a1, ag, az - BecoBble K0a(pduuuents, J(a) -
cryneHyaras (pyHKIMs XeBucaia.

3aj1aua ONTUMAJIBHOTO YNPABJICHHUSI 3aKJII0YAETCS B HAXOKICHUU TaKO
NoCJIeI0BaTeIbHOCTU YNPABJIAIOIIMX BO3AEHCTBUH U}, Uy, KOTOpblE MUHU-
3UpyI0T (PyHKIUIO J. AJITOPUTM JOJKEH BbIJABaTh YIIPABJISAIONINE CUTHAIBI
uf,uf misk = (1.N = ty/dt),tne t; <= t* - Bpems JoCTIKEHUS POGOTOM
1eJseBoit Toukd, a dt = 50 mc. Ina tt = 10 ¢ N = 200, uto maet pasmep-
HOCTB ITPOCTPAHCTBA, B KOTOPOM HaJ0 HAiiTH MUHMUMYM (DYHKLIMM CTOUMOCTH
J, paBHoe 400. )11 YUCIEHHOTO PEeIIeHNs 3a/1a4i ONTHMAJIBHOTO YIIPaBJIEHU
MIPUMEHUM TIPSIMOM OOIIMIA MOAXO/ Ha OCHOBE KYCOYHO-TIOJMHOMHAJIBHON
anrnpoKcuManuy (PyHKLMH yIpaBJIeHHs BO BpeMeHH. B cBs13u ¢ 6obiioii pas-
MEPHOCTBIO TIPOCTPAHCTBA TIOUCKA B HACTOSIIEH padoTe OyaeM UCKaTh yIpaB-
JIeHHEe B KYCOYHO-JIMHEHHOM BH/[E, T.€. UCKaTh YIPABJISIOIIUE BO3/IeCTBUSI C
BpPEMEHHBIM IIIarOM paBHOM 1 ceK, a B IPOMEXYTKax BblJaBaTh YIIpaBJIeHNE
10 JIMHEtHOMY 3aKoHy. [Ipuuem, eciim ONTHMHU3aLMOHHBII AITOPUTM BbIJAeT
yTIpaBJIeHUE, BHIXOAINEE 32 PAaMKH JOIYCTUMBIX yIIPaBJICHUI, TO JIMHEIHAS
(pyHKIIMS OrpaHMYMBAETCS JOMYCTHUMBIM TIPEIEIOM.

Jist moucka MUHUMYyMa (PyHKIKH (8) IIpUMEHsIeM ONTUMU3AIIMOHHBIHA
MeToz post yactuil PSO [33,34]. 3a cuet ¢a30BbIX OrpaHUYEHuid (PyHKIIMOHAT
(8) uMeeT HeBHIYKJTYIO (DOPMY, @ 3HAYUT I'PAAUCHTHBIE METObI MOTYT HE HAlTH
ro6aneHblii MUHUMYM. MeTtox PSO B NpOTHBOMONIOXHOCTD TPaJUeHTHBIM
MeTogaMm He TpeOyeT auddepeHIIpyeMocTr (PyHKITUH, a TakkKe CrocobeH
IIMPOKO HUCCIIeJOBATh IIPOCTPAHCTBO MOMCKA M HAXOAUT [II0OAIbHBI MUHIMYM
¢ OOJIBIIION BepOATHOCTHIO [35].

3.1. Merox PSO nis pacuera onTHMAaJLHOTO ynpasJieHust. Dop-
MaJIbHO, onpeae M (hyHKLHIo cTonmocTd f : R™ — R, m100aibHEI MUHUMYM
KOTOPOii cienyeT HailTh. PyHKIMS NPUHMMAET Ha BXOJ, BEKTOP M3 7 Bellle-
CTBEHHBIX YHCEJ U BO3BpAIAeT BEIECTBEHHOE YUCIIO. ['paaueHT [ HensBecTeH
u He TpeOyeTcsi. 3a1aua HaiiTi Takoi BEKTOp a, asist kotoporo f(a) < f(b)
IUis1 MoOoro b u3 mpocTpaHCcTBa NMOUCKA, T.€. HAWTH MI00aTbHBI MUHUMYM.
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Kunaccuveckuit meton PSO utepatuBHO noadupaeT apryMeHThl MHO-
TOMEpHOIi (pyHKIIMU CTOMMOCTH, CTPEMSICh HAITH ee II00aIbHbIi MUHUMYM.
Merton ucnonb3yeT clielyonyio TepMUHoIoru. CylecTByeT NOMyIsALus Uin
poii yacTuu. S — KOIMYEeCTBO YacThIl B poe. Kakas yacTuiia UMeeT MoJIokKeHne
x; € R™ u ckopocth v; € R™. YacTHIbl UTEPaTUBHO MEPEMEIIAIOTCS B IIPO-
CTPaHCTBE MOXCKA PEIIEHUs B COOTBETCTBHUHU C yPaBHEHUEM JBIKeHUs. [lns
KaX 0! YacTHIIBI XPaHUTCS ee JIydylliee MMoJIokeH e 3a Bce uteparuu: p; € R™.
Tak:xe XxpaHUTCS BEeKTOp g € R™ — mydlllee MOJIOXKEHUE CPeAU BCeX YaCTHI]
post 3a Bce ntepanuu. Ha Kaxgoit utepanuy airopuTrMa CKOpOCTh YacTUITbI
MEHSIETCSI TaK, YTOOHI €€ TOJIOKEHHE X; CTPEMHIIOCh OTHOBPEMEHHO K P; U K
g. Ha nBmxeHne yacTuiibl OKa3blBalOT BIMSHKE €IIe U CTy4YaiiHble BEJTUIHHBL.
Kpureprem ocTaHOBa BHIYUCICHUI MOKET OBITh JIMOO JOCTHXEHHE 3aJAHHOTO
3Ha4YeHUs1 (PYHKIMK CTOMMOCTH, JIMOO BBHINIOJIHEHUE 3aJJaHHOTO KOJIMYEeCTBa
utepauuil.

INcepnokon PSO onucan B anroputme 1. 3nauenuns by, u by, orpanu-
YUBAIOT NIPOCTPAHCTBO NouckKa. [lapameTpsl w, ¢y, P4 ¥ (¢ YCTAHABIMBAIOTCSA
TOJIb30BATEJIEM U CYLIECTBEHHO BIIMSIOT HA CKOPOCTb CXOAMMOCTH aJIrOPUTMA.

151 pacyeTa oNTUMAJIBHOTO yIpaBlieHusl ¢ TTomolbio Metona PSO,
TpeOyeTcst OnpeleNuTh (PYHKIMIO CTOMMOCTH U TMPOCTPAHCTBO ITOUCKA pe-
meHus. [IpocTpaHcTBO moucka pemenrst ObUIO 3aJaHO0 KakK MPOCTPAHCTBO
NOCJIeA0BATEILbHOCTEN yNPAB/IAIMINX CUTHAIOB Uy, Uy , 3aJaHHBIX C IarOM
o BpeMenu B 1 cek. Kaxaas takas mociesoBaTeIbHOCTb - TO OfIHA 4acTUIIA
u3 posi. B pyHKIMIO cTOMMOCTH TpaeKTopuH (8) yIrpaBjieHue HalpsMylo He
BXOJUT, MO3TOMY ISl ONPEe/ieJIEHHOI YacTUIBI HaJl0 CHavYasla MOJIyYuTh Tpa-
exTopuwo. B kozie 310 AenaeTcs ¢ noMolsio (hyHKIMK propagate control to
states. Ha Bxo 0Ha MprHMMaET MoCJieJOBATEIbHOCTD YIIPABJISIONIMX CUTHAJIOB
uy, u}, 3aJaHHBIX C IIAroM Io BpeMeHu B 1 cek. [lanee mar ymeHbaeTcs
10 50 Mc ¢ momoInpio JuHeitHo# uHTepnonsanmuy. [locne yero nis pacyera
3aBUCUMOCTU CKOPOCTH OT BPEMEHM HauyalbHOE COCTOSIHHUE poOOTa M BCS
TMIOCJIEIOBATEIILHOCTD YIIPABJICHHs TOIAETCS Ha BXOJ MOJIEJ M PoOOTa (HAaMBHOM
(2) u neilpoceteBoii (5)). U, HakoHell, 3aBUCUMOCTb CKOPOCTU OT BPEMEHU
npeoOpasyercst B TpaeKTopuio B cooTBeTcTBUM ¢ (4). [TonHast 6yiok-cxema
aJIropuTMa NpUBEIeHa Ha PUCYHKe 6.

B paboTe ncnonbp30BaIkch cieaylnye napameTpsl aaropurma PSO:
w=1,¢, = 0.95,¢, = 0.05,a = 1.0. ATropuT™M CTaOMJIBLHO CXOAUTCS
K MUHUMAaJIbHBIM 3HAYEHUSIMH (DYHKIIMM CTOMMOCTH 3a HECKOJIBKO COTEH
uTepanuii. Pe3ynpTaThl pacuera B Bujie 3aBICMMOCTH CUTHAJIOB YIIPABJICHHUS OT
BPEMEHU ITPUBE/ICHBI HA PUCYHKE 7, 2 COOTBETCTBYIOIIAS TPACKTOPHSI ABVKEHNU
- Ha pUCyHKe 8.
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Algorithm 1 PSO

3ajatp Jydlnee U3BeCTHOE MOJIOKEHNE BCEX YACTHIL:
g ~ U(by,, bup)
for yactuna i=1, ...,S do
3aaaTh HaYaIbHOE MOJI0KEHUE YACTULIBL:
Xi ~ U(bloa bup)
Jlyuiee n3BeCTHOE MONIOKEHHE STON YaCTHUITBL:
P; < X;
YTOYHUTD JTy4lliee U3BECTHOE TMOJIOKEHUE CPEAU BCEX YACTHIL:
if f(p:) < f(g) then
A
end if
3agaTh CKOPOCTh YACTHIIBL:
Vi < U(=[bup — biol, [bup — bio|)
end for
while kpurepwmii ocraHoBa He fOcTUTHYT do
for yactuma i=1, ...,S do
for koopounara d=1, ...,n do
CaMIUMpOBaTh CIyYaiHble Ynciia:
Tp,Tg ~ U(0,1)
OOHOBUTH CKOPOCTh YACTHIIBL:
v w- v+ gy - (B — x]) + ¢grg - (87 — x7)
I'ne ¢p, ¢pg — NOCTOSAHHBIE KOI(DDULIEHTHI.
end for
OGHOBUTH MOJOKEHHUE YACTULIBI:
X — X +a-v;
I'ne oo — mocTosiHHBINA KO3 PULIUEHT.
Y TOYHUTH JIydIliee H3BECTHOE TTOJIOKEHUE YACTHUIIBL:
if f(XZ) < f(pz) then
Pi < X
end if
Y TOYHUTH JIyUlllee U3BECTHOE TIOJIOKEHUE CPEI BCEX YACTHII:
if f(p;) < f(g) then
g < Pi
end if
end for
end while
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MepBbIn naKeT pso Mepeson Pacuert
nawer P ynpasneHua BYHHLHH
ynpaBneHua B COCTORHHE CTOMMOCTH

Meetopute N pas

CreHepyWpoBaTh

cneayowmii Mepeson Pacuert O6HOBMTE Monyuntb
naKeT ynpasneHus byHKUMH nyuuee nyuwee |
B COCTOAHHE CTOMMOCTH ynpaBneHue| |
ynpasneHua

Pacuer
TPaeKToOpHA

Puc. 6. brok-cxema anropurma PSO 111 pacyeTa onTHMalIbHOTO YIpaBJIeHUs

MepeBon ynpaBneHWA B COCTOAHHE

Pacyer
cKopocTeH

naket_pso | PaciumpuTts nawet_x

ynpaeneHue

nawet_u naxeT_v,w

el
G
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o
o
5 1
=
'§ Ynpasnsiowmin curHan
> 0 PesynbTtaTt PSO
I
g 00 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
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g Ynpasnsiowmin curHan
215 PesynbTaTt PSO
o
L0 e
]
P s
S 0,51 comrremee
> 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

t,s
Puc. 7. Pe3ynbTaThl pacyeTa ONTHMAJIBHOTO YIPABICHUS

3.2. Bepuduxanms nojy4eHHoro ynpasJjeHusi B cumyasitope. s
TOT0, YTOOBI YOSJUTHCSI B TOM, YTO HEHPOCETh MOXKET MCIIOIb30BAThCS HE TOMb-
KO U151 MOJEJIMPOBAHHUS, HO ¥ 151 IUNTAHMPOBAHK ABIKEHHS pealbHOTO podoTa,
HEO0O0XOAMMO MPOBEPUTH, OyIEeT M poOOT JABUIaThCA 11O TOM Xke TPACKTOPHH,
YTO M MOZEJIb IIPY IIAHUPOBaHUH. B 001eM cirydyae 9T0 MOKET OKa3aThCs He
TaK, Jake eCJIM MOJIEJIb TOKA3bIBAET XOPOIIME PE3YIbTAThl IPEACKa3aHUI Ha
TECTOBBIX IIpoe3ax. [l 3Toro HaiijleHHast onTUMaJbHas NOCJIe0BaTeIbHOCTh
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—— OnTuMalNbHas TpaekTopua
MpenaTcTBMe
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Puc. 8. Pe3ynmbraTsl pacueTa onTUMaIbHON TPAaeKTOPUU

YIIPaBJISIOIIMX CUTHAJIOB OblIa MoiaHa Ha pobot B cumynsitope Gazebo. Bouto
caenano 10 mpoe3aoB, B KaxkI0M U3 KOTOPsIX Ha podoT B Gazebo nomasanach
OIMHaKOBOe ynpasjeHue. [IpuMepsl MOMyuyeHHbIX TPAeKTOPUI NMPOe3a0B B
CHUMYJISITOpE TIpe/iCTaByIeHbl Ha pucyHke 9-(a). TpaekTopuu nmpoe3goB oka-
3BIBAIOTCS PAa3HBIMU BCJIEACTBUM TOTO, 9To Gazebo MoJespyeT peabHyio
CHCTEMY CO CBOMMH CJTy4ailHBIMU BO3MYILIEHHSMH, a B JAHHOM CJIy4ae Mo CyTH
peann30BaHO PA30MKHYTOE yIpaBjieHue 0e3 0OpaTHOI CBSI3U.

151 cpaBHEHMSA IOJIy4EHHOH HEMpOCETEBOU MOJENIU YIIPABJICHUS C
HauBHOI MOJIEJIbIo (2) 33/1a4a ONTUMAJILHOTO YIIpaBJIeHHsI OblIa TaKke peleHa
1 U1t HauBHOW Mone. [loyueHHoe yrpaBieHue ObUIO MoJaHo Ha poOdoTa B
Gazebo, 1 Takxke 6buTH cOOpaHbI TpaeKkTopyy 1o 10 npoe3nam (pucyHok 9-(6)).

OTKJIOHEHUE peasbHON TPaeKTOPUH OT 3aIUIAHUPOBAHHOM OBIJIO OLie-
HeHo ¢ nomoinpio MeTpuk ATE. ATE nis HauBHOH Mopaenu cocTaBuja
0.34 £ 0.16, nns weitpocereBoit monenu 0.11 £ 0.04. DTo roBOPUT O TOM, UTO
HelipoceTeBast MOJIEJIb JTyUllle ONMCHIBAET U3MEHEHHUE COCTOSIHUS podoTa.

4. 3akJroyenne. B HacTosel padoTe mpeacTaBiIeH NOAXOA Ha Oc-
HOBE HEHpPOHHOM ceTH Ui MAEHTU(DUKAIIMI MOJEN OOBbEKTa yIpaBJICHHUS.
Hcronb3yercsi CMELIaHHBIi MOAXO0/1, KOrAa MoJesIb 00BbEeKTa YaCTUYHO U3BECT-
Ha. Ha ocHOBe mpecTaBieHHOro moaxoja Obljia co3/laHa MOJIENb KOJIECHOTO
pobota Rosbot 2.0 B cumyssitirionHoit cpesie Gazebo ¢ MOMOIIbI0 UCKYCCTBEH-
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—— HelipoceTeBasi Moaenb
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Puc. 9. Tlpumep npoe3noB po6oTa B cumysstope Gazebo 1o 3ariaHupOBaHHON
Tpaektopun. [Ipoe3asl podoTa pa3IuyaiTcs Mex Iy co0oit n3-3a
HeJIeTepMUHUPOBAHHOTO MOBeeHus cumysisitopa Gazebo. OToOpaxeHHbIe
MPENATCTBIS YYUTHIBAIICH TP ITAHUPOBAHUM JIBUKCHUS

HOM HefipoceTH. DKCIEepUMEHTHI MOKa3ald, YTO HEHPOCeTh MpeicKa3blBaeT
JBVXKEHHE KOJIECHOTO poOOTa M MOKET aBTOMATUYECKH YUUTHIBATh Takue (pak-
TOpBI, KaK MHepuus U cuiia TpeHus. [loka3zaHo, 4To ¢ moMoLIbio HelpoceTeBo
MOJIESIM MOKHO TUTAHMPOBATh ONTHMAJIbHYIO TPACKTOPHIO JBHKEHHS poOoTa.
Oumoka HeiipoceTeBoi MOZIeN M KaK IPH MOJETUPOBAHHIH JIBIKEHHUS, TaK U IIPH
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TUIAHUPOBAHUM TPAEKTOPHUHU OKa3aJlaCh HE3HAYMTEJILHO OOJbIle, YeM pa3opoc
TpaeKTOpUi BCJIEACTBUE HEJETEPMUHUPOBAHHOTO MOBEIEHUS CAMOM CUCTEMBI.

OCHOBHBIMY CUJIbBHBIMU CTOPOHAMH IPEICTABJIEHHOTO MOJX0/AA SIBJISI-
€TCsI ero MpaKTUYeCKask pealm3yeMOCTh U YHUBEPCAIBHOCTh MPUMEHEHHUS.
B HacTostiieit paboTe Bce JaHHbIe Uit 00yueHus HelipoceTu (hOpMHUPYIOTCS
¢ UMHUTaLMOHHOrO cumynsitopa Gazebo, KOTOpBIA MakCUMaIbHO OJIM3KO K
PpeasbHBIM BOCIIPOM3BOAUT (PU3UKY POOOTOB U BHEIIHEH Cpe/ibl, yUUTHIBASI BO3-
MOXHBIE IOMEXU U HeompeeneHHocTH. Mcnosnb3oBanue cumynaropa Gazebo
MO3BOJIMJIO aBTOMATHU3UPOBATh TpoIecc cOOpa JAaHHBIX JIIs 00yUYeHHs HeHpOH-
Hoii cetu. Kpome Toro, B HacTosiiieit paboTe Mbl [IPOTECTUPOBAIH MONYYEHHY IO
HepoceTeByI0 MOZIEIb Ha MIpUMepe pelleHrs MPUKJIAJAHBIX 3a[a4, TAKIX KaK
3a/1a4a ONTHMAJIbHOTO YIIPaBJICHHUS.

ITpencTaBiaeHHy10 MOJEIb MOXKHO UCIIOIB30BATh KAK JIJIs1 ONTUMAJIbHOTO
TUTAHUPOBAHUSI MapIIPyTa B M3BECTHBIX YCJIOBHAX, KaK MPEICTABICHO B CTaThe,
TaK | MpH pa3paboTKe APYTHX aIrOPUTMOB, OCHOBAaHHBIX Ha MpEJCKa3aHUN
noBeieHus Mojesu. [IpecTaBIeHHBI METO UACHTU(MDUKAIIHA OTKPHIT IS
WCTIOB30BaHUS U PeJaKTUPOBAHMS, UCXOIHBIA KO HAXOAUTCS B PENO3UTO-
puu Github [31,32]. B kayecTBe gaypHeliei paboThl MOTYyYESHHYIO MOJIEb
TJTAHUPYETCSI UCTIONb30BaTh JJIs1 YMCJIEHHBIX PACUETOB B Pa3JIMUHBIX 3a7a4ax
ONTUMAJIFHOTO YIpaBJieHUs ¢ (Pa30BBIMHA OTPAHUYICHUSIMH, B TOM YHUCIIE C
JUHAMIYECKIMHE (pa30BBIMU OTpaHWIEHHUSIMH, KOTAA B 33/1a4e NMEETCs TPyIIa
po6OTOB, a TakXke B 3a/laue HABUTAIMU JJIS1 JIOTIOJIHUTEJILHOTO YTOUYHEHUS
MOJIOXKEHHST POOOTA MO MOJIEJU B YCJIOBHUSIX aBTOHOMHOTO JABMXKEHHUSI, a TAKKe
MIpY peayiv3aliiy aIrOPUTMOB IJIAHMPOBAHUS ITyTU HA OCHOBE Ipe/ICKa3aHus
TIOBEICHUST MOJIEIIH.
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E. SHMALKO, Yu. RUMYANTSEV, R. BAINAZAROV, K. YAMSHANOV
IDENTIFICATION OF NEURAL NETWORK MODEL OF ROBOT TO
SOLVE THE OPTIMAL CONTROL PROBLEM

Shmalko E., Rumyantsev Yu., Bainazarov R., Yamshanov K. Identification of neural network
model of robot to solve the optimal control problem.

Abstract. To calculate the optimal control, a satisfactory mathematical model of the control
object is required. Further, when implementing the calculated controls on a real object, the same
model can be used in robot navigation to predict its position and correct sensor data, therefore,
it is important that the model adequately reflects the dynamics of the object. Model derivation
is often time-consuming and sometimes even impossible using traditional methods. In view of
the increasing diversity and extremely complex nature of control objects, including the variety of
modern robotic systems, the identification problem is becoming increasingly important, which
allows you to build a mathematical model of the control object, having input and output data
about the system. The identification of a nonlinear system is of particular interest, since most
real systems have nonlinear dynamics. And if earlier the identification of the system model
consisted in the selection of the optimal parameters for the selected structure, then the emergence
of modern machine learning methods opens up broader prospects and allows you to automate the
identification process itself. In this paper, a wheeled robot with a differential drive in the Gazebo
simulation environment, which is currently the most popular software package for the development
and simulation of robotic systems, is considered as a control object. The mathematical model of
the robot is unknown in advance. The main problem is that the existing mathematical models do
not correspond to the real dynamics of the robot in the simulator. The paper considers the solution
to the problem of identifying a mathematical model of a control object using machine learning
technique of the neural networks. A new mixed approach is proposed. It is based on the use of
well-known simple models of the object and identification of unaccounted dynamic properties
of the object using a neural network based on a training sample. To generate training data, a
software package was written that automates the collection process using two ROS nodes. To train
the neural network, the PyTorch framework was used and an open source software package was
created. Further, the identified object model is used to calculate the optimal control. The results
of the computational experiment demonstrate the adequacy and performance of the resulting
model. The presented approach based on a combination of a well-known mathematical model and
an additional identified neural network model allows using the advantages of the accumulated
physical apparatus and increasing its efficiency and accuracy through the use of modern machine
learning tools.

Keywords: optimal control, identification, neural network, Gazebo, differential robot.
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A.A. ErAlliOB, K.B. KAMBIHVH, K.JI. KPECTOBHUKOB, A.1. CABEJILEB
METOA OHEHKHN BPEMEHU BECITPOBOJHOU INEPEJAYH
SHEPTETHYECKHUX PECYPCOB MEX/Y ABYMS POBOTAMHU

Epawos A.A., Kameinun K.B., Kpecmoenuxos K. /., Casenves A.J. MeTo OLleHKH BpeMeHH
0ecrnpoBOAHOI MepeJaun JHEPreTHYECKUX PecypcoB MexKay ABYyMs podoTaMu.

AHHOTanusl. DHEProeMKOCTb AKKyMYJSITOPOB, HPUMEHSIEMBIX B KayeCTBE OCHOBHOIO
HCTOYHHKA IMTAHHS B MOOMIBHBIX POOOTOTEXHHUYECKHX CPEACTBAX, OIpenessieT BpeMs
ABTOHOMHOH paboThl poboTa. [l IIaHUPOBAHUS BBITOIHEHHS IPYNIOH POOOTOTEXHUIECKUX
CpPeICTB 3alad C TOYKHM 3pEHHUs 3aTpaT BPEMEHH aKTyalbHO YYHTHIBATb BpeMs, B TeUECHHE
KOTOPOTO 3apsDKaeTcs aKKyMYJSTOp KaXHOro OTAenbHOro pobota. [Ipm wucmoms3oBaHHU
0ecIpoBOJHON Iepeiady YHEPTUH TO BPeMs 3aBHCHUT OT d()(EKTHBHOCTH CHCTEMBI IIepeadn
9HEPTHUH, a TAKXKe OT MOLIHOCTH HepeAaroieil 4acTH CUCTEMBI, HEOOXOIMMOI ISl MOTIOITHEHUS
JHEProeMKOCTH. B HacTosme# paboTe mpednmaraertcs METOJ OLCHKH BpPEMEHH Iepefadu
JHEPreTUYECKUX PEeCypcoB MEXKIy IByMs poOOTaMH C YydYeToM JaHHBIX IapaMeTpoB.
IpennaraeMelii MeTOJ YYUTBHIBAET NPUMEHEHUE AIrOPHTMAa KOHEYHOIO MO3HIHOHHUPOBAHMS
poOOTOB, OLEHKY JHHEHHBIX CMEIICHHH MEXHy poOOTaMM, BKIIOYACT BBIYHCIICHHUE
9(p(EKTUBHOCTH, a TaKXkKe OIpEeleNCHHe BPEMEHH IOJ3apsAKA C Y4eTOM I1apaMeTpoB,
MOJTyYEeHHBIX Ha MPEJbIAYIIHX 3Tanax MeTofa. AJTrOpUTM KOHEYHOTrO MO3HIMOHHPOBAHMS
POOOTOB HCHONB3YET ANrOPUTMbI 00PAOOTKU JaHHBIX CUCTEMbI TEXHUYECKOTO 3peHust pobora
JUISL IONCKA PETIePHBIX MApKepOB U OINpeeleHHs] X IPOCTPAHCTBEHHBIX XaPAKTEPUCTHK IS
obecrieueHHs: KOHEYHOro MO3MIMOHUPOBAHUS MOOMIBHBIX POOOTOTEXHMYECKHMX ILIAT(HOpM.
JlaHHBIE XapaKTEPUCTHKU TaKKe IPUMEHSAIOTCS OIS OIPENeNeHUs JHHEHHBIX CMEIeHHI
MEXIy poOOTaMH, OT KOTOPBIX 3aBHUCHUT 3((EKTHBHOCTh Iepenaud osHepruu. s ee
ompejieJieHUss B METOJE HCIOJNB3YeTCsl MaTeMaTHdeckas MoOJeldb JHEPreTHYeCKUX
XapaKTepHCTUK CHCTEMbl OECIPOBOIHON Iepefadydl BHEPrHM M IIOIydYCHHbIe JHHEHHbIE
cmemenus. Ha mociexnHeMm sTame MeToJa BBIYHCISIETCS BpeMs HOA3apSAKH aKKyMyISTOpa
MOOHJIBHOTO po0OTa € YYETOM JaHHBIX C HPEABIAYIIMX 3TanoB. [IpUMeHEeHNE IPEII0KEHHOTO
MeToja Il MOJEIMPOBAHHUS IMO3HLIHOHHPOBAHHSA DPOOOTOB B HEKOTOPOM Habope TOYeK
pabodero IpPOCTPAaHCTBA MO3BOJIHT YMCHBIIMTH BpPEMEHHBIC 3aTpaThl Ha  3apsaKy
AKKyMyJsITOpa poboTa IMpU HUCIIONIB30BaHUK OECIIPOBOIHONM Hepexayun dHepruu. B pesymbrare
MOZENHPOBAaHUS ObIIO OINpeleleHo, YTO Iepefaya JHEPreTHYeCKUX PpeCcypcoB MEXIy
poboTaMu IpoucXoauio ¢ 3GGheKTHBHOCTBIO B quamasoHe oT 58,11% 1o 68,22%, a taxke u3
14 ToYex MO3MIMOHUPOBAHHS OBUIM ONMpENelCHbl 3 C HAaMMEHBLIMM BpEMEHEM Iepenadu
9HEPTHUH.

KioueBble cj10Ba: MOOWIBbHAas POOOTOTEXHMKA, OECIPOBOJHAS IIepenada OSHEPIUH,
OIlCHKa BPEeMEHU Iepeiaddl SHEeprUH, IO3UNHOHUPOBAHIE MOOMIBHBIX POOOTOB, TEXHHUCCKOES
3penue, ArUco-mapkep.

1. BBenenne. MoOwibHbIe aBTOHOMHBIC POOOTHI B HACTOSIIUI
MOMEHT IIMPOKO NPUMEHSIOTCS B OBITY (pOOOTHI-IIBUIECOCH), B 3ajadax
JIOCTaBKH, a TaKXKe B POEBOM M MOJAYJIBHOI pOOOTOTEXHHMKE. 3a4acTyio B
TakMXx  poboTax  yCTaHABIMBAIOTCS  aKKyMyJISITOpHBIE  Oarapew,
9HEPrOEMKOCTh  KOTOPBIX OMNpeneysieT BpeMs paboThl  MOOWMIBbHON
TTaTQOPMBI. Jus TOJI/IepIKaHHS aBTOHOMHOCTH TpYIIIBI
POOOTOTEXHUYECKUX IIIaTGOPM aKTyaJbHOW SBISETCS pEIIeHHE 3aJadud
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obecrieueHnsi  JIOCTAaTOYHOTO  YPOBHS  3apsja  akKyMmyjisropa s
¢byHKIHOHUpOBaHus poboTa. s penieHus: JaHHOM Mpo0IeMbl B OCHOBHOM
WCIIONIB3YIOTCSl J1BAa TOJAXOJa: Iepelada SHEPIUU OT 3apsAHOW CTaHIMU
KOHTaKTHBIM CIIOcOOOM Wi 6ecripoBoiHbIM. KoHTaKTHBIH criocol Tpedyer
BBICOKOH  TOYHOCTH  IO3MIMOHMPOBAHHUS, IIOCKOJIKY  CTBIKyEMBbIE
yCTpOMCTBa HEOOXOIMMO compsArats ¢gusndecku. Kpome TOro, OTKphITHIE
KOHTAKTBl MOTYT OBITH MOBPEXJIEHBI NPH PabOTe B CPEe C IMOBBIICHHBIM
COZIep’)KaHMEM BJIATU WM IBIIM. B CBS3M ¢ 3TUM BO3MOXXHO IpPHUMEHEHHE
CTEIHUATIBHBIX yCTPOWCTB COMNPSIKEHHUS, OMHAKO HX OoJee CIOoXKHas
KOHCTPYKIIHSL BJIEYET 3a COOOH YMEHBIIEHHE HAJECKHOCTH COCIUHEHHS U
yBeNWYCHHE MaccorabapuTHBIX TOKazaTenedl pobora. OTMEdeHHBIX
HEOCTaTKOB JIMIIEHBl OECIIPOBOAHBIE CHUCTEMBI IIEPEAadd 3HEPIHU
(BCIID).

BCIID akTHBHO MPUMEHSIOTCS B CHUCTeMax OeCIpOBOJHOTrO 3apsja
3JIeKTpOTpaHcHopTa [1], B MOOMIIBHBIX YCTPONCTBAX M IOJIb30BATEILCKOM
JNEeKTpOHUKE [2], a Takke B MOOMIIBHBIX poboTax [3].

Kak Obuto mokazaHo B [4], sddexTHBHOCTH TNepemauyn >HEPTHU
0ecrpOBOHBIM CIIOCOOOM 3aBHCHT OT OTHOCHTEIBHOTO IIOJIOKECHUS U
OpPHEHTALlMM TPUEMHOH u mepepatomiedl karymek. OHa ompenessieTcs
MIOKa3aTeJleM OTHOIICHWS MpPUHATOM MOIMHOCTH K  TIEpeaaBacMOM.
CrenoBartensHO, B3aMMHOE PACTIONIOKEHUE YacTel CUCTEeMbI OyJeT BIHATHh
Ha BpeMsl Iiepeadyl 3HEPTHH, Y4TO, B CBOIO OYEpPE/b, 3aBUCHUT OT alrOpPUTMa
KOHEYHOTO ITO3MIMOHUPOBaHMs poOoToB. Ecii ecTh BO3MOXHOCTE 3apsiaa
AKKyMyJISITOpa MOOWJIBHOTO Po0OTa OT HECKOIBKHX POOOTOB TPYIIIEI, TO
pacroyio)KeHHe  JaHHBIX  pOOOTOB  OyZmeT  ONpeAeNnsaTb,  CKOJIBKO
SHEpropecypca OCTaHeTCcsl y POOOTOB Mocie COMMKEHHsI yCTPOMCTB, UTO
TaKke BIMAET Ha obmee Bpems 3apsga. Takum  oOpaszoM, yder
pacloyiOKeHHs TOYEeK TepeJaydl JHEeprud, alropuTMa KOHEYHOTO
MO3UIMOHUPOBAHUS U TIOJIOKEHUSI POOOTOTEXHMYECKUX CPEICTB IMOCIE
cOMmKeHuss poOOTOB MO3BOJIUT BHIOPAaTh HAWIYYIIUH BAapHaHT C TOYKH
3pEHUs] DHEPronoTpeONeHUss U BpPEMEHH 3apsijia, COKpalas TeM CaMbIM
BpeMsl TOJATOTOBKM poOOTa K pemeHuIo 3amad. OTo 00yCiaBiIMBaeT
aKTyaJIbHOCTh HCCIIE/IOBaHMH B HAIIPaBIEHHMH METOJOB OLIEHKH BPEMEHHU
repesady SHEPTHH MOOMIIEHOMY POOOTY.

2. Ananus cnoco6oB KOHEYHOI'0 NMO3UIINOHNPOBAHHUS
MOOMJIbHBIX POGOTOB MOCPEICTBOM PAa3JHYHBIX CEHCOPHBIX CHCTEM.
INporecc MO3MIIMOHUPOBAHUS HA3EMHBIX POOOTOTEXHHYECKHX ILIaT(GOpM
MoJpa3yMeBaeT oTpeJieTIeHUE KOOpJHUHAT TOYKH KOHEYHOTO
MO3UIMOHUPOBAHNSA OJHOM IUTAT(GOPMBI OTHOCHTENBHO JPYTOW IS
HOCTPOEHHMSI TPACKTOPUH JBIKECHUS, TMOO KOPPEKTHPOBAHUIO HAIIPABIICHUS
JBIDKEHUS, €CIM HE HCIONb3YyeTCs IUIAHUPOBLIMK MapIipyTa 0 IIejH.
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KoopauHaThl TOYKM TO3UIIMOHUPOBAHUS Uil CTHIKOBKM M HAIpaBIICHUS
JBIDKEHUS K HEH 3a4acTyIO ONPEeNIsioT C MOMOIIBIO PA3IMYHbIX TATYHKOB.

B pabore [5] pnst CTHIKOBKM JABYX MOJIYJIBHBIX pOOOTOB
HCIOJIB3YIOTCA HK-cencopsl u HK-nepenaTduku. Anroputm
MO3ULMOHUPOBAHUS JUIsl CTBIKOBKHM 0azupyercsi Ha noucke MK-curnana c
repeiaTunKa, PactoNoKEeHHOTO Ha APYToM poOoTe. AHAIOTHYHbIE JaTIUKN
WCIIONIB30BATMCH B [6] ANl CTBIKOBKM MOOHMIBHOTO poOOTa C 3apsaHON
crannmeii. B pabore He paccMoTpeHa OIlGHKa BpeMEHH 3apsiza
akkymysstopa. IIpumensemble MK-maTunkyu He MO3BOJIAIOT ONPEAENATH
YTJIOBBIE CMEIICHHSL.

Jlns  KOHTaKTHOTO 3apsAfa aKKyMyJsiTopa MOOWIBHOro pobota
MIPEIJIOKEH ANTOPUTM MO3UIMOHUPOBAHUS [UISl CTBIKOBKH C IPUMEHEHHEM
Ja3epHOro manpHOMepa [7]. JlaHHBINH CEHCOp YCTaHOBIIEH Ha MOIBIKHOM
po0OTE M MO3BOJISET ONPENEIISTh HANPABICHNUE IBUKEHHSI U PACCTOSIHUE 10
3apsITHOI CTaHIMHU, OJTHAKO C €r0 IOMOIIBIO MTPOOJIEMHO OLIEHUTH YIJIOBOE
cMmenleHue. B pabote Takke OTCyTCTBYET OLIEHKA BPEMEHH 3apsijia.

B anropuTmMax KOHEYHOro MO3ZUIMOHWPOBAHUS POOOTOTEXHUYECKUX
wtathopM [8, 9] ucnonb3yroTcs AaHHBIE C JMapa Uil MOUCKa OOBeKTa
crienuaIbHON (OpMBI, KOTOPYIO UMEET 3apsiaHas ctaHuus. [IpemioxenHbie
QITOPUTMBI 3aKJTIOYAIOTCSl B CIIEAYIONIEM: CHCTEMa TEXHHYECKOTO 3PEHUS
poboTa onpenenseT MapKep 3apsAIHON CTaHIUH, 3aTeM OH IepEeMeIaeTcs K
TOYKE IO3UIIMOHUPOBAHUS, BBIPABHUBACTCS OTHOCHTENBHO 3apsiAHON
CTaHIINM, IIOCIE€ 4ero CThIKyercs. lIpuMeHeHme moaxona € MOHCKOM
3apSAAHON CTAHIIUH OTIpPEeIeIeHHON (GOPMBI HE HCKII0YaeT CUTYaIluid, Koraa
O00BEKT WITH COBOKYITHOCTH OOBEKTOB CXOKEH (POPMBI MOTYT OBITH IPUHSATHI
32 00BEKT CTHIKOBKH.

Jns moucka TOYKHM KOHEYHOTO TMO3MIIMOHMPOBaHHS MOOMIIBHBIX
pPOOOTOB TaKkKe BO3MOMKHO MPUMEHEHHE CHCTEM TEXHHYECKOTO 3PEHHUSL.
OnpeneneHue TMONOXKEHUS 3apsAAHON CTaHIMM C IIOMOIIBIO CHCTEMBI
TEXHHMYECKOTO 3pEeHUs] M pernepHbIX MapkepoB AprilTag paccmorpeHo B
[10]. ObnacTh MO3UITMOHUPOBAHUS pa3JiclicHa Ha JBe 00JacTH, B OJHOH U3
KOTOPBIX pPOOOT TmepeMernaeTcss ¢ HcHosib3oBaHueM anropurMa ORB-
SLAM, BO BTOpPOH — C NPUMEHEHHEM JAaHHBIX O IOJIOKEHHHM Mapkepa,
MTOTyYeHHBIX Tocie 00paboTku m3o0paxenunit. [IpemnoskeHHbIH MOAX0 HE
CONICPXKHUT OIICHKY BpeMeHH 3apsma. B pabore [11] momoxkeHwe u
OPHEHTALMIO TOYKHM KOHEYHOTO TIO3MIHOHMPOBAHMSA K MaUIETy C
peTepHBIME MapKepaMH OTHOCHTENBHO pobota Pioneer 3-AT mpemroskeHo
OTIPEZICTIATh C MPUMEHEHHEM cTepeokamepsl. [IpeacTaBineHHBIN anropuTm
HE TIOJHOCTBIO aBTOHOMEH: B OKCIEPUMEHTaX OIEpaTop YAAJICHHO
yIOpaBsl poOOTOM il NPUOMIDKEHUS K 1M, IOcjie Yero pooor
aBTOMAaTHUYECKH CThIKOBanca. B [12] gama ompeneneHus MOJIOXKEHUS
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MOOMJIBHOTO po0OTa OTHOCHTENBHO 1I€JIeBOr0 00BEKTa CTHIKOBKH
UCIIONIB3YIOTCS JIaHHbIE C KapThl [IIyOWHBI, IOJy4aeMOHW C IOMOIbIO
Microsoft Kinect. B skcnepuMeHTax Uil pacno3HaBaHUs OOBEKTa
CTBIKOBKH €r0 Mepe/IHss YacTh Obla JIBYIIBETHOW: KPACHON CHU3Y, 3€JIEeHOM
cBepxy. TakoW WOAXOA MOXET BBI3BAaTb HEKOPPEKTHOE OIpe/esieHue
CTaHIINU CTHIKOBKH.

CucteMbl TEXHUYECKOTO 3pEHHS IPUMEHSIOTCS TAKXKE JUIsl CTHIKOBKU
1 KOHEYHOT'O TTO3UIMOHUPOBAHMS KOCMHUYECKHX, HAJBOIHBIX H ITO/BOIHBIX
anmapatoB. s CTHIKOBKH CITyTHHKOB TpeIiokeHO pemeHue [13], B
KOTOPOM HCIIOJNB3YETCSl CHCTEMA CTEPEO- U MOHO3PEHUS ISl OIPEeIICHNS
MIOJIOXKEHHUS M OPHUEHTAlMH O0BEKTa CTHIKOBKM IO OTIOPHBIM MapKepam Hu
XapaKTEepPHBIM TOYKaM OOBEKTa CTHIKOBKH. AHAJOTUYHBIH TOJXOJ
paccMoTpeH B pabote [14], B KOTOpOH MpPEIJIOKEH aJTOPUTM CTHIKOBKH
MakeTa MHKPOCHYTHUKA. [l ycrmoBuit MukporpaButamuu B [15]
MpeNJoKeH aJrOpUTM MO3UIIMOHUPOBaHUS Moxayjei SuperBot. JlanHbie
MOJIyJIM OCHallleHbl KamepamMu M Mapkepamu AprilTag mis onpenenenus
MIPOCTPAHCTBEHHBIX XapaKTEPUCTHK IMOBEPXHOCTH KOHTAaKTa MOIYJIS W
Mapkepa. [Tono0HbIE TOAXOABI K ONpPEETICHUIO TOYKH MTO3UIIMOHIPOBAHMS
MIPEACTABISIOT UHTEPEC, MTOCKOIBbKY MO3BOJISIIOT OIPEAEIATh IOJIOKEHUE U
OPHEHTAIINIO TOBEPXHOCTH OOBEKTa CTHIKOBKH, Ha KOTOPOH YCTAaHOBJICH
MapKkep.

[IpumeHeHne anropuTMOB TMO3UIMOHMPOBAHUS TOABOIHBIX U
HaBOJIHBIX POOOTOB HAKJIaJbIBAET OIPAaHUYEHHS Ha CIIOCOOBI OINpeeICHUs
MIOJIOXKEHHS LIeNH, OIpeeiieMble YCIOBUAMHU OKpy’Karomed cpembl. Tak,
ITOPUTM KOHEYHOTO MO3MLIMOHHPOBaHMs 10 L-00pa3HOMYy COEIMHEHUIO
CBETOBBIX H3iIydaTened [16] MpUMEHUM TOJIBKO B OOJACTH II0/IBOJIHOM
POOOTOTEXHUKH M, KaK OTMEYAarOT aBTOPHI, B KOMIUIEKCHOHM ITOJIBOJHOM
cpelie mpenaraeMblil aNropuT™M HE HJeajieH IS TO3UIMOHHPOBAHUS C
OOJIPIINM TPOJONBHBIM yIJIOM HakjJoHa. B [17] mpexacraBneH anroputm
KOHEYHOTO ITO3UIHOHUPOBAHNS MOOMIBHOTO MOPCKOTO po0OTa ¢ HaBOAHOU
CTaHIMeH 00paboTKu U cOopa gaHHBIX. PoOoT ocHamen Microsoft Kinect u
MHIYKONOHHBIMH 3apsSOHBIMU KaTyIIKaMH s OecrpoBOJHOM Iepenadn
SHepruu.  BepxHss  KpblIKa  CTaHLUMM  TOKpbITAa  OTpakaroulei
nH}pakpacHOe H3TyUeHUE IUICHKON [UIS ONIpEeAesICHNUS MIOI0KEHU po0oTa ¢
MTOMOIIIBI0 00pabOTKH M300paXkeHU ¢ KaMephbl. DKCIIEPUMEHTHI TTOKa3ajH,
YTO BO3MOXKHO HEKOPPEKTHOE OMNPEAEICHHE MOJ0XKEHHA CTaHIUH IpU
NOSIBJIGHMM Ha M300paKEHUHM SIPKUX Y4acTKoB. Takxke B paboTe He
NpUBEJIcHa OICHKa BpeMeHH 3apsna. CucreMa CTBIKOBKH C(HEepHUUEcKOro
poborta-amdpubun Ha 6a3ze OMHOKYJISPHOW KaMepbl paccMarpuBaetcs B [18],
C TOMOIIBIO KOTOPOH MOJydYaroTcs ABa BHUJA M300paKCHUH — LIBETHOE
KapTa TIyOuHBL. B cucTremMe TeXHMYecKOro 3peHust poboTa HCIOIb3yeTcs
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pacrio3HaHHe CTHIKOBOYHOTO THE3/1a, MOCJE Yero MPUMEHSETCS alrOpUTM
Kernelized Correlation Filters [19] mis  OTCne)KMBaHUsI TOJOKEHUS
neneBoro oobvekTa. Jlanee poOOT mepeMeraercsi Tak, YTOOBI MOJIOKEHHE
o0bekTa Ha M300paKeHWM OBUIO 1O LEHTPY, MpPH 3TOM pPACCTOSIHUE
CTBIKOBKH cocTaBisieT He MeHee 200 MM. DKCIIEpUMEHTHI TI0 CTHIKOBKE Ha
MEHBIIEH TUCTAaHIIUK HE TPOBOAMINCE.

KomOuHnpoBaHHOE TNPUMEHEHHE Pa3IUYHBIX CEHCOPOB ITO3BOJHT
YTOUHATH B3aUMHOE IIOJIOXKEHHE M OPHUEHTALMIO CTHIKYEeMbBIX OOBEKTOB,
OJHAKO HCIIOJIb30BAHNE PA3NUYHBIX IATYNKOB NPUBOAWUT K YBEIHICHHIO
YHcIa TPOBOJOB M HE BCET/A LENECOO00pa3HO MO MPUYMHE BO3MOKHBIX
OTpaHMYEHUI MaccorabapuUTHBIX I[OKa3aTrele MOOWIBHBIX IIIaT(opM.
KomOunupoBanne WK-gatumka w nmmapa paccmotrpeHo B [20], rae
MPEIJIOKEHA CHUCTEMa 3apsia akKKyMylsiTopa MOOWIbHOrO pobora OT
HETOJBYKHOM 3apsiaHoi craHumu. KomOuHupoBanue Y3 u MK-garunkos
JUIS CTBIKOBKM MOOWJIBHOTO PO0OTa C 3apsHON CTAHIHUCH MPEUIOKEHO
B [21]. HK-ceHcopsl  mNpeasio’KEHO  HUCMONB30BaTh JuId  rpyboro
MO3UIMOHUPOBAHMS, UL  PeXHMa  TOYHOTO  IMTO3MIHMOHHPOBAHMS
HCIIONIB3YIOTCS Y 3-CEHCOPHI U IiepeaTyuki. B paccMoTpeHHBIX paboTax He
00CY)XIaJuCh BONPOCHI OLEHKH BPEMEHM 3apsiia Uil  PaziIMYHBIX
TMIOJIOKEHUH TOUYEK MO3HMIIMOHUPOBAHMSA B IpocTpaHcTBe. [ ompeneneHus
YIJIOBBIX CMEMIEHHIT MOXKET MOTpeOOBaThCS HECKOJBKO TaKMX MATYHKOB.
ITomumo Y3 u MK paTuukoB A5l ompenesieHus HAIpaBJICHUS JBUKEHHS
MOOHMIBHOW IUIATGOPMBI B YCJIOBHAX HH3KHX aKyCTHYECKHX LIyMOB
BO3MOXKHO TpPHMEHEHHE AallTOPUTMOB 0OpabOTKH 3BYKOBBIX KOJEOaHHMIHA.
Tak, B [22] npeacTaBieHa cucTeMa MOWCKA M OTCIICKUBAHUS HATIPABICHUS
3apsiTHOI CTaHIMM Ha OCHOBE HCTOYHMKA 3BYKa M JAHHBIX C CHCTEMBI
TEXHHMYECKOro  3peHus. JlaHHOe  pelieHHe HMMeeT  OrpaHHYCHHOE
NPUMEHEHHE, TOCKOJIBKY OHO HCIONb3YeT aKyCTHYEeCKU MOAXOM IS
MIOVCKa HAINpaBIEHHUs JBIDKEHUS poOoTa ¥ HE TMO3BOJISIET OIEHHUTh
CMEUIEHHs CTBIKYeMBIX 00BeKTOB. KOMOMHHpOBaHNE TEXHUYECKOTO 3PEHUS
¢ UK-patunkamu paccMmoTpeno B [23]. lns ompeneneHus HalpaBIeHUS
JBIDKEHUS TIPEIUIOKEHO HCIONb30BaTh (QR-KOIBI B KadecTBe MapKepoB.
ANTOpPUTM TO3WIMOHMPOBAHUS 3aKIIOYaeTCsl B JBIXXKCHHUHM po0OoTa Tak,
yTo0bI meHTp QR-koma coBmaman ¢ meHTpoMm m300pakeHHWs. B mapkepe
KOOWpyeTcs  JUINp  HeoOxomuMmas  wHGOpMAIws, dYToOBl  poOoT
MTO3UIIHOHUPOBAJICS IO MapKepaM C ONpPEICICHHBIM HICHTH()UKATOPOM.

Jlnst onpeneneHust TOUKH KOHEYHOTO TTO3UIMOHUPOBAHUSI BO MHOTHX
HCCIIEIOBAaHUAX OBUIO HCIIONB30BAHO TEXHUYECKOE 3pEHHEe, 4YTO IpU
JOCTaTOYHOM ypOBHE OCBEIIECHHS MPEACTABISIETCS Gonee
NPEeANOYTUTEIbHBIM BapHaHTOM 10 cpaBHeHuto ¢ Y3 u MK-patumkamu.
310 00YCIIOBJICHO TEM, YTO NATYMKH UMEIOT 0oJiee OrpaHUYCHHBIH padounit
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JMana3oH [0 CPaBHEHHWIO C JMAala30HOM pa3liMuHBIX Kamep Co
CreLaIbHBIMU MapKepaMH, BBUJAY 4E€ro, MpPH YCIOBHU MOJBHIXHOCTH
CTBIKYEMBIX OOBEKTOB, HEOOXOJMMO HCIOJIb30BATh HECKOJIBKO JaTYMKOB
JUIL  yMEHBIIEHUS 30H HEYYBCTBUTEIBHOCTH CEHCOPDHOW CHCTEMBI B
paboyeM mpocTpaHcTBe MOOWIBHOrO poborta. Kpome Toro, mpumMeHenue
TEXHMYECKOTO 3pEHHs TAaKXKe II03BOJISIECT OIPEACTSITh W OpPHUEHTALHUI0
00BEKTOB OTHOCHUTEIILHO APYT JAPYTa, YTO TaKKe SBISCTCS IPEUMYIIECTBOM
nepen Y3 u UK-cencopamu. [IpumeHeHne noaxoA0B ONpEAEIeHUs] TOUKH
MO3UIMOHUPOBAHUS C MPUMEHCHHEM H3IYyYalolluX CBET WIH 3BYK
HCTOYHHKOB 3aTPYIHEHO U3-32 HEOOXOAMMOCTH pPa0OTBHI CHCTEMBI B
creuduIecKux ycinoBusx (IUIOXas OCBEIIEHHOCTh, HHU3KHH ypPOBEHb
aKyCTHMYECKHX LIYMOB OKPYXKalOIIEero IpOoCTpaHcTBa). B cucremax
TEXHHYECKOTO  3pEHHsS  BO3MOXKHO  HCIOJIb30BaHHE  CBOOOJHOIO
NPOrpaMMHOTO  OOEecCIeYeHHst ISl ONpPEJENIeHUs] MPOCTPaHCTBEHHBIX
XapaKTEePUCTHK MapKepOB OTHOCHTEIILHO KaMephbl, a TaKXKe /sl KaTMOPOBKU
UCIIOb3yeMOM  Kamepbl. BO3MOXHO TpUMEHEHHE TaKUX CHCTEM
TEeXHMYECKOro 3peHus, kak Microsoft Kinect, ogHako cromMocTs u
MaccorabapuTHBIE — IOKa3aTeNM  MOAOOHBIX  CHUCTEM  MOTYT  OBITh
CPaBHHTENILHO OOJIbINIE, YEM TE K€ IapaMeTpbl CHCTEMBbI, COCTOSINEH H3
KaMephbl U pernepHbiX MapkepoB. Takum o0pa3oM, B HacTosIIeH paboTe s
MOUCKA TOYKUA KOHEYHOTO MTO3UIHOHUPOBAHMUS MPEAIAraeTCsl HCIONb30BaTh
CHCTEMYy TEXHHYECKOro 3peHHs Ha 6ase kamepbl u ArUco-MapkepoB, 4TO
MO3BOJIUT KCIOJIb30BATh CPABHUTEIHHO HEOOJBIIOE YHCIO CEHCOPOB VIS
OTIpE/IeTICHUSI TOJIOKEHUST M OPUCHTAIIMKM MEXAYy poOOTaMH, a TaKKe
HaIlpaBlCHUE JIBHKEHHs. BBIOOp MaHHBIX MapKepOB OOYCIOBJIEH TEM, YTO
UX PpAaCIO3HABAaEMOCTh SBIAETCS OJHOW W3 Jy4IIMX IO TOYHOCTH [24],
BO3MOKHOCTBIO UCIIONIb30BaHUSI HA OTKPBITOH MECTHOCTH, & TAK)KE TEM, YTO
JUIST  pa3pabOTKU MPOrPaMMHOTO OOECTHEeUeHHsT MOXKHO HCIIONIbh30BaTh
JoctynHyr — 6ubmmoreky OpenCV ¢ mIMpOKHM  (DYHKI[MOHAJIOM.
[IpumMeneHrne OecrpoOBOTHOrO crocoda meperadu sHepruu [25, 26], kak
OBUIO OTMEYEHO paHee, He TpeOyeT HCIOIb30BaHUS JIOMOJHUTEIBHBIX
JaTYNKOB JUIS IOCTHKEHUS BEICOKOH TOYHOCTH ITO3UIIMOHHPOBAHHSI.

Cpenu paccMOTpEHHBIX pabOT €CTh HCCIEAOBaHUS, B KOTOPBIX
paccMarpuBaiach  ONTHUMHU3AIMS BPEMEHH  IO3MIUOHUPOBAHHS WM
SHepromoTpeOyieHuss B mpomecce cOmmkeHns poboroB. OpHako B
OOJIBIIMHCTBE PAbOT HE YHACNSAETCS NOCTATOYHOIO BHUMAHHS K OIICHKE
BpEMEHH 3apsla aKKyMylsTopa MOOWIBHOrO po0oTa Al pa3iiuuHbIX
MOJIOKEHHH  TOYKM  KOHEYHOr0  IO3MIHOHHPOBaHHMA B  paboyem
npoctpaHcTBe. JlaHHas mpobiieMa SIBISETCS aKTyalIbHOM, MOCKOJIBKY ee
pellieHrne TO03BOJIUT ONTUMH3MPOBATh BpPEMsl BBINOJIHEHUS 33/1a4 3a CUET

1284 WHbopmaTrka 1 aBTomaTtusaums. 2021. Tom 20 Ne 6. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnariH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

BI)I60pa TOYCK KOHCYHOI'0O IMO3UIIMOHHUPOBAHUA, B KOTOPBLIX II€pE€aadya
SHEpruu OyIeT NPOUCXOIUTh C HanOoJee BEICOKOH (D (PEeKTUBHOCTHIO.

3.MocranoBka 3agaum. llenplo paHHOW paboTHl  sIBiIsiETCS
pa3paboTka MeToAa OIEHKH BpPEMEHH Iepelauyd SHEPrHy I10CPEICTBOM
BCIID mexny aBymst poOOTaMu Jisl 3apsiia aKKyMyJISITOpPHOHM OaTapen
OJHOTO W3 HHX. 3ajgada IPOBOJMMOTO HccienoBaHus (opmymupyercs
crenyronM obpasom. [lanel aBa poOoTa: 3apspKaronid podOT U poOoT-
paboumnii, KOTOPBIH BhIONHSAET 3aMady. O0a podoTa MMEIOT cOOCTBEHHBIH
aBTOHOMHBIM wcTouHMK muTannsa u BCIID. B mpomecce BBHIMOTHEHUS
3amadud 'y poboTa-pabodero ypoBeHb 3apsma OaTapem cHikaeTcs. [lpum
JOCTHKEHHH TIOPOTOBOTO 3HAYEHHS HEOOXOJMMO BOCIONHHUTH 3apsil
aKKyMyJSITOpHOM  Oarapen  poOora-pabodero it  IPOJOJDKCHHUS
BBINOJHEHUS 3afa4d. Jlnsg 3TOro OCyIIeCTBISIETCS] MO3WLMOHHPOBAHHE
MeXay poOOTOM-paboduM W POOOTOM-3apsDKAIOIIUM M IOCIEIYIOIas
nepenava sHepruu Mexay Humu mnocpenctsom bCIID. Crnenyer oTMEeTHUTD,
YTO TpOILIEeCC 3apsaa OaTaper poOOTa-pabovero MOKET ObITh MOJHBIM HIIH
YacTHYHBIM. B nmanHoW pabore paccMarpuBaeTcsi YaCTHYHOE IMOIOJIHEHHE
YPOBHS 3apsifia aKKyMyJIsiTopa poboTa-padodero 3a cuer repeiaun IJHEPruu
OT 3apspKaronero poooTa. B 3aBHCHMOCTH OT CEHCOPHOW CHUCTEMBI poboTa,
WCIIOJTHUTENIFHBIX ~ YCTPOMCTB, a Takxke penbeda MECTHOCTH, IIpH
MTO3WIIMOHUPOBAHNN U TIepelladd SHEPTUH MEXIy poOOTaMH MOTYT
BO3HHMKATh OTKJIOHEHHS OT HJCaJbHOTO B3aWMHOTO IIOJIOKEHUs. JlaHHBIE
CMEIIECHNSI TJIaBHBIM 00pa3oM 3aBUCST OT TOTO, KaK aJrOPUTM KOHEYHOTO
MO3UIOHUPOBAHNS  POOOTOTEXHWYECKHX CPEACTB  BBIMOJIHIETCS B
YCIOBHUSIX JIOKaIbHBIX HEpOBHOCTEH. Kak OTMEUeHO BBIIIE, CMEIICHUS
MEXIy poboTamu mpu nepepade sHeprun nocpeactsoM bCIID Bamsror Ha
3¢ (GEeKTUBHOCTh e¢ PabOoThl M MepenaBacMyio MOIIHOCTh. CiieI0BaTeNbHO,
A OHCHKW BPEMEHHU MEpCaavyu OHEPIruu HCO6XO}II/IMO OIMpPECACIINTD
3¢ GeKTUBHOCTh U TepenaBaecMyto MomHocTh BCIID mocne oxoH4YaHUsS
MO3UIMOHUPOBAaHNSI Ha OCHOBE MJaHHBIX O JIOCTUTHYTOM B3aUMHOM
TIOJIO)KEHHU pOOOTOB.

4. MeTo/ OLICHKHM BpPeMeHH IepeJavl JHepreTHYeCKNX pecypcoB
MeKIy AByMsi podoTramu. Pa3paboTaHHBINH METOJl OLIEHKH BPEMEHH 3apsiia
AKKyMYJISTOpa POOOTOTEXHHYECKOTO CPEeNCcTBa OECHpOBOIHOM CIIOCOOOM
COCTOHT M3 CIIECAYIOIINX 3TaloB:

1. BemmonHeHWe — anropuTMa  KOHEYHOTO  HO3WIIMOHWPOBAHUS
POOOTOTEXHUYECKUX IIaTHOPM.

2. OueHka cCMeUIeHUH MEeXAY mIaTgopmMamu.

3. Pacwer »>ddexTHBHOCTH Tepemayd DSHEPrUH Ha  OCHOBE
CMEIEHHUH, IIOJTy4YeHHBIX B 11.2.
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4. OmpeneneHre BpeMEHHU 3apsa ¢ Y4eTOM 1.3 U dHEPTreTHUECKHUX
napameTpoB bCIID 3apsbkaromiero pobora.

Hns  cOmmwkeHnss poOOTOB B OKPECTHOCTH TOYKM KOHEYHOTO
MO3ULMOHUPOBAHUS M JajbHEHIel OLEHKH CMEIIEHHH 10 pe3yJbraram
MPOBEJICHHOI'O  aHajmM3a  pa3paboTaH  ajNropuT™M,  HMCHOJB3YFOIIMH
TUTaHUPOBAHHUE TPACKTOPUH, a TAKXKE AJITOPUTMBI 00pabOTKH N300pakeHUH
qutst moricka ArUco-MapKepoB M TIOJTyYeHHUS! MX TTOJIOKEHUSI U OpPUEHTALNN
OTHOCHTENIBHO CHCTEMBI OTcueTa Kamepsl [27]. [InaHupoBanue TpaeKkTOpUn
JI0 TOYKH KOHEYHOTO ITO3HMIIMOHMPOBAHMS IPEIaraeTcs OCyIIECTBISATh Ha
6aze anroputma LRLHD-A* [28]. [l yBemmdeHusI TOYHOCTH OTIPEICICHHUS
OTHOCHTEJIFHOI OPHEHTALNH U IMTOJIOXKEHHS POOOTOB B OKPECTHOCTH TOUYKH
KOHEYHOI0 TMO3MLHMOHMPOBAHMSA IpeaaraeTcsi ucnonb3oBate asa ArUco-
MapKkepa Ha MepeaHei yacTu poboTa-pabodero. PazpaboTaHHEIN anropuT™M
HayMHAEeT CBOI0 pabOTy MOCNE TOro, Kak CHCTEMa TEXHMYECKOrO 3pPEHUs
OIIpe/IeTIsieT MapKephbl, 3aTeM AaKTUBHPYETCS IIPOLEeCcC KOPPEKTUPOBAHUS
OpPHEHTALMK 3apshKalouiero podoTa OTHOCHUTENbHO TOYKHM KOHEYHOT'O
no3unoHupoBanus. [Ipu 3ToM Taxke BO3MOXKHO OOHOBJICHHE TTI00aTBHON
TpaeKTOpuu JBWXKeHHs. Ilociie KOHEYHOro MO3WIMOHMPOBAHUS —TI0
MIPOCTPAHCTBEHHBIM XapakTepuctukam ArUco-MapKepoB ONpenesnstoTces
JVHEHHBIE CMEINEHHs MEXTy poOoTaMH (BTOPOW 3Tam), 3aTe€M pe3yJbTar
TIepeiaeTcsl Ha TPETUH ATall MpeAaraéMoro MeToa.

Pacuer a¢pexTrBHOCTH TIepeaatn SHEPTUH MPOU3BOJUTCS C YIETOM
MOJIYYEHHBIX JIMHEHHBIX CMEUIEHUM MEXIy NPUEMHON M nepenaroueit
gactsimu BCIID Ha OCHOBaHMM MOJEIM 3HEPTETHUECKHX XapaKTEPUCTHK
BCIID [4].

Ha YCTBCPTOM OTall€ METOJa BEIYUCIIACTCA BpEMA NEpEAAYN DOHEPIUU
Ha 0a3e MOJIyYeHHBIX paHee Pe3yJbTaTOB, & TAaKXKe JaHHBIX O MOIHOCTH
nepeaayn SHEPTUU U HeO6XOlIHMOﬁ JUIA TIOIIOJIHCHUA YPOBHA 3apsaa
AKKyMYJISITOpa.

Crienyer OTMETHTh, 4YTO JJIsi OPHEHTHPOBaHUS pPOOOTOB B
NPOCTPAHCTBE MOXKHO  HCIHOJIB30BaTh  yNAIEHHOE  BBIYUCIMTEILHOE
yCTpOHCTBO, coOuparomiee 10 OECpoBOJHOMY KaHay CBSI3M  Bce
HeoOxoauMble naHHble. Ha 3TOM e yCTpoHCTBE BO3MOXEH aHAJIN3 3THX
JaHHBIX M OIpeAETeHHEe POOOTOB, KOTOPBIX MOXKHO HCIOJB30BaTh JUIS
TepepacnpeiesieHus] SHEprun B rpymie poboToB. OTMEYEHHBIH BOMPOC
SIBIISIETCS. OTNENIBHOM aJIrOPUTMHYECKONW 3amavell, BBIXOSIIEH 3a paMKH
JAHHOM CTaThH.

IIpennoxeHHbI MeTOA 1ENeco00pa3HO MPUMEHSTH VIS HOTyYeHHS
Ha0opa OIEHOK BPEMEHH 3apsa 10 pa3sHOMY KOJIHYIECTBY TOUEK KOHEYHOTO
NO3UIMOHUPOBAHUS C TIOMOIIBIO MOJEIHpOBaHMs. B pesynbrare
MOJICJIMPOBAHUS IpOILlecca IMO3MIMOHUPOBAaHUS M TPHUMEHEHUS MeToJla
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OLICHKU BPEMCHHU IMEPEAAYN SHEPIUU MOKHO IMOJTYUUTH Ha60p JAaHHBIX U3
OLIEHOK BPEMEHH, Ha OCHOBE KOTOPBIX BO3MOXKEH MOUCK TOYEK KOHEUHOI'O
MO3MIMOHUPOBAHMsI, KOTOpBIE o0ecreyar COKpalleHne BPEMEHHU Mpolecca
3apsia akKymyJisitopa podota-padouero. [lanee moapoOHee paccMOTPEHBI
9TaITbl IPEJIIOKEHHOT'0 METO/IA.

4.1. AITOPUTM KOHEYHOT0 TMO3MIMOHUPOBAHUSI MOOWJIBLHBIX
ABTOHOMHBIX PO0OTOB. AJTOPHUTM KOHEYHOTO MO3HUIIMOHHPOBAHUS
MOOMIBHBIX Iardgopm Ha ocHoBe ArUco-MapKepoB TpHUBEICH Ha
pucyske 1. Ilpeanmaraemblii aldropuT™M MpeAHAa3HAYEH [UIsl YNpPaBICHUS
MPOIECCOM  TTO3MIMOHUPOBAHUS 3apsDKalomiero poboTa OTHOCHUTENBHO
poboTa-pabodero Ha dTare JBIKEHH, KOria poOOTOTEXHHYECKIE CPENICTBA
HaxOJSATCSl Ha PACCTOSIHUM A0 | M IIpH pazMepe MapKkepoB 45 MM X 45 mwm.

€
Ha4valio ¢
P> ONpeaeIiCHue

>
¢ GumoKaiieit TO9KH
3aXBaT MapuipyTa
U300paKeHUs U3
BHICONIOTOKA

v HEOOX0 UM
onpezeneHue e MOBOPOT He
MapKepoB Ha £ matdopmeI2
H300paKeHUH

HU3MECHCHHUE
HanpaBJICHUA

m1aThopMsl
MapKephbl ‘
pPXep 11 ¥
00OHapyKeHBI?
nepeMeleHne
HET (b

naargopmsl B

BpeMs OXKHIaHHUS p
HCTeK10? OnpeIeTICHNE TOUKH Y3/10BYIO TOUKY

U PaccTos HUs

; TIO3HIIMOHUPOBAHUA

yBEIOMIJIEHUE O +
pEBbILICHUH TOUKA KOHEYHOTO
neproja MoncKa [0CTPOCHHE HOBOTO s IIO3ULXOHUPOBAHHSL Her
92
v MapupyTa JIOCTHIHYTA?
EPeXo/i B PeXKUM

OXHJIaHuA KOMaHI

Puc. 1. AiroputM KOHEYHOTO HO3UIMOHUPOBAHMS MOOWIBHEIX IUIAT(HOPM Ha
ocHose ArUco-mapkepos

Ilonaraercsi, 4ro B camMOM Hayaje Mpolecca MO3ULHOHUPOBAHUS
pPOOOTHI MOTYT HAXOIUTHCS Ha OOJbIIEM paccTosiHuM, yeM 1 M. [TosTomy B
HaCTOSIIEH paboTe OMyCKaeTCsl, YTO JJIs OMPEASICHUS TTOJOXKEHHSI MOYXKHO
BOCIIOJIb30BAaThCsl BHELIHENH HABUTAllMOHHON CHUCTEMOM, KOTOpas OCHOBaHa,
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HapUMep, Ha OECHPOBOIHOM B3aMMOJACHCTBHH DPOOOTOB C yAAJICHHBIM
BeruuciuTeneM. [lonoxkeHus Bcex pO6OTOB CUUTBIBAIOTCA 3TUM yJAJICHHBIM
YCTPOMCTBOM,  3aT€M  IIOJBEPralOTCs  JOIOJHHUTEIFHOMY  aHalU3y,
HaIlpHMep, ¢ y4aCTHEM KapThl BHICOT.

[IpeanaraeMplii aJIrOpUTM, Kak YacTh METOJa OLCHKH BPEMEHU
Tiepe/iavuy SHEPropecypcoB, HAUMHAET CBOIO PadOTY B TOT MOMEHT BPEMEHH,
KOTZ]a CHUCTeMa TEXHHYECKOTO 3pEHUsl ompeaenser mapkepsl. o atoro
MOMEHTA 3apsDKAIOIIUA poOOT mepeMeniaeTes 1o ra00anbHON TPaeKTOPHH.

Ecnu JBa ArUco-mapkepa c 3apaHee HU3BECTHBIMU
naeHTHUKAaTOpaMu He OBUIM OIpeAeieHbl Ha W300paKEHHH, TO ITOHCK
TIOBTOPSIETCSI CHOBA JI0 TEX TIOP, MOKa He OyIeT MPEBHIIICHO 33laHHOE BpeMs
OXHAaHWUs OOHapyKeHHs MapkepoB. lIpy 3TOM anroput™M yBEZOMIAET O
MIPEBBIMIEHNH BPEMEHH OOHAPYKEHUsI, IOCIE Yero 3apspKaroluii podoT
BXOOUT B PEIKUM OKHAAHUA HOBBIX KOMaH/I.

B ciydae ycnemnoro onpenenenust ArUco-MapKepoB BBIUHCISIFOTCS
KOOpAUHATBI TOYKU KOHCYHOI'O TIO3UIIUOHUPOBAHHA B TPEXMEPHOM
npoctpaHcTBe. [l 3TOrO crepBa HEOOXOJMMO OIPEIEIUTh BEKTOPHI
C/IBUTa Ka)XKJJOTO MapKepa B MPOCTPAHCTBE OTHOCHTEIHHO CHCTEMBI OTCYETa
C, cBs3aHHOH C KaMepoW, KOTOopas HEMOJBIDKHO 3aKpelvieHa Ha
3apspkaroniemM poborte. Ha pucyHke 2 MOKasaHbl JaHHBIE BEKTOPH ., P W

¢, P, HanpasienHble B TOUKH M1 u M2 COOTBETCTBEHHO, 0003HAYAOLINE

reomeTpuueckuii  neHTp Kaxmgoro  ArUco-mapkepa. IlocpenctBom
O6ubmoTekn KommblotepHOro 3peHust OpenCV 1o wu300pakeHUsIM U
napamerpam Kamepsl (K03((GHLIHUEHTHl JAUCTOPCHU M JIp.) ONPENEISIOTCS

C _ T
KOOpAHHATBI BCKTOPOB caBuUra M1 P= (le s Vs 2 ) u

C _ T
s12P =(Xy12, V4125 2y, ) OTHOCHTENBHO cHCTeMBI oTcdera Kamepst C. Janee,

YTOOBI HAMTH KOOPAUHATHI CpeHEeN TOUKU N MeXIy MapKepaMH B CUCTEME
OTCYeTa KaMepbl, MOXHO BBIUHCIUTH IMOJIOBUHY OT CYMMBI KOOpAMHAT

BekTopoB. Torja mnomydeHHbll BekTOop P = (xN s Vs Zx )T (1) oymer

YKa3bIBaTh Ha CEPEIUHY MEXIY LIEHTPaMH IBYX MapKEpOB B IPOCTPAHCTBE.

Xy Xy T X2

c

~P= vy :E Yur ¥ Vo | (1
Zy Zy1 T Zun

Jns  BelumcieHWd  Oblla  BBEICHA MPAMOYTOJbHAs —CHCTEMa
KOOPJMHAT, MOCKOJbKY MMEHHO B TaKOM IIPEJCTABICHHU MCIOJIb3yeMas
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oubmmoreka OpenCV  MO3BONSET  ONPENENUTh  IIPOCTPAHCTBEHHbIE
XapaKTePUCTUKH [IEHTPOB MapPKEPOB: OPHEHTAIIUIO U MOJIOKCHHE.

]

IInarpopma

Kawmepa ArUco-mapkep
Puc. 2. Onpenenenne KOOpAXHAT TOYKH KOHEYHOTO NO3UIHOHUPOBAHHS

[lanee ¢ y4eToM JONONHUTENBHBIX JaHHBIX O B3aUMHOM IOJI0KEHHN
poOoTOoTeXHHYECKNX TIATPOpPM OOHOBISETCS TPACKTOPHSA ABIDKCHHS
3apspKAroOLIEro podoTa 0 TOYKH KOHEYHOTO IMO3UIMOHUPOBAHMS Ha OCHOBE
anmroputMa LRLHD-A* [28]. IlpumMeHeHne JaHHOTO aqropuTMa MO3BOJUT
OIpeZIeTUTh SHEProd(Q(EKTUBHBI MapUIPYT OT TEKYILEro MOJOXKEHHS 0
neneoro. Padora anropurma ycnemno npuseneHa B [28]. Tlomyuennas
TPAaeKTOpHUS CIIIaXHBaeTCs C NpuMeHeHHeM anroputma CSA [29] mns
JIOCTIYKEHUSI TJIABHOCTH TEPEMEILCHNSI MOOMIIBHOTO POOOTOTEXHUYECKOTO
cpencTna.

[o crenepupoBaHHOM TPaeKTOPHHU OIpeAesseTcs OivKaiiias Touka
(BepmmHA MOMYYEHHOTO MapIIpyTa), K KOTOPOH 3aTeM IepeMeracTcs
3apspKaromid poooT. JlaHHEIE 00 OpHEHTAIMN W TIOJIOKCHNH, TIOTydeHHBIE
C TIOMOINBIO0 TEXHHYECKOTO 3PEHHMS, ITO3BOJISIOT YTOYHWTH HAIPaBICHHE
JBIKEHHUS 3apsDKAIOIIEro po00Ta K TOUKE KOHEYHOTO IO3MLUOHUPOBAHUS 1
KOPPEKTHPOBaTh €ro IpH 3HAYUTEILHOM OTKJIOHEHHMH, KOTOPOE 3aJaeTcCst
OTZENbHO. JIBIDKEHHE IpoJOJDKAeTCs, IOKa 3apshKaroluil poboT He
JOCTUTHET TOYKH KOHEYHOTO ITO3UIMOHUPOBAHHS C 33aHHON TOYHOCTEHIO.
B amroputme 93TO peayM30BaHO LMKINYECKH, MPOBEPSIS, JOCTHUT
3apspKaromid poOOT TOUYKM KOHEYHOTO IO3MIMOHUPOBAHMS WM HET: €CIN
HET, TO OmIpexaenseTcs OMKaiiias TO4YKa TPAaeKTOPUH, K KOTOpOW 3aTeM
Hanpasisiercs:i poOor. Ecnm cucrema TEXHHMYECKOTO 3PEHHs IEpecTaHeT
OTIPEZICTIATh MapKephl, TO 3apsbKaromuil poOOT OyAeT mepeMemarses I0
ro0ambHOM TpaeKTOpuH. B TakoMm ciydae 3TO MOXET IOBIUATH Ha
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TOYHOCTh KOHEYHOTO MO3HUIIMOHUPOBAHUS, €CIIM MapKepbl Tak U He OyIyT
0OHapy KEHBbI.

[Ipy  fmoCTWXXKEHMM  TOYKM  KOHEYHOTO  IMO3MIHMOHHPOBAHMS
MMapaJulebHOCTh ~ MEXIy  IulaTpopMamMHM  JOCTHraeTcs 3a  CYeT
WCIIONIb30BaHUS ~ JaHHBIX 00 OpHEHTaluM 3apspkaroliero pobora
OTHOCHTENBFHO TOYKM MO3UIMOHHpoBaHWA. JlIs 3Toro mpemaraercs
HCIIOJIb30BATh MATPHIIBI IIOBOPOTA KAXKIOTO MapKepa, KOTOpBIE TaK ke, KakK
U BEKTOPBI C/IBUTa, ONPEACISIOTCS C MOMOLIBI0 CHUCTEMBI TEXHHYECKOTO
3penms. B coorBerctBMM ¢ mpuBeneHHBIMH B [30] ompeneneHUsIMH,
CBSI3aHHBIMHM C MaTPHUIAMH IIOBOPOTA, COOTBETCTBYIOIIME KOOPAWHATHBIC
OCH [IIByX CHCTEM OTCYeTa SBIAIOTCS COHAIPABICHHBIMH IIPH HYJEBBIX
3HAQUYEHHSAX YIJIOB TIOBOPOTA OJHOW CHCTEMBI OTCYETa OTHOCHTEIHHO
apyroil. C y4eToM 3TOro, eclly, HalpuMmep, OPUCHTALMA 3aJaeTcs depes
yriIel Diniepa, To MaTpuiia HOBopoTa (2) CTaHOBUTCS eNMHUYIHOM (3):

casy—sacfsy —casy—sacficy saspf
R=|sacy+cacfsy -sasy+cacfcy —-casp|, )
sPsy spey cfp

rae cx=cosx, sx=sinx, xe{a,f,7},

3

|a:0,ﬂ:0,7:0 -

10
0 1
00

— o O

Torna mapamiensHOCTh IUIATGOPM MOKHO IIPOBEPSTH IO TOMY
MIPU3HAKY, YTO MATPHIIBI TOBOPOTA CTPEMSTCS K equHnYHONH. OpueHTanuio
U OTHOCHTENBHOE IIOJIOKEHHE IaT(opM HEOOXOAMMO W3MEHATH UL
JOCTH)KEHUS NapaIeIbHOCTH wiaThopm IpH KOHEYHOM
MTO3UIMOHUPOBAHNY, AaHHAs HWH(GOPMAIMS HCIOIB3YETCS B AalbHEHIIEM
pacdere 3QQEKTHBHOCTH TEpeJadd SHEPIHH C IOMOIIBI0 OeCTIPOBOIHOM
CHCTEMBL.

4.2. Pacuer 3¢¢eKTHBHOCTH Nepeadyu 3Heprun. B coorsercTBIM
C IpUBEICHHBIMU B [4] ypaBHEHMAMHU IO NPOJOJIBHOMY CMEIIEHHI0 L u
ToTepeyHoOMy cMeleHnto H (PUCYHOK 3) OonpeaeNsioT NMOKazaTelIH #y, Ny
3¢ PEKTUBHOCTH Tepeiaun YHEPrHH, COOTBETCTBEHHO, NIPU MPOJIOIBHOM U
MIONEPEYHOM CMELIEHHUSX.
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Puc. 3. Onpenenenre cMenieHUT MeXAY IPHEMHOM U TepeIaroeld KaTyIIKaMu
BCITD

HtoroBass 3((EeKTUBHOCTh BBIYUCISAETCS IyTEM MEPEMHOXKCHUS
TMOJTYUYCHHBIX nokasareJjei pu MPpOAOJIbHOM n TonepeUYHOM
cMmereHusx (3):

My =10y - 3

VYpaBHeHusi, mnpexacTaBieHHble B [4], OBUIM TMONYYEHBI TIO
XapaKTepUCTUKaM pealbHOr0 MPOTOTHIA. JTO TIO3BOJIIET C BBICOKOU
TOYHOCTBIO COCTABJISTh MPOTHO3bI A((GEKTUBHOCTH HA OCHOBE CMEIICHHIA.
[lomyyeHne  aHAUTUYECKUX  BBIpAKEHWH  TpeOyeT,  BO-IIEPBBIX,
peo0pa3oBaHUsi MHOXKECTBA HEJIMHEWHBIX 3aBUCHMOCTEH, KOTOpBIC
npucyTrcTByoT B BCIID, BO-BTOpBIX, JONMOJHHUTEIBHBIX HCCIEIOBAHUN U
CPaBHEHHs C XapaKTePUCTUKAMU NIPOTOTHUIIA.

4.3. OneHnka BpeMeHH Iiepejayd JHepruum. Bpems 3apsga
aKKyMYyJISITOpa MOOWIIBHOTO po0OTa-pabodero B TaHHOM ClTydae 3aBHUCHT OT
WUTOTOBOTO TMOKa3aTenst 3(QQPEKTUBHOCTU 7, OCTATOYHOTO 3apsiia THUIIA
aKKyMYyJISITOpa, a TAKXK€ OT MOIITHOCTH 3apsTHOTO yCTPOHCTBA.

3HaueHHe OCTATOYHOTO 3apsfa akkymyJssitopa C; BBIYMCISETCS T10

bopmyie (4):

—cl1-£
C, _C(l 100], 4)

rae C — monHas SHEproeMKocTh B BT4 akkymymsTopa pobora-pabodero;
p — 3Ha4YECHHE DHEPrOEMKOCTH aKKyMYISITOpa B IIPOLEHTAX, NPU KOTOPOIi
HE00X0a1M 3apsi.
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[lepenaBaemasi MOLIHOCTb  Pj(u,y) MOXKET OBITH ONpereneHa
IIOCPEACTBOM  M3MEPEHMsI WM  pacuera, HWTOrOBBIA  IIOKAa3aTellb
3G PEKTUBHOCTU 7, SIBISAETCS pacYETHBIM IapaMEeTpOM B COOTBETCTBHHU C
n.3.2. Torma nocne onpeneneHus C, MOXHO HaWTH BpeMs Iepenadu
SHEPTuM Uil JOCTHKEHHsT TpeOyeMoro ypoBHS 3apsija akKymynsitopa. B
o0IIeM BUIE 3aBUCHMOCTh JJAHHOTO BPEMEHH OT YIOMSHYTHIX ITapaMeTpOB
npeacrasisercs Kak (5).

Iy :f(Pl(max)’ns’Q)' ®)

dopmMa XapaKTEPUCTHKH 3aBUCHMOCTH BpPEMEHHU 3apsja MOXKET
BapbUPOBATHCS TIPU U3MCHEHUH JTF000T0 apamerpa. dopma KpuBoii 3apsiia
aKKyMyJIsiITOpa  3aBHCHT  TaKKe OT  NPUMEHSEMBIX  aJrOPUTMOB,
pealu3yeMblX — CIEHHANIN3UPYEMBIMH  KOHTPOJUIEpPAMH WM HWHBIMH
CXEMOTEXHHYECKUMH PpEIICHHUSMH, KOTOpble B JaHHOH pabore He
paccMmaTpuBaroTcs.

5. OkcnepuMeHTBI. [ OLIEHKM BpPEMEHH 3apsaa NpeaaraeMblid
MeTox ObII IPUMEHEH B CEPUM 3KCICPUMEHTOB B CHUMYJIILIMOHHOH cpene
Gazebo. B xauecTBe MOOMIBHBIX IIIAT(HOPM HCTIOIH30BAIHCH BE MOJIEIH
pobotoB Pioneer 3-AT, Ha ogHO# M3 KOTOPHIX OBLIAa YCTaHOBJIEHA Kamepa,
Ha  Bropo — gBa  ArUco-mapkepa.  AJNTOpuTM  KOHEYHOTO
NO3UIMOHUPOBAHUST MOOMJIBHBIX IIAaTGOpPM peali30BaH Ha  S3bIKE
nporpammupoBanusi  Python, s pacno3HaBaHusl — MapKepoB — Ha
n300pakeHNH ¢ KaMephl ucroib3oBaHa oudiroreka OpenCV. ['mobanbHas
TPaeKTOpUsl JBW)KEHHS 3apsDKarolero podoTa J0 TOYKH KOHEYHOI'O
MTO3UIIMOHUPOBAHNS TeHepUpyeTcsi Ha ocHoBe anropurmMa LRLHD-A* [28].

Taxke  NpUHUMAIOTCS  CIEAYIONIME  JIONYLICHUS:  CHCTEMa
yIpaBJIeHUS] KaXIbIM pPOOOTOM C IOMOIIBIO BHEIIHEH HaBUTAIIMOHHOU
CHCTEMBI MOXXET OIPEAEIHUTh MOJOKEHHE POOOTOB APYr OTHOCHTEIHHO
IpyTa, 3apsHKAIUN poOOT 00lamaeT MOCTaTOYHBIM YPOBHEM 3apsija
aKKyMyJsiTopa Uil Tlepelaud  dHeprum  poOoTy-pabodemy. [lemamoch
JOITyTIECHHE, YTO 3aBUCUMOCTH (5) ITMHEHHas:

~ 100G,
Pl(max)’]x

E

(6)

B uncnurene (6) muoxxutens 100 ucnonb3yercs, Korja rnokasaTeib
3¢ deKTHBHOCTH 77, 3aHacTCs B MPOIICHTAX.

B Xozme 3KCIIepEMEHTOB HCIHOJIB30BAJIACh KapTa BBICOT MOZEIH
pabodero npocTpaHcTBa u3 6ubimmoTekn Mozeneii cumymsitopa Gazebo. Ha
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9TOM MNPOCTPAHCTBE OBUIO 3aJaHO 14 ciayyalHBIX TOYEK C Pa3IHYHBIMH
KOOpJMHaTaMH. B  OKpPEeCTHOCTH [aHHBIX TOYEK YCTaHABJIUBAJICS
3apspKaromii - podoT M pobor-paboumii, mOCIEe 4Yero IPOBOJHIIACH
CHUMYJISIIMSL  TIO3WUIMOHMPOBaHUS JBYX Iardpopm (pucyHok 4). B
COOTBETCTBHM C IPEJIOKEHHBIM METOJIOM, I0Cjie MO3WUIIMOHUPOBAHUS
OIIPEIETSIIOCh OTHOCUTENIFHOE MOJO0KEHHE IUIaTGOPM, 3aTeM BBIYMCIISIICS
nokazarenb  d¢dexkTuBHOCTH. Ha  OCHOBE  NONYYEHHBIX  JaHHBIX
OIIPEIETISIOCH BpeMs 3apsijia.

Puc. 4. KoneuHoe no3unnoHUpOBaHNEe ABYX MOOMIBHEIX mnaTdopm Pioneer 3-AT
(nnardopma cieBa — 3apspKaroluid poOoT, OCHAIEHHAs KaMepoil; miaTdopma
crpaBsa — poOoT-pabounii)

B cumymsinmy NO3MIMOHMPOBaHUS IUIATGOPM B COOTBETCTBHU C
MIPEATIOKEHHBIM ~ AITOPUTMOM OCTaHOBKa pPOOOTOB NPOWM3BOJIMIIACH B
MOMEHT, KOT/Ia PacCTOSHHE MEXIy KaMepol M MapKepaMu CTaHOBHIIOCH
menee 0,54 M. BpiObop maHHOTO TMOpPOTOBOTO 3HAUeHHs O0YCIaBIMBACTCS
JIByMsi (hakTopamu:

— JnMHa MOOWIBHOU ITaT(OopMBL;

— pacroioXeHue KaMephbl 1 MapKepoB.

Juna moOunpHOM matdopmel coctasisiet 0,508 m [31].

Kamepa u Mapkepsl Ha poOOTax pacHoJIOKEHBI 110 LEHTPY KaxIoi
MOOMNBHOM TIaTGOpPMBI, TakUM 00pa3oM, MHHHMAJIBHOE BO3MOXKHOE
paccTosiHe MEXAy KaMepod M MapKepaMH B MOMEHT KacaHHs Iathopm
cocraBnger 0,508 M. B kadecTBe paccTOSHUS, YUUTHIBAIOLIETO TONIIUHY
npueMHOW W mnepenaromei vacted BbCIID, Obulo TPUHATO 3HaUeHHE
0,022 M. Takum 0Opa3oM, B MOMEHT, KOTJja PACCTOSIHIE MEXIy Kamepoil u
Mapkepamu paBHO 0,54 M, maThopMbl HaXOAATCS Ha paccTossHUU OT 0 1o
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0,01 M ams Toro, 4roOnl 3()(EeKTUBHOCTH ObLIa OJH3Ka K MaKCHUMAJILHOMY
3HaveHn0. Bo3MoxHbIi 3amac mo paccrosHuio B 0,01 M ObLT mpuHAT [Uist
n30eraHus CTOJIKHOBEHUH Tu1aT(opM MpH OCTaHOBKE.

Ha pucyHke 5 mpuBeneH BHJ ¢ KaMephbl 3apspkaromiero podora. B
JIEBOM BEPXHEM YITy PHCYHKa 5 IMOKa3aHO PACCTOSHHUE JIO LIEHTPalbHOU
TOYKM MEXIy MapKepaMH, a TaKKe PACCTOSHUE OO JIEBOTO M IPaBOro
MapKepoB COOTBETCTBEHHO. Kpome Toro, Ha Mapkepax U LEHTpalbHOU
TOYKE M300paKEHO HalpaBieHHUE OCEH NPHUBS3aHHBIX CHCTEM OTCYETa,
KOTOpPBIE HATTISAAHO IEMOHCTPUPYIOT HX OPHUEHTAIINIO B IIPOCTPAHCTBE.

distance_to_platform: 0.6836m
Id6 0.6813m

IdS 0.6858m

Puc. 5. Bua ¢ kamepsI 3apsbkaromero podora

Hna  Beraucnenust  s¢¢exrnBHOcTH  BCIID  ObIM  TPHHATHI
CJIC/TyIOIINE BEJIMYHMHBIL:

— MakcuManbHas d3ppekTuBHOCTE: 80%

— nmuamerp karymku: 0,08 m;

— MOIIHOCTb Harpysku: 15 Br;

— MOIIHOCTh Nepeaatomieit karymku: 20 Br.

B rabmume 1 mpuBeneHBl CpenHHME pacyeTHBIE  3HAUCHUS
3¢ (GEeKTUBHOCTH M CMEIICHHHA MO KaXAOH Touke. B Tabmume 2 Taxke
MIOKa3aHbl YIJIbl HAKJIOHA OBEPXHOCTH OTHOCHUTEIIFHO FOPHU30HTAa B TOUKaX
KOHEYHOI0 MO3HIMOHUPOBAHUS pPOOOTOB. 3HAYEHUs, MPUBCICHHBIC B
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JAHHBIX TaOJIMI[AX W HAa U300paXCHUAX Aajice, ONPEACISUIUCH ¢ TOYHOCTHIO
1o 15 3Haka.

Tabnuua 1. PacueTHble JaHHBIE C IKCIEPUMEHTOB 10 KOHEYHOMY
HO3UIIMOHUPOBAHUIO POOOTOB

Ne Tponosroe ITonepeunoe DddexTuBHOCTD, AbcomotHoe
TouK CMENIEHHE, CMelIeHe, M % OTKHOHe}g/Ie oT
M Nnaxs Y0

1 0,0175 0,0206 63,39 16,61

2 0,0182 0,0127 66,29 13,71

3 0,0177 0,0154 65,97 14,03

4 0,0164 0,0187 64,67 15,33

5 0,0168 0,0172 66,15 13,85

6 0,0169 0,0127 67,14 12,86

7 0,0181 0,0062 67,76 12,24

8 0,0182 0,0045 68,22 11,78

9 0,0177 0,0083 67,84 12,16

10 0,0180 0,0108 66,32 13,18

11 0,0164 0,0286 61,91 18,09

12 0,0175 0,0298 58,11 21,89

13 0,0158 0,0239 63,78 16,22

14 0,0184 0,0296 60,58 19,42

Haumenpmee OTKIOHEHHE OT MAaKCHUMaldbHOH 3(h(HEeKTHBHOCTH,
cocraBuBiiee B cpeaHeM 11,78%, momyunnocs B Touke Ne§, mpu sTOM
BUJIHO, YTO MPOJOJIBHOE CMEIICHUE MEXAy NPUEMHOW W Iepejaaroleit
YacTSIMUA KaTyIIeK HE SIBJSIETCS HAMMEHBLIMM CPEAM JPYTHX PacdeTHBIX
3HAYCHUH, Ha UTOTOBOE 3HaueHHe S((EeKTUBHOCTH B OOJIBIICH CTETIEHH
MOBIIMSAJIO TIONEPEYHOE CMEIIEHHE, KOTOPOE CpPEeAN OJKCIIEPUMEHTOB B
CpeIHeM MOJyYHIOCh MEHBINE, YeM B JPYTHMX TOYKaX. DTO 00yCIOBIEHO
TeM, 9rto B Touke Ne8 Opula Hambolee pOBHas MOBEPXHOCTH
MO3UIMOHUPOBaHMs. Tarke 3TO MOATBEP)KAACTCS 3HAYCHUSIMH YIJIOB
HaKJIOHA IOBEPXHOCTEH MO3UIIMOHUPOBAHHUS U3 TaOIUIIBI 2.

Ta6n1/111a 2. VYTbl HaKJIOHA HOBerHOCTeﬁ B TOYKaX KOHCYHOI'O NMMO3UIITMOHUPOBAHUSA

Ne Yroi HakJIOHA VYron HakJIOHa
Ne Touku
TOYKH MOBEPXHOCTH, I'paj MOBEPXHOCTH, Tpaj
1 17,42 8 0
2 12,05 9 1,12
3 14,53 10 10,01
4 14,89 11 18,77
5 12,65 12 19,99
6 6,83 13 17,08
7 6,59 14 19,33
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B TouKe MO3MIMOHMPOBaHHs Ne§ IOBEPXHOCTh HMeeT HaKiIoH 0, TO
€CTh KOHEYHOE IO3UIIMOHUPOBaHUE MIaT(opM MPOUCXOIMIO HA POBHOI
noBepxHocTH. biirkaiiliee 3HaueHHE yria HAKIOHA MOBEPXHOCTH K TOYKE
Ne8 wmmeer Touka Ne9. Taxke MOXHO HaONIOIaTh, YTO pa3HUIA MEXIY
HaKJIOHAaMH [TOBEPXHOCTEH MO3UIIMOHUPOBAHHS HECOIIOCTAaBUMA C Pa3HUIIEH
n3MeHEHHs 3((GEKTUBHOCTH B 3THX TOYKaX. ITO MOXKET OBITH 00YCIIOBICHO
HaJIMYMEM  JIOKAJbHBIX  HEPOBHOCTEH B OKPECTHOCTH  TOYKH
MTO3UIIMOHUPOBAHUSI MOOWIIEHBIX pOOOTOB.

ANTOPUTM KOHEYHOTO MO3WIMOHHMPOBAHUS, KaK COCTaBIIIOLICE
METO/a OIIEHKH BPEMEHHM 3apsiia aKKyMyJsTopa, IO3BOJHMI B CpEIHEM
MIOIYYNTH OTKIOHEHHUE OT #4y, PABHOE IPUMEPHO 15%.

Ha pucynke 6 mnpuBeneHbl cpeaHue 3HaueHus 3(Q(PEKTHBHOCTH U
CMEIICHHH TI0 KaXKIOMY KCIIEPUMEHTY.

70
65

sl
n
7

55
50
45

ns

PIJO

0'026'02?) 018 ?-OP 0

0 ®
E;g s
0.00 0.01 0.02 0?{‘ 0.04 0.05 0.06 0.0
M
0
L% 014 0 009041y
0.012 P00

Puc. 6. I'paduyeckoe mpeacTaBiIeHUE PaCUETHBIX 3HaAYCHUH (P PEKTHBHOCTH B
3aBUCHMOCTH OT CMELICHUI

ITony4yenHnasi 3aBUCHMOCTb UMEET CXOKMHM HEIMHEHHBIA XapakTep,
YTO W XapaKTepUCTUKH, mpenactaBieHnsie B [4]. Ilo mnpuseneHHOMY
PUCYHKY BHIHO, YTO W3MEHEHHE IIONIEPEYHOr0 CMEUICHUS MEHBIIE
CKa3bIBaeTcsl Ha 3(PPEeKTUBHOCTH, YeM U3MEHEHHE MPOJIOTBHOTO CMEICHUS
MEXly IIPUEMHON U NEpelaroleil KaTylIKaMu.

Taxxe ¢ momouipio TexHUYecKoro 3peHus u ArUco-MapkepoB ObUIH
OIIpeZIeTICHbl TMPOAOJIBHBIE U MOMNEPEUHbIE YIJIBI CMEIIEHHUs KaTylek
OTHOCUTENIBHO ApYT nApyra. TpeTuil yroni, KOTOphId OTBEYaeT 3a MOBOPOT
OTHOCHUTEJIBHO OCH CHMMETPHM KaTyIIKH, HE JOJDKEH BIHATh Ha
3¢ PEeKTUBHOCTD Tepeaayn SHepruu, mnockonbky B BCIID opuenranms
MarHUTHOTO TOJsS NPUEMHOW KaTyHIKU IOBTOPSIET OPHEHTALMIO MOJs
nepearoleli, 3HaYuT, U3MEHEHNUE JAHHOTO yria He JOJDKHO 3HAYUTEIbHO
cKka3bIBaThesl Ha 3ddexkTuBHOCTH. [lMarpamMma co CpPeAHUMH BEIMYMHAMHU
3¢ PEKTUBHOCTH, COOTBETCTBYIOIIMMH KaXIOW TOYKE, IpHBEACHA Ha
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pucytke 7. CTOUT OTMETHTD, YTO JaHHBIC YIJIbI OBUIH YYTCHBI IIPU pacucTe
3¢ GEeKTHBHOCTH.

[0.32, 1.08] [0.37, -0.02] [0.92, -0.53] [0.75,0.71] [-0.24, - 1.94[-0.75, -1 46]{.02, -0.01] [0.33, -0.14] [0.17,0.0] [0.41,0.19] 052, 2.12] [-1.3, 1.02] [1.07, 2.02] [-0.65, -2.29]
1B, ¥l ipaa

Puc. 7. Inarpamma co cpenneit pacyeTHOH 3(h(HEKTHBHOCTHIO H YTIIOBBIMH
CMEILCHUAMH

W3 npencraBiieHHON BBIIIE AMArPAMMBI CIELYET, YTO 3apsKarOLIUil
pOOOT OCTaHaBIMBAJICS CO CPEIHMM 3HAYEHHUEM MPOJOJIBHOTO YIIIOBOTO
cmemenns 0,057, B ciydae ¢ IONMEPEUHBIM YITIOBEIM CMEICHHEM CpEIHEe
3nauenne cocrasuo 0,16, TIpy 9TOM MakCHMAIbHOE TIPOIOIBHOE YITIOBOS
CMEIEHHE CPEIM BCEX JKCIEPMMEHTOB COCTAaBHMIO 2,58, momepeuHoe —
4,86".

Taxke ObLIa MPOM3BENCHA OLEHKA BpPEMEHH 3apsiia B KaXIOM
skcriepuMenTe mo BceM 14 toukam. Ilo dopmyne (6) u ycpeqHEHHBIM
JIAHHBIM, TOJYYEHHBIM TMOCJE CHMYJISIUH, OBUIO ONpEeNeNieHO CcpeaHee
BpeMs 3apsiga poboTa-pabouero Ais 14 BapuaHTOB TOYEK, YTO MPUBEACHO B
BUJIe AMarpaMmsbl Ha pucyHke 8. J{ns pacueroB 6buto npunsto, uro C;, = 70
B1-4, Pj(nav) = 20 BT. OT™METHM, 4TO Benu4uHa p u3 GopmMynsl (4) npH 3TOM
Obuta mpunsita 60%, ciemoBaTesNbHO, pOOOT-pabounii He  sIBIsiEeTCS
TIOJTHOCTBHIO 00ECTOUCHHBIM.

BpeMs 3apajgn, 1

6339 6629 6597 6467 6615 67.14 6776 6822 6784 6682 6191 5811 63.78 60.58
SipdexTnBHOCTE, %0

Puc. 8. Jluarpamma ¢ mporHO30M BPEMEHH 3apsija Ha OCHOBaHUH PACYETHBIX
3HaueHui s¢dexrnHocTr BCIID
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Ilo mpexncraBieHHOW BBIIE AMArpaMMe C IOMOIIBK) IPUMEHEHUS
pa3paboTaHHOTO METOAa MOXHO IPEIBAPUTENHHO OLEHHTh, CKOJIBKO
BpEMEHH HEOOXOAMMO JUId  3apsja  aKKyMyJsTopa MOOWIBHOTO
POOOTOTEXHUYECKOTO cpeicTBa. Tak, 1Mo auarpaMMe BHAHO, YTO MOJKET
norpeboBarkcsi Oosee 5 dYacoB Uil 3apsga € Y4eTOM TOTO, UTO
3apspKaromid  poOoT jBUHETCS W3 Toukn Nel2, mpum sddexruBHOCTH
58,11%. Haubonee ObicTpo mporiece 3apsiaa MOXKET MPpOiTH B Toukax Ne7-9,
B JIAHHBIX TOYKaX B CpEJHEM OBUIM IOJy4YEHBI HAMOOJBLINE 3HAYCHMS
3¢ QEeKTUBHOCTH  BBUAY  OTCYTCTBHS  3HAUUTENBHBIX  JIOKAJIBHBIX
HEPOBHOCTEH TIOBEPXHOCTH KOHEYHOTO TIO3UIIMOHNPOBAHMS.

Takum 06pa3om, pa3paboTaHHBIN METOJ MO3BOJIAET MPEABAPUTEIHHO
OLEHUTh J(P(PEKTUBHOCTh IEpefaunl SHEPreTUYECKUX PpECYpCOB U B
JalbHEeHIeM YMEHBIINTh BpeMs 3apsina poOoTa-pabodero myTeMm BBIOOpa
TOYEK KOHEYHOTO TIO3UIIMOHUPOBaHMs, B KOTOPHIX 3HauuTedbHO (Oolee,
yeM Ha 5%) oTiauvaercs 3pPeKTUBHOCTD Nepeaaun sHepriuu. Kpome Toro, ¢
NOMOIIBI0  Pa3pabOTaHHOIO  METOJa  BO3MOXKHO  KOPPEKTHPOBaHUE
OJI0KEHUH POOOTOTEXHUYECKUX CPEJICTB MOCIIEC TO3UIMOHUPOBAHNSI.

6. 3axmouenue. [IpemnoxeHHbIN B paboTe METOM OLICHKH BPEMCHU
0ecrpoBOHOM TMeperadyn JIHEPreTHYECKHX PECypcoB MEXKAY IBYMS
poboTaMu  OCHOBaH Ha  INPUMEHEHHHM  aITOPUTMAa  KOHEYHOTO
MO3UIMOHUPOBAHMSA JAaHHBIX pPOOOTOB, a TaKke Ha OIpEIeIeHUN
rokazaresnsi 3 GEeKTUBHOCTH TEpeady SHEPTHH B COOTBETCTBUH C MOJIEINIBIO
sHepreTrdeckux xapakrepuctuk bCIID [4]. C nomouipio pa3paboTaHHOIO
QITOPUTMA  KOHEYHOIO  IO3MLIMOHMPOBAaHMSA  3apsDKAOIMA  poOoT
cOmmxaercs ¢ poboTOM-pabodYuM AJIs IepeAadn IHEPreTUIECKIX PECypCoB.
UcnonezoBanne aByx ArUco-mapkepoB Ha poOore-paboueM  uist
B3aUMHOTO  TO3MLMOHHPOBAaHHS  pOOOTOB  MO3BOJIAET  yYTOYHHTHh
OTHOCHTEJIFHOE TOJIOKEHUE U OINPEAEIUTh OPUEHTAIMIO IIEHTpa MepeaHeit
YacTH  3apsDKAloIIero  poboTa  OTHOCHUTEIBHO  TOYKH  KOHEYHOTO
TTO3UIIHOHUPOBAHHSI.

[lonmy4eHHble 1mOcne DJKCIIEpUMEHTOB B cumyisrtope Gazebo
MIPOIOTIbHBIE  CMEIIEHWS MOXKHO YMEHBIINTh IYTEM COKpAIlCHHS
paccTosHUA OCTaHOBKH, KOTOpPOE ISl 9KCIepuMeHToB ObuTo B3siTo 0,01 M.
IIpn sToM mnoTpebyercss KOPPEKTHPOBAaHWE 3aKOHA YIPABICHHUA JUIS
obecrieueHns OOJBIIETO OBICTPOACHUCTBHS MPH OCTAaHOBKE po0OTa, YTOOBI
n30exaTh BO3MOXKHBIX CTOJIKHOBEHHH. Takxke /Ui SKCTPEHHOH OCTaHOBKU
3apsHKarouIero p060Ta MO>XHO BOCIIOJIB30BAaThCA  JONOJHUTCIBHBIMU
JaTYUKaMH, KOTOpBIE MIO3BOJISIT OTIpeIeTISTh CTOJIKHOBEHUE
pOOOTOTEXHHYECKOTO  CPEICTBA C  NPENATCTBUAMH. Y BEJIHUCHHE
TIOTIEPEYHOT0 CMEILEHHUSI MEXJIy MOOMJIBHBIMH POOOTaMH MOXET OBbITh
BBI3BAHO KaKk BO3MOXKHBIMM  OINMOKAMHM  aJrOpUTMa  JIBMDKCHHUS
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POOOTOTEXHUYECKOTO CpPEACTBA, TaK W JIOKAIGHBIMH HEPOBHOCTSIMH
MIOBEPXHOCTH, Ha KOTOPOH MO3UIIMOHUPYIOTCS pOOOTHI.

[To moxydeHHBIM OLIEHKaM BpPEMEHH 3apsiia aKKyMyJsTopa ObUIO
BBISIBJIEHO, YTO B 3aBUCHUMOCTH OT HEPOBHOCTEM MECTHOCTH B TOW MIIM MHOU
TOYKE KOHEYHOTO TMO3UIMOHWPOBAHUS MOOWJIBHBIX pPOOOTOB MOXKET
3HAQUUTEIBHO  OTIMYaTrbess  APQeKTUBHOCT,  Iepegadydl  SHEPrUu
O6ecnipoBoHBIM criocoOoM. IIpeanokeHHBIH METOJ OIEHKH IT03BOJISET
OTIPEICTIATh BPeMsl M IOKa3aTeslb d(QEKTUBHOCTH IEpeladyn YHEPTUH Kak
Ha  OCHOBE  JaHHBIX, [ONYYEHHBIX B  pPCAIBHBIX  YCIOBHSIX
MTO3UIHOHUPOBAHMS POOOTOB, TaK M HA OCHOBE MOJAEINPOBAHN, Onaronaps
yeMy  BO3MOXKHO  IUTAaHMPOBAaHWE  Mpolecca  IepepaclpeieieHNs
SHEPreTHYECKHX PECYpCOB B IPyIIIe poOOTOB, COCTOAMIEH U3 ABYX U Ooiee
areHToB. Takke MOXHO OTMETHTh, 4YTO IPUMEHEHHE MOAX0Ja C
OTpe/ielIeHHEM JIOKAIbHBIX HEPOBHOCTEH IOCPEICTBOM aHalu3a KapThl
IIyOMHBI MOXET TI03BOJIMTH YJIy4dlIUTh paboTy Merona 3a cYer
JIOTIOJTHUTEIBHOW BO3MOXKHOCTH KOPPEKTUPOBAHUS MOJIOXKEHHs poboTa Ipu
MO3ULIMOHUPOBAHUH.

Kpome Toro, mocie MO3MIMOHMPOBAHUS MOOHMIIBHBIX POOOTOB
BO3MOKHO IOBTOPHOE HCIOJBb30BAHME TMPEAJIOKEHHOTO MeToda AJs
KOPPEKTUPOBAHMS MOJIOKEHHS MEXTy POOOTOTEXHHUECKUMH TTaTGopMaMu
1 yBenuaeHns 3 (HEeKTUBHOCTH Nepeladdl SHEPTeTHIECKUX PECYPCOB.
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METHOD FOR ESTIMATING TIME OF WIRELESS TRANSFER
OF ENERGY RESOURCES BETWEEN TWO ROBOTS

Erashov A., Kamynin K., Krestovnikov K., Saveliev A. Method for Estimating Time of
Wireless Transfer of Energy Resources Between Two Robots.

Abstract. The energy capacity of the batteries used as the main power source in mobile
robotic devices determines the autonomous operation of the robot. To plan the execution of
tasks by a group of robotic tools in terms of time consumption, it is important to take into
account the time during which the battery of each individual robot is charged. When using
wireless power transfer, this time depends on the efficiency of the power transfer system, on
the power of the transferring part of the system, as well as on the level of charge required to
recharge. In this paper, we propose a method for estimating the time of transfer of energy
resources between two robots, taking into account these parameters. The proposed method
takes into account the application of the algorithm for the final positioning of robots, the
assessment of linear offsets between robots, includes the calculation of efficiency, as well as
the determination of the battery charge time, taking into account the parameters obtained at the
previous stages of the method. The final positioning algorithm for robots uses algorithms for
processing data from a robot vision system to search for fiducial markers and determine their
spatial characteristics to ensure the final positioning of mobile robotic platforms. These
characteristics are also used to determine the linear offsets between robots, on which the
efficiency of energy transfer depends. To determine it, the method uses a mathematical model
of the energy characteristics of the wireless power transfer system and the obtained linear
offsets. At the last stage of the method, the time for charging the battery of the mobile robot is
calculated, taking into account the data from the previous stages. Application of the proposed
method to simulate the positioning of robots in a certain set of points in the working space will
reduce the time spent on charging the robot battery when using wireless power transfer. As a
result of the simulation, it was determined that the transfer of energy resources between robots
took place with an efficiency in the range from 58.11% to 68.22%, and out of 14 positioning
points, 3 were identified with the shortest energy transfer time.

Keywords: mobile robotics, wireless power transfer, energy transfer time estimation,
positioning of mobile robots, computer vision, ArUco marker.
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A.H. BATTABAHOB, A.E. BE3VTJIA4, E.A. LIIVUUIATIH
VIIPABJEHUE MAHHUITYJISITOPOM ITOJABO/JIHOI'O POBOTA

banabanos A.H., Besyenasn A.E., I[lywnsnun E.A. YupaBieHHe MaHHIYJISTOPOM
MOBOHOI0 po6oTAa.

AHHOTanus. PaccmatpuBaeTcs 3ajada npuBeleHUs KoHeuHoro sddexropa (ueHTpa
cXBara) aHTPOIOMOP(HOr0 MAaHHITYJIITOpa IOABOJHOTO alliapaTa B 33JaHHOE MOJIOXKEHUE 3a
3aJaHHOE BpeMs C MOMOLIBIO METOJa KOHEYHOro cocTosHMsA. Ha ocHOBe moiydyeHHOH
KHHEMATHYECKOH MOJENH aHTPONOMOP(HOrO0 MAHHMITYJIATOPA, HOCTPOCHHOW Ha OCHOBE
noxxona JlenaBura — Xaprenoepra (DH-mozens), chopmynupoBana AUHAMIYECKas MOJENb,
YUYMTHIBAIONIAsl  IMHAMUKY TPUBONOB  cowieHeHud. DH-monmens wucmosnb3oBaHa B
TEPMHMHAJILHOM HEJIMHEHHOM KPUTEPHH, OTOOpaXxaroIeM OIM30CTh OPUECHTALMU U TIOJIOKECHUS
spdekropa K 3agaHHBIM 3HA4YCHWsIM. JIMHaAMHYecKas MOJENb MPUCTIOCOONICHa s
9(p}EeKTUBHOrO NPHMEHEHHs aBTOPCKOro Meroja KoHeynoro cocrosiuus (MKC) n
npeacTaBisieT coboii cucteMy nudbepeHIHanbHbIX YPaBHEHHI TSl YITIOB [TOBOPOTA 3BCHBHEB
MAaHUITYJIATOpa BOKPYT MPOJOIBHBIX M MOMEPEYHBIX OCEH, MpaBble YacTH KOTOPOH coaepikar
Tonpko Hckomble MKC-ympaBnenus. Takas Monenab MO3BONWIA CYIIECTBEHHO YIPOCTHUTH
pacyeT YHpaBICHWH 3a CYeT YNpPa3JHEHHsA YMCIECHHOTO pemeHus audQepeHIHaIbHbIX
ypaBHEHHMII CIIeNUaIbHOTO BUAA, HEOOXOIUMBIX B clydae Hcrmonab3oBanus B MKC HenuHEHHBIX
JMHAMHYecKnX Mojenei obmero Buna. Haitnennsie MKC-ynpaBieHus najee HCIOJIb30BaHEI B
BBIPKEHHAX IS YIPABIISAIOMUX BO3JICHCTBUI HA 3JIEKTPOIPHUBOIBI COWIEHEHHH, OIYYEeHHBIX
Ha OCHOBE AMHAMHYECKHX MOjeNel aneKTponpuBonoB. Ilpenmonaraercs, 4To HEH3BECTHBIE
rapameTpsl HPHBOJOB, KakK (YHKIMH YIJOB HOBOPOTAa 3BEHHEB U JPYTUX HEH3BECTHBIX
(akTOpoB, MOTYT OBITH OINpPEJENCHBI SKCIEPUMEHTANbHO. Takas JByXdTalmHas HPOLEaypa
M03BOJIMJIA MOTYYHTh yIpaBiIeHHue IPUBoAaMH B GopMe anreOpaHdecKux U TPaHCIEHISHTHBIX
BEIpakeHHH. HakoHel, mpejicTaBiIeHbl pe3yJIbTaThl MOIEIHPOBAHMS IIPOLECCOB IPHUBEICHHS
KOHEYHOT0 ¢ dexTopa MaHUITYJIATOpA B 3aJaHHBIC MTOJIOKEHUS Ha rpaHuLax padoueit obmactu
C TIIOMOIIBIO Pa3pabOTaHHOTO IporpaMMHOro obecmedyeHus. IlomydeHHas IpH 3TOM
MOTPEIITHOCTE 0e3 ydeTa IOTPeNIHOCTH W3MEPSHUH COCTAaBHIIA BEIMYMHBI, HE IPEBBIIIAIONIIE
JIByX CaHTUMETPOB HAa MAaKCHMaJbHOM BblIeTe PyKH JUIMHOM 1,2 meTpa. Pabora BhInoHEeHa B
pamkax QenepanbHON IEIEBOW MPOrpaMMbl MO pa3paboTKe pOOOTH3MPOBAHHOTO ammapaTta,
IpeHAa3HAYCHHOTO UL TIOJBOJHEIX HCCIENOBATENLCKUX PaboT Ha MaiblX nirybuHax (mo 10
METpOB).

KiroueBble c¢J10Ba: TOABOJHBIM MCCIENOBATENbCKUIA ammapar, aHTPONOMOPQHBII
MaHUIYJISTOp, HENUHeHHas CHCTeMa, MeTOJ KOHEYHOTO COCTOSIHUS, TepMUHAIBHOES
yhpaBieHHe, KHHeMaThdyeckas wmojenb JlenaBura-XapreHOepra, IUHAMHYECKas MOJENIb
MaHUITYIATOpA.

1. BBegenue. B Hacrosmee BpeMs MMEET MECTO NPHUMEHEHHE aH-
TpornoMop(HBIX MAaHUIYJIATOPHBIX pOOOTOB. B coueTaHnu ¢ TeXHOIOTUSIMU
HCKYCCTBEHHOT'O MHTEIJUIEKTa 3TH POOOTHI MO3BOJISIOT BBIMOJIHITH MaHHITY-
JISITOpHBIE OTEpaliy, 3aMEHSIONINE YEJIOBEKa B YCIIOBHSX HEOJIAronpHsT-
HOM okpyxatomiei cpeasl. [lofBoiHBIE MaHUITYJISTOPHI MPEACTABISAIOT
4acTh OOIIMPHOTO CEMEHCTBA NMPOMBIIUICHHBIX poOoToB. OHM yCTaHaBIIH-
BalOTCS HAa OOMTaeMbIX M HEOOMTAaEMbIX MOJBOAHBIX armaparax, CaMoIoIb-
eMHBIX IIaTopMax, yCThEeBOM 000OpYJOBAaHMM MOPCKHX CKBaXHH. biaro-
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Japsi coueTanuto (GYHKIMH MaHHUITyJSITOpa U MOJABOJHOTO anmapara MosBH-
JIOCH MOHATHE NozBojaHOro anmnapara-podora (ITAP). Ilpu sTom GosbuiuH-
ctBo [TAP nMeroT kak MUHHMYM OZIMH MaHUIysTop. [Ipobiema aBromaTn-
3alM Pa3IMYHBIX MOJBOJHO-TEXHUYECKHX DPabOT, TPYJHOAOCTYITHOCTb U
CYIIECTBYIOIIME MPH ITOM ONACHOCTHU JJIS YelloBeKa Jajld TOJNYOK K perie-
HUIO 33/1a41 aBTOMAaTHYECKOH OpHEHTAINH (MaHUITYJIMPOBaHUs) pabodero
OpraHa, W3ZeiHs WIM WHCTPYMEHTa. BOJIBIIMHCTBO omepaiuii, BHIOIHsE-
MbIX [TAP nox Bogoi, OCyIIECTBIIAETCS € MOMOIIBIO CUCTEM YIPAaBICHUS C
ymaixeHHBIM goctynoM (85% mo marasiM MarketsandMarkets [1]). Bmecte ¢
TEM CIIOKHOE TIOABOIHOE OKPYKEHHE M XapaKTep peIlaeMbIX 3amad TpeOy-
0T COBEpIIEHCTBOBAHMS cHCTeMbl ynpasneHus [IAP B miane moBblmeHus
CTENCHU €€ MHTEIUIEKTYaJIbHOCTU. B CBSI3M C 9THM BeIyTCs WHTEHCHBHBIC
HCCIIEIOBaHNS U Pa3pabOTKH, HANPaBICHHBIC HA MOBBIMICHUE CTETICHHU aB-
ToHOMHOCTH ITAP [2-4]. Mcnons3yeMble IpH 3TOM METO/bI OCHOBBIBAIOTCS
Ha COBPEMEHHBIX TEXHOJOTHSX, HPEIUIOKEHHBIX B PadOTax MO TeXHHYe-
CKOMY 3PEHUIO, HABUTALIMHU U YTIPABIICHHIO.

OnHO U3 TaKMX MCCIEAOBAaHUI BBIIIOIHACTCS aBTOpaMU HacTOSIICH
CTaThH B paMKax (enepanpHO mesneBoit nmporpammsl «MccnenoBanus u pas-
pabOTKM 1O  TIPUOPHTETHBIM  HANpaBiICHUAM  pasBUTHS  HAY4YHO-
TexHosornieckoro kommiekca Poccun Ha 2014-2020 roaspy, meporpusitie 1.3
«Pa3paboTka W mccrnenoBaHNe POOOTOTEXHWYECKOTO KOMIUIEKCA IS BBI-
TIOJTHEHHS TOJBOAHO-TEXHUYECKUX PAabOT B YCIOBHAX OTPAHHMYCHHON BH-
JVIMOCTH C HCIIOJIb30BAaHUEM KOMIUIEKCHOM crcTeMbl 3D 3peHHs: BBICOKOTO
paspemenus». PaspabaTeiBaeMBlii poOOTH3MPOBAHHEBIN ammapaT TpexHa-
3HAYeH JUIS OJBOJHBIX UCCIIEAOBATENECKIX Pa0OT Ha MaNbIX TIyOHHAX (10
10 MeTpoB) U JIOJDKEH o0ecrevnBaTh JOCTUTAEMYI0 TOYHOCTD MO TOJIOKe-
HUIO 10 5 CAHTUMETPOB.

UYacTtHoli 3a1aueit, penraeMoi B cTaTbe, SBISETCS pa3paboTka MeTo1a
yIpaBJCHUSl TMPHUBOJAMH MAaHUIIYJISTOPa, OOECIEeYHMBAIOIIET0 3aJaHHYIO
TOYHOCTb M YYHTHIBAIOIEM AWMHAMUKY MPUBOIOB.

[IpenBaputenbHble UccaeaoBanus [S5, 6] MPOBOAUIUCH C UCIOIB30-
BaHHEM peadbHOTO poboTa SAR-400, sSBISIOIMIErocs OMHUM W3 3TAITHBIX
MIPOEKTOB B pa3paboTKe OTEYECTBEHHOIO aHTponomMopdHoro pobdora
FEDOR [7]. B otuere [5] mompoOHO paccMaTpHBAIOTCS CYMIECTBYIOIINE
MOJXO/IB K TIOCTPOCHUIO MAaHHUITYJIITOPOB PA3IMYHOTO THIA, B TOM YHCIIE
monBoaHBIX. B [8 -11] paccmoTpens! paznmaHble KoHCTpYKmu [TAP, B pa-
6orax [6, 12-25] — MeToaBI yipaBieHus. s pemeHus 3a1a4u yupaBiIeHUS
JBIDKEHUEM KOHEYHOTO 3(h(eKTopa MaHUIYNIATOPA TPAAUIHOHHO HCIIOb-
3YIOTCSI METOJIBI MaTeMaTHYECKOro mporpamMmupoBanus. Hampumep, B [6]
s ynpasieHuss poborom SAR-400 wucnonb3oBan Meron bpoiigena —
Onetuepa —Tonadapba — llleHHO, pealn30BaHHBIA B MOIYJIC PACIIHPCHUN
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Robotics System Toolbox makera Matlab. Mcnonb3yrorest Takxke MeTOIbI Ha
OCHOBE HEYETKHX CHCTEM ympaBieHus [12, 17, 24], MypaBbUHBIN aITOPUTM
[21, 24], npenuxTuBHBIE perynaTopsl [18], reneTnueckue anroputmsl [19,
20, 22, 23], neliponnsie cetu [25], Apyrue MeTobI pemeHnst 00paTHOMH 3a-
naun knHemaTuku [13-16]. B pabGore [26] npuBeneHbl pe3ysibTaThl KOMIIb-
I0TepHOTO MojenpoBanus pobora SAR-400, ympaBiseMoro mocpeacTsoM
pa3paboTaHHOrO AITOPUTMA TEPMHUHAIBHOTO YIPABJICHHUS METOJOM KOHEd-
Horo coctosiHus (MKC-ynpasnenus). B Hacrosmeii paboTe 3TOT e METOT
MIPUMEHEH K MOJCIH aHTPOIIOMOP(HOTO MaHUMYIITOpa (AM) MpoeKTHpy-
€MOTO MOJBOAHOTO arnapara.

2. ITocTpoeHne KMHEMATHYECKO M TUHAMHYECKON MoJesell aH-
TPONOMOP(HOI0 MAaHUIYJIATOPA. BO3MOXHBII BHELIHUI BHUJ aHTPOIIO-
MopdHoro Manumysistopa (AM) u KuHeMaTH4yecKass cXxema MOKa3aHbl Ha
pucyHkax la, 10.

d Y,

/\_1; } X,

o=
Z;
d, d,
6)
Puc. 1. Pyka anTponiomoppHOro MaHHIyJISATOpA: a) BHEIIHUN BUA; 0) KMHEMaTHue-
cKas cxema
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Ha pucynke 10 o6o3nadensl cemb kunematndeckux map (KII) ¢ co-
OTBETCTBYIOLLMMU cucTteMamu koopauHart. Ilpu stom i— s KII Bpamaercs
BOKpYT ocH z;, 1=1,...,7. 3 cxemsl pucyHka 16 BHIHO, 9TO Tapsl C HO-

Mepamu 2, 4, 6 OCyIIECTBISIOT OBOPOTHI COOTBETCTBYIOIINX 3BEHHEB BO-
KpYr OceH, MepHeHANKYISIPHBIX MPOJOIBHBIM OCSIM 3BEHBEB. [lapbl e ¢
HoMmepamu 1, 3, 5 OCYLIECTBISIIOT POTALMIO 3BEHBEB BOKPYI CBOUX OCEH.
Cucrema xoopauHaT (x7, y7,z7) COOTBETCTBYET cXBaTy AM, KOTOpBIi B
JaHHOW pabore He paccMmarpuBaercs. [JJTMHBI 3BEHBEB IPEIIIONIATAIOTCS
paBubiMu dy =100Mmm , dy =T7000mm , ds =500mm .

Hwxe npuBeneHa kuHemarnueckas monenb AM, coBmnagaromas ¢
TOYHOCTBIO J0 3HAUEHWH mapameTpoB ¢ momensio AM pobora SAR-400
[26] u mocTpoenHast meTogoM JleHaBura — Xaprepoepra [27], Tie UCTIONb-

3yIOTCS YTIIOBBIE U JHHEiHbIe mapamerpsl 6, d;, 1, o, i=1,...,6:
B Tabmmme 1 mpuBenensl napamerpsl [lenaBura — XapTeHOepra 3Be-
HBEB.

Tabnmna 1. ITapamerps! [leraButa — XapTeHOepra st pyku 0e3 cxBaTa

3BeHoO, i r (M) a; (rpam) d; (M) 0, (rpam)
1 0 90 0 90
2 0 90 0,1 90
3 0 -90 0,7 0
4 0 90 0 0
5 0 -90 0,5 0
6 0,2 0 0 -90

Cornacao moaxoay JlenaBura — XapreHOepra, Uit KaKaoro i -ro
3BEHA HCIIOJIb3YETCsl MaTpHLa PeoOpa3oBaHUs:

Cei - Cai S 91 S o S 91 i Cgi Ny i Axi Pxi
SO, CoCO. —So;CO. 1,56, n,; a,; ;
Ai(@[)= 01 St i Cl () tdt I yi yi pyt , (1)
& & i zi Oz Gzi Pz
0 0 0 1 o 0 0 1

a MaTpwuia npeoOpa3oBaHuii OT 6a30BOM CHCTEMBI KOOPIUHAT 0 CHCTEMBI
KOOpAWHAT KOHEYHOTo 3(dekropa paBHa:

6 n, o, a, p
O O
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rae marpuna A(0) — marpuna Texymero cocrosmus; C, S sSBISIOTCS CO-
KpaleHHBIMU 0003HAYEHUAMH KOCUHYca H cuHyca. st KOHeYHOTo 3 dek-
TOpa TPEXKOMIIOHEHTHBIE BEKTOPHI My, Op, A, — EIUHAYHBIE BEKTOPHI

CHUCTEMBI KOOPJMHAT KOHEYHOro 3(PpexTopa; P, —BEKTOP MOJIOKEHHUS

Havaja CUCTEMbI KOOPAMHAT KOHEYHOTO (P (EeKTOpa OTHOCUTEIFHO HCXO-
HO (0a30BOI) CHCTEMBI KOOPAMHAT.

Pemaercs 3amada npuBeneHus koHeyHOro 3ddekropa AM (B maH-
HOM ciIy4ae KoHIa 3BeHa (6, 7) mmmHoi 0,2 M) B 3aJaHHOE TOJIOKEHHE 32
3aJaHHOE BpeMsI C MIOMOIIBI0 MEeTOo/1a KOHEYHOTO cocTostHus [28]. C momo-
IIBI0 TIPEAIaraeMoro METO/Ia MOXKHO TMOIBeCTH 3¢ (deKTop B 33aAaHHOE IO-
JIOKEHHE, a 3aTeM YXKe pelllaTh 3aJady 3axBaTa npeaMmera (Hampumep, ap-
xeonornyeckoro apredakra). [Ipu sTom B paszpabarsiBacmom ITAP mpenro-
JlaraeTcs MCIOJb30BaHUE B KA4eCTBE M3MEPHUTENEH CTEpEeOBUICOKAMEPHI C
(YHKIMAMU PACO3HABAHUS, a TAK)KE NATYMKOB COCTOSHHS MaHHUITYJIATOpa
U PacCTOSIHUA JI0 BRIOpAHHOTO HpeamMeta. [IpeamnonaracMpie MaKCUMAIbHOE
1 MUHUMAJIbHOE PACCTOSHUSA, JOCTUTaeMble MaHUITynaTopoM, 1,2 M u 0,25
M COOTBETCTBCHHO, MaKCUMalIbHas Macca Ipy3a — 6 KT.

3amaBasi MaTPHILY

* * * *
Nxn Oxn Axn  Pxn
* * * * % % % %
L%k L% % % n o a P n (] a P
_ | ®yn yn yn yn | _| n n n n
T(nn,on,an,pn)— 4 “ . . | = s

n o a

zn zn zn

0 0 0 1

OTIPEICTISIIONIYIO TIOJIOKEHHE KOHEYHOro 3(¢deKkTopa, ONTHMH3ALHUOHHYIO
3aJaqy MO>KHO C(hopMyIHpoBaTh Kak:

a0l )] - min, )
rac
A(0(1))=A(0(¢))-T(&,,5,, 4,5, ) =
n,—n, 6,-6, a,-a, p,—p,| (A A, Ay A 3)
0 o 0 0 0 0 0 0

Takum 00pa3oM, BEKTOp ONTHMH3HUPYEMBIX MApaMETPOB HMEET
CTpyKTYpy 0= {‘9:' }, i=1,...,6. A 3amauy ympaBlIeHUS MOXHO cHOpPMYJIH-
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poBaTh Kak 3a1ady MpUBEIEHHUS PYKH MaHHUIYJIATOpa U3 COCTOSHHUS 9(0) B
3aJaHHOE COCTOSIHUE B(t f ) .

TpaIuUMOHHBIN MOAXOM K pacyeTy YIpaBlIeHUNH, OPUEHTUPOBAHHBII
Ha KMHEMAaTHYECKHE MOJEIH, UMEET HEKOTOPBIC HEIOCTATKH: HENPHUMEHH-
MOCTb K JTUHAMHYECKAM MOJEISIM, YUUTHIBAIOIINM HHEPIUOHHOCTD MPHBO-
JIOB COYJICHEHMH; NP MPOTPaMMHOM YTPABICHHUH HE HCIOJB3YIOTCS 00-
paTHBIE CBSI3U O TEKyLIMX 3HAYCHHSAX YIIIOB 6, ; HEOOXOMMMOCTh HAIHYHS
MIPOTPaMMHOTO 00eCTIeYeHUs ISl HaZIeKHOTO PEIIeHNUs 3a1a4 MaTeMaTHye-
CKOTO TIPOTPaMMHPOBAHHSI.

[To 3TMM npUuYMHAM IpeasaraeTcs OoNpeneniTh yriasl 6, kak (QyHK-
UM BPEMEHHM U COCTOSIHHS Ha OCHOBE TUHAMUYECKON MOJETH aHTPOIO-
MopdHOro poboTa, MCMONB3ys ABTOPCKUH METOJ KOHEYHOTO COCTOSIHUS
[28].

s mpuMeHeHHs MeToJa KOHEYHOTO COCTOSIHUS, IPEeXJe BCEro,
copMyIHMpyeM TEpMHHAIBHBIN KpHUTEpHUil, oToOpaxkaromuii moaxon 3¢-
(exTopa K HEKOTOPOMY 3aJ1aHHOMY MOMEHTY BPEMEHHU I, B 3a[aHHOE IO-

JIO)KEHHE.
Bwmecrto MaTpuiel ommb0K A BBeleM BEKTOP-CTOIOEI] OMIHOOK:

T
3=[A11 A2, A3 Aty Ao Agp, Mgy, Mgy As 1 Agp Mgy, Agt, Ay Ay Az Agg] T (4)

a LleJIb YIpaBJICHHs] BHIOEPEM B BU/I€ TEPMUHAIBHOTO KPUTEPHSI:
T(0les )= alole ) walol, ) - ZF 570l )" )

"
rne F — marpuna BecoBex kospdumentos xpurepus; J — xkemaemoe
3Ha4YeHHe TMokaszarens. Ilpm  ToYHOM  mpuBeNeHWH  poboTa K

L% L% % % «
T(nn, Oy an,pn) 3HaueHue J paBHO HYIIIO.

s pemieHns 3a1auyl yIpaBieHUs MpelaraeMbIM METOJIOM TT€PBO-
HadaJIbHO c(OpPMHUpPYEM IMHAMHUYECKYIO MOJIeNb poOoTa B BUAE, YIOOHOM

quis npuMerenust MKC, ¢ ynpasneHusMu u; = @; :

o), i1

_ui’l:

dt (6)
te [to,tf], 0,(ty)=0".
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HauanbHblie yciioBus 910 COOTBETCTBYIOT Ha4YaJIbHOMY ITOJIOKEHHUIO

pobora.
Kpurepuii (5), mo BUy KBapaTUYHBIN, HA CAMOM JieJie HeTMHEHHBIN

OoJee CI0KHOTO BUIA, BBUAY TPAHCIICHACHTHBIX 3aBUCUMOCTEH Ai(ﬂ) (1).

[To »Toit mpuumHe 1y pemeHns 3aaaqn (5, 6) HeIb3s UCIMOIB30BaTh METO-
JbI ONITUMATIBHOTO YIIPABJICHHS AT TMHEHHBIX CHCTEM.

JlaHHast MOzeNb MOKa HE yYUTHIBAET AWHAMHKY MPUBOJOB COWICHE-
HUH, U HIWKe OyJeT JONOIHEHAa COOTBETCTBYIOUIMMH YPAaBHEHUSAMH. JTO
CBSI3aHO C OCOOCHHOCTSIMH METO/Ia KOHEYHOTO COCTOSIHUSI, KOTODBIH HC-
MOJIF30BAH IS PEIIeHUs TOCTAaBICHHON 3ajauu.

B kpurepun (5), cornmacHo BeipaxkeHusiM (3-4), HEOOXOAUMO TaKKe
3a7aTh MATpPHILY Tﬁ;,ﬁ;, ?l;,f):; , KOTOpasi OTpeJeNseTcsl yepes3 3ajaH-
HbIE KOHEYHbIE OPUEHTALIHIO U MOJ0XKEHHU PyKH AM.

3. Y4yer iMHAMMKH NPUBOAOB couieHeHmii. [loxyunm ynpasneHue
IpU ydeTe TUHAMUKU IMPUBOJIOB COWICHEHHH, Korna BMecTo (6) B MoJjenn
UCTIONB3YIOTCS] YPaBHEHUS TUHAMUKHU TIPUBOJIOB B BUJIE:

a0 _

i )
do; 1

—t=—(M_  -M_(0))

dt Ji(e)( di u( ))

B ypaBuenusix (7), @; — yriaoBasi CKOpOCTh pOTOpa MpUBOJA i -if KH-
HEeMaTU4eCKOU mapbl; J; — IPUBEICHHBI MOMEHT MHEPIMHU AN 1 -if mapsl;
M, m M, — MOMEHTBI ABIKYIIUX CHJI M COTIPOTHBIICHUS i -H Mapbl COOT-

BETCTBCHHO. B ciIydyae mpHBOJOB, pealM30BaHHBIX HA AJIEKTPOIABHUTATEIIIX
TIOCTOSTHHOTO TOKa C TIOCTOSHHBIM BO30yXXKIeHHEM, 0e3 ydeTa OBICTPBIX
MIPOIECCOB B €r0 OOMOTKAX, MOXKHO MPUHSATH TSI MAJBIX YTIOBEIX CKOPO-
CTEH:

M 4 =kaiU 4,
M ;(0)=kjw; + M 4 (0)
371€Ch UCIIONIB30BaHa YIPOIIEHHAS MOJETb IPHBOIA, YIUTHIBAFOIIAS

TOJIBKO MEXaHUYCCKYIO MHEPIUIO, BBUAY YE€TO0 MOMECHT JABMXXYIIUX CHJI 3a-
BUCHUT OT AKOPHOI'O HAIIPSXKECHUA, a HC TOKA.
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B nocnennux BbpakeHUsIX k,;, k,; — KOHCTpYKTUBHbIE IApaMETPBL

CocTaBsIone MOMEHTA COMPOTHBIICHHUS — OT BS3KOTO TPeHUs k,,@; U OT
Beca Mg[(ﬂ) Tex Jacteil AM, KOTOpble BpallaeT JaHHBIA 3JIEKTPONPUBO/.

Hamnpumep, snekrponpuson KII B ocHoBannn AM Bpaiiaer Bce €ro Tpu
3BEHA, a 3JIEKTPONPHBOJ 3BEHA CXBaTa — TOJNBKO OAHO 3BeHO. [Ipm 3Tom
9TOT MOMEHT CONPOTHUBIICHUS 3aBHCHT OT yrjioB 0 = {01- }, i=1,...,6. Eciu

9TH YIJIBI TAKOBBI, YTO BpaIlleHHe BCel KOHCTPYKLMH POUCXOAHUT B TOPH-
3OHTAIBHON IUIOCKOCTH, TO COOTBETCTBYIOUIMHA MomeHT M gi(G) paBeH

Hymo. Econ ke BpallleHHe KOHCTPYKLIHMH HPOMCXOJUT B BEPTHKAIBHOU
IUTOCKOCTH, TO COOTBETCTBYIOIIMI MOMEHT OyZIeT paBeH NPOHM3BEICHUIO
MacChl KOHCTPYKLIHMY HA IUIEY0, PABHOE PACCTOSHHUIO OT Baja ABUIaTes [0
LEHTpa THKECTH KOHCTPYKIMuU. OT yrinoB &, 3aBUCAT M MOMEHTHI HHEPLIUH
J; (9) Yka3zaHHbIE 3aBUCHMOCTH OT 0 MOXXHO pPacCUMTaTh aHATUTUYECKU
Kak (YHKIMHM KOMIIOHEHT BEKTOpa O W IOJICTaBUTHh B BBIPOKSHUS JUIS
SIKOPHBIX HaNpsDKEHUH 3JIEKTPONpUBOA, KOTOPHIE MogyuyeHs! Huxke. OHa-
KO, Ha Hall B3MJIAM, LEeIecoo0pa3sHO IOMYYUTh YKa3aHHbIE 3aBUCUMOCTH
SKCIIEPUMEHTAIIHO, HAIIPUMEP, B BUIEC COOTBETCTBYIOLIMX PErPECCUOHHBIX
Mozeseil Win HeHpPOHHBIX ceTeil, rae moMumMo 6; MOXKHO y4ecTb U JpYyrue
3Ha4YMMble (PaKTOpHI, HApUMep, TEMIEpaTypy M IUIOTHOCTh BOABL ITO
0COOEHHO MMEET CMBICH Ul PaccMaTpUBAaeMOro MOABOJHOTO pobOTa, IO-
CKOJIBKY TIPH ABIKEHHH JJOCTATOYHO «TOJICTBIX)» PYK MaHUIYJATOpa (pUCy-
HOK la) B BOJile MOMEHTBI MHEPLUHU M CONPOTHUBIICHUS 3aBUCST OT IIPHCO-
€JMHEHHBIX MacC BOJBI.

B naHHOM cityyae ynpaBiIsSIOIIMMU BO3JEHCTBUSMU SIBISIOTCA SIKOP-
Hble HanpspkeHus U ;. Mes B Buny, 4TO YIJIOBBIE CKOPOCTU (; SIBIAIOTCA

OAHOBPEMCHHO KOMIIOHCHTAMU MKC-praBJ’IeHI/Iﬂ U; , BbIpa3suM HMCKOMBIC

ynpasienus U 4; depe3 o; =u; . [Tomyqaem:

1 du;
U4 :k—d(Ji (9)%"'](0[”[ +Mg (9)j (®)

Hus onpenenenus (8) HEOOXOAWMBI M3MEPEHUS JIEMEHTOB BEKTO-
. u,

pa 0 W yrioBBIX YCKOpEHHIl MPUBOAOB d—’ OpHako, BBUAY TOTO, YTO
t

MKC-ynpaBnenusi uMeroT anreOpanmdeckuil Bua, mnpomsBoaHas MKC-
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VIpaBJICHUS % MOJKET OBITh MMOJTyYeHa B BUJIC aHAIUTHYECKOTO BBIpaXe-
HMS, YTO TIOKA3aHO HIDKE.

4. OcHOBHbIEe pacyeTHbI€ COOTHOLIEHUSI METOAa KOHEYHOIrO
COCTOSIHUSI. MeTo KOHEYHOIo COCTOsIHUA [28], OTHOCALIMMICS K Kiaccy
METOJIOB JIJISl PEUICHHs OOpaTHOHM 3aJadd TUHAMUKH, pa3padoTaH Il pe-
mIeHHs 3afad TePMHUHAIBHOTO YIPABICHUS HETMHEWHBIMU aQUHHBIMA
CUCTEMaMH C TIaIKAMHU (QYHKIUSIMH B KPUTEPHH W IUHAMHYECKUMH OTpa-
HUYCHUSMH pa3HOTO poja (muddepeHnraIbHbpIMe, TH(QepeHINATEHBIMA C
3amna3AplBaHUsSMU, KOHEYHO-Pa3HOCTHBIMH | Jp.). sl paccMaTpuBaeMbIX
YCJIOBUH TIOCTAHOBKA 33J]a4M yIPaBIECHUSI UMEET BU/I;

J=dle ),
) 000+ 80wt o
telty.tr) zlty)=2",

rae Z — BEKTOp cocTostHus; J (Z(t 7 »— HeTpepbIBHAs U TuddepeHmpyemas
*
neneBast (pyHKOUS TEPMUHAIBHOTO KPUTEPHUS C 3aJaHHBIM 3HaueHWeM J ;
® u B — B obmiem ciryyae HeNMHEHHBIE GYHKLIHH BPEMEHH ! U TEKYIIETO
COCTOSTHHSA z(t); z° — sananmoe HawanbHOE cocTOsHME. Ipu sToM D —

muddepeHmupyemas GpyHKIH.
B paccmaTtpuBaeMOM MeTOJe YIpaBI€HHE PACCUMTHIBAETCS IO BBI-
PaXKESHUSIM:

u(t.2(e)) =G 15,
G =G’ (GGT Tl,
aJ(z)

G =%
oz

(10)

vmilt, alt) . W(t f,t,z(t))B(t,Z(t))’

roe fj = (J _J (2(t f,t,z(t))))/ T, — mpaBasg uacTb JupdepeHInaIbHOrO

*

J —-J

dJ
YpaBHCHUA d_ = , KOTOPOE€ 3a4acT KEJIA€MOE€ SKCIIOHCHIIUAJIBHOC C
t
u

MOCTOSIHHOW BpeMeHH 7, mpHOmmkeHne kpurepuanbHoid ¢yknum (KO)
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A *
J (Z(l‘ £t Z(l‘)» BpeMeHU ! K 3Ha4yeHuio J , YTO UMEET MECTO MpHU J0CTa-
TOYHO ManoM 1, <<t '+ MoxHo 3anasatb u apyrue popmbl K®. Hanpu-
Mep, TIPH NIEPEMEHHOM BO BpeMeHu 1, =1f '+ —1 (opma nMHMH, 110 KOTOPOH

-
K® «opubmmkaerca» k J , yKe He SKCIIOHEHTa, a npsiMas. s SKCroHeH-
qUaibHOW ()OPMBI XapakTEpPHO, YTO NPHU €€ HCIOJIb30BAHUM YIPaBICHUE

*
(dopmupyercsi TakuM 00pa3oM, YTO JOCTH)KEHHE 3aJaHHOI0 3HauyeHHus J
IPOUCXOMUT ¢ peryiupyemoi napamerpom 7, ckopoctbio. Cienyer oTMe-

TUTb, YTO peanu3auus sxenaemoir ¢popmbl KO He Bcerna Bo3MOXKHA, YTO
IPOUCXOIUT, B YAaCTHOCTH, IPU HEAOCTIKUMOM 3aJaHHOM IieNu ymnpaBie-
Husg. OTKIIOHeHHe TeopeTndyeckod u (aktuyeckoir popm KO mpoucxoaur
TaK)ke, Koraa Ha ynpasineHue Buia (11) HaxkiagbIBalOTCS aMIUIATYIHBIC
orpaHndeHus. B aToM ciydae menpb yrpaBieHHs MOXET OBITh JIOCTHIHYTA,
omHako hopma dakrryeckoit KO Oynet oTKIOHATHCS OT 33JaHHOM.

B Bripaxkernusx (10) ucmons3yroTcs epeMeHHbIe KOHEYHOTO COCTO-
sans (IIKC) Z u Henuuelinas nepexonnas matpuna (IIM) B.M. Anekceepa
[29] W, onpenensemas COBMECTHOH cucteMor nudhepeHInaIbHbIX ypaB-
HEHHUI:

dz(9,t,2(t))

=®(4,7),
49
AW(3,1,2(t)) _ 0®(%,z) W (11
d9 o |pms(s.04(0)

Seltt ], 2tt,z(t) = 2(¢), W(e.t,2(t)) =1,

rae I—-enunnynas matpuna.

3amernm, uto ITKC n [IM B (10) HyXHBI KaK (YHKIIMH BTOPOTO ap-
rymenTa ¢, amo (11) oHu onpeAesnstoTcs Kak GyHKIUH IEPBOr0 apryMeHTa
G st Kakaoro u3 3HadeHwuid ¢ . [1o 910t mpuuwHe B 00mIeM ciydae Juis
pacuera MKC-ynpaBnenusi B KaXIblii MOMEHT BpPEMEHH ! HEOOXOIUMO

MHTErpupoBaTh cucteMy (11) Ha ckonb3suieM unteppane 9 €[1,¢ f] .

5. Ilpumenenne MKC pans ynpasieHHs MaHHIYJIATOPOM.
HanmomuumM, 9TO coryiacHO mocTaHoBKe 3afgadd (5, 6), BEKTOp COCTOSHHUS
z=0, marpuia ® =0, a matpunia B — equnununast. s ciyyas @ =0,
KOTOPBI MMEJI MECTO M B OPYTUX PEHICHHBIX aBTOpamu 3amadax [26, 30,
31], MOXHO TIPOBECTH P YIPOIICHUHA BEIYUCIUTEIBHBIX IPOIEIYP METOa
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KOHEYHOI'0 COCTOsIHMS. B urTore mmeem CJICAYIOUINE BBIPpAXKCHUA JId CO-
CTaBJIAIOMINX YIIPABJICHUA:

#9,1,2() = 2(t) = 0(c) W(9.1,2(1) =1V 1€ |1t ]

(el =7 000) = 3.70300)
12 ) 12 )
0y F;57(0(¢)) 0. F;57(6(c)) (12)
00 00
0=0() 0=0()
2% 10,0020
j=1

Ipu monyvenunu BeipakeHus s Marpuiisl G pasmepHOCTH (6><1)

(aucno 6 — OT ymMciIa KMHEMAaTHYEeCKHX Iap) yYTeHO, YTO MaTpuisl W u
B — eauHuuHBIe (0003Ha4eHBI I ), BEKTOP MEPEMEHHBIX KOHEYHOI'O COCTO-
AHUS Z PABEH TEKYIMM 3HAYEHHUAM BEKTOPA COCTOSHUS, B JAHHOM CIIydae
O(t), u3-3a ® =0 (cm. (11)).

Taxum obpazom:

————i=1...6. (13)

Omnpenenum cocrasisitomye Boipakenust (13). s ompenenenus
05, (0(r))
00

J BEKTOpa & M MHIEKCaMu OmMOKH A, , KOTOPOE NMEET BHI:

BOCTIONB3YyeMcsI (4), ONpeneNTB COOTHOIIEHHE MEXIY HHACKCOM
i

j=k+3(s-1).
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CMBICIT TIOCTIEIHETO BBIPAKEHHS B TOM, 4TO, K TIpUMEPY, Az, TO
ectb Ay, npu k=2,5=3 COOTBETCTBYyeT BOCBMOMY 3JIEMEHTY BEKTODA
0.

JMuddepenumpyst A(z) no &, nveem:

o) _ o (m(a(»j

00, 00,

OA (6,
= A(6)x...x A (6;1)x al;_ l)XAi+1(9i+1)><---><A6(96)-
1
00; OA;;
B urore nmeem: —L =%
26, 06,

[Monmyunm npousBoaHy0 1O BpeMeHH ot yrpasieHus (10), koropoe
TpebyeTcss sl pacueTa SIKOPHOTO HANpsDKEHMS M0 BBIpaXkeHHIo (8) s
Cily4asi, KOTr/la B Ka4eCTBE IPHUBOAOB COWICHEHUH HCIIONIB3YIOTCS JIIEKTPO-
MIPUBOJBI TIOCTOSIHHOTO TOKAa C TMOCTOSHHBIM BO30YXIICHHEM. YUHUTHIBas

dim@ = (6x1), diimG = (1x6), dimf, =(1x1), nonyuaem:

dimG* = dlm(GT GG’ 1) =(6x1)1x6)6x1)=(6x1),

dim{ 6Ga+9(0)] (af g j (1x6), dim{ oG J =(6x6).

00
Torna:

:
0250 8. 10 20 0.
[aiu . G_JJ

00 T, T, 00

OxoHYaTEIbHOE BBIPAKEHHE IS SIKOPHOT'O HAPSHKEHHS C MOJIEIIBIO
npuBoja (7) moiydaer BUI:

1 oGt J-J 1 o . (19
=— Ji(e{[__.—_G-'—.F.%JJ.J’_kCl ui“"Mg[(G)
1
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BeipaxkeHust Ui IPOU3BOJHBIX MOTYT OBITH MOJyYEHBI Ha OCHOBE
(10), (13) u umeroT BUA:

861 a 0G| 0G, 0G,
= .. e A= . e
0 0Gy 0Gg | G +..+GZ| 0Gg 0Gy
a cee Qg—> _— ... =
06, 00, 06, 00,
6 oG
a; =23 G; 20
j=1 i

aG; 0%5,(0)
—23 A S s 0)

LxAjiqX.. XAéJ ,

OA;
GIZZZFjgj(B(I){AIX XAl 1>( 60 ;

i

2
a 5k(0):ﬂ Alx...XAk_lX%XA]{+IX"'XA6 =
06;06; 00, 06, ki

i
OA ; OA,
J i L
[Alx...xAj_l xa—ajx...xAij...xAl-_] Xa_H[XAi+1X"'XA6J .,z;t],
ki
2
A;
{Al X XAy X —(‘Z)XAM x. XAsj =
G i
i,j=1,...,6.
o] & OA,
—— =D 2F | A|x.. XA X—LXA X XA
00, ’
i J=1 i i
Takum 06pa3om, yrpasisioliee Bo3aeiHcTBust B hopme anredpande-
CKHMX W TPAHCLEHAEHTHBIX BBIPAXKCHHH, I'lle TPAHCLEHICHTHOCTh CKpPHITa B
3aBHCHMOCTSIX A; 0T TpuroHoMmerpuueckux ¢yHkimii (cMm. (1)). Hamom-
HUM, 4TO ynpasnenus u; sssorcss MKC-ynpasnernsamu (10 — 13). Ecin

BBIYMCIIATENFHBIE BO3MOXKHOCTH YIPABIIAIONIET0 KOMIIBIOTEPA OTPaHUYEHBI
Y HE CIIOCOOHBI B PeabHOM BPEMEHH PAaCcCUYUTHIBATH MOJIYUYCHHOE YIIpaBie-
HUE C YYETOM KOHKPETU3UPOBAHHBIX aHATUTUYECKUX BBIPAXKEHUH IJIs1 TPO-
W3BOJIHBIX, TO OCTAETCSI BOBMOXHOCTh UCIIONB30BaHus Gopmysl (8), npea-
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THoJIararouleil HaJau4yue U3MEpUTeNeil YIIoBbIX YCKOPEHUH POTOPOB IPHBO-
J0B. 3aMeTHM, 4YTO IpU BbIYMCIICHUM ympaBileHuil u; u U y; Haubonee
TPYAOSMKHUMH COCTaBISIOIINMH SIBILIOTCS T€, TIE PACCUUTHIBAIOTCS HPOH3-
BEJICHUsI MaTpull A; ¢ BKpaIUICHHMAMH Ha COOTBETCTBYIOIIMX MeCTax

0A;/00; wumm azA,-(ei )/ (06, )2 . IIpu 3ToM cymmecTByeT BO3MOKHOCTb
palMoOHATN3aIMM BBIYMCICHUH 3a CUET MHOTOKPAaTHOI'O HCIIOJIb30BaHUS
YAaCTUYHBIX MPOU3BEICHUI MaTpuLl A; :

A, A1A,. ., AJA A3A A5, A6, A5AG,..., A3 A3A4A5A ¢

VYka3zaHHBIE YaCTHUHBIC MPOU3BEACHUS PACCUMUTHIBAIOTCS OJUH pa3
Ha Ka)XJOM BPEMEHHOM IIIare, COXPaHAIOTCS B MAMATH, U HCHOIb3YIOTCS
TIPY BBIYUCIICHUH NPUBENICHHBIX BBIIIE BBIPAKESHHI.

6. Pe3yabTaThl MoJeIUpOBaHusA. J[1s TECTUPOBaHUS MPEASIOKEH-
HOTO TT0JIX0/1a K MOCTPOeHHIO ynpasieHus AM paspaboraHa nporpamMma u
BBIIIOJIHEHO KOMIIBIOTEPHOE MOZAENUPOBaHUE ynpaBineHus AM u; Monenu
(6) B Bune MKC-ympasnenus (10-13).

B kauectBe neneil ynpapieHus: BRIOpaHbl clenytomye: 1) npusene-
uue 3¢dexropa B Touku I11, [12, ynaneHHsie oT ocHOBaHUs AM Ha MakcH-
MaJIbHOG/MUHUMaJIbHOE paccTosHus 1,2M/0,25M Brepen; 2) npuBeACHHE
AM B Touku I13 (+), [14 (-) Ha rpaHuIax cekropa +60° U 3aJaHHBIM Mak-
cUManbHBIM paauycoMm 1,2 M; 3) mpusenernne AM B Touku 15 (+), I16 (-)
Ha TpaHunax cekropa +60° U 3amaHHBIM MHHHUMAIBHBIM paguycom 0,25M;
4) npuseneane AM B Touky 17 ¢ mpon3BOJIBHBIMU (B JOIYCTUMOH 00ia-
CTH) MapaMeTPaMH OPHEHTAIMH 1 TOJI0)KEHHS.

PesynbraTsl MOZEIMPOBAHMS IPUBEIEHBI HIDKE JUTS CIEAYIOINX Ia-

paMeTpoB MOJIENN: HavYalbHBIC YCIOBHS 0| 0= 0 90° 0 65 0 0);
T, = 0,01c ; BpeMs MOIEITMPOBAHMSA tf =lc; F=1;J =0.

Bruagaie TNPUBEAEM CPABHUTCIIBHBIC 3HAYCHNSA ONPEACIICHHBIX BBIIC

% * *

LIEJIEBBIX MATPHI] T(nn, 0,5 a:l,f)n) u matpun P = A(O(t 0 )) = ﬁAi(Hi (t f )) )
i=1

MOKAa3BIBAIOIINX IOCTUTHYThIE KOHEUHBIE OPHEHTALHIO U ITOJI0KEHHE.
Jmnsa Touku [11 momydeno:

0 1 0 1038 0 1 0 10379

10 0 06 10 0 06
T = 5 P =

00 -1 0 0 0 -1 0

0 0 O 1 00 O 1
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Jost Touxu T12 monmyueno:

01 0 09515 —0,0008 1 00,9445

T 10 0 -055| p_ 1 0,0008 0 —0,5425
00 -1 0 | 0 o -1 0
00 O 1 0 0 0 1

Jns Toukn I13 ¢ paccrostHnem R =1,2 M Ha rpanuie cekropa +60
rpagycoB BHAauaje BBIYMCIUM PACCTOSHHS MO ocaM X, . [lomyunm npu
R=12:

R
¥ =R-cos60° 0,6

x =+/R? / I 0,6-1,73=1,038 .

Torna mmst touku 113 nomywaem:

0 1 0 1038 0 1 0 10379

1 0 0 06 1 0 0 0,6
T= , P=

00 -1 O 0 0 -1 0

0 0 O 1 0 0 O 1

Jmst Touku I14 ¢ paccrosauem R = 1,2 M MOJTy4YeHBI OTHOCUTEIHHO
OouiblIMe TOrpentHocTy no3uunonuposanus (5 — 10 cm). [Toatomy paccro-

L1
sume R Obuio ymenbmeno Ha O,1Mm, uw min  y= —j =-0,55;
x=0,55-1,73=0,9515 mony4eHo:
01 0 09515 ~00008 1 0 09445
10 0 055 p_| 1 00008 0 -05425
oo o || o 0 -1 0
00 O 1 0 0 0 1

Jns toukn I15 ¢ paccrosanem R = 0,25 M Ha rpaHune cexropa +60
rpaaycos pu x =0,125-1,73=0,2163, y =0,125 noayueHo:
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01 0 02163 ~0,0008 1 ~0,0006 0,2133
10 0 0125 1 0,0008 —0,0004 0,1272
T=lo 0 21 o " ~|-00004 —00006 -1 00035
00 0 1 0 0 0 1

Hmst touku I16 ¢ pacctosHueM R = 0,25 M Ha rpaHune cekropa —60
rpaaycoB nipu x =0,125-1,73=0,2163, y =—-0,125 nony4eno:

01 0 02163 0 1 0 02162

1 0 0 -0125 1 0 0 -0125
T= S B

00 -1 0 00 -1 0

00 0 1 00 0 1

Hnst Touku 17 co ciydaliHpIMM B JOIYCTHMBIX JHalia30Hax 3Haude-
HUSIX DJIEMEHTOB MaTpuisl T MOIydeHo:

-0,0933 -0,9616 0,2581  0,7265
T 09728 -0,1432 -0,1819 -0,0822 ’
0,2119  0,2341  0,9488 -0,6157
0 0 0 1
—-0,0933 -0,9616 0,2581  0,7266
P 09728 -0,1432 -0,1819 -0,0822 .
0,2119  0,2341  0,9488 -0,6159
0 0 0 1

[Ipwu 3amanny mapaMeTpoB OpPUECHTALIMH B JIEBOI YIJIOBOW IOAMATPH-
e pa3MepHOCTH 3X3, TO ecTh MaTpHlle IOBOPOTA, CIEAYET UMETh B BHUIY,
YTO yKa3aHHBIC TTapaMeTPbl HE MOT'YT BBIOMPATHCS MPOM3BONIBHO. Tak, Bek-
TOP-CTOJIONIBI MaTPHIBI TOBOPOTA JIOJKHBI 10 HOPME OBITH PaBHBI €AWHH-
11aM, a YIJIbl MEXTy BEKTOpaMH JIOJDKHBI OBITH MPSIMBIMH, 00pa3yoIuMU
MIPaByI0 CHCTEMY KOOpAMHAT. TakuM o0pa3om, W3 AEBATH HJIEMEHTOB MaT-
pHUIIBI TIOBOPOTA, HE3aBHCUMBIMHU SIBISIFOTCSA TONBKO Tpu. CiemoBaTenbHO,
MaTpuuHas cucrema ypaBHenuit P =T, dopmanbHo copepxaiias 16
ypaBHEHHH (M3 HUX 4 TOXIECTBA) ¢ 6-10 HEM3BECTHBHIMH, Ha CaMOM [IeJie
COJICPKUT BCEro 6 HE3aBUCUMBIX YPaBHEHUH BBHY HAJHYHS CBSI3CH MEXKIY
AJIEMEHTaMU MAaTpPUIbl TIOBOPOTA — TPEX CBS3EH JIJIsi HOPM U TpeX CBS3ei,
OTIpeNIeNAIONX OPTOrOHATBHOCTH TPEX Map BEKTOPOB. DTO OMNpeenseT
€IMHCTBEHHOCTh pemieHus cucreMsl P = T, eciiu siIkoOMaH 3TOI CHCTEMBI
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sBJIsIeTCS HeocoOoi marpuiield. B mpoTHBHOM citydae pelieHue He eInH-
CTBEHHO.
[Ipu dopmupoBanun Marpunsl 7 anst Touku [17 mcnonb3oBanock
6 n, o, a, p
DH-npeo6pasosarme A(0)=[]A; ()= " " "™ "™| nmpu cuy-
i1 0 0 0 1
4aiiHo BbIOpaHHBIX 3HaueHUAX ;. Ilpu npumenenun MKC s pemenus

0oOpaTHOW 3a7auu TMONydaeTcs OHO W3 BO3MOXHBIX PEILICHUH, €CIH HX
MHOTO.
Ha pucynkax 2 u 3 nokaszansl rpa)uKi 3aBUCUMOCTEN OT BpeMEHH f

12
Ko® J(B(t))z ZFJ§]2- (O(I)) U YITIOB O(t) nnst Toukn I13. TIpm sTom Ha
j=1

rpaduke puCyHKa 2 MOKa3aHbl CIMBILHECS ABE KPHUBBIC — TEOPETHUYECKAst U
¢daxtryeckas K®. Dro ceunerenscrByer o Tom, MKC-ynpaBnenue nocTu-
raeT MOCTaBJIeHHOH 1enu — npuBegeHns K@ k 3amaHHOMY HyJIeBOMY 3Ha-
YEHUIO, YTO CBHUJETENBCTBYET O IPAKTHYECKN HYJIEBBIX HEBs3KAX (5).

8 : . . ; ' - . :

w
L

J
B

0 0.1 02 03 04 05 06 07 08 09 1
t[c]

Puc. 2. 3aBucumocTh 1e7IeBOH (GyHKIUH OT BpeMeHH 11t Touku [13
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3.5 T T T T T T T T
66
3 —
25 1
2 "
R :
=
s %
g 1 : -
)
0.5 LJ 1
0 L
05 ]

1 L 1 1 1 1 1 1 1 L

0 01 02 03 04 05 06 07 08 09 1
t, [c]

Puc. 3. 3aBucumocTy yriios 61 (t), i=1,...,6 mams rouku I13

B Tabmmme 2  mpuBENCHB  KOHEYHBIC  3HAYEHWS  YIJIOB
6, (t f), i=1L...,6 nms touek I11 — I16 BMecTe ¢ UX MpeAEbHBIMUA qHAlIa-

30HAMH.

Ta6muua 2. Ipenenbuble 3Ha4eHns yriioB &, (t f), i=1,...,6

HI 62 63 94 95 96
[-90°,490°] | [-90",+180"]| [~180°,+180°] | [-30",+165 ]| [<90°,+90°] | [~100",+100°]

I | -1,2620 | 90,0100 | 90,0808 84626 | -0,0683 | 1704721
T2 | 83467 | 90,0122 | 89,9683 | 164,450 | -0,0466 | 23,0068
4
I3 | 402298 | 90,0104 | 90,0206 | 54,5863 | -0,0128 | 173,6506
T4 | -2,4224 | 90,0097 | 90,0412 | 19,2668 | -0,0294 | 1352707

I15 8,7142 | 90,2769 56,8330 179,438 - 9,1524
5 33,1665

6 | -5,0186 | 90,0121 89,9861 155,830 | -0,0297 19,1577
5
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B GonpIIMHCTBE city4yaeB Ipe/ie/bHbIEC 3HAUCHUs COOMIOAAIOTCS I
HapyLIarTCsl HE3HA4YUTeNbHO. MHOrna HapyleHue CyIIECTBEHHO, HallpH-

Mep mo yray 6. OmHako, U3 pucyHKa la BHAHO, YTO COOTBETCTBYIOLIAS

KII mnst BpamieHus cxBaTa HE MMEET NPUHIUINAIBHBIX OTpaHUYNTENCH Ha
yroJ MOBOPOTA 3BE€HA BOKPYT MPOJOIBHON OCH, TIO3TOMY YKa3aHHbIE Orpa-
HUYEHHS MOXHO YBEIMUYUTH 0€3 3HAUUTEIBHBIX KOHCTPYKTHBHBIX IEpele-
JIOK.

7. 3akarodenne. CpaBHuBasg MaTpuubl P ¢ LIeI€BBIMH MaTpHIIAMU
T ans touek [11 — 17, BuanM, 9TO MOTPEUTHOCTH TOCTHKEHUS KOOPAMHAT
II0 OCSIM X, Y, Z IOCTATOYHO Majbl U HE mpeBbimaoT 2 cM. [lorpemHocTn

KOHEYHOH OpHeHTanuu 3P HeKTopa TaKKE 0UYCHb MaJIbI (TIOTPEIIHOCTH KOM-
MIOHEHT EOUHUYHBIX BEKTOpOB opueHTanuu He npeBbmmaor 0,0008). ITpn
9TOM HamOOJbIIAs MTOTPEIIHOCTh HAOIIOACTCSl HA MAaKCHMAJIBHOM «BBIJIE-
Te» pyku AM. B OONBIIMHCTBE e CIydaeB OMIMOKH IOJOKEHUS JIeKaT B
Ipeaenax MIJUIMMETPOB U JI0Jeld MIJUIMMETpa. 371eCh He YUTEHbI IOTrpell-
HOCTH W3MEPHTEIIEH yIJIOB IMOBOPOTA M POTAIMN 3BCHHEB, KOTOPHIC B JIaH-
HOM II0/IXO/I€ AOJIXKHBI UCIIOJIb30BAThCS, IOCKOJIBbKY YIIPABJIEHUE UCIIONb3Y-
eT oOparHble cBsi3u. 3aMeTuM Takke, yTo MKC He HakamiuBaeT OmmMOOK
HPEeAbICTOPUH, TIOATOMY CITydalHblE LIECHTPUPOBAHHBIC OLIMOKH M3MEPEHUIl
Oy/IyT KOMIIEHCUPOBATHCSI.

[To pe3ynbpraTaM HCCIIEIOBAaHUI MOXKHO C/IENaTh CIIEAYIOIINE BBIBO-
JbI:

1. MeToa KOHEYHOTO COCTOSHHS OKa3ayicsi paboTOCIIOCOOHBIM ISt
pelIeHnsT 337a4X YNPABJICHUS IIOJIOKEHWEM W OpPHEHTAlMeH KOHEYHOTO
a¢dexropa aHTPONOMOP(HHOr0 MaHHUITYJISITOPA.

2. To4HOCTh JOCTHMKEHMSI 33JaHHBIX 3HAYCHUH MPOCTPAHCTBEHHBIX
KOOPJHMHAT yJIOBIECTBOPSIET 3aJaHHBIM TPEOOBAHUSAM — JI0 SCM.

3. JIByXdTamHblid crIoco0 yueTa AMHAMUKU CHCTEMBI, IPUMEHECHHbIH
¢ 1enbio yrporeHus pacuetoB MKC-ynpaBineHus, MOXKET IPUMEHATHCS U B
cllyyae WCIONb30BaHHs APYI'MX METOJOB aHAJMTHUYECKOrO CHHTE3a HEeJH-
HEHHBIX CUCTEM, HAIIpUMeEp, NPUHIIUIIA MaKCUMyMa.

4. Tlpeanaraemblii OAXOJ MO3BOJISET BMECTO OTHOCUTENIBHO AOPO-
THX CEpBOIIPHUBOJIOB, OTPa0aTHIBAIOIIMX 3aJ@aHHbIC 3HAYEHHS IIpeBapH-
TEJIFHO PAacCYUTAHHBIX YTJIOB MOBOPOTA COWICHEHHWH, NCIIOJIB30BATh OOBIU-
HBIE TIPHUBOJIBI PA3HOTO THIA (B CTAThe B KaUECTBE MPUMEPA B3AT IEKTPO-
TIPHUBO/ TIOCTOSIHHOTO TOKA); TIPH 3TOM HCIIOJIb30BaHUE OOPATHBIX CBA3EH OT
(haKTHIECKMX 3HAUYCHHUH YTJIOB MO3BOJIET JIETUE JOCTHYb TpeOyemoil Tou-
HOCTH, Y€M IIPU UCIOIb30BAHUH IPOTPAMMHOTO YIIPABICHHUS.

JanbHeiime uccaenoBaHus B JaHHOM HAIPABJICHUM B YacTH IPH-
MEHEHHUsI MeTOJa Ha MPaKTHKe — WASHTH(UKanUs MoJesell IPUBOJOB IIy-
TEM IMPOBEJCHUSI HATYPHBIX MOJBOIHBIX 3KCIEPHMEHTOB C IIEIbIO ONpe/e-
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JIEHUS! TIPUCOEIMHEHHBIX MOMEHTOB COINPOTHBIEHUS W uHepiuu. Lleneco-
00pa3HO TakKe pa3BUBATh MPUMEHCHHBINH 371€Ch ABYXITAMHbIN MOIXOM IS
JIPYTUX 3a]1a4 yIpPaBIICHHUS.
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A. BALABANOV, A. BEZUGLAYA, E. SHUSHLYAPIN
UNDERWATER ROBOT MANIPULATOR CONTROL

Balabanov A., Bezuglaya A., Shushlyapin E. Underwater Robot Manipulator Control.

Abstract. This paper deals with the problem of bringing the end effector (grip center) of
an underwater vehicle anthropomorphic manipulator to a predetermined position in a given
time using the terminal state method. A dynamic model with the account of joint drives
dynamics is formulated on the basis of obtained kinematic model constructed by using the
Denavit-Hartenberg method (DH model). The DH model is used in a terminal nonlinear
criterion that displays estimate of the proximity of the effector's orientation and position to the
specified values. The dynamic model is adapted for effective application of the author's
terminal state method (TSM) so that it forms a system of differential equations for the rotation
angles of manipulator links around the longitudinal and transverse axes, having only desired
TSM-controls in the right parts. The converted model provides simplifications of controls
calculation by eliminating the numerical solution of special differential equations, that is
needed in the case of using in TSM nonlinear dynamic models in general form. The found
TSM-controls are further used in expressions for control actions on joints electric drives
obtained on the basis of electric drives dynamic models. Unknown drives parameters as
functions of links rotation angles or other unknown factors, are proposed to be determined
experimentally. Such two-step procedure allowed to get drive control in the form of algebraic
and transcendental expressions. Finally, by applying the developed software, simulation results
of the manipulator end effector moving to the specified positions on the edge of the working
area are presented. The resulting error (without accounting measurement error) does not exceed
2 centimeters at the 1.2 meters distance by arm reaching maximum of length ability. The work
was performed under the Federal program of developing a robotic device for underwater
research in shallow depths (up to 10 meters).

Keywords: underwater research device, anthropomorphic manipulator, nonlinear system,
terminal state method, terminal control, Denavit-Hartenberg kinematic model, manipulator
dynamic model.
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D. TRUNG, N. TUAN, N. BANG, T. TUYEN
SYNTHESIS OF LINE OF SIGHT ANGLE COORDINATE FILTER
ON THE BASIS OF INTERACTIVE MULTI-MODEL
EVALUATION ALGORITHM

Trung D., Tuan N., Bang N., Tuyen T. Synthesis of Line of Sight Angle Coordinate Filter on
the Basis of Interactive Multi-Model Evaluation Algorithm.

Abstract. On the basis of the tracking multi-loop target angle coordinate system, the
article has selected and proposed an interactive multi-model adaptive filter algorithm to
improve the quality of the target phase coordinate filter. In which, the 3 models selected to
design the line of sight angle coordinate filter; Constant velocity (CV) model, Singer model
and constant acceleration model, characterizing 3 different levels of maneuverability of the
target. As a result, the evaluation quality of the target phase coordinates is improved because
the evaluation process has redistribution of the probabilities of each model to suit the actual
maneuvering of the target. The structure of the filters is simple, the evaluation error is small
and the maneuvering detection delay is significantly reduced. The results are verified through
simulation, ensuring that in all cases the target is maneuvering with different intensity and
frequency, the line of sight angle coordinate filter always accurately determines the target angle
coordinates.

Keywords: flight equipment, target, maneuver, angle of line of sight, interactive multi-
model.

1. Introduction. In the flight equipment, the target angular
coordinate determination system is actually the tracking system that
determines the target coordinate parameters. In an angle measuring device,
the directional device generates signals that are proportional to the target
tracking error according to the angle. This error in the vertical plane is
determined by the angle Ag,, between the signal balance direction of the

antenna and the target direction [1-3]. Figure 1, O, and O, - the position of

the control object (flight equipment) and the target in the non-rotation
coordinate system X, O, Y, , attached to the flight equipment.

Yo 4 o,
Target
A, X,
Poa X, oy
Wr
Flight 19
equipment &
@ d X,

a

Fig. 1. Motion correlation between the flight equipment and the target
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where: O, X, - longitudinal axis of the flight equipment;

0,X, - the signal balance directional of the directional device;

g, - angle of the line of sight to target in the inertial coordinate
system X, 0,7, ;

@, - angle of the line of sight compared to the longitudinal axis of
the flight equipment;

@,, - the angle of rotation of the antenna compared to the longitudinal
axis of the flight equipment (the directional angle of the antenna);

9 - flight equipment nodding angle;

0, O, - the flight equipment line of sight;

Ay, - angle difference between the signal balance line and the line of
sight.

The task of the problem determines the coordinates of the target
angle: Generates angle ¢, and w, speed coordinate evaluations of the line
of sight. On the current flight equipment control systems, the determination
of & and w, is done by the tracking one-loop angular coordinate

determination system [4-7]. With this method, ¢, and «, are received
using directly the signals from the antenna transmission system ¢, and
from gyros measure the longitudinal axis angle . The evaluation error ¢,
and o, of this method will be large, especially in the case of the

maneuvering target, due to the fact that the antenna has large inertia [3, 8-
11].

Based on the application of optimal control theory and optimal
filtration theory, the target angle coordinate determination system on current
flight equipment is built with the tracking multi-loop [12, 13]. This
coordinate determination system has a smaller error than the tracking one-
loop system, especially in the case of a maneuvering target, because &, and

w, are evaluated by a separate tracking loop without using directly the ¢,

signal as an evaluation signal [3, 14].
However, the tracking multi-loop coordinate determination system
only takes into account the maneuvering target situation with specific values

of maneuvering intensity (0'; ) and maneuvering frequency («;). That is, it
remains unresolved for the class of the problem taking into account the

diverse maneuverability in the reality of the target. Therefore, when the
actual maneuvering of the target is not consistent with the hypothetical
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model used to synthesize the coordinate system, the evaluation error ¢, and
w, will increase.

Therefore, the task set out for the article: based on the tracking
multi-loop coordinate determination system, building an algorithm to
improve the accuracy of the target angle coordinates in maneuvering target
conditions.

When applying optimal control theory and optimal filter theory, the
problem of synthesizing systems to determine the target angle coordinates
can be divided into two problems, namely:

The antenna control problem so that the signal balance line (O, X, )

coincides with the direction of the line of sight (O, O, ). This problem has

been solved 3] or the optimal control technique [4, 9] can be used to
synthesize the control law, so the article does not set out, but only applies
the results when necessary.

The problem of evaluating the phase coordinate of the line of sight
g,, w, takes into account the interaction of other parameters (4, ¢, ...)

and the maneuvering of the target. This problem is solved by the article in
the direction of synthesizing the adaptive system to improve the accuracy of
the target angle coordinates in maneuvering target conditions.

The general method to improve the evaluation ¢,, o, in

maneuverable target conditions is to use adaptive Kalman filtering
techniques. Single-model adaptive filtering techniques perform the
adaptation on the corrected phase or predictive of the Kalman filter
algorithm [4, 15-18]. With these methods, the structure of the filter is
relatively simple, however, the evaluation accuracy is not high and the
maneuvering detection time is kept slow compared to the multi-model
adaptive filtering techniques. In the multi-model adaptive filtration
technique, with the assumption that the process follows one of the N known
models, the evaluation accuracy is higher and the maneuvering detection
delay is significantly reduced [3, 19-20].

2. Synthesis of the line of sight angle coordinate filter.

2.1. Selection of different models for the interactive multi-model
evaluation algorithm. The purpose of the line of sight angle coordinate
filter is to evaluate the line of sight angle, line of sight angle speed and
target normalization acceleration in order to provide the information
required for the flying equipment guide law. With the optimal target angular
coordinate system, this filter is designed with the Singer model with fixed
parameters. Then, the model’s equation of state takes the form [3, 12]:
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& =aw,, @)

. 2D 1. .
Dy =y +5(]t “Ja)s 2)
Jo=-aj, ¢, &)

where: D - relative distance between flight equipment and target;
J, - normal acceleration of the target;

J, - normal acceleration of the flight equipment; & ;, - process noise

of the model.

Based on this idea, the article adds 2 other models, characteristics for
the small and large degree of maneuverability of the target. The model with
constant velocity (CV model) and almost constant acceleration model (CA
model) to build the interactive multi-model (IMM) evaluation algorithm for
the line of sight angle coordinate filter. This choice is derived from the point
of view, these 3 models are suitable for 3 different levels of maneuverability
of the target.

Thus, the line of sight angle coordinate filter includes 3 linear
Kalman filters running in parallel using 3 models, respectively, the CV
model, Singer model and CA model. The final state evaluation is a
combination of component filters with weighting on the exact probabilities
of each model. As a result, the evaluation quality of the target phase
coordinates is improved because the evaluation process has a redistribution
of the probabilities of each model to suit the actual maneuverability of the
target. The specific kinetics model to build these 3 filters is as follows:

— The Kalman 1 filter uses a CV model for synthesis (Fig. 2). This
model considers the target normalized acceleration as white noise j, =¢

[5, 12]. In this case, the velocity and angle of the target orbital inclination (8, )

are almost constant due to 9, = % (assuming the target velocity is constant).
t

This model characterizes the degree of maneuverability of the smallest

targets.
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Fig. 2. CV model to synthesize the Kalman filter 1

The model’s equation of state takes the form:

&=y, 4

. 2D 1.1, 2V, 1. 1
C()d:_gwd_gjd +B§: D @y _B]d +B@r ®)

Where: % - line of sight angular acceleration noise, due to the

uncertainty in the model CV causes, V,, = -D - target approach speed.

The vector form of the system of equations above:

xl = F hIxI +Gmh1u1 +wl ° (6)

m

&y
Where: x, =

} - target phase coordinate state vector;
d

u, = j, - control signal;

0 1
F, = 0 2V, | - state transition matrix of filter 1;
D
0
G,..=| 1 | - control matrix;
D
0 0
0. = ) 0'51 - covariance matrix of process noise.
DZ
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The discrete model above with cycle 7, the base matrix is
calculated as follows:

®,,t)=L"{(pI-F,,)"}.

Inside: L' - inverse Laplace transformations, I - the unit matrix
has dimensions consistent with F,, .

Replace the sampling cycle T with the variable ¢ of the base matrix
to get the transition matrix @, = @(T).
The discrete form control matrix, received by the formula:

T
Gy = [®,,(0.G,dt
0
The discrete form of the covariance matrix of the process noise:
T
0 = [,,(0.0,, D], Wd:
0

According to the above general formulas, the parameters of the CV
model discrete form:

[, DB-D
D, = 2V, - state transition matrix;
L0 B
[T Dp-1)
v, 4 .
G, = - control matrix.
1-B
s

The covariance matrix of the process noise discrete form as follows:

2
D(fV-I)_D(I,/;’-I)+T
th[ (I, ]): tc 4V2 tc O-j] ,

tc
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_ _(B-1 B-1
th, (I’ 2)_ th, (2’ ]) _E 8Kf - 4[/[(2 O-j, B
p-1 ,
2,2)= o, .
thl( ) 4VD a;

tc

20, T
Inside: f=e P , T - discrete cycle.

2 . . . . ..
o, - process noise variance, which is characteristic of the

maneuvering intensity.

— Filter Kalman 2 uses the Singer model (Fig. 3) to describe the
target’s movement [5, 12-13]. This model characterizes the moderate
maneuverability of the target, shown through the selection of two fixed

arameters, maneuvering frequency «, and maneuvering intensity o . The
p , g frequency a; g e

kinetics of model 2 has the following form:

]/a/ i i ; +

—

£
Smt

Y

Fig. 3. Singer model to synthesize the Kalman filter 2

1/a;
In the above model, the input inertia stage (/—jrl) is the shaping
s/a,
J

filter. To create the target maneuvering style with constant intensity and the
moment of maneuverability evenly distributed during flight time, the
spectral density function of process noise &, has the form:

.2
2 _ jmaXZ

a T
S

[

Where: j, ., - maximized target normal acceleration, maneuverable;
T, - flight time.
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Equation of state of model 2 (Singer model).
The above equation is in vector form:

&=y, @)

. 2V, 1. 1,
w, = D[ w, +BJ;‘BJW (®)
Ji=-0j,+E, ©)

The above equation is in vector form:

x2 = thZxZ + GthuZ + wZ .

€4

Inside: x, =| w, | - target phase coordinate state vector;

Ju
0 1 0
2V, 1
F, =0 £ — | - state transition matrix of filters 2;
: D D
0 0 -a
G,, =|-—| - control matrix;
0
0 0 0
Q..=10 0 0 055 - covariance matrix of process noise.
0 0 1
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Similarly, we have the parameters of model 2 in discrete form:

-aT

] D B-1) e 1 N Dp
2, a2V, +Da) 2V,o 2V, (2V, +Da)
o -lo B ,
" 2V, +Da
0 0 e’
T DI-p]

W, 4

G,.,= -5 - control matrix.
2V,
0

Covariance matrix of the process noise discrete form as follows:

D'a’

2
@ - 4DV, )T 4DV, 4V )-B- (L4 2D
O, (1.1)= ? 2 4 3 3 4 2 “
: 4D’V o’ +16DV e’ +16V a
o2 3 22 D? W
_L(Q'Z‘ﬂ_[)-‘,—l)a(ﬁ ])+4 Kca(ep T_I)
o 4I/IC 2I/tc -Da 2
-0
4D°V2a' + 16DV e’ +16V o’ “
2l D’a 27,

T +D)-(e" -I)(D+7"‘)

De " -1)-(B-1)(
Ic
2DV, &’ +8DV o’ +8V o
(€' -1) D'ap’-1)
4V, B
-0
2DV, 0’ +8DV2a’ +8Via “

0,1,(1,2)=0,,,(2.1) =

N

a
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20, T

20T L e
@ -+l ) Sl 2D De T oD
a a -bPa
13)=0 (3.1)= 0
O, (1:3)= 0, 3.1) 4V a+2DV, o’ “
ZV"T-aT
I_e-ZaT N D(ﬂZ _]) ] ZD(e D _1)
2 4V 2V, -D
Qm . (2) 2) _ a tc tc a . 0'52 )

D’o’ +4DV, a+4V;

Qm,,z(z,S)—Qm,iz(3,2)—( e +D(ﬁe‘ﬂ")};,

2(Da’ +2V,a) 4V} -D’a’

-2aT
1-e 5
2o %a, -

0,1,3.3)=

— Filter 3 is synthesized based on the CA model (Fig.4). This model
considers the target normal acceleration is almost constant (also known as
the Jerk acceleration model is approximately equal to 0 ) [5, 12-13]. This
model characterizes a high degree of maneuverability, when the target is to
maneuver continuously at nearly constant acceleration.

Fig. 4. CA model for synthesis of Kalman filter 3
Then, the model’s equation of state takes the form similar to (7), (8):

&y =Wy, (10)
. 2V, 1. 1,
w; = D'a)d +B];'B]d> (11)
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J=¢<, . (12)

In which, the input integral stage is the shaping filter. Similarly, to
create the target maneuvering style with constant intensity and the moment
of maneuverability evenly distributed during flight time, the spectral density

function of process noise &, has the form:

.2
2 _ ]max}

ai T
S

g

Where: j, ., - maximized target normal acceleration, maneuverable,
T, - flight time.

Note, when designing each filter, the spectral density of the process
noise in the Singer and CA models is different, due to the different
maneuvering intensity.

Equation of state in vector form:

x3 = F h3x3 +Gmh3u3 +w3 N (13)

m

€4

Inside: x; =| w, | - Target phase coordinate state vector.

j[d
0 1 0
2V, 1 .. .
F, =0 — | - State transition matrix of filters 3.
’ D D
0 0 0
0
1 .
G,,; =|-—| - Control matrix.
D
0
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0 0 0
2 . . .
0 0 0|o, -Covariance matrix of process noise.

0,5 =
0 0 1

Switch to the discrete model, we have:

', DB-1) DB-1) T ]
A A
p-1 . .
D=0 B — - State transition matrix.
27,
0 0 1
7 D -
—t—(1-
2V, 4V D
I-
G,;= -5 - Control matrix.
2V,
0

Covariance matrix of the process noise discrete form as follows:
DB’ -1) DT D1 DI’ T’ ),

O, (1) = (,85)+ 4 4ﬂ+ ;T 7 |04,

3 64V 16v! sVl syl 1217 )

Dz(ﬂz_u DT DIp Dz(ﬁ—]) T’ 2

-0 (1= L DT DI1j + ,

O, (1.2)= 0, (21) ( vl syl osvlo 16wl 8yl )"
D’(-1) DT T? ) ,
1.3)= 3,1)= - - O, >
0ut9=0u 20 TS

DB -1) DB-1), T | .
2,2)= - + )
O 22 [ 16, vl )
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DB-1) T ),
—_— ———— o' N
v 2. )"

Q%Q$=Q%ﬁ@=[

0,,033)= Tai ,

2, T
where f=e P , T -discrete cycle.

2.2. The algorithm to evaluate the coordinates of the line of sight
angle with 3 different models. On the basis of the interactive multi-model
filtering algorithm [15, 19-21], we have a general block diagram describing
the evaluation algorithm of the line of sight angle coordinates shown in
Figure 5.

The process of implementing the evaluation algorithm of the line of
sight angle speed filter is as follows:

Step 1. Call p;, (i,j=1,2,..., N) — the probability of changing from
the model i at time (k-1) to the model ; at time k . This probability is

constant throughout the evaluation process. We choose the model transfer
probability matrix as follows:

0,9995 0,0001 0,0004
II=10,0004 09995 0,0001.
0,0001 0,0004 0,9995

In which, model 1 is CV, model 2 is Singer and model 3 is CA.
Call w,(0) - model probability at the time of initialization. In the

beginning, the true probabilities of the 3 models are equal, so:

1
Her (0) = pgneer (0) = e (0) = E .

Step 2. Calculate the mixing probability, that is, the appearance
probability of the i” model at time (k-1) with the ;* model condition at

time % .
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Xk-1) X(k-1)
| b pulk-1)
First condition mixer <
:u,‘,(k -1)
)%m(k-]) )%(E(k-])
P"(k-1) PPk-1)
z(k)
A A
Kalman filter . |Kalman filter
1 3
A® ,| Update model
probabilities
and mixing
Adk) "| probabilities
> Combination
- of states
" ¥k S () v k) v (k) T
» » (9
(k) (k) P

Fig. 5. Block diagram of line of sight angle coordinate filter with 3 component
Kalman filters: g, ;(k - 1) is defined as:

1 o
ﬂw(k-l)zg—pi,ﬂiﬂc-l); with i,j=1,2,3; (14)

J
3

¢, =D pulk-1); withj=123.
i=1

Step 3. Mix the first condition for the ;” filter:
Input status, after mixing:
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3
X (k-1)= X (k- Dy, (k-1); With j=1,2,3; (15)
i=1
correlation of input errors, after mixing:

3
)}()/'(k_]):Z)”c’(k-])yilj(k—]); With j=123; (16)
=1

I’”ﬂf-l)=Zu,‘,-ﬂc-1){P(k-1){9&-1)-&"”&-1)][&’&-1)-36"”'(/6-1)]7} X k-1)
, (17)
= % (k- - s With j =123

Due to the fact that the state vector size in the CV model is 2, and the
Singer model and the CA model are 3, we need to solve the problem of
mixing three models with different state vector sizes. In [15, 22-24] has
proposed several ways to solve the problem. Here, we simply choose that
when mixing for the CV model (model with smaller state space size), we
only mix the corresponding state components in the Singer and CA model,
ignoring the states remaining. When mixing for Singer and CA models (the
model with larger state space size), we consider the missing state
components in the CV model to zero.

Step 4. Perform evaluation algorithm of each component filter, with
the first conditions, is mixed:

Evaluate the a priori of each filter:

Fh)=®/% (k-1)+Gli (k-1); (18)

inside: @/ - state transition matrix corresponding to the model j; G] -
control matrix corresponding to the model ;.
Calculate the a priori error correlation matrix of each filter:

P (k)=®/P"(k-1)[D]]" +Q]/(k-1).
Calculate the Kalman amplification matrix:

K/ ()= P/ H ()< H, ()P’ H' )+ R ()] . (19)
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Inside, R/(k)=o. - variance of observed channel noise. Here, we

consider the variance of the measurement noise in all three models to be
equal.
With the CV model, the Kalman amplification coefficient is only 2:

I L
RRaNCE=
PN 1L,
B

The Singer and CA models are respectively:

PPN L)
L® Pi(k)+a?’
o PR
L® Pi(k)+a?’
PN 1)
O el

Evaluate the posterior state (after measurement update) of each filter:
R )= %7 )+ K’ ()] z(l)- H' ()% ()| (20)
The posterior correlation matrix of each filter:
P/(k)=[1-K'()H’ (k)| P” (k).
Step 5. Calculate the logical function for the filter ;" :

A_i(k):N[z(k);éj [klk-1,2"(k-11k-1)],8’ [k,P”f(k-uk-J)]] @21
It means, 4, (k)= N [e’(k); ();S’(k)} , inside:
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e, (k)=z(k)-H' %" (k-1),

S,()=H [®P"(k-1)[®]]" +Q] |H] +R],

) 1
A, (k) = ——=exp(-—=¢! (k)S; (K)e (k
i (k) 2”S_(k)e)qv(ze,() ; (Ke; (k) ,

J

1 1
(k)= a (k).
A= el e )

Step 6. Updated ;" model probabilities:
1 _
ﬂj(k)=z/1j(k)cj; (22)
3
c= Z 4,(kjc, - normalized constants.
j=1

Step 7. Combination of evaluation states and error correlation matrix
after updating the correct probabilities of each model.
Combination of evaluation states:

w0 =44, 05, 23)
Combination of error correlation:
Pl =Y, 0P @+ & 09~ 300 [+ -3 ] |.

3. Simulation results and analysis. To survey the quality of the
tracking multi-loop target angle coordinate system using the interactive
multi-model filtering algorithm, we will simulate the angular coordinate
system with different maneuvering styles of the target in the horizontal
plane (Fig. 6). Then, compare with the quality of the optimal angular
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coordinate system (with fixed parameters based on Singer model) according
to the criteria of mean square error (MSE).

The tracking

“" | multi-loop target

angle coordinate
system

Motion program
of the target

. 20,
Ja ¢
K, ()=1 L‘ n. =NV, @, L"

Fig. 6. Diagrams simulation of the target angle coordinates system in the ideal flight
equipment control loop

3.1. In the case of a ladder type maneuvering target:

— The target’s initial position: x,(0)=40 (km) ; y,(0)=0(km).

— The flight equipment initial position: x(0) = 0(km), y(0) = 0(km).
— The target flies in at velocity: 350 (m/s).

— The flight equipment velocity: 1000(m/s).

— The target’s initial trajectory tilt angle: 6, =0°.

— The normal acceleration of the target:

o when t<20s
Ji = 24)

30(m/s*) when t=20s

With this model, initially, the target has evenly straight movement.
After 20 seconds, the target suddenly maneuvers continuously with constant
normal acceleration 30(m /s ). Thus, the target has a change from a non-

maneuverable model to maneuverability with constant normal acceleration.
This motion model has uncertainty in maneuvering moment and
maneuvering intensity. The simulation results of the target angle coordinate
system for the case of ladder-type maneuvering targets are as follows (Fig.
7, 8). Figures 10-17 reflect other features of the analyzed process.
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30

N
()]
T

N
o
T

10

Normal acceleration of the target [m/sz]
o

5 10 15 20 25 30 35
Time [s]
Fig. 7. Normal acceleration of the target

40

28

30 32 34 36 38
X [km]
Fig. 8. Ladder-type maneuvering target trajectory
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1.6 T T T
Target

Flight equipment

14 F

1.2

1k

0.8

Y [km]

06

04 r

02r

0.2 1 | I . I 1 .
0 5 10 15 20 25 30 35 40

X [km]
Fig. 9. Flight equipment - target trajectory

100 T T
Observe

Require

Evaluate |

80 [ 1
|
|
|

[0}
o
T

Normal acceleration [m/sz]
N »
o o
T T
Il Il

0 5 10 15 20 25 30
Time [s]
Fig. 10. Normal acceleration of the flight equipment

After 20 seconds of steady straight movement, the maneuvering
target with constant normal acceleration. This causes the required normal
acceleration of the small missile at an early stage (before 20 seconds), then
increases continuously until the meeting point. However, the flight
equipment normal acceleration filter still gives a good evaluation.
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100 T T T T
CV model

Singer model
CA model

90

80

70

60

50

Probability [%]

40
30
20

| K/N\/\A,\
o . | . .

o] 5 10 15 20 25 30
Time [s]

Fig. 11. The graph shows the correct probabilities of the model

Figure 11 shows that from 0 to 20 seconds, the CV model dominates,
but after about 22 seconds (the transition time of the IMM algorithm is
about 2 seconds), the probability of the CA model is clearly dominant
compared to the other 2 models. This trend continues to maintain in the
remaining maneuverable time of the target. This evaluation result of the
algorithm reflects quite correctly with the actual maneuvering of the target.

The results of evaluating the target phase coordinate for the case of
ladder-type maneuvering target are as follows:

7 T T T T
Observe
Real
6 Evaluate
5L
4t
°
22
<<
Pt
1k
O Pl Y
1 I ! ! | I
0 5 10 15 20 25 30
Time [s]
Fig. 12. Evaluate the angle of the line of sight
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Angle error o]

Angular speed error [o/s]

1354

Angular speed [os]
o
)

0.06

0.04

0.02

o

-0.02

-0.04

-0.06 |- 4

-0.08 - b

-0.12 : . . : -
o 5 10 15 20 25 30
Time [s]
Fig. 13. Evaluation error of the line of sight angle

1.4 T T T
Real

Evaluate

0.2 L I L L L
o 5 10 15 20 25 30

Time [s]

Fig. 14. Speed evaluation the angle of the line of sight

0.3 T T T T T

0.25

0.2

0.15

0.1

0.05

-0.05

-0.1

-0.15

0.2 L L L
o 5 10 15 20 25 30

Time [s]

Fig. 15. Evaluation error of the line of sight angle speed
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The simulation results show that in all 3 states: the angle of view, the
angle of view and the normal acceleration of the target, the IMM evaluation
algorithm gives a greater error at the time the target starts to maneuver
(model change time). But right after that, the clinging error is smaller.
Compare the quality of the IMM filter algorithm with the optimal filter
algorithm after 100 Monte-Carlo runs:

=<1073

o

IMM
Optimal

N [&] » [¢)]
T T T T
! | ! I

MSE evaluates the angle of the line of sight [o]2

o

5 10 15 20 25 30
Time [s]

Fig. 16. Compare the MSE to evaluate the angle of the line of sight

o

o
o
®

IMM
Optimal

o

o

N
T
I

0.06 - b

0.05 [ N

0.04 - b

0.03 [ i

0.02 | N

0.01 b

MSE evaluates the angular speed of the line of sight [o/s]2
o

5 10 15 20 25 30
Time [s]

Fig. 17. Compare the MSE to evaluate the angular speed of the line of sight

o

Before the maneuvering target time (20s), the evaluation quality of
the two algorithms was equivalent (the evaluation error of the optimal
filtering algorithm was trivial smaller). But after 20 seconds, there is the
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difference in evaluation quality. Detail:

— With the line of sight angle, the evaluation error of the IMM
algorithm at the time of maneuvering model transfer (change) is
MSE(e, )~ 1,2.10° [(0)’ ] , also the  optimal  filtering s

MSE(e, )~ 2,5.10° [(0)’ ] . Then, at the stable tracking stage, the optimal
filter algorithm for error is MSE(e, ) ~ 0,85.107 [(0)’ ] , the IMM algorithm
is MSE(e, )~ 0,25.107 [(0)’ ] .

— With the angular speed of the line of sight, the evaluation error of
the IMM algorithm at the time of maneuvering model transfer is

MSE(w,)~ 0,012 [(0/5)" ], also the optimal filtering is
MSE(w,)~ 0,015 [(0/s)’ ] . At the stable tracking stage, the optimal filter
algorithm for error is MSE(w,) = 0,004 [(0/s)’ ] , the IMM algorithm is
MSE(w,)~ 0,001 [(0/s) ] .

— With the target normal acceleration, at the time of maneuvering

model  transfer, both algorithms give large evaluation errors
MSE(j, )~ 900 [(m /s’ )’ ] . At the stable tracking stage, the optimal filter

algorithm for error is MSE(j, ) ~ 220 [(m /s’ )’ ] , while the IMM filter gives a
significantly smaller error with MSE(j, ) ~ 10 [(m /s> )’ ] .

Obviously, when the maneuvering target with constant acceleration,
the evaluation quality of the target angular coordinate system using the
IMM filter algorithm improved when compared to the optimal filter
algorithm.

3.2. In the case, the maneuvering target according to the Singer
model. The parameters of the initial position, the velocity of the flight
equipment and the target remain the same as before, but differ in the target
normal acceleration.

The target normal acceleration is generated from the following
kinematic model:

Ji0)=(1-Ta, )j,(k-1D)+T-u. (25)

Where: a, =1(1/s), T - discrete integral cycle, u - control signal

or maneuver command.

0 when t<35s
u=140-a, (m/s’) when t<1I5s . (26)
0 when t>15s
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With this model, initially, the target has evenly straight movement.
After 5 seconds, the target begins to maneuver in a Singer model with a
command acceleration is 40(m /s’ ) . After 15 seconds, the target reverted

to its non-maneuver style. Thus, this motion model has uncertainty in
maneuvering moment, maneuvering time and maneuvering intensity.

40 T T T T

w
(&)
T
I

30 - B

25 - B

10 - B

Normal acceleration of the target [m/sz]
N
o

0] 5 10 15 20 25 30 35 40
Time [s]

Fig. 18. Normal acceleration of the target

Y km]

0 1 1 I L L . . &
31 32 33 34 35 36 37 38 39 40

X [km]
Fig. 19. Singer style maneuvering target trajectory
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The simulation results of the target angle coordinate system for the
maneuvering target case according to Singer model are as follows:

8 T
Target

Flight equipment

1 I 1 . I 1 . I
0 5 10 15 20 25 30 35 40

X [km]
Fig. 20. Flight equipment - target trajectory

50
' ' I I Observe
Require
40 Evaluate

Normal acceleration [m/sz]

20 | | I I I |
0 5 10 15 20 25 30 35

Time [s]
Fig. 21. Normal acceleration of the Flight equipment

When the target starts to maneuver, the normal acceleration requires
an increase and when the target changes to the non-maneuver model, the
required normalized acceleration of flight equipment tends to decrease to 0.

1358 WHbopmaTrka 1 aBTomaTtusaums. 2021. Tom 20 Ne 6. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnariH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

100 T T T

Probability [%]

CV model
Singer model
CA model

90

0 5 10 15 20 25 30 35
Time [s]

Fig. 22. Graphs update model probabilities

Obviously, when the target has evenly straight movement in the first
5 seconds, the CV model dominates over the other 2 models. In the time of
the maneuvering target (5 + 15s), the CA and Singer models dominate
again, in which the weight of the CA model is greater because the target
maneuvering command, in this case, is quite large (40m /s°) makes the

CA model fit with more practical. And when the target ends maneuver time,
the correct probability belongs to the CV model.

Angle [0]

9

Observe
Real
Evaluate

1 L L L L L L
0 5 10 15 20 25 30 35

Time [s]

Fig. 23. Evaluate the angle of the line of sight
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Fig. 24. Evaluation error the angle of the line of sight
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Fig. 25. Evaluate the angular speed of the line of sight
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Similar to the case of a maneuvering target with constant normal
acceleration, in this case, all 3 target phase coordinates have a larger
evaluation error at the time of model transfer (from non-maneuver to
maneuver and on the contrary), but then IMM filter algorithm gives smaller
evaluation error.

Comparing the quality of the IMM filter algorithm with the optimal
filtration algorithm after 100 runs of Monte-Carlo for the case of Singer
style maneuvering target gives the following results:
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Fig. 27. Compare the MSE to evaluate the angle of the line of sight
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MSE simulation results show that in the non-maneuver target stages
(before 5 seconds and after 15 seconds), the evaluation quality of the line of
sight angle coordinate filter when using the IMM filter algorithm is slightly
worse when compared with the optimal filtering algorithm. However, at the
maneuvering target stage (5 +15 seconds), the evaluation error of the IMM
algorithm is significantly smaller. Detail:

— At the moment the target starts to maneuver, for the optimal
filtering algorithm is MSE(e, )~ 2,2.107 (o), MSE(w,)=~6.107 (0/s)’,
MSE(G, )~ 1000 (m /s’ )’; also for the IMM filtering algorithm is
MSE(e, )~ 0,6.10°(0)’ , MSE(»,)~3,2.107(0/ s)’, MSE(j,) ~850 (m /s> )’ .

— At the stable tracking stage, for the optimal filtering algorithm is
MSE(e, )~ 0,7.10° (0)’, MSE(w,)~17.10%(0/s)’, MSE(j,)~600m/s’);
also for the IMM filtering algorithm is MSE(, )~ 0,1.107 (o),
MSE(w, )~ 0,15%x107 (0/s)’, MSE(j, )~ 30 (m /s’ ).

4. Conclusions. The article has synthesized the line of sight angle
coordinates filter between the flight equipment and the target using the
interactive multi-model adaptive filter technique. The suboptimal target
angle coordinate tracking system is constructed from individual filters and
combined with an antenna control system to create a multi-loop target angle
coordinate system. Obviously, the target’s maneuvering directly influences
the evaluation filter the line of sight angle coordinate. So, in order to
synthesize the target angle coordinate determination system with high
accuracy in the maneuvering target conditions, just need to improve the line
of sight angle coordinate evaluation filter, keeping the other filters.

The simulation results of the tracking multi-loop target angle
coordinate system show that, when comparing the quality of the line of
sight angle coordinate filter using the IMM filter algorithm based on the
MSE criteria, the evaluation error is smaller than the optimal filtering
algorithm under different maneuvering target conditions. Here, the change
of the target maneuvering styles while the flight equipment approaches the
target, highlighting the advantages and reliability of the interactive multi-
model evaluation algorithm. The advantage is that during the evaluation
process, the algorithm will always update the closest approximate model to
the actual motion of the target, resulting in a combination of state evolution
from the component filters giving results more precisely, the optimal filter
has a fixed parameter. Of course, the more models that are taken into
account when designing the line of sight angle coordinate filter, the higher
the adaptability of the filter to target maneuverability, but we need to
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consider the cost of calculation and real-time response of the electronic
computer on board.
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J.T.9yHr, H.H. TYAH, H.B. BAHT, T.B. TVIiEH
CHUHTE3 ®WJIbTPA KOOPJIUHAT YIJIA IIPSIMOM
BUIUMOCTU HA OCHOBE HHTEPAKTUBHOI'O
MHOT'OMO/JIEJIBHOT' O AJITOPUTMA OLIEHKH

Yyne [.T., Tyan H.H., Bane H.B., Tyiilen T.B. CuHTe3 PUIbTPA KOOPIAUHAT YIJIa NMPAMOW
BHIMMOCTH HA OCHOBEe HHTEPAKTHBHOI'0 MHOI'OMO/IeJIbHOT0 AJJTOPHTMA OLeHKH.

AHHOTanusa. Ha ocHOBe oOTciexuBaroled MHOTOKOHTYPHOH CHCTEMbl KOOpPAMHAT
LEJIeBOr0 yIJia B CTaThe OBUI BBIOPAaH H IPEUIOKEH HHTEPAKTHBHBIM MHOT'OMOJCTHHBIN
AITOPUTM AJANTHBHOrO (GHIBTPA IS YIYYIICHUS KadecTBa (UIbTpa ILENEBHIX (Pa3oBBIX
KOOpJMHAT. AJIITOPUTM MHTEPAKTHBHOH MHOTOMOJEIBHOI OLCHKH CIIOCOOCH aJalTHPOBAThCS
K IMHAMHUKE IeIU 110 Mepe MPOABIKEHHS IIpoLecca OLEeHKH K Hanbosee MOAXO el MOAeTH.
&nbsp;/laHHBII anrOpUTM UMeeT 3 MOJENH, BEIOPAaHHBIE IS pa3paboTKH QIIETPa KOOPIHHAT
yria npsMoi BUAMMOCTH: MOAeNb noctossHHOU ckopoctu (CV), mMozmens 3uHrepa U MOJEIb
MIOCTOSHHOTO yCKOPEHUsI, XapaKTepHU3yIoIHe 3 PasIHYHBIX YPOBHS MAaHEBPEHHOCTH LelH. B
pe3yibTaTe, KauecTBO OLEHKH (pa30BBIX KOOPAMHAT LENH YITy4IIAaeTcs, MOCKOIBKY IPOIEce
OLIEHKM HMMEEeT IepepacrpeielieHHe BEePOATHOCTEH Kakmol MOJENH B COOTBETCTBHH C
(axTryeckuM MaHeBpupoBaHHeM Lenn. CTpyKTypa GUIBTPOB NPOCTA, OLIMOKA OLIEHKH Maja,
a 3ajepkka OOHAapy)KEHHMS MAHEBPUPOBAHHUS 3HAUMTENBHO COKpamaercsa. PesymbraTs
MIPOBEPSIIOTCSL NOCPEICTBOM MOJEIUPOBAHMS, TapaHTHPYys, 4TO BO BCEX CIydasx Ienb
MaHEBPUPYET C PA3HON HMHTEHCHBHOCTBIO W YacCTOTOW, (GHMIBTP KOOPJIMHAT yIia HpsSMOit
BUJIIMOCTH BCETJja TOYHO OIpEJeNsieT YIJIOBbe KOOPAUHATHI IelNu. MeTox CHHTe3a CHCTEMBI
KOOPJMHAT ILIeJIH, HCIIOIb30BaHHBIH B CTaThe, MOXKET OBITh PACIIMPEH U IPUMEHEH K CHCTEMaM
conpoBoxxaeHus ueneit B PJIC ynpasnenust orueM, pa3MeIieHHbIX MO 3eMIIeH.

KiioueBble c10Ba: 1eTHOe 00OpyIOBaHME, Lellb, MAHEBP, Yrold HPSMOIl BHIUMOCTH,
HMHTEPAKTHBHAS MYJIbTUMOJIETb.
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E.C. BACAH, E.C. ABPAMOB, A.I'. BACIOK, H.A. CYIIKUH
METOA OBHAPYXEHUS ATAK HA CUCTEMY HABUT ALIUA
BILJIA

bacan E.C., Abpamos E.C., baciok A.I., Cywxun H.A. MeToa oOHApy:KeHHsI aTaK Ha
cuctemy Hapuranuu BILTA.

AHHoTanusi. B nanHoif paGoTe paccMOTpPEHBI BONPOCH! Pealu3alHUd METOJOB 3aILUTHI
OecnuIoTHBIX JeratenbHblx anmapatoB (BIIJIA) ot atak cmyduHra riio0aabHONH CHCTEMBI
nosunponnpoBanus  (GPS), s obecreyenust OGesomacHol Hauramuu. [oGanbHas
HaBUIralMoOHHas cryTHUKoBas cucrteMa (GNSS) mumpoko ucnosnb3yercss A ONpeneiaeHus
mectononoxkenuss BIIJIA u Ha ceroaHsAmHuIl [O€Hb SBIAETCS CaMbIM  IOMYJISIPHBIM
HABUTAIOHHBIM pEIIeHHeM. OTO CBS3aHO C MPOCTOTOH U OTHOCHTENBHO HEBBICOKOU
CTOMMOCTBIO JITAHHOM TEXHOJOTHHU, a TAaKXKe TOUHOCTBIO IepefiaBaeMbIX KoopiauHatr. Tem He
MEHee, CYIIECTBYEeT MHOXECTBO yrpo3 OezonacHoctn GPS-HaBuranuu. 310 B EpBYIO 0Yepeah
cBs3aHO ¢ mpupogoi curHama GPS, T.k. curHam mepemaercs B OTKPHITOM BHJE, IOITOMY
3J0YMBIIIIEHHUK MOXET 3a0JIOKUpOBaTh WM TOJJenaTh ero. B naHHOM uccrienoBaHHU
MPOBEJICH aHalM3 CYLIECTBYIOUIMX MeTonoB 3amutel GPS. B pamkax uccrnenoBaHus ObLT
pa3paboTaH dKCHEepUMEHTANbHBIM CTeHA M creHapuu atak Ha cucremy GPS BIUIA. Jlanee
ObuH cOOpaHbl AaHHBIC U3 JKypHaia mojieToB BIIJIA u mpoBeneH aHamu3 KuOep-(GU3HYECKHX
IapaMeTpoB, YTOOB! YBHIETH BIHMSHHME aTaK{ Ha MOKa3aHUS OOPTOBBIX maT4yukoB. Mcxoms u3
9TOro, ObUI NPEUIOKEH HOBBIM MeToJ] oOHapyxeHus aHomanmuii BITJIA, ocHOBaHHBIN Ha
aHaluM3e M3MEHEHMH BHYTpeHHMX mapameTpoB BIIJIA. Dtor MeToa caMOAMarHOCTUKH
no3BojsieT BITJIA camMOCTOSITEN,HO OLIEHHWBATH HAJIMYKWE W3MEHEHHH B €ro IMOJACHCTEMAax, U
BBISBJIATh NpH3HAKK Kubeparaku. [lnst BbisiBaeHust araku BIIJIA cobupaer naHHble 00
U3MEHEHMH Knbep-QU3nYecKnx MapaMeTpoB Ha IPOTSHKCHMH OINPEIENCHHOrO Iepuoja
BpPEMEHH, 3aTeM OOHOBISET 3TH JaHHble. B pesynbrare BIIJIA HeoOXomuMo ompenenuTb
CTENeHb PasIH4Mil MEeXIy IBYMs BPEMCHHBIMH DsaMH COOpaHHBIX JaHHBIX. UeM Ooibire
OyZner cTeneHb pa3inuMii Mexy OOHOBICHHBIMH NAHHBIMH U HPEABLIYIIMMH, TeM OoJblie
BEPOSITHOCTB TOTO, 4To Ha BITJIA npoBoaurcs araka.

KiaroueBble cioBa: 6e30macHOCTb, aTaka, HABHTAIMOHHAS CHCTEMa, OECIHIIOTHBIN
JIeTaTeNbHbIM  anmapar, BEpOSITHOCTb, TEXHOJIOTMS  3allMThl, yrpo3a, rodasbHas
HAaBUTAIOHHAS CITyTHHKOBAsI CHCTEMa.

1. BBenenue. OcHoBHas mpobiema, Ha pelIeHHe KOTOPOM
HAIpaBIE€HO [aHHOE MHCCIEOBAaHUE, MPEIyCMaTpUBAET HEOOXOANMOCTh
pa3paboTKu METONa ICTEKTUPOBAHUSI, a B MOCIICACTBUU U 3aIUTHI OT aTakK,
HallpaBJICHHbIX Ha mnoaMmeHy curHaia GPS, ¢ uenbio mNOBBIIICHHS
samumeHHocTH BITJIA. I'mo6anbHast HABUTAIIMOHHAS CITyTHUKOBAs CHCTEMa
(GNSS) mmpoko HCHOIB3yeTcs I OMpPEACTICHUS MECTOIOJIOXKCHHUS BO
MHOTUX I'Pa’kKJaHCKHX U BOEHHBIX NpuioxkeHusx. Takue npuemuuku GNSS,
kak GPS, GLONASS, Galileo u Beidou, nmpuHHMaOT pagrioCUTHAIEI,
rmepeJaBacMble  CO  CITyTHHKOB. [IpWHSTBIE CIIyTHHKOBBIE CHTHAJIBI
o0pabaThIBaIOTCSI ~ NPHEMHHKOM W TOIYYalOT  HWHGQOpMAIWIO O
MECTOIOJIOXKEHNH, CKOPOCTH W BPEMEHH NPHEMHHUKA. 3J0yMBIIUICHHUK
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IBITAETCSA CIPOCHUPOBATH JIOKHOE MOJO0KEHUE WM JIOKHYIO TPAeKTOPHUIO
Ha neneBoit GPS-npuemMHUK.

HeobxoaumocTh  pa3pabOTKM  HOBBIX ~ METOIOB W CPEICTB
OoOHapy)XEHHs aHOMaJINH, CBSI3aHHBIX C HEHCHPABHOCTSMH, BO3JEHCTBHEM
CO CTOPOHBI 3JIOYMBIIUIEHHUKAa WJIX CO CTOPOHBI OKpY’Karollel cpenbl Ha
aBToHOMHBIH BIIJIA B pexxume peabHOTO BpeMEHH 00YCIIOBIICHA TEM, YTO
OOJIBIIMHCTBO ~ METOJOB ~ OOHapyxeHust  aHoMaimmii  juis  BITJIA
OCHOBBIBAIOTCS HA HCIIOJIH30BAHUM HEWPOHHBIX CETEH WM METONOB, IIe
HEOOXOJMMO CpaBHUBATH HOPMAJIBHOE IIOBEICHHWE C aHOMAIbHBIM. [Ipm
3TOM co3manne Mma0ioHoB moBeneHus BIIJIA camo mo cebe sBisgeTcs
CIIOKHOM 3aa4eli, KpoMe TOTO CYMIECTBYIOT CHUTYallMH, KOTOPHIE MOTYT
OBbITH JIOXKHO IPHUHATHI 33 aHOMalbHbIE WIM HOpManbHble. Hampumep, B
cimydae cmibHoro Berpa BITJIA ycunuBaer BpalneHHe ABHTAaTENeH, YTO
NPUBOAUT K YCKOPEHHOMY HCUEpIaHUIO 3apsAa akKyMyJsaTopa, Takoe
NIOBE/ICHHE MOXET OBITh MPHHSTO 3a aTaKy, HalpaBJICHHYIO Ha HCUepIIaHne
pecypcoB.

Kaxxnas monens BITJIA umeer coOcTBEHHBIE IA0JIOHBI IOBEIAECHUS U
JMana3oHbl HOPMANBHBIX 3HAYeHMH KHOep-(QU3MUECKHX IapaMeTpoB.
Meton  nerektupoBanus aHoManmuid g BIIJIA  momkeH  ObITh
YHHUBEpCAJIBHBIM M JIETKO MacIITa0MpyeMbIM, HO U3-3a OOJBIIOTO
pasuoobpasus moneneii BIIJIA u oTcyTcTBHS cTaHAapTa WX MPOU3BOJICTBRA,
pa3paboTka MacIITadMPyeMOTro M JIETKO aJalTUPYyEeMOTrO  pelIeHHs
CTaHOBUTCS CJIOKHOM.

AKTyampHOCTh HAay4HOW TPOOJIEMBI OOYCIOBIEHA TEM, HTO
OOJIBIIMHCTBO CYIIECTBYIOIINX MOAXOAOB K OOHAPYKCHHIO aHOMAIHH WIIN
aTaK CJIOKHO PEANTM3YIOTCS M TPEOYIOT OOJIBIIIOT0 KOJTUYECTBAa BpEMEHH ISt
pa3pabOTKU CHCTEMBbI OOHApYy>KEHHsI. PacCMOTPUM OCHOBHBIC MPHHIIUIIBI
co3naHus cucteMbl oOHapyxeHus BropskeHuil st BIIJIA (COB-BILIA).
Cucrema oOHapyXeHUs] BTOP)KEHHH Uil OECIMIIOTHBIX JIETAaTEIbHBIX
anmapatoB (COB-BITJIA) pa3pabateiBaeTcsi C IENbIO OOHAPYXKCHUSA
AQHOMAJIBHOTO TIOBEJIEHMSI WM HENpEeIBUICHHBIX JICHCTBHHA B CETH ITyTEM
ABTOMATHUYECKOTO aHaJIW3a IOBEICHMS WM aHAIM3a Ha OCHOBE 3aJaHHOMN
TUIIOTE3bl  W/WIM  TIOJIUTHK, KOTOPbIE  DEryJupyloTCsl  IpaBHJIaMU
6e3omacuoctr naHHoi cetu [1]. COB-BITJIA oTcnexxuBaeT KOHQUTYPALIHIO
cucteMbl, (aiyibl MaHHBIX W/WIM TepeAady MOaHHBIX II0 CETH, YTOOBI
MIPOBEPUTH, IPUCYTCTBYET 1N ataka. Kpome toro, COB-BITJIA nHampaBiena
Ha oOHapyxeHne HerpaBoMepHoro ucmnonb3oBanus BIIJIA. HenpasunsHoe
HCIIONIb30BAHUE MOXET OBITh OIPEAENEHO, Kak JI000e HEXeNaTeIbHOE
JeWCTBHE, KOTOPOE MOXKET BBI3BaTh KaKOM-IMOO BpeA C TOYKH 3pEHHSA
NPOU3BOJIUTENBHOCTH WK Oe3omacHocTd Beeil rpynmnsl BITJIA. B BITJIA
BCTPOCHA KHOep-(pH3UUECKas CHCTEMa, COCTOSINAs M3 JAaTYMKOB W/WIIN
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HUCIIOJIHUTCIIBHBIX MCXaHU3MOB. I_IaT'-II/IKI/I MMpEeaOCTaBIIAIOT AJAaHHBIC (I/IJ'[I/I
UH(OpMaLIMIO) UCHIOIHUTEIBHOMY MEXaHU3MY, KOTOPBIl MOXKET YIPaBIIsATh
BIIJIA. CoOpaHHble JaHHBIE HCHONB3YIOTCS I aHaiu3a W IMPHHATHSA
BAXHBIX pEIIEHHUH, CBA3aHHBIX C TONeTHOM Muccued. Kirouessle
Mexanu3Mbl COB MOXHO KJIacCH(UIMPOBATH CICAYIOIIUM 00pa3oM. DTO
MEXaHHU3MBI Ha OCHOBE:

— crnemudpukarmu  [2]: COB  Brmrowaer B cebs  Habop
COOTBETCTBYIOIINX MPaBHJ, OINpPEIEICHHBIX Ha OCHOBE OXHIAEMOIo
moBeneHust BIUJIA. Ortm  ykasaHHBIE TIpaBWiIa TPUMEHSIOTCS IS
OTCJIKUBAaHMSI YCIEIIHBIX 3a1yCKOB cucTeMbl BITJIA;

— curHaryp [3]: 3TOT Merom HampaBieH Ha OOHapy)KeHHE
M3BECTHBIX aTaK Ha OCHOBE 3apaHee ONPEJCICHHBIX M3BECTHBIX CHTHATYD.
I[Ipu oOHapyXeHHH aHOMAJBbHBIX MICHCTBUI 3alyCKaeTcs OIepanus
OOHapy)XeHHsl JUIS ONpEJeNCHHs COBIAJAIONICH CHTHATYPBI, YTOOBI
rapaHTHpOBaTh OOHAPY)KEHHE BTOPIKECHHUS;

— aHomanuil [3]: aHOMaJbHOE IOBeIEHHE OOHApY>KUBaeTCs Ha
OCHOBe c00s1 WITM HEXKeNaTeJIbHOW aKTHBHOCTH, HaOoaeMoii B cucreme. C
LeNIbI0 OOHApY)KEHHs! M3BECTHBIX W/WJIM HEM3BECTHBIX aTak 3TOT METO.
WCIIOJIB3YEeT MEXaHU3M OOydueHHsT WIM (QUIBTPALlH, KOTOPBI MOXKET
3HAYUTEIBHO YIyYIINTh OOHAapYyKEHHE HEN3BECTHBIX aTak IPH OTCYTCTBHA
3apaHee OIpeIeTICHHBIX CUIHATYP HEU3BECTHBIX aTakK;

— rubpuaHoro moxaxoxa [4], oObeamHsrOmEro aBa Wi Oojee
METOJIOB OOHAPYKEHHUS, TAKMX KaK CHenu(UKaIs TUTFOC aHOMAJIHS, 9TOOBI
00ECleunTh CTPOTYI0 TIOJNIMTHKY OOHAapy)XEHHsA, KOTOpas MOXKET
00HAPYKUTh U3BECTHBIC M/MJIH HEU3BECTHBIC aTaKH.

Takum 006pa3zoM, Ui KaXXI0TO U3 CYIIECTBYIOINX METOAOB JOJKHBI
ObITh 3apaHee coOpaHbl U CHOPMUPOBAHBI HAOOPHI JAHHBIX I OOYUCHHUS,
100 JUIsl TOCTPOEHUsI IA0IOHOB NOBEICHHS WM MPaBWIL. Takue Mmoaxo. bl
TpeOyIOT OOJBIIOTO KOJMYECTBA BPeMEHHU i cOopa AaHHBIX 0 BITJIA, a
TaKKe  MX  peaju3anusi ~ MOXeT  TpeOOBaTh  JIOTIOJHHUTENBHBIX
BBIUUCIUTENBHBIX pecypcoB s BIIJIA. B ciyuae wucnonb3oBaHus
METO/I0B, KOTOPHIE OCHOBAHBI HA MCIOJIb30BAaHWM HEHPOHHBIX CETEeH, IUIs
peanuzanuu 3¢QGEeKTUBHOTO 0OHAPY)KEHHS aHOMaJIMi TpeOyeTcsi co3JaHue
oOyugaromiell BEIOOPKH, KOTOpasi BKIIOYAeT B ceOs, KaK MpaBmiio, OOIbIIOe
KOJINYECTBO TECTOBBIX JaHHBIX.

Ha ocHoBaHMM BBIIECKa3aHHOTO HAyYHAs 3HAYUMOCTH PEIICHHS
mpoOJIeMBl COCTOMT B HEOOXOOUMOCTH pa3pabOTKH HOBOTO IIOAXOJA,
OCHOBAaHHOIO Ha JPYIMX MaTeMaTHYeCKMX METOAaX OOHapyXEeHUs
agomanuii BITJIA 6e3 HE0OXOaMMOCTH MTpeaBapUTENFHOTO cOOpa OOIBIIOTO
00bEMa aHHBIX M OMHCaHHS HOPMAaJbHBIX IIA0JI0HOB NoBeaeHHs. HoBbiid
MOJIX0A MOXKET YIPOCTUTHh IPOLECC CO3JaHHUS CHCTEMBI OOHApYXEHHUS
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aHOMaJIMH, YTO B JalibHEHIIEM OyIeT CIocOOCTBOBaTh 0Ojiee MPOCTOMY
BHeapernio COB B BIJIA.

Henplo naHHOTO WCCENOBaHMS sIBJISETCS pa3paboTka MeToza
JICTEKTUPOBAHMS aTak B BUjae NoaMeHbl curHanoB GPS, mocrynarommx Ha
BIIJIA, Ha OCHOBaHMM NapaMeTPOB CEHCOPHOH CHUCTEMBI OECIMIOTHOIO
anmapaTta. Meron nomkeH mo3BoiATs BITJIA obOnapyxuBath araky 0Oe3
HEOOXOJMMOCTH TIPE/IBAPUTENbHBIX 3HAHUM 00 ATAIOHHOM H3MCHEHHH
CHUTHAJOB C CCHCOPHBIX JaTYMKOB, B pPEXHME pEaJbHOTO BPEMEHH,
ABTOHOMHO.

Meron BeIsiBiIeHHsT aHoMaini moBeneHus BITJIA, BO3HUKaroIIux,
KaK B pe3yJbTaTe NPOBEACHHS aTaK, TaK M B PE3yJIbTaTe HETaTHBHOTO
BO3/ICHCTBUSL CO CTOPOHBI OKPYXKAIOMIEH Cpenbl, NOMKEH OOHapyKHUBATh
aHOMAaJIMU B PEKUME PEATBHOIO BpeMeHH Oe3 MpeABapuUTEIbHBIX 3aTpaT Ha
o0ydeHue, ¢ HU3KMMHU TpeOOBaHMsIMU K mMoTpedieHuto pecypco BIUJIA.
JanHblil MeTO OBbUT paHee pealn30BaH aBTOPaMHU JUIsl aHAIM3a aHOMAJIUH B
OecripoBoHOM mesh-ceTH, MMHUTHpYIOLIEH Nepenady MaHHBIX B TPYIIe
BITJIA, a Takxe mepenady BUAEONOTOKa. MeTOl OCHOBAaH Ha BBHIYMCICHUH
3HAQUYEHWs OHTPONHMH, TO €CTh PAa3HUIBI MEXIY BEPOSTHOCTHBIMU
pacripesielIeHusIMU Kuoep-(hpu3ndeckux rnapameTpoB. MeTos mokasan CBOO
3¢ (EeKTUBHOCTh W CHOCOOHOCTh OOHApyKMBaTh HE TOJBKO aTakW, HO U
CMEHy IIA0JOHOB IOBEICHUS, a TaKKe PEKHUMOB IOIYYEHHS/OTIPABKU
JaHHBIX. [Ipym 3TOM OBUIM TONydeHBI HAOOpBI IAPAMETPOB, KOTOpHIE
M3MEHSAIOTCS KaK MOJ BO3/EHCTBUEM pa3IMYHBIX aTaK, TAK U B PE3yJbTaTe
CMEHBl peXnMa MoBeAeHHA. JlaHHpIE HAaOOpPHI MapaMeTPOB OKA3aINCh
Pa3NYHBIMY, CTENEHb PA3INYMil MEXIy M3MEHCHMSAMH TaKKe OTINYalach
(To ecTb MOXHO aHAJIM3UPOBAaTh HMHTECHCHBHOCTH H3MEHEHHH), YTO B
HaﬂbHeﬁLHeM IMO3BOJIMT pas3jnyaTb THUIIBI aTaKk W THUIBI HOPMAJIBHOI'O
nosesieHuss. OcCOOEHHOCTHIO METOJIA SIBIISIETCSI OTCYTCTBHE HEOOXOIUMOCTH
MIPEABAPUTEILHOTO COCTABIICHUS Ia0JIOHOB MOBEACHHS U 0a3bl TaHHBIX JUIs
oOydenus. JlaHHple 00 W3MEHEHMH NapaMeTpOB HYXHBI TOJBKO IS
TECTUPOBAHUSI U MPOBEPKU d(P(PEKTUBHOCTH METO/a, a TAKKe JUIs OTIIAJKU
1 YCTaHOBIICHUS TIEPEMEHHBIX, C YUETOM KOTOpPBIX MeToJ Oyner paborarh
nyyqme. [Ipumepom Takol epeMEHHOM MOXKET CIIYXKHUTh BpeMsi OOHOBJIEHHS
nHpOPMAXHU 0 TapaMeTpax M JUIMHHA BPEMEHHOTO PsAa 3a MPOIICANINN 1
HOBBIH IIEPHO/ BPEMEHH, ISl CPaBHEHHS APYT € IpyroM. MeTos Takxe ObuI
MPOTECTHPOBAaH Ha JAHHBIX, COOpPaHHBIX IO pe3yJbTaTaM JETHBIX
ncnsitannii BITJIA, momydeHHBIX OT moieTHOTO KoHTpoimiepa. [Ipu stom
METOJ] Takke Tmokazan d3¢pdexTuBHOCTS Tpu BbIABIeHHH aTaku GPS-
cny¢punr. Takum 00pa3oM, MOKHO YTBEpXKIATh, YTO METOA MOXET OBITh
MacmTabupoBaH U MPUMEHEH ISl Pa3IMYHbIX HAaO0OpPOB KHOep-(hU3NUECKHX
napaMeTpoB U THIIOB aTakK.
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2. AHanu3 pejieBaHTHBIX padoT. [Ipodiema oOHapykeHHs aTtak Ha
BIUJIA, sBnseTcs akTyalbHOW, TaK Kak B IIEPBYIO O4Yepenb BBIOJHEHUE
¢ynkimii BITJIA Moxer ObITh CBAI3aHO C )KHM3HEHHO Ba)KHBIMH JIJISl YEJIOBEKA
o0JyiacTssMU. ABTOPBI cTaTby [1] rOBOPSIT O TOM, 4TO MOJABJICHUE CUTHAJIA U
cnyuHT T700ajJbHON HaBUTalMOHHOW cryTHUKOBOM cuctembl (THCC)
CUMTAIOTCS OCHOBHBIMHU yrpo3amu mist BITJIA. DTo MoxkeT mpuBecTH K
KpYWEHHIO U noTepe ynpasieHus Haa BITJIA, xoTtopsle HCHIONB3yOTCA B
KpUTHYECKH BaXHBIX onepanusx. 3adactyo BIIJIA  ucnoas3yror
HaBUTaMOHHBIE CUTHAJIBI OTKPBITHIX CIIyk0 6e3 3amuTel. HecMoTps Ha To,
YTO [UIS peaTM3aliy 3aNTHI ObLT MPEATIOKEH PSIT METOJIOB HA OCHOBE TIpe-
1 TIOCT KOPPEJALUK CUI'HANA, B HACTOSIIEE BPEeMsI aKTyaJIbHOM CTaHOBUTCS
pa3paboTka alrOpUTMOB MAIIMHHOTO OOy4YeHUs As OOHapyKEHHs aTak
nojasieHus u cny¢uara. OnuH U3 MOMYJSIPHBIX AJITOPUTMOB MAIIMHHOTO
00yd4eHUsl - MalllMHHAasl Kilaccu(uKalys Ha OCHOBE OMOPHBIX BeKTOpoB (C-
SVM) wucnonb3yercsi Aisi JETEKTUPOBAHMsI aTak Ha CHUCTEMY HaBUTallUU
BIUTA. B cratbe [1] aBTOpHI IIpeyiararT ucnonas3oBath Meroa C-SVM Ha
JTane MpueMa CHrHajla B CBS3M C TEM, 4YTO Ha 3TOM 3Tame o0paboTKu
CYLIECTBYET psii U3MEHEHUH CUTHAJA, KOTOPBIE MOXHO MPOaHAIU3UPOBATE.
MO’KHO yCTaHOBUTH COOTHOLICHHE MEXIY HOPMAJIbHBIMU H3MEPEHUSIMU U
HaOII0JaeMBIMH, W JETEKTHPOBATh AHOMAIIMH C TIOMOIIBIO KIaccupuKkamm
C-SVM. Jlo6aBnenne peabHBIX HAOOPOB NAHHBIX CITy(hrHra M MOJaBICHUS
K abopatopHbIM HabopaM JaHHBIX Ha 3rtare o0ydenust C-SVM, nozBomnsier
MIOBBICUTH TOYHOCTh MccaeqoBaHusA. CpaBHUTEIBHBIN aHATN3 BCEX YETHIPEX
9KCIIEPUMEHTOB, PEICTABICHHBIX B 3TOH CTAaThe, TIOKA3bIBACT, YTO ABTOPAM
yAanoch JOCTHYb XOPONIMX Ppe3yJdbTaTOB Onaromaps CIEAyHOIINM
acnektam: 1) momonmHeHHBIH oOOydJarOmuid HAO0Op JaHHBIX SIBISIETCS
aKTyaJIbHBIM ISl OOHapy>KeHHsl TMOMBITOK MaHUITYJIMPOBAHUS CHTHATAMU
T'HCC; 2) meron C-SVM sBnsiercsi 3(GGEKTUBHBIM Uit OOHapyKEHHUs
nomnbITOK MaHumy sy curHanamu [HCC.

B crathe [2] npeanaraercs meton oOHapykeHus crnydunra GPS, Ha
OCHOBE HCIIOJIb30BaHMUA CHUCTEMbl OpHEHTAllUd U OINpeNeNeHus Kypca
(AHRS), a rtakxke axceirepoMmeTpa ISl CpaBHEHHS Pa3HHIBI 3HAYCHUH
yCKOpeHHUs, mnoilyueHHbIX OT GPS-mpuemHuka, M OT HHEpUUATIbHOU
CHCTEMBI HAaBUTallMH, YTO OOEcIeUYMBaeT OOHAPY)KEHHE OIIMOKM 3HAYCHUS
YCKOpeHHsL. YCKOpeHHe, NomydeHHoe oT npuemHuka GPS, onenuBaercs c
nomonipio ¢uiabTpa Kanmana. PasHuiia, BeISIBICHHAsS MEXIy 3HAYCHUSIMU
yckopenuss ot GPS-mpuemHnmKa W akcelepoMeTpa HCHONb3yeTcs JUls
oOHapyxeHHss crmyduHra. BemuunHa OmHUOKH YCKOPEHHS  MOMKET
HCIIONIB30BAThCA, KaK IepeMeHHas pemreHus. Kpome Toro, mpemmaraercs
UCIIONB30BaTh BEJIMYMHY CEBEPHOM (MJIM BOCTOYHOM) COCTaBIISIOIIEH
OMOKM YCKOpEHHMs B KadecTBE JApPYrod IEepeMEHHOH pelleHus.
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D¢ GeKTUBHOCTh  UCIONB30BaHMS ~ JBYX  HEPEMEHHBIX  pElIeHUs
JIOKa3bIBAaETCs ITyTEM BBIYMCIICHHUSI BEPOSITHOCTH OOHApYKEHUs CIyHHTa ¢
Y4E€TOM 3apaHee OIpPEJeIEHHON BEpOSTHOCTH JIOXKHOM TpeBOorW u
obHapyxeHusi. Eciim o0e mepeMeHHBIE pELIeHUs] HCIONB3YIOTCS BMECTE,
yJIaeTcsl MOJYYUTh HAMIY4LIYyI0 BEPOSITHOCTh OOHAPYKEHUs CITy(pHHTa.

Ecnn  oTcyrctByer  BO3MOXKHOCTH — ucnosb3oBanHus — GPS,
6ecnmioTHble neratenpHble anmapatsl (BITJIA) nnms koopauHanmuy mosjera
MOTYT HCIIONIb30BaTh MHEPIHAIbHBIC IaTYWKU. [Ipu 3TOM, Kak IpaBuUIIo,
BO3HMKAIOT TOTPEIIHOCTH B OINPEICICHUN MECTOIOJIOXKEHHS C TMOMOIIBIO
MHEPIHAIBHBIX JATYNKOB, YTO MOXET NPHUBECTH K aBAPUIHOW CHUTYaIlWH.
UroOs! n30eXaTh BOSHUKHOBCHMSI HEJOMYCTUMON MOTPEIIHOCTH JAaTINKOB
B ciyd4ae atak ¢ mogmenoit GPS, aBropsr crateu [3] mpeiarator METOAUKY
yOpaBI€HUS] C OrpPaHUUYCHUSAIMH Oe30macHOCTH. JlaHHas MeToAMKa
no3Bojsier amantupoBaTh mnoseT BIIJIA myrem neperuiaHMpOBaHUSA
IIOJIETHOTO 3a/laHusl JJIs MOBBILICHHS] YCTOMYMBOCTH K aTakaM C IOJMEHOU
GPS. Jlerekrop arak MCHONB3yeTCs Uil OOHapyKEHHsl aTrak C MOJMEHON
GPS u obecnieunBaeT NEpEKIIOUCHHUE MEXAY DPEKHMaMH HaJIEKHOTO M
aBapuiiHOro ympasieHus. Cucrema OTCIEKHBAHHS MECTOIIOJIOKECHUS
3noymeinuieHHuKa (ALT) paspaboraHa /it OLIEHKH BBIXOJHOH MOIIHOCTH
ycrpoiicTBa ciyunra ¢ nmomonsio punbrpa Kanmmana (UKF). Mcnons3ys
ouenkn or ALT, aBTropsl mpoekTupyioT kKoHTposutep sBakyannu (ESC) nHa
OCHOBE MoJien nporHosupytomero konrpoiuiepa (MPC), uto6sr BITJIA
JVCIONMPOBACST M3 30HBI JEHCTBHS YCTPOICTBA 3JIOYyMBIIUICHHUKA B
TEUEHHE JIOITyCTIMOTO BPEMEHH.

Hpyrue wmetomsl mnpenoTBpamienus crygunara GPS, Ttakme kak
MOHUTOPHHT UCTIPAaBHOCTH IPHEMHHKA B aBTOHOMHOM PEKUME, H3MEPEHUE
OTHOIICHHWS CUTHA/IIyM M OOHAapyXEeHUE JOIUJIEPOBCKOTO  CJ/IBUTA,
obcyxnatorcs B [4]. B pabote [5] ObuT mpeayioxkeH METO, MO3BOJISIFOIIHIA
BITJIA o6napyxuBath ucrouynuk cny¢unra GPS ¢ nomomsio He3aBucuMon
Ha3eMHOW  HMHQPACTPYKTYpbl, KOTOpas HENPEPHIBHO  aHAIU3UPYET
COJZIep’)KaHWEe W BpeMsl MOCTYIUICHHS WH(POpPMAIMK O NpeanoiaraeMom
Mectononoxenuu BIIJIA. Beulo mokazaHo, 4TO MNPENIOKEHHBIH METOX
3¢ QexTuBeH mnpu OOHApy>KeHWH aTak cryuHra MeHee 4eM 3a 2 ¢
TIO3BOJISIET OTIPEAEISITH MECTOIOI0KEHHE HCTOYHNKA TTOIETBHOTO CHUIHAIA
¢ TogHOCTEIO0 110 150 M. B cTatbe [6] mist oOHApYKEHUS M ONOBEIICHUHU O
MOTCHIMANBHBIX  aTakaxX  MCIHOJNB3YEeTCS  aHaJIN3  aBTOMAaTHYECKOU
perynupoBku ycunenus curaana GPS B mpuemnnke GPS.

B paborax [7-9] paccmarpmBaeTcss BO3MOXXHOCTH HCIIOJIB30BAHUSA
HECKOJIBKUX IPUEMHHUKOB Ui OoOHapykeHust aTak c¢ moxmeHoit GPS. B
pabote [8] HCIOIB30BAIOCH HECKOJIBKO He3aBHUCHMBIX GPS-mpreMHHKOB
uis  oOHapykeHus atak ¢ moamenoi GPS. Ilpemmtaraemsiii Meron
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aHATU3UPYET PACCTOSHUE MEXIy MPUEMHHKaAMM U  IOCIEAYIOIIUM
U3MEPEHHUEM PpACCTOSHHUS MEXAY YKa3aHHBIMH  MECTOIIOJIOKCHUSIMU
npueMHuKkoB. IIpu oxunakoBbix curHanax GPS usmepeHHble paccTosHUS
Oy/lyT aHAIOTHYHBI paHee 3aUKCUPOBAHHBIM paccTostHUAM. OJHaKO NpU
arake ¢ noamenoil GPS pesysnbraTbl M3MepeHHs paccTOsIHUS OyIyT O4YeHb
ONM3KK K HYJIO, IOCKOJBKY BCE IPHEMHHKH NepenaroT HHpopmanuio, rie
yKa3aHO OJHO U TO € MECTOMNON0XKEHUE, TO €CTh pPa3sHHULBI MEXIY
npuéMHUKaMH ~ Habmiomathess He  Oymer.  ABtop  pabotel  [7]
MIPOIEMOHCTPUPOBAT BO3MOXKHOCTH HCIIOJIB30BAHHSA NPHEMHHKA C JABYMS
aHTeHHaMH I oOHapykeHus arak ¢ moamenHoi GPS. Ilpemmaraemsrit
METOZ OCHOBAaH Ha aHaluW3e pasHMNBl (a3 CHIHANOB, ITOIYIEHHBIX
aHTeHHaMH. ABTOpBI paboOThl [9] mpeararoT MCIOJIb30BaTh HECKOJIBKO
MIPUEMHUKOB Il IOATBEPXKICHUS MOUIMHHOCTH curHaioB GPS Ha ocHoBe
comoctaBicHuss ¢ curHaioM GPS  0OT BOCHHBIX CHYTHHKOB 03
HeoOxoaumocTu ero pacuinppoBku. [Ipe/yioskeHHass MeTOIUKa NOKazania
cBOIO 3((QeKTUBHOCTh JaXke TOrAa, KOrJa NPHUEMHHMKHA TEepPeKpECTHOMN
MIPOBEPKH MOJAETIBIBAIOTCS.

B craree [10] mpencraBieH mnoaxonq K OOHAapYyKEHHIO aTaKu
cnyunra GPS Ha GecniiIOTHBIN JIeTaTeNbHbIN anmnapaT Ha OCHOBE aHAJIN3a
OLICHKH COCTOSIHMSI C WCIIOJIb30BAaHHEM MAIIMHBI OMNOPHBIX BEKTOPOB
(SVM). SVM wucnonp3yercss B Ka4eCTBE MHCTPYMEHTA UIsi OOHapy>XKEHUS
aHoManuii. B 3Toii pabote ObUTH pa3pabOTaHEI PEUICHUS UIT O0OHAPYKCHUS
W cpeda MojaenmpoBaHWs artak c¢ moxdenko GPS s omenkum
(YHKIIMOHATBHOCTH M MpOM3BOAUTENbHOCTH MeToaa. Iloaxon He Tpedyer
JIOTIOTHUTEIBHOTO 000py/I0BaHMS, IIO3TOMY €T0 MOXHO HCIIOJIB30BATh VIS
Heoonpiioro BITJIA. C agpyro#t CcTopoHbI, OBLIO IMOKAa3aHO, 4YTO, €CIIU
HApyIIUTEeIh HMeeT aOCONIOTHOE 3HAaHWE O MO3WLIMOHHPOBAHHM U
tpaektopuu BIIJIA, OH CMOXET oOCTaTbcs HE3aMEUEHHBIM CHCTEMOH,
BBI3BIBAsI TP ATOM YaCThIE JIOXKHBIE cpabaThIBaHus. B cBs3u ¢ TeM 4TO, Kak
MIpaBWIIO, HAPYIINTENh He 3HaeT (akThueckyro Tpaekropuio BIIJIA, Obu10
JIOKa3aHO: PUCK JIOKHBIX cpabaThIBaHUH Masl. DTO O3HAYaeT, YTO CHCTeMa
MOXET OOHapyXHUTh JIOOYI0 araky crhy¢uHra. XapakTepUCTUKH METOAa
MOTyYT OBbIT yiyuinensl, ecinu BIIJIA Oyner ocHalieH APYruMH JaT4UKaMy
(HamprMep, MarHUTOMETPOM).

ABToper  pabGorel [11] mpemmararoT 3alIMTHBEIA  MEXaHU3M,
OCHOBAHHBI Ha KOHIICTIIIMM COBMECTHOM Iokamu3anuu [12], KoTopwIi
MPeCTaBIsAeT co00i MeTomonoruto, mo3Boistonryio BIIJIA ompenenars
CBOE pEAJbHOE MECTOIOJOKEHHE B JIByXMEPHOW CHCTEME KOOpAMHAT,
nucnois3ys mecromonoxkenne tpex Apyrux BIUIA. Ilpenmomaraercs, 4Tto
kaxnapiii BIIJIA mmeer cpeacTBa M3MepeHHMs OTHOCHUTENIBHBIX PAcCTOSHUN
no apyrux, cocenux BIIJIA myTem ompeneneHUs pacCTOSHUS MEXIY
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BITJIA. Ilpu coBmecTtHO# jnokanuzauuu BIIJIA BeiOupaeT moObie TpH
coceauue BITJIA niasi OOHOBIICHHS CBOETO MECTOIOJIOXKCHHUS, YUHUTHIBAS,
yro BeiOpanHble BIIJIA He nexar Ha oxHoit npsimoi. [Tocne storo BITJIA
MOJKET TOYHO OIPEEIUTh CBOE MECTOINOJIOKEHHE B JIByXMEPHOU cHUCTEMe
KOOpJIMHAT. MexaHu3M COBMECTHOM JIOKaJlM3aluM, ONMHCaHHbI B [12],
moxer nomoub BIIJIA ompenenuTs cBoe mectomnosiokeHue. OmHAKO OH
npeuIokeH Ans  cioydas mnorepu curHanoB GPS wm He Moxer
WCIIONIb30BaThCs HampsiMylo B atake cryduura GPS. Ilpu arake crmyduar
GPS BIUJIA HEe MOXeT IOBEpsATh CBOeMYy MecTomojoxennto mo GPS wm
Mectomnonoxernnto npyrux BIUJIA. Breibop cocemmero BIUIA mns
MEXaHN3Ma COBMECTHOW JIOKAIM3AIIUH COTPSDKEH C PHCKOM, MOCKOIBKY OH
TaKKe MOXET TIOABEPTHYThCS aTtake. JIsI TpeojoieHus 3TOro
orpaHuueHus1, aBTOpHI [11] mpemmaraloT MEXaHW3M 3aIlUThl, OCHOBAHHBIN
Ha TOM, 4YTO 3JIOYMBIIUICHHUK, Hcroyb3ytoumid cnypunr GPS, moxer
atakoBaTh Toibko oauH BIUJIA. B mnpemmaraemom wmexanusme is
OTIpEJICJICHUsI CBOET0 pealbHOro MecromnojoxkeHusi BIIJIA yuuTeiBaeT
MECTOINOJIOXKEHNE YEThIPEX COCEJHHX AamnmaparoB BMecTO Tpex. Ilytem
uneatudukaru BIUJIA, Haxonsdmuiicss mox BO3JCHCTBHEM aTaKW, OH
HCKIIOYaeTcss M3 pacueroB. Ilpennmaraemblii MeXaHU3M HMeEET Te IKe
TpeOOBaHUS KOOIEPATUBHOW IJIOKAM3AIlMH, TO ©CTh HEKOJUIMHEapHBIC
BILTA. BITJIA MoxeT 3ampaliuBaTh MECTOIOJIOKEHUE IPYrUX amnmnapaToB
yepes cBsa3b Mexy BIUIA, u kaxnasiit BITJIA nomkeH UMETh BO3MOXKHOCTh
M3MEpPSITh CBOM OTHOCHUTENbHBIE paccTossHuA A0 cocenHux BITJIA. Takum
o0pa3oMm, HEOOXOIMMO OTMETHTh, YTO IAHHBI METOX HaKIaIbIBacT
00JIBIII0E KOJIMIECTBO OTPAHWICHUH Ha 001acTh ero nmpuMeHeHus. B pabore
[13] mpenctaBneH MeTon MpoTUBOAEHCTBUS aTakaM Ha GPS, ocHOBaHHBII
Ha MWCIOJB30BAHUU CHCTEMBI TEXHHUYECKOTO 3pPEHMSA, KOTOpas IO3BOJISET
JOTIOTHUTEIBHO BBIUUCIATE cKopocTh bBIIJIA u HekoTopwle Ipyrue
MOKa3aTeNIu U KOPPEIUPOBaTh UX C JaHHBIMU NOTy4eHHBIMU OT GPS.

B Tabmune 1 mpencraBieHa cpaBHHUTENBHAas XapaKTEPUCTHKA
METOJOB NMpoTUBoeiicTBUA aTakaM Ha GPS.
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Tabnuna 1. CpaBHEHHE CYIICCTBYIOIIUX METOJIOB IPOTUBOICHCTBHS aTakaM Ha GPS

Tun Tum meTona JlocTouHcTBa Henocrarku
peanuzanuu
METoJa
IIporpammMubIit Mertozp! Ha BricTponeiicteue, | HeBo3moxxHOCTH
OCHOBE oOHapyKeHue 00OHapyKHBaTh CJIOYKHBIE
CpaBHEHMS C MPOCTBIX aTak aTaku
3TaJOHHBIMHU
3HAYCHUSIMH
MeTobl Ha IloBbimenne CnoxHOCTh peanusauuu,
OCHOBE KayecTBa 3HEPro3aTpaTHOCTb
MHTEIIEKTYallb OOHapYKEeHHS
HOT'O aHajIM3a aTak,
YHUBEPCAJIbHOCTD
JUIsl pa3sHbIX
KOH(UTypanui
BILJIA
IIporpammHo- Mertozs! Ha CrnoxHee CnoXHOCTh peanu3anuy,
annapaTHbIi OCHOBE aTakoBath, Ooee MOI'YT MOJUIEPXKUBATLCS HE
HCIONB30BAaHUS | BBICOKOE KaueCTBO | BCEMH BITJIA. MoryTt
HECKOJIBKUX OOHapYyKEeHUS HCIIOJIb30BaTh
GPS- JIONIOJIHUTENbHBIE  PECYPCHI.
TIPUEMHHUKOB Tpebyercs 3HAYUTENbHAs
npopadoTKa peLIeHui.
Bo3MOXHBI CIIOKHOCTH TIpH
peanuzaiuu.
Mertozs! Ha IToBbImaeTcst TIoxo MacmTabupyrTCs U3-
OCHOBE YPOBEHb 1 3a TOro, YTO KOH(HIypaus
HCIIOJI30BaHUS CKOpPOCTh KaXK0To BITJIA
JPYTHX TUIIOB OOHapYKEeHHS WHUBHyalIbHA
JIATYUKOB aTaku

B pesynmprare aHamm3a TEKYIIETO COCTOSHHS HCCIICIOBAHUA MOXKHO
CKazaTh, 4TO 3aj[ada JCTEKTHPOBAHMS M MPEIOTBPAIICHUS aTaK HAa CUCTEMY
nHaBurarun BITJIA nocratouno akryansHa [13].

3. Pazpaborka m peaqmsamms cueHapusi ataku Ha BILJIA.
OTKpBITHIN XapakTep cTpYKTypsl curHana GPS nmenaer ero ys3BUMBIM IS
Cl'Iyq)I/IHF aTakK, KOTOPbIC MOT'YT BBITIOJTHATHCSA KaK OTKPBITO, TaK U CKPBITHO.
B mepBoM ciydae cHTHad aTakylOIIETO TPAHCIHUPYETCS 3HAYUTEIHHO
MOIIIHEE, YeM CHTHajl, NPUXOIALIMA OT CHOyTHUKOB. Takasi araka
BBINOJIHSETCS TPOIIE, HO HCIOJIb3yeT Oojiee MOIIHBIE CUTHAIBI W JIerde
obHapyxuBaetcs [14]. [Ipu peanu3anuu moaxoaa, KOTAa aTaka MPOBOIUTCS
CKPBITHO, MOIIHOCTH CHTHAaJa IOCTEIICHHO YBEIUYMBACTCS IO TEX II0p,
ITOKa I[eJIeBasi CHCTEMa IOJIHOCTHIO HE TEPEKIFOUUTCS Ha TPAHCITHPYEMBIN
aTaKyeMbIM CHTHaN. DTOT HOIXOJ SBISCTCS OoJice CIIOKHBIM U TpeOyeT
0O0JBIIET0 KOMMYECTBA KOMIIOHEHTOB M 00Jlee AETANBHOW MOATOTOBKH, HO
moTpeOIIsIeT MEHBIIE YHEPTUN U 00ECTICUYBACT TUIABHBIA MEpeX0.l IeTICBON
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CHCTEMBI Ha JIpyroil curHai. JlaHHble, MOyYeHHBIE C TOMOIIBIO JaTYHKOB
GPS, moryt ObITh chanbCUPUIMPOBAHBI, YTO TPUBOAUT K JIOKHOM OLIEHKE
nonoxxenus BITJIA OGoproBoit HaBuranuonnoi cucremoi. Ecmu BITJIA
MIOJTHOCTHIO aBTOMAaTU3UPOBaH, TO OOPTOBasi CHCTEMa HaBEACHHS HPUBEET
BIIUTA x JOXHOMY 1I€JIEBOMY MECTOMOJOXKEHUIO WIH «JIOMAIlIHEN
Ha3eMHOW CTAHIINH.

[Ipn mpoBeneHWH arakd, BaKHO YUHTHIBaTh psif (HAKTOPOB JUIst
CHIDKEHHUsI pHCKa OOHapyKeHus arakd. B mepBylo odepenp HYXHO
OTIPEZICTINTh TOYHYIO TCOMO3WIMI0O M BpeMs Hadana aTakd. Ecim mecto
monokeHust arakyemoro BIIJIA Oyzer BBIOpaHO HEIOCTATOYHO TOYHO,
cucreMa 6e3onmacHoctr BITJIA mMokeT 0OHapYy>KUTh aTaKy, W TOTAA armapaT
MOXKET TEpPEeHTH Ha pPydYHOE YNPABICHUE WIM H3MEHHTh TPAEKTOPHIO
JIBIDKEHUS, COTJIACHO MPENyCTAaHOBICHHOMY CIICHApHi0 moBeaeHus [l15].
HertouynocTs ompeneneHuss BpeMEHM TakXe MOXKET IPUBECTH K
O0OHapY)KEHHIO aTakK MM K OO0 BHYTpPEHHEW CHHXPOHU3AIWU CHCTEMBI.
Bce ati dakTopbl HEOOXOJMMO YUUTHIBATH HA TOATOTOBUTEIBHOM I3Tare
araku [16].

IIpoBeneHne ataku BO3MOXHO TOJNBKO B TOM CIy4ae, €CIIU CHUCTEMa
ynpasnenust BITJIA nepeBeeHa B aBTOMaTUYECKUH PEXKUM, U MOJHOCTBIO
rojaraeTcst Ha CHCTEMYy  HABHTAIlMM, HCIOJB3YIONIYI0  JIaTYHKA
GPS/TJIOHACC. Ans BITIA cymecTByeT aBa CICHAPHS HCIOIH30BAHUS
CHCTEM HAaBUTallMd B AaBTOMATHYECKOM pEXHME: COXPaHEHHE ITO3UIHHU C
(bMKCHPOBaHHBIMHU KOOPJMHATAMH U IBM)KEHHE 110 33JaHHOMY MapLIPyTYy.

Jns mosrydeHnsl 3KCIEPUMEHTAIBHBIX [JaHHBIX M MOJEITHPOBAHMS
moeneHmst BIJIA Bo BpeMs aTaky ¥ B HOPMAJIBHBIX YCIOBHAX OBLT BRIOpaH
cnoco0 HaTypHOTO MojenupoBanus. [l peanu3anuu  HaTypHOTO
MojnenupoBaHus paspabotan BIIJIA, xkoropslii BKmouaeT B cels
CIIEIYIOIINE KOMIIOHEHTBI:

- mosietHbIH KoHTposuiep: Pix Hawk 4 (PX4) (mpommBka Stable
10.1);

- pama: S500;

— wmotopsl: 2XD2212 920KV 1o 4acoBoil CTpenke MpOTHUB YacoBOt
ctpenkun CW OecCIeTOUHBIN BUTATEIIb;

— perymsatopsl obopotoB: XT-XINTE 30A;

- tenemerpus: 3DR pagmorenemerpuss 915 MIn 100 MBT
BO3/1yIIHO-HA3eMHBIH MOJyJIb Ilepeiaun JaHHbIX i Pixhawk 4;

- npueMHuk: FS-16B;

- akkymynstop: ZOP Power 3S 11.1V 4200mAh 40C Lipo Battery
XT60 Plug;

- Kamepa: muHu-kamepa: 1200TVL;

- mepenatuuk Buaeo: Eachine TX805 5,8G;
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- HaBHUTaUUOHHBIH Moayss: Moayns Ublox Neo-M8N.

Jnst ynpaenenust nojetroM BITJIA wucmonb3oBaicss MIaHUPOBITUK
QGroundControl. QGroundControl oOecreunBaeT MOJHBIH KOHTPOJb
rojiera W IUIAHMpOBaHWEe Muccuid juis moboro BIUIA ¢ momnepikkoit
npotokoa MAVLink.

[To pesynbpraTaM BBIMOJHEHUS] MHCCHHM (OPMHPOBAIOCH J[Ba THIIA
JKYPHAJIOB, KOTOpBIE B albHENIIIEM aHATU3UPOBAIINCE.

Tumer xyprana: Dataflash u Telemetry. Ectp nBa cmoco6a 3anmcu
noJeTHBIX JaHHBIX ¢ BITJTA:

- okypHan DataFlash MoxHO wucmoms30BaTh Ha IUIATE CaMOTO
MOJIETHOTO KOHTpoyiepa wiu PX4, KOTOpble MOXHO 3arpy3uTh IOCIE
ToJIeTa;

— KypHall TEJIEMETPHH 3aIMHCHIBACTCS C MOMOIIBI0 IPOrPAaMMHOTO
obecrieuernsa (I10) Mission Planner (wmm apyroidl Ha3eMHOW CTaHIHEH)
myteM nepemaun ngaHHBIX oT BIIJIA mo OecmpoBomHOMY KaHaily Ha
Ha3eMHYIO CTaHIHIO.

g mpoBeneHWs aTakd MCIOJB30BAJICS  CIEIHATU3UPOBAHHBIN
panuouactoTHbId Moy b HackRF One.

Takum o00pa3zoM, Tpoxoawna OTpPabOTKa HECKOIBKHX CLEHapHeB
HOPMAJIBHOTO TI0JIETa, @ 3aTeM HECKOJIBKUX ClieHapHeB aTtaku. Bcero ObuIo
BBINOJHEHO 710 20 TecTOBBIX UCHBbITaHUH. B pesynbrare ucnblTaHuii ObLn
coOpaHBl SKCIIEpUMEHTAIbHbIE MaHHBIE [UId aHalM3a M3 JKypHAIOB
noruposanus. ClieHapuy aTakH.

OmuH U3 cueHapueB 3akirodaeTcss B ToM, uro BIIJIA, ompenenus
CBOE TEKyI[EE MECTOIOJOXKEHHE, IOMYyYaeT CTAaTHIECKHE KOOPIUHATHI
memn. BIIJIA xomrepHOro Thma mepeMemiaeTcs B 3aJaHHYI0 TOYKY H
(pUKCHpYET CBOE MOJIOKEHNE B IIPOCTPAHCTBE C COXPAHEHNEM BBICOTHI. I1pn
BHEIIIHEM BO3JCHCTBUY, HApUMEP NPH BIUSHUH IPHPOIHBIX (DAKTOPOB
WK Apyroro o0bekTa, cuctema aBTonmiora BIIJIA yBennumBaeT 060pOTHI
JBUTATeNell M 3aJaeT HaIpaBleHHE, IPOTHUBOINOJIOKHOE HAIPABICHUIO
BO3ACUCTBHS, A COXpaHeHUs 3agaHHol nmo3unuu. IIpu cmemenun BITJIA
OT 3aJaHHOM MO3MLIMH, CHUCTEMa COXPAHEHUS TO3UIUHM YBEIUYHBAET
MOIIHOCTb 00OPOTOB JBUraTenedl B 3aBHCUMOCTH OT AWUCTAHIIMU MEXIY
3aJjaHHOH TOYKOM W (akTHyeckuM pacronoxenuem BITJIA. Tlpu
BO3BpAIllCHWM B 33/IaHHYI0 TOYKY padoTa JBUTaTeNied IepexoanuT B
IITATHBIA PEXUM MOJICPKaHHS BBICOTHI, KaK IIOKA3aHO HA PHCYHKE 1.
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Flonyqeuwe peanbHbIX AaHHBIX O CNYTHMKaX
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Puc. 1. Cuenapuii araku Ha BI1JIA, 3aBucaromuii Hat0 0AHOM TOUKOH

W3 pucynka | BunHo, uro koraa Ha BIIJIA npoBoanTcs artaka, TO OH
HAYMHAET CMEIIAThCsS M M3MEHSTh CBOE MECTOIOJIOXKEHHE, KOTOpoe ObLIOo
emy M3HAYaIbHO 3a/1aHO. 370yMBIIIJICHHUK c TIOMOTIBIO
CIELUaIM3UPOBAaHHOIO  O0OPY/ZOBAaHUs, TIOChLIas CUTHaN  Oosblieit
MomHocTH, mepenaer BIIJIA cBoo wMHpOpPMaNMIO OT MOJJENIBHBIX
cnytHukoB GPS, Ttem campiM 3actaBisis BIIJIA cMmematscst OT 3agaHHOU
no3unmy. JlaHHOe CMeIeHHEe CONPOBOXKIAETCS TaKXKe H3MEHEHHEM

BBICOTHI, MOIIHOCTM MPUHUMAeMOro CHTHaJAa W HHOrma cOosiMH U
kpymenueM BITTA.
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BropelM cCrieHapueM HCHONB30BAaHUS CHCTEMBl HAaBHUTallMd B
ABTOMAaTHYECKOM PEXHMME SIBISETCS IBIDKEHHE IO 3aJaHHOMY MapIIpYTY.
KBanpokonrtep 3apaHee mojy4daeT HOJHOCTBIO NMOCTPOEHHBIN MapuIpyT, U
MIpY BBIMOJHEHUU MUCCHHU JIBUXKETCSI COTJIACHO 3TON TpaekTopuu. B ciydae
OTKJIOHEHUsI OT 3aJJaHHOW TPAaeKTOPUH, KaK U MPH CTATHYECKOW (HKCcaIMy,
BIUTA B aBTOMaTMYECKOM pEeXHME MPEANPHHUMAET JACUCTBHA IO
BO3BpAaLEHUIO Ha MapupyT. [IoMuMO NpUMEHEHHUs 3TOrO CLEHApUs IS
BBIMIOJIHEHUS 33JJaHHOM MHCCHUM WM pEUIeHMs 3aJad MpU ABMXKEHUH IO
MapIIpyTy, OH MOKET HCHOJB30BaThCS IS OOHApY>KEHHs aTaKk Ha KaHAal
YIpaBICHUS.

TpaHciupyss TONAENBHYIO TEOIO3WINI0, MOXHO 3aJaTh BEKTOP
HamnpaBJICHUS M CKOPOCTb JBIDKCHHS aTaKyeMoro ycTpoiictea [17].
M3MeHsist paccTosiHUE OT MOJJEIBHOW T'€ONMO3UIMU 10 3aJAaHHOM, MOKHO
YBEJIMYMBATh WJIM YMEHBIIATh CKOPOCTh IBIDKEHUS, JJIsI OOJiee TOYHOI'O
HampaBJieHUs1 U KOHTpoJis aTakyemoro BITJIA, kak mokazaHo Ha pUCyHKe 2.

TPaeKTOPMA ABVKEHUA
Ao Havana aTakuw

@ Hauano ataku
7 g( _ _.._ TpaHcnwpyeman TpaekTopMA
’, - ABMAKEHUA

-’
’ - % MoARENEHOS MECTONONMKEHHE
-
-
—_— : ’— - L=
~ Lalm="- - ‘DaKTU4BCKAR TRAGKTOPHA

ABVKEHVA

h PeansHoe MecTononoxenue

Puc. 2. Cuenapuii ataku Ha BITJIA, nBrokymuiics o 3alaHHOM TpaeKTOpUU

PucyHok 2 mokaspIBaeT jkernaeMyro Tpaektopuro aBmxeHns BILIA,
KOTOpasi 0TOOpa)keHa BepXHei, Ooliee TEMHOW JMHUEH, U Ty TPAEKTOPHIO,
mo koropou Oyaer gsurathcss bBIIJIA rmociae mnpoBeacHHs —aTaku
3IIOYMBIIUICHHUKOM (TIYHKTHpHAs HIDKHSS JIMHUS). BOCKIMIATeIbHBIM
3HaKOM O0O3HAYCH MOMCHT Hauaja aTakd. B mporiecce mpoBeIcHUS
skcniepuMenTa BITJIA u3MeHs1 CBOIO TPAEKTOPHUIO IBUKEHUS U OTKIOHHUIICS
OT TOH, YTO OBLIA 3a/1aHAa €TO aBTOMIIOTY.

B mpouecce wucnpiTaHUN MpU HOPMAIBHBIX YCJIOBHSX IIOJIETA
omepaTopoM 3ajaBaiioch moyieTHoe 3amanue nis1 BIUIA wu anmapar
BEITIOJIHSJ €70 Ha MPOTshkeHNH 10 MUHYT.
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B mporecce ucnbitanuii araka Ha BITJIA ocymiectBisuiacs nocine 3-5
MHUHYT ToJieTa ¥ npoBoamiacsk 10 MuayT. Bo Bpems ataku 3710yMBIIIIEHHUK
3amaBayl  moanenpHoe — MecromoinoxeHue  BITNIA. B mponecce
IKCIICPUMCHTOB HaONIONANoCh H3MeHeHue BbICOTHI BIIJIA, a Taxke
miaBHoe cmenieHue BITJIA B noxHyr Touky. B psnme skcnepumeHTOB,
KOTJIa aTaka pe3Ko IpephiBaliach, Habmronanoch maaeaue BITIA.

4. Anroputm o6Hapy:kenus ataku Ha cucremy GPS BILIA. /Ina
OOHAapy)XEHMsI aTakH IpelaraeTcs Y4YuTHIBaTh ClEAylolue Kuoep-
(uznIecKue mapaMeTphl:

— 3arpyXeHHOCTh IIEHTPAJBHOTO IPOIECCOPHOTO YCTPOMCTBA
(HIY),

— Bbicota nosieta BITJIA (ha),

— coctosiHue (ukcanym no ciytHukam (Gn),

— mHeomnpezaenenHocts GPS (Gu),

— mymM GPS (Gnoi).

C yd4eToM 3THUX MapaMeTpPoOB AITOPUTM OOHAPYKECHUS aHOMAaIHH
IIpeaJIaraeTcsl MpeACTaBUTh B BUJIE CIECIYIOMINX IIaroB:

1. ®ukcanms «CHIpBIX» 3HAUCHWH aHAIM3UPYEMBIX  KHOep-
(U3MUECKUX TapaMeTpoB Ha TPOTSHKEHUH OIPEAEICHHOTO IPOMEXYTKA
BpPEMEHH.

2. Tlocrpoenue MOAXOISIIETO THIA paclpeAeIeH s 1l COOpaHHbBIX
KkuOep-pu3nIecknx mapamMeTpoB (B MJAaHHOM cIydae pacmpeiciicHHue
[Tyaccona).

3. C UCTONB30BaHMEM CKOJB3SIIETO OKHA OCYIIECTBHUTH BBIOOPKY
peaAbIAYyIIUX 3HAYEHUH U JOIIOJIHUTh HUX CO6paHHI)IMI/I B HOBBIH MOMEHT
BPEMEHH, IOCTPOUTH BPEMEHHOU psiJl 3HAUCHUM.

4. TlocTpoeHre HOBOTO paclpeaeieHHs JUIsi HOBBIX 3HAUYEHUH IO
TOMY € 3aKOHY pacIpeesICHuUsI.

5. Brruucnenue 3HauyeHus auBepreHimu KynnOaka-Jlenionepa [18]
JUTSL IBYX COCEIHHMX (PYHKIUI pacrpeieieHusl.

6. Yem BbIme MOJy4YEeHHOE 3HaueHWe auBepreHunu KynpOaka-
Jleiibnepa, Tem OoJblie BEPOSTHOCT, YTO HA CUCTEMY OKa3aHO BIIMSHHUE B
BUJIC aTaKW WIIM BHEIIHEro JECTPYKTHUBHOrO Bo3zaeicTBus. Kak mpaBmio
TaKoe 3HAYCHWE [OJDKHO TPEBBINIATh WM ObITh paBHBIM 2 (OBLIO
YCTaHOBJICHO aBTOPAMH paHee SKCIEPUMEHTAIBHBIM ImyTeM) [19].

7. TloBTOpHUTH anrOpuTM A TOCIECAYIOIIMX HOBBIX 3HAYCHUH
KuOep-pU3NIecKuX mapaMeTpoB, HAaYMHAs C IMyHKTa 3 (CABHUT OKHA).

[lanee, ObUTH TPOBEAEHBI BBIYMCICHUS 3HTPONUH I COOpaHHBIX
3HaYeHHH Kubep-Qu3n4eckux MapaMeTpoB W OICHKAa A(PPEKTHBHOCTH
MeTo/a.
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yCTaHOBHCHO, YTO Y€M BbBIIIC 3HAYCHUE DHTPOIIMHU, TEM 6OJ'II)HIC
BEPOSATHOCTh, YTO HU3MEHEHHE KHOCP-(PHU3UUECKOro MmapaMeTpa TOBOPUT O
HAIMYUA AHOMAJBHOTO TMOBEJCHHS. AHOMAllbHOE TIOBEJCHUE MOXKET
BO3HUKATh HE TOJBKO H3-32 aTakd, HO TaKXKe M3-3a BO3JCHUCTBUS CO
CTOPOHBI OKPY>KAIOIIEH Cpeibl

Tak, HarpuMep, CKOPOCTh ABUTATEINICH U BBHICOTA MOJIETa MOTYT OBITh
HE CBS3aHBI C aTaKoOW, a MOTYT WU3MCHATHCA H3-3a MOPBIBOB Berpa. s
OJTHO3HAYHOTO OIPENACICHUS aTakh HEOOXOIUMO aHAIM3UPOBATH Cpasy
HECKOJIBKO KHOep-(QM3WYeCKNX MapaMeTpoB W OIPENEeNATh CTEIeHb HX
oTkoHeHus [20].

5. AHaau3 pe3yJbTaTOB JKCNEPUMEHTAIBHOTO WCCJIET0BAHHUS.
PaccmoTpuM, Kak H3MEHSUTach BBICOTA moJieTa 0e3 aTaku U BO BpeMS aTaKH.
Ha pucynke 3(a) mokazaH pe3yJbTaT MPEACTABICHUS CHIPHIX TAHHBIX 00
W3MCHCHHUM BBICOTHI TMojieTa Oe3 aTaku W Ha pucyHke 3(0) mokaszaH
pE3YAbTAT MPCACTABJICHUSA CBIPLIX AAaHHBIX 06 U3MCHCHHU BBICOTHI I10JIETA
BO BpEMs MMPOBEACHUS aTaKH.

Beicota noaeta Ges araku

%

(@)

BelicoTa NnoAeTa Npkr arake

©)

Puc. 3. PesynpraTr n3MeHeHus BEICOTHI MojeTa (a) 6e3 aTaku (0) mpu aTake.
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W3 pucynka 3(a) BUAHO, YTO HECMOTpS Ha TO, YTO aTaka He
MPOBOIMIIOCH, HEOOJNBIINE H3MCHEHHUS MapaMeTpa BCE Ke HaOJIFOMasHCh.
Takue wu3MeHeHHsT He (UKCHPYIOTCS pPa3pabOTaHHBIM METOAOM, Kak
aHOMaJIbHbIC. BpeMeHHbIe psiabl MO3BOJISIIOT COXPaHWUTh MH(OpPMALUIO O
BO3HMKIICH aHOMAaJIMU M OTPAXKAIOT €€ Ha HECKOJBKUX BPEMEHHBIX psijiax,
YTO BO3MOXKHO Onarozapsi KOHIEIIIMK CKOJIB3sIero okHa. M3 pucynka 3
(06) BUAHO, UYTO W3MEHEHWE BHJA BPEMEHHOTO psma, HaOIrOmaeMoe
OJTHAXIBI, IEPEHOCHUTCSI Ha MOCIIEAYIOIINE BPEMEHHBIE PSI/IBL.

Ha pucynke 4 mpeicTaBiieH pe3yJibTaT BBIYUCICHHS AUBEPTECHIMU
Kyne6aka-Jleitbnepa amst qeTeKTHpOBaHIs U3MEHEHUS BBHICOTHI ITOJIETa TIPH
aTake.

Moporoeoe 3HaueHue

SHTPONMA

Puc. 4. Pe3ynpTaT BEIMHUCIICHUS SHTPOIINH IS BBICOTHI IIOJIETA IIPU aTaKe

W3 pucynka 4 BuauM, 4TO HAOIIOAACTCS MPEBBIIICHHE ITOKa3aTels
muBepreniun Kynns0aka-Jleiibnepa B mocineqaeM BpeMeHHOM psiny. Tak kak
ataka Ha BI1JIA HaunHamack C 3a1€P>KKOM, TO MEPBbIe HECKOIBKO 3HAUYCHHUN
SIBJISIFOTCS JOCTATOYHO HU3KHMHU, 3aTeM HaOJII0aeTCs CKAauOK Ha MOCIIEIHUX
Tpex 3HAa4EeHHAX. DTO CBA3aHO B MEpBYIO ouepens ¢ TeM, 4yro BIIJIA B
pe3yabpTaTe aTakd MOTY MOTepIeTh KpymeHue. B pesynsrare ataku BITJIA
Hayal pe3KO CHIKAThCsA, HO Ojarojgapst BMENIATEeNIbCIBY OIEpaTopa
KpylIeHHe ObUIO TpenoTBpaiieHo. HamomMHUM, 4TO CHMXKEHHE BBICOTHI
M0JIeTa JIUIIb KOCBEHHO MOXET MOATBEPAUTH aTaKy.

U3 rpadukoB Ha pHCyHKE 5 BUIHO, YTO JaHHBIC, ITOJy4YE€HHBIE U3
nor-¢aiinoB pesynpratoB wucnbitaHuid BIIJIA Bo Bpemsi HOpMalbHOTO
rojieTa M aTakW, IOKa3blBalOT Haiuuue aHoManuu. Ha pucynke 5(a)
TIOKa3aHMsI HHepIHManbHO! cucteMbl 1 GPS [u1s n3mMepeHus BBICOTHI TOJIETa
COBMAJAIOT, OTJIMYAIOTCSA TOJBKO TOKa3zaHMs OapoMeTpa (camasi HIDKHSS
muaust Ha Tpaduke). Ilokasanust OapomeTpa BO BCEX OIKCIIEPHMEHTax
OTJIIMYAIOTCS OT TOKa3aHUH akcenepoMmeTpa M cuctembl HaBuranuu GPS.
OTO CBA3aHO C HEMONagKoW O0O0OpyIOBaHWS, TO3TOMY B JIaHHOM
HCCIIEIOBAaHNM OHU HEe paccMmarpuBaioTcsa. CyIIeCTBEHHbIE H3MEHEHHMS
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BBICOTHI T0JIeTa HaOJIIOAAINCh B KOHIE pean3alliy CLieHapHs, YTO BUIHO
u3 rpaduka 5(0). Ilpm HOpManbHOM IIOBEICHUHM TaKXke HaOII0IaIOCh
HeOoJIbIIoe U3MEHEHHE BBICOTHI. OTIMYME COCTaBISET TakXkKe TO, YTO IPU
HOPMAQJIBHOM IIOJIET€ BBICOTA MO MOKAa3aHUSAM HWHEPIHUAIBHON CHCTEMBI
HaBuraiuu u cucreMbl GPS u3sMensnacs onunakoBo. [Ipu atake pe3yibTar
BBIYHCIICHUS BBICOTHI TOJIETA, MOJYYEHHBIH OT MHEPUUAIBHON CHCTEMBI U
cucreMbl GPS, ormnmuaercs, kak BuaHO W3 pucyHka 5(0). Bepxussa munHus
0003HaUaeT 3HAYEHHE BHICOTHI IIOJIETA, MOJydeHHOe OT cucteMbl GPS,
CpemHss JIMHHS - OT aKCEIEpPOMETpa, a HIDKHAA JIMHHUA - OT Oapomerpa.
BapomeTrp maer morpemrHoCThP W TpH HOpMaimbHOM moiere, a GPS u
aKCeJIepOMETpP JOJDKHBI COBMANATh B CBOMX MOKA3aHMAX, KaK Ha PUCYHKE

5(a).

Altitude Esimate

| 2 3 B ®— GPSANIude
| 2 3 ] :
t 8 - Bma‘ﬁllﬂuda
& 1 n B— Fused Alitude Estimaticn
| o A
! A 1
l _on
0~
|
e |
.50 4
]
1
i — e e
s s s 1w T s o s
(a)
Alttude Estmalke
0 E g @ — OPS Al
B R Baomdor ARRude
0l © B — Fuzed Alfude Extimation
A al
@ -
E
= o QGHOPYXeHHOS
OHOMOAKA
o] ,,__CZ;———‘«————H‘/\
-
0~
:
1z 1»® W 130 3% 040
©)

Puc.5. I'paduxk Beicots! BIUJIA (a) npu HopmanbsHOM nonete (6) npu atake
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W3 pucynka 5 (0) BHAHO, YTO H3MEHEHHE BBICOTHI IIOJIETA
HaOJII0IaI0Ch OBaXK/Ibl - Oyvke K Havanry (00O3HAUEHO HAa PUCYHKE, Kak
oOHapy)XKeHHasi aHOMaJIusl) ¥ B KOHIle rpaduka. B nemnom rpaduk BeIMISaUT
MEHee TJIaJKKM, YeM PHCYHOK 5 (a), TJe nmpejacTaBiieH rpaduk U3MEHEHHs
BBICOTHI JJIs1 HOPMAaJIBHOT'O T10JIETA.

[IpoBenénnbple  SKCHEPHMEHTHI  IMOKA3bIBAIOT, YTO  AHOMAJIHS,
BO3HMKaIOIIas TpH arake Ha mnoxacucreMy GPS-maBuranmm, ycremHo
00OHapY>KUBAETCS C TIOMOIIBIO ITPECTABICHHOTO METOIA.

PaccmoTpuM m3MeHeHHE Ipyroro Kudep-(pu3ndecKoro mapamerpa -
kommyectBo cmyTHHKOB GPS. Ha pucynke 6(a) moka3aH pe3yibTar
MIPEACTaBICHNS JaHHBIX O KOJMYECTBE CIyTHUKOB O€3 aTak M Ha PHCYHKE
6(0) - mpu aTaxe.

W3 pucyHKOB BHAHO, YTO HM3MEHEHMS HAOIMIOJArOTCS ISl 00OMX
cllydaeB, HO JUIsl Cliydas aTaku KoJjieOaHus cuibHee. M3 pucyHka 6(a)
BUJIHO, KaK OJHAXIbl BO3HHKILIAs aHOMAaJMs IIEPEHOCHTCS Ha Bce
OCTAJIbHBIC BPCMCHHBIC pPABI. Tem nHe MCHCC, CIHMHHUYHOC IIOBBIIICHUC
3HAYEHUS SIBJISICTCS CIyYaiHBIM M HE3HAUUTENbHBIM, TaK KaK HE BIIMSCT Ha
npouecc monera BITJIA. Kak BumHO u3 pucynka 6(0), HabmomaroTcs
3HAYNTEIIbHBIC N3MEHEHUS! BDEMEHHBIX PSIJIOB.

KonwuecTeo CNYTHUKOB Ge3 atakm

i}

g

HOAWMECTIO COYTHUHON
=

T

1 2 3 4 5 6 7 8 9 10
BpesseHHof wHTEpaan

(@

Konu4ectso cnyTHUKOB NpW atake

m._..

KODAHYQCTBO CNYTHHKOB

10
BpemeHHOR uHTEpBan

(©)

Puc. 6. Pe3ynbraT n3MeHeHUs KOJIMUECTBA CIyTHUKOB (a) 6e3 ataku, (6) mpu aTaxe
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Tenepb pacCMOTpUM 3HAUYCHUEC ODHTPONHNHU, KOTOPHLIC IIOJYYHIIOCH B
pe3yibTarte BhluHCIcHHs auBepreniun Kynbbaka-JleiiOnepa mis naHHOrO
rnapamerpa.

Ha pucynke 7(a) mpencTaBicH pe3yibTaT BBIUUCIICHUS JIUBEPTCHIHMH
0e3 artaku, a Ha pucyHke 7(0) - mpu arake. M3 pucyHka 7 BHIHO, 4TO Ha
IIITOM WHTEpBaje OOHAPYXKHUBACTCS PE3KOE TMPEBBHIICHUE WCXOTHOTO
ypoBHA. B o0mem ciygae 3TO HE O3HAYaeT, YTO YHCIIO CITyTHHUKOB
YBENMYWIOCH (OHO MOTJI0O W YMCHBIIUTHCSA), TJIABHOE, YTO BUJ
pacmpeneneHus MEXAy 3 W 4 HWHTEpBaJaMH HE COBIAJAeT, a 3HAYUT
MPOM30ILIA CYIIECTBEHHbIE HW3MEHEHHs. B ciydae ¢ KOJHYECTBOM
CIYyTHUKOB, MX YHCJIO JOJDKHO OBITh MPUMEPHO OJMHAKOBHIM. Takum
00pa3oM, CTAHOBUTCS BaXKHO (DUKCHPOBATh MMEHHO PE3KHe U3MEHEHHs, a
HE TOpOTOBbIe 3HAUEHHMs, TAK KAaK 3JIOYMBIIUIEHHUK MOXET JeWCTBOBAaTh
mo-pasHoMy. OH MOXKET CO03/1aBaTh OOJIbIIC JOTMYHBIX CITyTHUKOB, €CIIH
pacriojiaraer JI0CTaTOYHBIMH MOIIHOCTSIMH, @ MOXET, Hao0OpoT, JenaTh
MEHbIIIee KOJTMYECTBO ATUX CIYTHUKOB, YEM MEPBOHAYAIBHO 3a(hMKCHPOBAIT
BILTA.

Konuuectso cnyTHKKOB 6e3 aTaky
MoporoBoe aMauewme=2

0,35

03 -
0,25
0,2
015
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0 — e

1 2 3 4 5 6 7
BpemeHHOH paa

(@)

KonuyecTso cNyTHUKOB NpK aTake

IHTpONKA

o

Mopeoroece 3HavyeHue

IHTpONUA
——
N & o, o0 o N
|

1 2 3 4 5 6 7
BpemMeHHOR paa

©6)
Puc. 7 — Pe3ynbrar BEIUMCICHHS SHTPOIINY IJIsl KOJIMYECTBA CITyTHUKOB (2) 0e3
ataku (0) mpu araxe
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Hns  noarBepxnaeHuss SGQGEKTUBHOCTH METOAUKH PACCMOTPHM
pe3yJbTaThl aHanu3a Jor-(aiyioB, «CBIPBIX» JaHHBIX, IIOJYYEHHBIX B
HeoOpabGoranHoMm Buzme ot BIUJIA. U3 pucynka 8(a) BHAOHO, 4TO IpH
HOPMAJIBHOM IIOJIETE YHCIIO CITyTHUKOB MEHSIOCH, HO 3TH U3MEHEHUsI ObLIN
IUTaBHBIMM M He3Ha4MuTeNnbHbIMU. [Ipn arake m3meHeHHE ObLIO PE3KUM, U
IIpY JajbHEHIeM rojere BO3HUKaNM Kojebanus (pucyHok 8(0)). JlaHHbie
KoJIeOaHHsI MOTYT OBITh CBSI3aHBI C OTJAJICHUEM WK npuOmmkenremM BITJTA
K YCTPOMCTBY IMOMEX 3JI0yMBIIIUICHHUKA. TeM He MeHee, BA)XKHO OTMETHUTb,
YTO METOJ TO3BOJISIET 3a()UKCHPOBATh aHOMATHIO. D((HEKTUBHOCTH PaOOTHI
METO/la OCHOBaHA Ha BO3MOKHOCTH OIEHKH XapakTepa M3MEHEHHH Knuoep-
(u3ndIeckoro mapamerpa, IpU KOTOPOH HET HeoOXOAMMOCTH OO0NanaTh
nHdopManueil 0 HOpMAJIBHBIX 3HAYECHHSX.

o GPS Uncartainty

— Harzontal pas ion accucacy [m| l

= — Verl'zal position accuracy [m]
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Puc.8. KomnuaectBo ucnonszyembix GPS cryTHHKOB (a) Tpy HOPpMAaIbHOM OJIETE
(6) mpu atake Ha GPS cucremy BITJIA
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CpaBHHMM pe3yJIbTaThl TOMCKA aHOMAJIMH IIPH aHAJIM3€ YPOBHS IIyMa
BO BpeMsI aTak U 0e3 Hee, Kak [MOKa3aHo Ha PUCYHKe 9.

GPS- wym 6es ataku

MoporoBoe 3HaveHHe =2

IHTPONHA
e o ©
Wos B

BpemeHHoi pag

(@)

GPS- wym npu aTtake

Moporosoe sHayeHne =2

SHTRONHA
o AN W W B B
\.i- O wmownwowmown

BpemeHHOR pan,

(©6)
Puc. 9. Ouenka sHTponmu kudep-¢pu3ngeckoro napamerpa yposess uryma GPS (a) B
HOpMaJIbHBIX YCJIOBHAX (0) mpu aTake

Kak BuoHo w3 pucynka 9 (0), aHOMaJbHOE TOBE/ACHHE
00Hapy>KUBAETCs C IIEPBOTO K€ 3HAYCHUS] PACCUNTAHHOMN JUBEPreHIUH. DTO
CBSI3aHO C TEM, 4YTO 3HAUYEHHE KOJMYECTBAa CITyTHHUKOB H3MEHHIOCh
JIOCTaTOYHO PE3KO M JOCTATOYHO OBICTPO, KaK BHAHO Ha pucyHKe 8 (0).
Takum oOpa3zoM OOHapyXeHHE aHOMAaJMH MPOHMCXOMUT TIOCIE CPABHEHUS
MIEPBBIX ABYX BPEMEHHBIX ps/oB. Bike K KOHIly OISTH HaOIIOMAIOTCS
CKauK{ 3HAYEHWH YHCIIa CITyTHUKOB M TEM CaMbIM MPOUCXOIUT IIOBTOPHOE
00Hapy)KEHHE aHOMAJIMH BO BTOPOM BPEMEHHOM DSy W B IIATOM, YTO
KOppeNupyeT ¢ pucyHKoM 8§ (0).

6. 3akaouenne. HecmoTpst Ha TO, 9TO OMyOIMKOBAHO JOCTaTOYHO
Oonpmioe 4YHCIO paboOT € pe3yibTaTaMH HUCCICAOBAaHMA METOHOB
MIPOTHUBOJCHCTBHS atakam crypuHra HaBuranuonHon cucremsl BIJIA, sTa
TeMa Bce eme akrtyanbHa [21-23]. Ha  cerogHsmHuii  JeHb
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MIPOJIEMOHCTPUPOBAH PsII YCIENIHbIX aTak Ha cucteMy HaBuranuu BITJTA.
OnucaHHBId B JaHHOM CTaThe€ METOJ HMEET psAJ TMPEUMYIIECTB IO
CPaBHEHMIO C U3BECTHBIMHU MOIXOJaMH.

MeTon MOXET HpHMEHAThCS Ui JIIOOBIX moxacuctem BILJIA, ¢
KOTOPBIX MOXKHO CHUMAaTh UHWCJIOBBIE TMOKa3aHus. [naBHOW 3amaueit
CTAHOBHUTCA  OMNpeNeieHHe  MPaBUJIBHOIO  THUMA  pacHpelesieHUs
BEPOSITHOCTEH [JIs1 aHATTM3UPYEMBIX [TapaMeTPOB.

MeTon  BBIYHCIHTENEHO  ICTKHI» ¥ JHEProd(pEKTHUBHBIH.
[IporpammHas peanmu3anus MeTona ciabo BIMSAET Ha 3arpy3Ky Iporeccopa
u sHepromnoTpednenne BITIA.

ITockoapKy METO TI03BOJISIET aHATH3UPOBATH JIOOBIC MapaMeTpPhl H
MOXKeT paboTaTeh ¢ MIOOBIMH [IOCTYNIHBIMHA JaHHBIMH, TO HE HWMEeT
3HAaYEHMs, KaKMMU JaTdnkaMu ocHamieHn BITJIA.

C m[oMOIIbI0  pa3pabOTaHHOIO METOJa MOXKHO HE  TOJIBKO
00OHapy>KUBaTh aHOMAJIMU, HO M ONPEACIATh U3MCHEHHUE 3aKOHOMEPHOCTEH
noBeAcuus BIIJIA, wu3MeHeHue ero cocrtosHui. Ecaum 3HaueHHs
ONpEeeNIIeMON DJHTPONMMU HE CIMUIIKOM BBICOKM, M HMEET MECTO
OJIHOKpaTHOE YBEJIMYEHHE, TO 3TO MOXKET YKa3bIBaTh HA U3MEHEHHE PEXKUMA
nosnera. COOTHOIIEHHE  aHATU3UPYEMBIX  MapaMEeTpoOB  IO3BOJISIET
OIHO3HAYHO BBISIBUTH AaTaky W ONpeAenuTh ee Tuil. Kaxpas araka
3aTparuBacT ONpeACICHHBI HA00P MOACUCTEM, ITO3TOMY THIT aTaKU MOXKHO
0XapaKTepHU30BaTh MO0 PE3YJNbTUPYIOIIUM [apaMeTpaM, Ha KOTOpPbIE OHA
BiuseT. JlaHHBIE, cOOpaHHBIE B BHIE BpPEMEHHBIX PAIOB, MOTYT OBITH
WCTIIOJB30BAHBI ISl OOYYCHUSI HEHPOHHBIX CETeH NMPUHWUMATh PEIICHUs O
NPOBENCHNUU aTaku. MeToJl MOXKET HCIIOJIb30BAThCA ISl aHAJIM3a JAPYTUX
HaOOpPOB MapaMETPOB U MPHUMEHATHCS HE TOJbKO K BITJIA, HO u K 000k
knoepduznuecKoi cucreme.

JanbHelinue  ucciaeqoBaHMA — IIAHUPYIOTCA B HAIPaBJICHUU
pa3paboOTKK CpPEICTB aBTOMATU3AIMH M YIPABICHHS CIICHAPHSAMHU aTak Ha
BIUUTA pans ympoieHHUsT M YCKOPEHUS TMPOBEACHUS JKCIEPUMEHTOB.
[IpenycMaTpuBaeTcs MpOAODKEHHE PadoT MO aHAIKM3Y BIMSHUS Pa3IMIHBIX
THUIIOB aTak Ha knoepduzndeckue napamerps! bBITJIA.
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SPOOFING ATTACK DETECTION METHOD FOR UAV
NAVIGATION SYSTEM

Basan E., Abramov E., Basyuk A., Sushkin N. Spoofing Attack Detection Method for UAV
Navigation System.

Abstract. An implementation of methods for protecting unmanned aerial vehicles (UAVs)
from spoofing attacks of the global positioning system (GPS) to ensure safe navigation is
discussed in this paper. The Global Navigation Satellite System (GNSS) is widely used to
locate UAVs and is by far the most popular navigation solution. This is due to the simplicity
and relatively low cost of this technology, as well as the accuracy of the transmitted
coordinates. However, there are many security threats to GPS navigation. Primarily this is due
to the nature of the GPS signal, the signal is transmitted in the clear, so an attacker can block or
tamper with it. This study analyzes the existing GPS protection methods. As part of the study,
an experimental stand and scenarios of attacks on the UAV GPS system were developed. Data
from the UAV flight logbook was collected and an analysis of cyber-physical parameters was
carried out to see an effect of the attack on the on-board sensors readings. Based on this, a new
method for detecting UAV anomalies was proposed, based on an analysis of changes in UAV
internal parameters. This self-diagnosis method allows the UAV to independently assess the
presence of changes in its subsystems and identify signs of a cyberattack. To detect an attack,
the UAV collects data on changes in cyber-physical parameters over a certain period of time,
then updates this data. As a result it is necessary for the UAV to determine the degree of
difference between the two time series of the collected data. The greater the degree of
difference between the updated data and the previous ones, the more likely the UAV is under
attack.

Keywords: security, attack, navigation system, UAV, threat, probability, protection
technology, global navigation satellite system.
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H.H. CEBOCTBSAHOBA, U.B. JIEBEJIEB, B.B. JIEBEJIEBA, 11.B. BATAMAHIOK
HWHHOBALIMOHHBIN TOJXO0/] K ABTOMATHU3UPOBAHHOM
®OTOAKTUBALIMU IOCEBHBIX IVIOIIAJIEN
MOCPEACTBOM BILIA C HEJBIO CTUMYJISIHUUA POCTA
KYJbTYP

Cesocmousanosa H.H., Jlebeoese HU.B., Jlebeoesa B.B., Bamamaniox V.B. IHHOBaUHOHHDBIH
MOJAX0 K aBTOMATHU3MPOBAHHOH (OTOAKTHBAIMHU IOCEBHBIX ILIOIIAJEH IOCPeICTBOM
BnJIA ¢ neiibio CTUMYJISIUH POCTAa KYJABTYP.

AnHoTtauus. POTOAKTUBALMUS PACTCHUH MOCPEACTBOM Ja3epPHOM OOpabOTKH SIBISETCS
NePCHEKTHBHEIM ~ HaNpaBlICHHEM pa3BUTUsL COBPEMEHHOIO arpapHOro IIPOU3BOJCTBA.
O0paboTKa pacTeHHil M3Ty4EeHHEM C 33JlaHHBIMH XapaKTEPHCTHKAMH CTHMYJIHPYET Pa3BHTHE
pacTeHuil, GOpMHpOBaHWE TCHEPATHBHBIX MPU3HAKOB M pocT ypoxaitHoctu. Jlis
aBTOMATH3allMU IIporecca ()OTOAKTHBAIUH OONBIIMX MOCEBHBIX IUIOMIANEH MPEIIoKeH
MMOJXO0J, OCHOBaHHBI Ha MCIIOJIb30BAaHUU CIELUAIM3UPOBAHHON J1a3epHON YCTaHOBKH,
MOHTHPYeMOi Ha GecrmIOTHBII eratenbHbli annapat (BrJIA). pu nomommn brJIA MoxHO
IIPOU3BOUTH JIA3ePHYI0 00pabOTKYy CEeNbCKOXO3SIHCTBEHHBIX ITOJel OONBIION IUIOMagH IpU
MHHHMaJbHBIX 3aTpaTax BPEMEHHBIX M 4YeJIOBEUeCKHX pecypcoB. B pabore mnpemnoxen
AJIrOPUTM pacueTa TPAeKTOPHU JJIsl PABHOMEPHOTI'O MOKPHITHS NIPSIMOYTOJILHOIO yJacTKa 3eMIn
Ja3epHBIM H3IIy9eHHEM C 3aJaHHBIMH XapakTepHcTukaMu. [IpuBOAMTCS MeToIuWKa pacdera
TpeGyeMoil MOLIHOCTH JIa3epHOIl YCTAaHOBKYM B 3aBUCHMOCTH OT BBICOTHI M BPEMEHH IIOJIETa
BriJIA. IlpeumyiectBoM pa3paOOTaHHOIO IOJAXOAA SABIAETCS €ro  YHUBEPCAJIbHOCTD,
MIOCKOJIBKY JAHHBIH NOAXOJ YYHUTHIBACT XapaKTEPHCTUKH JIA3€PHOTO YCTPOICTBA U MOXKET
MPUMEHSTECS C YCTPOHCTBAMH Pa3iIMYHOIO THIIA. B 3aBHCHMOCTH OT IapaMeTpoB Jiasepa
AITOPUTM CTPOUT TaKkyro TpaekTopuio At brJIA, yTo6bl 00IydeHHe BCXOJOB pacTeHUi ObLIO
PaBHOMEPHBIM Ha IPOTSDKEHHH BCero mponecca oOpaborku. IIpum mpoBemeHHH INOIEBBIX
9KCIIEPUMEHTOB Npu ABmxeHuu BrJIA Bronb paccuuTaHHON Tpaekropuu co ckopocTsro 0,3
M/c BpeMst 0OpaboTku mounst jutnHO# B 200 M 1 mmpuHoit 1 M coctaBmio 9 MuH. PesynbraTh
MOJICBBIX JKCIIEPHMEHTOB IIOKA3bIBAIOT, 4YTO JIa3epHOE OOMydeHHWe mIsi OonblIeil wacTu
H3y9aeMBIX KYJBTYp YBEIHUWIO YPOXKAHHOCT M BBICOTY TPaBOCTOSI (y 37TaKOBBIX — JUIS
YeThIpeX M3 INECTH KyJIbTYp, y OOOOBBIX — Ul YETHIPEX M3 IISITH H3YYACMbIX KYJIBTYD).
IpennmaraeMslii anrOpUTM IIOCTPOCHHS IYTH OIS PABHOMEPHOIO JIA3EPHOTO OOTydeHHS
y4JacTKa yYHUTHIBAET IUIOIAAb IPOEKIHH JIA3ePHOTO M3TydeHHs UL 00ecriedeHHs! TpeOyeMBbIX
XapaKTEePUCTUK 00pabOTKH MO,

KiroueBble ¢j10Ba: Ta3epHas yCTAaHOBKA, CTUMYILIIHSA pocTa pacTeHuid, biJIA, censckoe
XO3SIMCTBO, IIAHHPOBAHUE ITyTH, IUIAHUPOBAHHE MOKPHIBAIOIIEH TPAaGKTOPUH, MaJOMOIIHEIH
nasep, azepHas poToaKTHBALMS.

1. BBenenne. Pa3paboTka v UCTIOIB30BAHUE HOBBIX METOJIOB ek~
TUBHOTO CTUMYJIUPOBAHUS Pa3BUTHUSI PaCTEHUH SABIISETCS aKTyaJbHOM 3aja-
Yyell COBpeMEHHOro pacteHueBoicTBa [1]. MHorue ucciieoBareny u3y4aroT
BO3JICUCTBUE JEKTPOMArHUTHOTO NOJS U Y D-K3IydeHus: Ha CeMEeHa KyJib-
TYpHBIX pacTeHu# [2, 3]. OOiydeHne ceMsH pacTeHMH 4acTO HMPUBOIMT K
POCTY TTOCEBHBIX KaueCTB, TAKUX KaK BCXOXKECTh M SHEPTHUS IMPOPACTaHUS, a
TakXkKe K YIyIIICHHIO MOP(POJIOTHYECKIX ITapaMeTPOB PacTEHUs, YTO BEACT
K POCTY ypoxKaiftHOCTH [4].
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Cpenn sHepreTUYecKUX BO3JIEHCTBUI BBICOKOH 3KOHOMHUYHOCTBIO,
TEXHOJIOTUYHOCTBIO U IKOJIOTHUECKON 0€30MacHOCThIO 00Ja/laeT J1a3epHoe
nznydenune [S5]. Jlazepnast ¢oroakTuBanus (00pabOTKa) CEILCKOXO3SH-
CTBEHHBIX KYJIBTYP — 3TO HENpPEPbIBHOE MM HMITYJbCUBHOE OOIyueHHe
CEMSIH WJIM UX BCXOJIOB JIy4oM Jj1a3epa. OCHOBHOM IENIBbIO TaKOH 00paboTKU
SIBJISIETCSI TIOBBIIICHHUE YPOXKaHHOCTH, CHIDKCHHE 3a00JIeBAEMOCTH PACTCHUH
pa3NMYHBIME MHQEKINSIMH, Pa3BUTHE MOIIHONH KOPHEBOW CHCTEMBI y C/X
KyneTyp. B pesynbrare mazepHoll 00pabOTKM yBEIHMYHBAETCS BCXOXKECThH
CEeMsH, aKTUBHPYETCSI CHHTE3 XJIOpO(hIIIIa, 3a CUET Yero pacTeHHs ObIcTpee
Pa3BUBAIOTCS U 1al0T BBICOKHM ypoxKail.

[IpenmymecTBa na3epHO 00pPaOOTKH: KPATKOBPEMEHHOCTh BO3IEH-
CTBUS, OTCYTCTBHE OTPHLATENIBHEIX 3()(EKTOB B NIMPOKOM JHAIA30HE pe-
KUMOB JIa3epHON 00pabOTKM ceMsH; cTabMIbHOE MOBBIIICHUE YPOXKAWHO-
CTH C/X KYJBTYP B Pa3iIM4YHbIX ITOYBEHHO-KJIMMATHYECKUX YCIIOBMSIX; MO-
BBILIEHHE KayecTBa C/X MPOIYKLUUH (yBEIMYCHUE KOJIMYECTBa OEJIKOB, yr-
JIEBOJIOB M BUTAMHHOB); BO3MOHOCTh CHM)KEHMSI HOPMBI BbiceBa Ha 10-
30% 3a cueT MOBBIIEHUS MOJIEBOM BCXOKECTH CEMSH U YCHJIEHHS POCTO-
BBIX TIPOIECCOB; MOBBIIIEHNE YCTOWYNBOCTH PACTEHUI K ITOPAKEHHIO pa3-
JIUYHBIMA 3200JICBaHUSIMI, OE3BPETHOCTH 00PaOOTKH I pacTeHuUi [6].

Ha npaxTnke gacTo npuMeHseTcsS HMEHHO JIa3epHasi (OTOAKTHBAIIHS
cemsH. Hanpumep, cioco0, omucanHbIN B paboTe [7], MOXKeT OBITh HCTIONb-
30BaH Ul NpeaoceBHON 00paboTku ceMsH. Crioco0 BKIIIOYAET Olepanuio
MIPEATIOCEBHOTO OOTydeHHsI CEMSH B YCIOBHAX 3€PHOXPAHMIINIL JTa3€PHBIM
JTy4OM, CKaHUPYIOIIMM OJHOBPEMEHHO B JIBYX B3aWMHO TEPICHIUKYIAP-
HBIX TUIOCKOCTSX. B paboTax [8-10] ommcano BIMsHIE HU3KOWHTEHCUBHOTO
JIA3epPHOT0 M3TYyUYeHHs ¢ JUTMHOHN BOIHBI 635, 650 u 890 M (B pabote [8] —
890 uM, B [9] — 650 uMm, B [10] — 635 HM) Ha ceMeHa ¢/X KYJIbTYp, C LEIbIO
aKTHBanMu BcxoxkecTd. [1o pe3ynbraTaM 3KCIEepHUMEHTOB IOCIIE JIa3epHOTro
00JTy4eHns] BCXOXKECTh OIBITHBIX CeMsH Ooirapckoro mepua u orypua [8],
cemMeiicTBa THIKBeHHBIX [9] 11 6000BbIX [10] oka3zanack moutn Ha 21% BbilIE,
YeM BCXOXKECTh KOHTPOJIBHBIX TPYIII, KOTOpPbIE HE IO/BEPrajuch 00ITyde-
HUIO.

B mocnennue ronpl Takxke crajia NoOIyJsipHa JlazepHas oOpadoTka
BcxonoB. [IpakTuueckne pe3ynbTaThl, MOMyUYEHHBIE TAKUM METOIOM 00pa-
OOTKH POCTKOB, BHITIIIAT MHOTOOOemarome [11]. Tak, Hanpumep, aBTOPHI
pabot [12-13] mpennaratoT aBTOMAaTHIECKYIO CHCTEMY 00pabOTKH pacTeHUHA
C UCIIOJIb30BAaHUEM COJIHEUHOH 3HEPTHU B Ka4eCTBE MCTOYHHUKA MUTAHUS. B
Ka4eCTBE HMCTOYHHKOB H3IIy4EHHUs] B CUCTEME HCIIONIb3yeTcs Habop Maio-
MOIIHBIX JIA3E€POB Pa3HOro cnekrpa. JIyd KaxIoro jazepa pa3BopaunBaeTcs
B JIMHUIO C TOMOIIBIO JIEMEHTa Pa3BEPTKH, MoJlydaeMasl Jla3epHasl JTHHUs
nomnaaaeT Ha 3epkano. OTpakeHue Ja3epHON JIMHUH IT0NaaeT Ha PACTEHHUS.
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JIBrkeHue 3epkajla BOKPYI OJHOW OCH BBI3BIBAET JBMKECHUE JIA3EPHOM -
HHH 110 pacTeHusM. [1oBOpoT 3epkaiia OCYIIECTBISIETCS C TIOMOILBIO CEPBO-
MIPUBOJIA, KOTOPBIH MO3BOJISIET TOYHO YIPABJIATh HapaMeTpaMu JBHKEHHS.
BxittoueHne Hy>XKHOTO Jla3epa M yIpaBlICHHE CEPBONPHBOJIOM OCYIIECTBIIS-
eTcst uepe3 0ok ympasieHus. OHAKO Takol crocod JiazepHoil 00padoTKH
3aTpyIHUTEIBHO HCIIONB30BaTh JUIS OOMydeHHs OOJNbIIMX IUIOMIAafeH OT-
KPBITOTO IPYHTA.

s nasepHOit 00pabOTKKM OOLIMPHBIX ITOCEBHBIX IUIOMIAACH ITpHUMe-
HSIOTCS Pa3JINdHBIC CIIOCOOBI, CYyTh KOTOPBIX 3aKJIIOYAETCS B HMCIOIH30Ba-
HUH OJHOTO MOABIXHOTO MCTOYHHKA HM3Ty4EHHS, MOCIIEI0BATENHHO 00pa-
0aThIBAIOIIETO HEOONBIINE YYACTKH MOJsL. B KauecTBe Takoro mepeaBHra-
IOLIETOCsT UCTOYHUKA M3IIYYEHHsI MOKET OBITh HCIIOJIb30BaH OECIMIOTHBIN
netarenbHbIA ammapat (briJIA). JlanHsle anmapaThl BCe Yalle UCIIOIb3YIOT-
csl B 3a/1auax poOOTH3aLUK CEIBCKOTO XO3SICTBA, HAPUMED, JJIsi MOHHUTO-
pUHIra OOIIMPHBIX TEPPUTOPUM, TOUYEHUHOTO BHECEHUs YyIO0OpeHui, cOopa
ypoxas u ap. [14, 15].

Crout oOpatuth BHUMaHKEe Ha paboty [16], B KOTOpOI npencraBieH
crnoco6 yazepHOH 00paboTKH pacTeHuit nocpeactsoM briJIA ¢ mHTErpHpo-
BaHHBIM I10JIBECOM OJIOKa JIa3epHOM KaJpoBoil pa3BepTku. B Giioke popmu-
pyeTcsa CKaHWpYIOLIas KaJpoBas pa3BepTKa JIa3epHOTO HM3IYUYEHUs B BHIC
KBaJ[paTHOW TIPOEKINH JIa3epHOTO M3iMydeHus. DopMupyeMblii onTomexa-
HUYECKMM OJIOKOM JIa3epHOW KaJIpoOBOH pa3BEpPTKH Kaap C pa3MepoM
350%350 m, pu BeicoTe monera briJIA 10 M, mo3BosnsieT obpadboTars 1IO-
mans 12 ra 3a 30 c¢. Anroput™m 00paboTku, npeanaraemslii B [16], BBITIS-
JWT ciexyromuM obpa3om. Ha oCHOBaHMHM JaHHBIX O MECTOHAXOXICHUH U
KOH(UTypaInH OIS OTIEPATOP C KIIABHATYPbI OJIOKA YIIPABICHHS 3aHOCHUT B
namsTh briJIA mapamerpsl mosieTa: CKOpoCTh MOJeTa, BBICOTY U KOOpAWHA-
TBl TOYEK B3JIETa M IMOCAJKU, KOTOPBIE JIeKAT B Ipenenax o0JydyaeMoro
yuactka. B mamsars BriJIA Takke BBOISTCS KOOPJMHATHI NPUBSI3KU K MECT-
HOCTH JUIsl YJYYLIEHHOTO To3unnoHupoBaHus briJIA u ycranaBnmBaercs
pa3Mep OKHa U3NIydeHus: OJIOKa KaJpOBOM pa3BepTKH MO 3aJaHHYIO ILIO-
maas oopabdotku. [locie Bxoxa B pabodyio TOUKy M HaOOpa HYKHOH BBICO-
Tol bJIA 3aBucaer B Bo3ayxe u B TeueHHe 30 CeKyH] BBINOJIHAET JIa3ep-
Hy!I0 00paboTKy. BrimomHmB 00pabOTKy, cHCTeMa YIPaBICHUS OTKIIIOYACT
na3ep ONoKa KaJapoBOW pa3BepTKH W Bo3BpamaeT brJIA B TOUKy B3IleTa.
HenocratkoMm mpemIokeHHOTO crocoba SBISIETCST €r0 JOCTATOYHO Y3Kas
o0iacTe MpUMEHEHHs HM3-32 MCIOIB30BaHUS crenuduieckoro odbopymosa-
Hust. YTON BEEPHOTO IydKa ja3epHoOll ycTaHoBKH coctaBmser 174° u ero
HEBO3MOXHO U3MEHHTH. [Ipyrumu ciioBamu, peuieHue B [16] mpeamnonaraer
WCIIOJIb30BAHNE JIA3€PHOTO MOJYJS ¢ (PMKCHPOBAHHBIMH XapaKTepHCTHKaA-
MH.
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Llenbto naHHOM pabOTHI SBISIETCSl PEIICHHE 3alaudl yIPaBJICHUs
brJIA nmns oGecriedeHust ja3epHOi 00pabOTKU C 3allaHHBIMHU XapaKTepH-
CTHKaMH NPSMOYTOJIBHOIO Y4acTKa /X ToJis 3aaHHoi miommaan. Crapro-
Basg U KOHeuHas koopauHatel BnJIA coBmagaroT M jexaT 3a mpeaeramu
obsactu mokpbITHs. IIpeamnonaraercs, 4yro Ha oOpabaTbiBaeMOM y4acTKe
OTCYTCTBYIOT KaKHe-JIN0O MPEIsITCTBHS.

Jns nocTrkeHus yKa3aHHOHW el paboThl HeoOXxoauMa pa3paboTka
QITOpUTMa aBTOMAaTU3MpOBaHHOTO ABMKeHHS brJIA, a Taxxe obecneunsa-
IOIIETO PaBHOMEPHOE OOTydeHHE JIa3epOM 3aJaHHOW TEPPUTOPHU C COXpa-
HEHHEM TpeOyeMOol MOIIHOCTH M APYTUX IapaMeTpoB M3IydeHUs, obecme-
YUBAOIINX Y(PPEKTUBHBIA POCT PACTECHHH.

Pabora cTpykTypupoBaHa ciemyromuMm oOpas3om: pasmen 1 comep-
XKHUT 0030p M aHAJIN3 COBPEMEHHBIX IOAXOAOB K IUIAHUPOBAHUIO TPACKTO-
pHUH 17151 pAaBHOMEPHOTO MOKPBITHS 00JydaeMoi o0iacTu; paszien 2 conep-
JKAT ONKCAaHME MOJAXO0/a K PEUICHUIO 3aJaui MOKPBITUS MPOEKLUUEH Jia3ep-
HOTO JIy4a C 3a/laHHBIMH XapaKTEPUCTUKAaMH OOLIMPHBIX MPSIMOYTOJIbHBIX
obnacteii 0e3 mpensTCTBHH; B pasfene 3 M 4 NpeACTaBICHBI PE3ybTaThl
TEOPETHYECKUX M MPAKTHYECKUX IKCIEPUMEHTOB COOTBETCTBEHHO; B 3a-
KIIIOUYCHHUU TIPEJCTaBJICHbl NPEHMYIIECTBA M HEIOCTATKU IpeisiaraeMon
CXEMBI JTa3epHOH 00pabOTKH C/X KYIBTYP.

2. MMoaxoapl K MJIAHWPOBAHMIO TPAEKTOPHH /UISI TIOKPBHITHS 00-
Jy4yaemoii obaactu. 3amada ynpasnenust bnJIA, xoropyio HeoOxomumo
pemmTh i o0ecleueHns paBHOMEPHOTO JIa3€PHOTO OOIyYeHHSI POCTKOB,
CBOAMTCS K 3ajiade IUIAHWPOBAHMS MapLIpyTa PaBHOMEPHOTO ITOKPBITHS
obOpabateiBaemoii obmactu (Coverage Path Planning task, CPP). 3amaua
TUIAHUPOBAHUS MTyTH MOKPBITHS KiacCU(DUIMPYETCsl Kak Mo/A3a]a4ya TuiaHu-
pOBaHUA ABUKCHHUA B pO6OTOTeXHI/IKe, rae HeO6XO)II/IMO TMOCTPOUTH TpacK-
TOPHUIO 7151 po0oTa, YTOOBI HCCEN0BATh 3alaHHy0 001acTh [17]. Bocmomns-
3yeMcst Knaccu(uKanyeil CynecTBYIOMUX MoAX0J0B K TUIAHUPOBAHUIO Tpa-
exTopuu BriJIA 11t OKpHITHST M3ydaeMoi 00JIacTH B COOTBETCTBHH C HC-
MOJIb3yeMON TEeXHUKON KieTouHoi nexkommnosuiuu [17]. CormacHo 3Toif
KJIaCCU(HKAINH, CYIIECTBYIOT IOAXOJbI 0€3 JEKOMIIO3MIMH M METOJBI,
WCIIONIB3YIOUINE TOYHYI0 M NPHONMKEHHYIO KIETOYHYIO JI€KOMIO3HUIIMIO.
ITo ycnoBuro mocraBiieHHOW 3amadd, 00JaCTh MHTEpeca I MOJIETA TIPea-
CTaBJIeHa B BU/E NPSMOYTOJIFHUKA WM BBITYKJIOTO MHOTOYTOJIBHHKA, HE
MMEIOIIETO 3aMpPEIIeHHBIX ISl TI0JIeTa 30H M MpEnATcTBUH. s pemenus
TaKOTO KJIacca 3a/1a4 MCIONB3YIOTCS MOAXO0bI 0€3 AeKOMIO3UINH pabodeh
obmacti. Muccun, BBITOJHSAEMBIE Ha 00JaCTAX MPaBHWIBHOW (OPMEI ¢ TO-
Motsio ogHOoro briJIA, 00b9HO HEe TPeOYIOT AOMOTHHUTENBHOTO Pa3iIoikKe-
HUA Ha Oosiee Menkue obnactu. [ ucciaeqoBaHus TaKMX y4acTKOB JIOCTa-
TOYHO MPOCTHIX T€OMETPUYECKUX NMATTEPHOB JBMkeHus. Hanbonee pacrpo-

1398 WHbopmaTrka 1 aBTomaTtusaums. 2021. Tom 20 Ne 6. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnariH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

CTpaHEHHBIE MATTEPHBI — BO3BPATHO-TIOCTYyNaTeIbHOE IBMKeHKe (the back-
and-forth) u cnupans (the spiral). [lepBeiii Bapuant Haunbonee MOMyJspeH
IIpU peau3aluy YIOMSIHYTBIX MOJXOA0B K YIpaBieHHIo nojetoMm [18,19].
B 3TOM BapuaHTe TPaeKTOPHU COCTOST M3 MPSIMBIX JIMHUH B 000OMX Hampas-
JICHUSIX C MaHEeBpaMH I10J1 IPSIMBIM YIJIOM B KOHIE KaxJ10d npsimoii. Bro-
POl MOJIXOJl peajn3yeT TPaeKTOPHIO, MPOXOJSILYI0 0 BHEIIHMM BEPIIH-
HaM 00JIacTH M CXOMSIIYIOCS 110 CIHMPAIM K IEHTPabHOM Touke obmactn
HCCIIe/IOBAHMS.

OmHO# 13 OCHOBHEIX MPOOIIEM, CBA3aHHBIX C ABKeHHEM BriJIA, sB-
JSIETCSI OTPAaHMYCHHBIN 3apsil aKKyMYJISITOpa U, KaK CIEACTBHE, HEMPOIO-
JKUTENIbHOE BpeMs moiyieta. Bo Bpemsi maHeBpoB mnpu mnoBopore bmJIA
JOJDKHBI 3aMEJJISITCS, COBEPIIATH TIOBOPOT M CHOBA YCKOPSITHCS, YBEIHUUH-
Basl BpeMs MOJIETa U, CIEJO0BATENbHO, MOTpebaeHne sHeprun. Kpome Toro,
CYIIECTBEHHOC BJIMSAHUC Ha BPEMs IIOJICTA OKa3bIBAKOT NOI'OJHBIC YCJIOBUA
[20]. CornacHo npuBeeHHBIM B paboTe [20] skcriepiMeHTam, HalpaBieHUe
TPaeKTOPUHU TMOKPBITHA JOJDKHO OBITH TEPIEHANKYSIPHO HANpaBIICHUIO
BETpa, YTOOBI MUHUMH3UPOBAThH BPEMSI 11OJIETA.

Hexoropsle uccienoBaresid CTpeMsTCs MUHUMH3HPOBAaTh PacCTOs-
HHUE, BpeMs IOJIeTa WIM YHCIO MaHEBPOB, YTOOBI CHHM3WUThH MOTpeOieHHe
sHepruu. Tak, Hampumep, criakuBaHue MaHeBpoB bmnJIA mpu moBopote
CIIOCOOCTBYET COXPAHEHHIO ITOCTOSTHHOM CKOPOCTH M YMEHBIICHHIO SHEPTO-
3arpaT. B mocnennee Bpemst ObUTH pa3paboTaHBl COBPEMEHHBIE YHEProdd-
(beKTUBHBIE ANTOPUTMBI BO3BPATHO-NIOCTYMATENBHOTO ABIWXKEHHA [21] u
IBIDKEHUS 1O criupaid [22], KOTOpsIe B OCHOBHOM KacaloTCsl ONITUMH3AIAN
SHEPronoTpeOICHUs] Ha MPSIMBIX YYacTKax IyTH C Y4€TOM OTrpaHWYEHHIN
akkymynsitopoB brJIA [23]. CorilacHO pacCMOTpPEHHBIM pabdOTaM, OCHOB-
HBIMH KpUTEpHsIMH 3()(EeKTHBHOCTH MOMyJISpHBIX anroputMoB CPP siis-
IOTCS YMCHBIICHUEC BPEMCHU moyiéta u YMCHBIICHUE n01'pe6neHI/m OHEPIrun
BrJIA.

[Janee onmcaH mpeuiaraeMblid MOJX0M K PEIISHUIO 3aJa4yll IOKpPHI-
TSI TIPOCKLUEH JIa3epHOTO M3JIy4eHUs] OOIIMPHBIX HPSMOYTOJIBHBIX 00Ja-
creit 6e3 mpensaTcTBUil. OCOOCHHOCTBIO MTPEATIAraeéMoro IMOAX0/a SIBISETCS
TO, YTO OH YUYHTBIBACT pa3Mep MPOEKINH JIA3EPHOT0 JIyda P pacrpesese-
HUHM ITyTEBBIX TOYEK HA 3aJaHHON TEPPUTOPUH, YTO MO3BOJISIET 0OECIICUNTH
PpaBHOMEpHOE TOKpHITHE 0OpabarbiBaeMoro noist. Kpome Toro, npemnarae-
MBIH 1TOJIX0J1 MO’KHO MCIIOJIB30BATh C JIIOOBIM Ja3epHBIM YCTPOHCTBOM.

3. IToaxon K pelIeHUIO 32a4H MOKPBITHS NMPOEKIHelH Ja3epHOro
Jiy4a ¢ 3aJaHHBIMH XapaKTePHCTHKAMH OOIIHMPHBIX NMPSAMOYTOJbHBIX
obJacreii 6e3 npenaTcTBUIA. B oTiimume ot anropurMma nazepHoii 06pabdot-
KM, TIPEJVIOKEHHOTO B paboTe [16], MBI mpeanaraeM ClIeayIoIIyIo MOCiIe1o0-
BaTEJIBHOCTh JIEHCTBHUIA Ul peaM3alliy mpoliecca JiazepHol (OTOaKTHBA-
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uu nocpenctsoM brJIA. 3apanee onpenenstoTcst pa3Mepbl U KOOPIUHATHI
oOpabaTbiBaeMOro y4dactka mosisi. Ha OCHOBaHMU 3THX JaHHBIX OIEpaTop ¢
KJIaBUATypbl HA3€MHOI0 IyHKTa YIpaBlIeHUs 3aJaéT KOOPIUHATHI ydacTka
JUIsl O0JTy4eHHs], CKOPOCTh M BBICOTY NoséTa. MoayJb TUIAaHUPOBAHMUS MY TH,
ycTaHoBNIeHHbIN Ha BriJIA, paccunThIBaeT ONTHMAIBHYIO TPAaeKTOPHUIO, KO-
TOpast MOKPHIBAET BECh 33/IaHHBINA yJacToK. Touka B3/IETa MOXKET HAXOAUTh-
Csl HA HEKOTOPOM PACCTOSIHUM OT oOpabaTbiBaeMoro ydactka. [locie 3ane-
CEHHUS BCEX BXOAHBIX JAHHBIX JUIS pacdyera TPAaeKTOPHH, OIEpaTop, depe3
Ha3eMHYIO CTaHLMIO, OTHpaBisieT Ha bnJIA komaHay O 3amycke MOJIETHOTO
3amganus. Jlasee BCE MOIETHOE 33JaHKE BBHITIONHAECTCS O€3 yJacTHsI 4eIoBe-
ka. Ilocme Habopa paboueii BricoThl brJIA nBHTaeTcs BHONB 3aIUIaHUPO-
BaHHOU Tpaektopuu. Ha Gopty BmJIA ycranonen RTK GPS — ycrpoii-
CTBO, peanusyouiee cucreMy nuddepeHranIbHOi KOPPEKIUH II100aTbHBIX
HaBUTAI[MOHHBIX CITyTHUKOBBIX CHCTEM M IO3BOJISAIOIIEE CYIIECTBEHHO IO-
BBICUTh TOYHOCTH MO3MIIMOHUPOBaHUs. braromapst UCMOIB30BAHUIO JaTYH-
ka RTK GPS B cocraBe annapatHoro odecniedenust briJIA, oTkioHenue ot
TpaeKTOpuu IBIKeHus He npesbiaer 5—10 cm. ITocne 3aBeprienus odpa-
0OTKM 33/IaHHOTO y4acTKa Jjiazep OTkirouaercs, a briJIA Bo3Bpamaercs B
TOYKY CTapTa II0 PacCYUTaHHOMY HaWKpaTdallleMy IyTH J0 He€ U COBep-
[IaeT aBTOMAaTHYECKYIO MOCAIKy. 3a CUeT HaIW4Ms OJIOKA IIaHHUpPOBIIUKA
TPaeKTOpUH, PAaBHOMEPHO MOKPBIBAIOIICH yJacToK obOmydeHws, Ha BbrJIA
MOJKHO HCIIOJIb30BaTh Ja3€pPHYI0 YCTAaHOBKY C Pa3HbIMH ONTHYECKUMH Xa-
PaKTEpUCTHKAMH. JTO OOYCIOBICHO TEM, YTO AITOPUTM IUIAHHMPOBAHMS
ITyTH YYUTBIBAECT ONTHYECKHE XapaKTEPUCTHKNU (IUIOMIAAb MPOCSKIMHN Ja3ep-
HOTO JTy4a) JIJa3epHOIl yCTaHOBKH MPU MOCTPOCHUH TPACKTOPHH.

PaccMorpum paboTy anropuTMa IUTAHHPOBAaHHS IyTH Oosiee IMo-
npobHo. [lns pacuera TpaekTopuu ABwkeHus briJIA Ha yyacTke o0aydeHUs
criepBa HEOOXOJMMO pacCUMTATh IUIONIAb IMPOEKIMHU JIyda Jlazepa Ha 3eM-
mto. [Inomans NpoeKuuu 1a3epHOro U3JIydeHHs HapsSIMYIO 3aBHCUT OT yIJia
BEEPHOTO ITyYKa JIa3€pHOTO MOJIYJS M BHICOTHI oOiyueHwus. IlpomsBenem
pacueT IUIOIAAX NMPOEKIUH JIa3ePHOT0 U3Iy4YEeHHUS U BPEMEHH BBINOJIHEHUS
MUCCHH.

BxonHbIMu napaMeTpaMu ISt pacdera 3aBUCUMOCTH TpeOyeMbIX Ia-
paMeTpoB JIa3epHOM YCTAaHOBKHM OT BBICOTHI mosiera bnJla siBisroTcst napa-
MeTphI 06pabaThIBaeMOro y4acTKa: JiMHa /[ ¥ MIMPHHA A1 IO, BBICOTA A
, Ha KOTOpOW MPOMCXOIUT 00paboTKa Mol M MapaMeTphl JIa3epHOH ycTa-
HOBKM — YTOJI BEEPHOIO Iydka /3 U MOBEPXHOCTHAS IUIOTHOCTh SHEPTHH

U3IIyYEHUs W.
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CriepBa HEOOXOMMO PACCUUTATh JUTHHY JIa3epHOM NMpoeKuuu ml Ha
BBICOTE /1 :

ml = 2*h*tg(§).
[Tnomans ma3epHO# MpoeKu S , COOTBETCTBEHHO, OyIeT paBHa:
S= (2*h*tg(§))2.
Paccunraem TpeGyeMyto MONHOCTB JIA3€PHOTO U3Iy4eHUs P,
B=5*w.

3Has WIOIAaab Ja3epHOM NPOSKIWH, MOXKHO PAacCUUTAaTh CKOPOCTbH
BriJIA v, ¢ xoTOpoii OyzeT mpoucxoauTh 00paboTKa IoJIs:

rae 7, — equHUYHOE Bpems uanydyenus. Ha pucynke 1 mpuseneno cxemaru-
4ecKoe N300paKeHNE PACCUNTHIBAEMBIX BEJINYNH.

Jlazep

ml

Puc.1. Cxematudeckoe 1/1306pa>1<eH1/Ie Jla3z€pa 1 NPOCKIUU JIA3EPHOI'0 U3JTYyUCHHUS Ha
TOBEPXHOCTH

Jist Toro 9T00B! IPaBUIIBHO PACCUUTATh BPEMsI aBTOHOMHOM paboThI
BriJIA 10 OKOH4YaHHWS €ro SHEPreTHYECKHX 3armacoB (pa3penIeHHOe BpeMs
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obpaborku T ), mpumeM Bpems ; —, KaK HEOOXOAMMOE BpeMs Ui BO3-

Bpara briJIA Ha craproByro mosummio. Oto obecneunt BriJIA Bo3MoXkHO-
CTBIO BEPHYTHCS Ha CTAapTOBYIO MO3HIMIO W3 KOHEYHOH TOYKU IOKPHIBAIO-
el tepputopur. Bpems ¢ - paccuUMTHIBACTCS Kak CyMMa BPEMEHH JIBH-

xkeHus briJIA ot camoro YAQJICHHOT'O Yy4aCTKa 1oJid ¢ n (1)I/IKCI/IpOBaH-

diagonal
HOC BPEMS JJIA OCYIICCTBJIICHUA ITOCAJAKHA ¢ .
land
f = tdiagmml + tland ’

return

rIe ¢t — Bpems nBmkeHUsS briJIA BIoip muaroHamm 00Iy4aeMoro oIS

diagonal

1 paCCUNTHIBACTCS KaK:

Nm* 41’

Ve

tdiaganal = ’

rAe Vv, — 9TO CPE/Hsis OPH30OHTAIBHAs CKOPOCTH JBMKeHHs BruJIA mo
pSIMOiA.
IIpounssenem pacuer obuiero BpeMeHn 06paboTKy mois 7, .

7:76144 =N*t’

rae N — Koau4ecTBO akKymyssiTopoB BrJIA, KOTOpoe MOXHO paccuuTaTh

T
mo gopmyne N :?’ T — 9TO TIPEBAPUTEIHFHOE BPEMS, PACCUUTAHHOE IO

bopmyme:

rae S, — 9TO IIIOWA/b 00pabaThIBaEMOTO TIOJIS.

[TpousBeneM YHUCICHHBIN pacdyeT MapamMeTpoB Jja3epa IO Ipeio-
KeHHbIM (opmynaMm. Vmes crnexyromme mapamerpbl moist: [ =200 wm,
m=30mM, h =10 M, T = 3¢, t =1080 ¢ (18 MuH) U mapaMeTPsI JTa3epPHOIH

ycTaHOBKH: 8 = 6° mw=1 BT/M%, HOIyYnM ClEIyIOHe XapaKTePUCTHKHI

00paboTku: HeoOXoauMas MoOIIHOCTE Jasepa F = 1,099 Br, a obmee Bpe-
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M3t 06paboTKu most T, . 20480 ¢ wmu 5,6 gacoB. Mcxons u3 aTux Tpedo-

BaHMH MOXKHO NoJ00pate brJIA, ynoBnerBopsromuii JaHHBIM XapaKTepu-
CTHKaM WM Pa3OuTh 3amauy oOpabOTKH IIEJIOTO IMOJIs Ha MOoJ3aaadl oopa-
00TKH 00JIee MEJIKHX YYaCTKOB.

st pacyera nokpbiBaronield Tpaekropuu nojera briJIA Obi1 paspa-
00TaH anropuTM™M, KOTOPHIH paccunThiBaeT TpackTopuio CPP Ha ocHOBe BO3-
BPaTHO-TIOCTYMNATENBFHOTO ABWKEHUs. Biok cxema pa3zpaboTaHHOrO anro-
pHUTMa IIpECTaBlICHA Ha PUCYHKE 2.

TpaeKTopHs pacCYUTHIBACTCS B JIByMEPHOH IUIOCKOCTH, TOCKOJBKY
npeanonaraercs, uro bmJIA coBepmiaer Muccuo Ha (UKCHPOBAHHON
BbicoTe. Ha BXox anropurMa noparorcs craproBas koopauHata bnJlA
(mo  ycmoBuAM  3ajaud  cTAapTroBas M KOHEYHas  KOOPIWHATHI
coBmagaroT X Y, = X,Y,), KoOpAUHATBl BEPIIMH OOIy4yaeMOIo y4acTKa

M =[X\Y;..;X,Y,] n mar nokpsITus L (LIMpHHA NPOEKLHU Ja3epPHOTO

ny4a). Jlanee BBIYMCISETCS KOJMYECTBO JIMHHUMA TOKPBITHS (KOJUYECTBO
OTAEJBHBIX TPSMOJMHEWHBIX YYacTKOB TPAaeKTOPUHU, HEOOXOIUMBIX ISt
3amoJIHEHHs 00JIy4aeMoro ydactka ¢ maroM L): N, =a/L(l-s), rae a —

HAaUMCHBIIAss CTOPOHA MPSIMOYTOJIBHHUKA JJISI ONTHMAJIBHOTO HAIPABICHUS
mokpeIThs [24], s € (0,1) mpencraBiseT coO0H MO0 MEPEKPBITUS MEKIY

JBYMsl ydacTKamu. PaccTosiHue B MeTpax MEXIy NByMs y4acTKaMH TPaek-
TOpUM paBHO: d; =a/N;.

—
Save (xi,yi)

]

NI =a/L(1-s) ;¢—/

v G=(V.E)

dl =a/Nl ¢

. ¢ . findPath(G)

i=1,i+,

i< NIl
yi=I*dl-dl/2
L |
Puc. 2. bok-cxema pa3pabOTaHHOTO aJropuUTMa pacyera MOKPhIBAOIIEH
TPAEKTOPHU
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[Mpennonaras, 4To NPSIMOYTOJIBHUK, MPEACTABISIIOIINNA 001acTh 00ITy-
YC€HMA, IOBCPHYT TaKUM 06pa30M, YTO ONTUMAJIBHOC HAITPaBJICHUEC IMOKPBLITUA
napauienbHO ock Ox TIOOATBHON CHCTEMBI OTCYETa, JIMHUU MOKPHITHSI MOTYT

OBITE OIpE€ACJICHbI ABYMsI TOYKaMU (X, y) C KOOpAMHATaMH y , 3aJJaHHbIMH

Kak: y; =ixd, —0.5d;, i=1,..,N,. A KOOPJMHATBI X ONPENEIAIOTC TOY-

KaMH, B KOTOPBIX TOPM30HTaJIbHAs NpsiMas ¢ KOOPAMHATOM ), mepeceKkaer

TpaHUNBl 00JIACTH, KOTOpast JOJDKHA OBITh MOKpHITa. KpaiiHue TOuku psioB
TIOKPBITHSI BMECTE C KOOPAMHATAMH CTapTOBOH nosuuuu briJIA mpencrasis-
1ot HabopoMm y3noB V' rpada G =(V,E) . Kaxnplii y3en rpada mpoHyme-
POBaH Tak, 4YTOObI CTApTOBAsi O3ULIMS MTOTy4MIa HOMep 1, y3JIbl, OTHOCSIIH-
€csl K TIEPBOMY DSy TTOKPBITHS, MONYYHIA HoMepa 2 1 3, Te, YTO CBSI3aHBI CO
BTOPBIM PsI/IOM, TIOMEYEHBI Kak 4 1 5 1 Tak jainee. B KOHIIE KayK/IbIii y4acToK
TPACKTOPUH CBSI3BIBACTCS C TIOCIIECAYIOIMMH YETHBIMHU U HEYETHBIMH Y3JIaMH.
Ha6op peGep E cocrout m3 Beex munmii, coenunsronmx N y3nos rpada,
TakuMm 00pa3oM 00pa3yst OJHBIH Tpad.

Juist Toro 4ToObl HAWTH MyTh Ha TOM Tpade A pelleHus 3aaadu
CPP, Bocmnonb3yeMcsi METOJIOM Ha OCHOBE BO3BPAaTHO-IIOCTYHATEIHLHOTI'O
JIBIDKCHUS, TIPEICTaBIICHHOM B pabote [25]. Ha BbIXxojae mosydyuM MaccuB
KOOpJIMHAT, KOTOPBIH COCTaBIISIET TPACKTOPHIO, BAOJIb KOTOPOil HE0OX0oau-
Mo nBuratbes BriJIA s oOmyuenust yuactka. Pesysnprarel paboThl anro-
pHUTMa pacyera MOKPHIBAIOLIEH TPACKTOPHUH TIPEJICTABICHBI HA PUCYHKE 3.

Coverage path
150

100

33

North (y)
2

0 50 100 150 200
East (x)

a)
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Coverage path
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Puc. 3. CrunanupoBaHHbIE TpaeKTOpUH Ui ydacTka pasmepoM 200 Ha 30 m
c marom: a)10 M, 6) 2 M

Ha pucynke rpaHumsl o6mydaeMoii 006IacTy BBIICICHB YePHOM TTH-
Hueld. KpacHast nmuHMS — 3TO paccUWTaHHAsl MOKPBIBAIONIAs TPACKTOPHSL.
KitoueBbie Touku, rae BruJIA cosepiaer moopot Ha 90°, BbIIEIEHbI Kpac-
HbeIM. CTapToBas ¥ KOHEYHAs] KOOPAMHATHI COBIAJAIOT M HAXOJATCSA B TOUKE
(100, 100). Bpems, 3aTpadeHHOE Ha pacu€T TpaekTopuil Ha ydactke 200 Ha
30 m, He mpesbrmaet 0,05 c.

4. Teopernueckue JIKCHepHMMEHTHI. B 1eisix npoBepku paboThi
TMIpeyIaraeMoro ajJropuTMa Jia3epHoil 00paboTKM pacTeHuid ObIJIO MpoBe/e-
HO 3 skcniepuMeHTa. [1epBhIii SKCTIEpUMEHT IpearoaraeT 00paboTKy 1o
pasmepamu 100 Ha 100 M (1 ra), Bropoit — 500 Ha 500 M (25 ra), Tperuii —
1000 ma 1000 M (100 ra). M3mepsemMbIMu mapaMeTpaMu OBLIH: BpeMsl pac-
4yéTa MOKPBIBAIONIEH TPACKTOPHH, 3AIUTAHUPOBAHHOE BpeMs MOJETa BIOJb
9TOH TPaeKTOPUH, HEOOXOANMOE KOJIMYECTBO aKKyMYJISTOPOB IJISI 3aBEp-
IIeHWs OJHOTO IHKJIAa 00pabOTKH W [UIMHA PACCUYHTAHHOTO IyTH (BpeMs
pa6otst briJIA ot omnoro akkymymsitopa 1080 c). st pacuera ObUTH B3ATHI
crefyonme naHHeie: ckopocth briJIA — 0,3 m/c, Bpemst oOnyueHus: eau-
HUYHO# TUIONIaAN MPOEKIIMH JIa3epHOoro uainydenus 1) — 3 ¢, BbicoTa 00iy-
yeHust — 10 M. Pe3ynbTaThl kcriepiMeHTa npuBeeHs! B Tabnuue 1.
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Ta6m/1ua 1. Pe3yJ’[bTaTI)I TEOPECTUUCCKHX SKCIICPUMEHTOB

OxkcnepumeHT Nel

ITnomans
npoekuuu | Bpewms | 3amnanupoBaHHOE KonunuectBo
N 3arIaHupOBaHHOE
JIa3epHOro | pacuera BpeMs MONETa, N AKKyMYJIATOPOB,
o BpeMs ONIETa, ¢
U3IIy4YeHHs], | MyTH, C qY:MM:CC T
M2
1 0,0263 13:40:22 49200 46
100 0,0055 1:30:22 5400 5
10000 0,004 0:13:08 780 1
122500 - - - -
250000 - - - -
OkcnepuMeHT Ne2
Miowa Konunuectso
Jrotajt AKKYMYJISITOPOB,
npoekiuu | Bpewmst | 3ammanupoBaHHOE
N 3arulaHupOBaHHOE T (Bpems
JIa3epHOTO | pacdeTa BpeMst IONETa, N
Bpems nonéra, ¢ | paboThl OHOTO
W3ITy4eHUs, | IyTH, C Y9:MM:CC aKKyMyIATOpa
2
M 1080 ¢)
1 0,0561 9 nueit 2:15:56 - -
100 0,0478 22:27:03 80820 75
10000 0,0039 2:47:33 10020 9
122500 0,0043 1:20:23 4800 4
250000 0,003 0:54:35 3240 3
OkcnepuMeHT Ne3
Miowa Konunuectso
Jrotajt AKKyMYJITOPOB,
npoekiuu | Bpewmst | 3ammanupoBanHOE
N 3arulaHupOBaHHOE T (Bpems
JIa3epHOTO | pacdeTa BpeMst ONETa, N
BpeMms 1onéra, ¢ | paboThl OHOTO
W3ITy4YeHUs, | TyTH, C Yq:MM:CC aKKyMyATOpa
2
M 1080 ¢)
1 0,1566 29 cyTok - -
100 0,0192 3 nua 15:52:48 - -
10000 0,0085 10:09:59 36540 34
122500 0,0073 2:48:43 10080 9
250000 0,0074 1:49:53 6540 6

Bce BIMHCIECHHS TPOBOAWIINCHE HA BBIYHCIUTENLHOW MAIIMHE C
npoueccopoMm Intel Core i7 2,4 I'Tu u 16 I'b oneparusnoii mamstu. Kak
MOKA3aHO B TaOJHIE, BpeMs pacueTa MOKPHIBAIOIICH TPACKTOPUH ATl BCEX
SKCIICPIMEHTOB He mpeBblmaer 1 c¢. ONTUMalbHOE 3HA4YECHHE IUIOIIAIH
MPOEKIMHU JIa3ePHOTO M3IIyYEHHs VISl MPEeAaraeMoro B paboTe anropurma
o0pabotku pactenuii — 10000 m (1 ra). st 06paboTKH OOMIMPHBIX TEPPH-
TOpI/[ﬁ 3a MCHBIIIEEC BpEMA HCOGXO}II/IMO YBEJIMYMBATh IUIOMIadb MPOCKINU
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JIa3epHOT0 U3NTy4YeHHUsl. ITO MOXKHO CZEJaTh ABYMS CHOCOOaMH: YBEIUYUTh
yroj BECpHOIo ITydyka WJIM YBCJIUYUTL BBICOTY, Ha KOTOpOﬁ IIPOUCXOAUT
obpaboTka pacreHuid. OJHAKO B TaKOM Cllydae HEOOXOIMMO IPOW3BECTH
repepacueT MOIIHOCTH JIa3epHOI yCTAaHOBKH M BPEMEHU OOJyYEHHsS €IH-
HUYHOH IO [Tl COXPAHEHHUS XapaKTEPUCTHK O0TydeHHSI.

5. lIpakTHYeckHe IKCepUMeHTbI. [ IpoBeIEHNUs IOJIEBBIX IKC-
MIEpUMEHTOB ObLiIa pazpaboTaHa crienuaibHasl YCTaHOBKA JUIS JIa3ePHON
00paboTKM pacTeHHit Ha ¢/X TeppPUTOPUAX. BHEIIHMIA BU yCTaHOBKH Mpe.-
CTaBJICH Ha PUCYHKE 4.

Puc. 4. CnenuanbHas poOOTOTEXHIYECKas yCTAHOBKA JUIS JIa3epHOI 00paboTKy ¢/X
KyJIBTYp

Ha pucynke 4,a mpencraBieH oOmimii Bua poOOTOTEXHHYECKOTO
YCTPOUCTBA I (POTOCTUMYJISAIIUN PACTCHUH. Y CTPOMCTBO COCTOUT U3 JIBYX
yacteii: BriJIA co creruaaM3upoBaHHBIM KPCIUICHHEM M OJIOKa Ja3epHOU
ycTaHoBKH (puc.4,0).

Xapaxrepuctuku briJIA: Bpems noznera 18-22 MuH; Macca Noie3HOM
Harpy3ku 4 Kr; B3JIeTHasl Macca 6 Kr; MakcUMalbHasl BbIcOTa nosieta 1500
M, MaKCUMaJbHas CKOpOCTh moyieta — 60 KM/4., TAILHOCTD IOJETa B pyd-
HOM pekKHMe (C ITyJIbTa YIpaBJICHNs) OrpaHUYEHa JTATBHOCTBIO CBA3U U CO-
craisier 1500-2000 M, a JampHOCTH MONETA B ABTOHOMHOM PEKHUME 3aBH-
cut ot 3amaca dHepruu ¥ paBHa 10000 M. JIaHHBIA KBagpOKONTEp MMEET
noJietHbIN kKoHTposutep Pixhawk 4 (¢ mpommBkoii PX4). B moneTHbIit KOH-
TpOJITIEp BCTPOECHA MHEPLUAIbHAS CHCTEMa HaBHUTAINH, BKIIOUYAONIas aKce-
JIEpOMETP, TUPOCKOI W MarHUTOMETp, a Takxke Oapomerp. Kpome Toro,
brJIA ocnamen matunkoM RTK GPS nnst BHICOKOTOYHOTO MO3UITMOHHUPO-
BaHus brJIA B mpoctpancTBe. JlazepHbIf MOIYNF COCTOMT U3 Ja3epHOIO
JI0/1a, ONTUYECKOHM JIMH3BI, CTaOWIN3aTopa HaNpsDKEHHsS W JipaiiBepa Ja-
3epHOro auona. JlazepHslid MOIysIb MUTaeTCs OT akKymyJsitopa 2200 MA/4.
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Wznydenune nazeproro moxayis umeer ¢opmy kBaapara 1 Ha 1 m. [yuna
BOJIHBI JIa3€PHOTO M3JIy4eHHUs paBHa 638 HM. XapaKTepHCTHKU JIa3€pHOTO
MOJIYJISL: TIOCTOSTHHAs MOLITHOCTH Jiazepa — 1 BT, moBepXHOCTHAs IIIOTHOCTH
suepruu — 1 B/M’, yron BeepHoro myuka— 6°.

Jlnist mpoBeieHHs OJIEBOTO AKCIIEPUMEHTA OB MTOTOTOBJICH CIIEIH-
JIBHBIN ONBITHBIN yyacToK. Ha BriJIA Ob11 3akpensieH GJIOK ¢ yCTpOWCTBOM
naszepHoro m3nmydeHus (puc. 5). Beicota, Ha KoTOpoit Haxoautcs briJIA Ha
puc.5, paBHa 1,5 M. 3TO caemaHo ¢ MeTbI0 BU3yalu3auy padoThl Ta3epHON
ycraHoBKH. JlazepHas 00paboTKa OCyLIECTBISIIACh C BBICOTHI mojera 10 M,
IIPY 3TOM Ha I10JI€ IPOSIUPOBANIOCH KBAaAPATHOE CBETOBOE IISITHO Pa3MepoM
1 x 1 metp. Bpemst 06pabOTKH OHOTO y4acTKa ¢ PACTCHUSIMHU NPU IIUPUHE
cBeToBoro msatHa 1 M 6buto 3anano 3 c. [lpu nBrwxenun bnJIA co ckopo-
ctbio 0,3 M/c BpeMsi 00paboTku 1ouist uyinHO# B 200 M 1 mupuHOi 1 M co-
craBmwio 9 mMuH. OOydeHHne BCXOJIOB BEre€THPYIOIINX PACTeHUI MPOBOIH-
JIOCH B JIBa dTara.

Puc. 5. Pa3zpaboranHoe ycTpoHCTBO B JEHCTBUH

Pe3ynbraThl 00IyueHUs! pacTeHUH MaJOMOIIHBIM JIa3epOM IIPH IIO-
Mot briJIA u npeio’keHHOTO HaMK alrOpUTMa CBEAEHBI B Tabiuiy 2. B
TabJMIe NpUBEJICHa BBICOTA U YPOXKaWHOCTh MHOTONIEeTHHUX TpaB 2019 roxa
1I0CeBa B 3aBHCUMOCTH OT BO3/ICHCTBUS JTa3epHOTO OOIyIECHUS.
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Tabnuna 2 Pe3ynbTaThl IPUMEHEHUS AJITOPUTMA

Kynbrypa, copt Beicora, cM YpoxaitHocTs 3/M, T/Ta
KonTpomns | BrJIA KonTpons | brJIA
31maKoBbIe TPaBbI

Oscsiuna yro- 105 96 22,4 21,9
Basg bunapa
Paiirpac nact-
oumueiii BUK 22 61 56 13.9 14,0
Pectynonuym 61 67 13,6 16,7
Annerpa
OBcsiHAIA
TPOCHUKOBAs 86 91 20,5 16,4
JIupa
Oscsuua kpac- 77 87 11,9 11,1
Has /{nana
Exa coopuas 110 119 20,4 15,9
XJIpIHOBCKast

BoboBEIe TpaBh!

Knesep myrosoit

Hanexubrii

Knesep nyrosoii 98 103 40,2 64,2
Cromomiy

Knesep myrosoit 103 106 43,0 4572
Henen

KJ‘I?Bep ruGpua- 74 74 19,6 19,2
HbIi Masik

Knesep Gemnbrit

BHK 70 V7 2 27 i

CorlacHO METOJIMKE IOJIEBOTO OIBITa, OTOOP MPOO B KOHTPOJIBHOM
TpyIIe MPOBOJMICS CIy4aiiHO B KaXJIOM Bapuante 4 pas3a. B skcnepumen-
tanbHOM BriJIA rpymre otbupanocs mo 1 o6pasiry. [1o 31aKkoBEIM TpaBam B
koutposle HCPOS(HamMmeHbInasi cymiecTBeHHast pa3HOCTh Uit 5%-HOro
YpOBHsI 3HaUYMMOCTH) cocTaBisier 1,043 T/ra juis 3eneHod maccwl U 18,6
kr/ra ansi cemsiH. [lo kieBepam B koutposie HCPOS cocrasnsier 0,98 1/ra
IS 3eJ1eH0i Macceel B 5.81 kr/ra mus cemsaH. B cBs3u ¢ TeM, uro 2021 rox
ObUT HEXapaKTePHBIM (aHOMAJBHBIM) ISl HMCCICAYEMBIX CEIIbCKOXO3SH-
CTBCHHBIX KYJIIbTYp, IIO3TOMY HCO6XOZII/IMO MPOBECTHU ONOJHUTECIBbHBIC
OIIBITHI JJISl TOTO, YTOOBI MPOCIIEANTH TEHJCHIIUI0O U3MEHEHHUH 0 rofaM U
mocuutath HCPOS mo neym (aktopam. ITO O3BOIHUT OTOOPATH 00pasIfhl 3-
4 pa3a Mo KaXAOMY BapHaHTy — B KOHTPOJBHOW M 3KCIIEPUMEHTAJIBHOU
BbnJIA rpynmax.
W3 momy4eHHBIX pe3ysbTaToOB BHIHO, YTO OOIydeHNE MaJIOMOIIHBIM
J1a3epoM TIOBIISUIO Ha M3MEHEHHE BBICOTHI U YPOXKaHHOCTH C/X KYJIBTYP.
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Cpenu 31makoBbIX TpaB HanOoJbIero 3pdexra B MOBHINIEHUH BBICOTHI Tpa-
BOCTOSl yJIQJIOCh JOCTHYb MPH Ja3epHOM o0aydeHun ¢ BriJIA oBCsHUIBI
KpacHo# c. /lnana. 31ech HaOIIOANIOCH YBEJIMUCHNE BBICOTHI PACTEHHUN Ha
13% 1o cpaBHEHHIO C HEOOIyYaeMbIMU PACTCHUSIMHU KOHTpOJIA. JlocTtaTou-
HO BBICOK OB TaKkKe MPUPOCT TPABOCTOS IOCiIE 00IydeHHs Y QecTyonu-
yma c. Amerpo (10%). Uyt MeHee BhIpaxkeH ObIT 3¢ (GEeKT oT 00IyueHHs B
AQHAJOTUYHBIX YCIIOBHSX Y €XH cCOOpHOU c. XibHOBCKas (8%) 1 y OBCSHH-
16l TPOCTHUKOBOH c. JIupa (6%). CHIKeHne ke BBICOTHI PACTEHHUH IOCie
o0uryueHns1 HaOJII0AI0Ch Y ABYX KYyJbTYp: OBCSHHMIIBI TyroBoi bunapa n 'y
paiirpaca mactoumHoro (B 06oux ciy4asx Ha 8%). OTHOCHTEIBHO N3MEHE-
HUS yPOXKAMHOCTH 3€JICHON Macchl (T/Ta) B pe3yibTaTe OOIyUeHHs y 371aKo-
BBIX TpaB HAMOOJBIINI MOJOXKUTENBHBINA dPPEKT ObLT JOCTUTHYT y (ecTy-
JonuyMa c. AJerpo, ypoxxaHOCTh KOTOporo yBenuumiachk Ha 23%. Jlns
OCTaJIbHBIX KYJBTYp OBUIO XapakTepHO WM HE3HAYMTENFHOE W3MEHEHHE
ypokaliHoCTH (YBEIMYCHUE Yy palirpaca MacTOMITHOTO MeHee YeM Ha 1% u
CHIDKEHHE Y OBCSIHUITBI TyToBO# ¢. buHapa Ha 2%), WK HEKOTOPOE CHUXKE-
HHUE JaHHOTO Nokazatens — Ha 20 u 22% y OBCSHHUIBI TPOCTHUKOBOH c. JIu-
pa ¥ exu cOOpHOH c. XIIBIHOBCKasi COOTBETCTBEHHO, a Takke Ha 7% y OBCS-
HULBI KpacHOH c¢. JluaHa.

Jlazepuas oOpaboTka ¢ briJla Taxke moBmUsIIa M Ha BBICOTY M YpO-
JKAHOCTD y 0000BBIX TpaB. V3MeHeHHe BBICOTHI PACTCHHN MPOUCXOIMIIO
JUIS BCEX KyJIBTYP, KpOME KileBepa THOpHIHOTO ¢. MasK, B ciIydae KOTOpOTro
U3MEHEHHsI BBICOTBI TPABOCTOsI HE Ipou3onuio. A Haubojee 3aMETHO yBe-
JIMYUIIAch BBICOTA PACTEHUM KieBepa nyrosoro ¢. Hagexwell (Ha 14%) u
xiesepa Oenoro ¢. BUK 70 (na 13%). MeHee CymiecTBEHHO yBEIMYMIACh
BbICOTa KJIeBepa JiyroBoro c. Cromonuu (Ha 5%) u KieBepa JyroBoro c.
Henen (Ha 3%). OueHnM BIMSHHE JIA3€PHOTO M3TyYEHHS Ha ypOKalHOCTh
0000BBIX TpaB. 3HAYNUTEIHHOE YBEIMUCHNUE YPOXKAWHOCTH 3EJICHOW MacChl
OBUTO IOCTHUTHYTO IS KiieBepa JyroBoro c. Cromonmnu — 60%. Menee cy-
[IECTBEHHOE YBEJIMUYEHHE YPOKaHHOCTH OBIIO 3a(MKCHPOBAHO JUII KIleBEpa
nyroBoro c. [Jeneu — 5 %. JlazepHoe M3ilydyeHHE OTPULIATENHHO MOBIMSIO
Ha YpOKaifHOCTh KJieBepa rHOpuAHOro c. Masik, B ciydae KOTOpOTro ObLIO
3a(h)MKCHPOBAaHO CHIDKEHHE ypoxaiHocTH Ha 2 %. bonee 3HaunTenbHBIM
CHIDKEHHEM yposkaiiHOCTH ObUT0 y KiteBepa Genoro ¢. BUK 70 (na 41 %) n
y KieBepa sryrosoro c. Hanexusiit (Ha 26%).

TaxkuM 00Opa3oM, MOIy4EHHbIE JaHHBIE MOKA3bIBAIOT, UTO JIA3EPHOE
o0IryyeHune At OOJIbIIEH YaCTH W3y4YaeMBbIX KYJIBTYP YBEIUYHUBAIIO BBICOTY
TpaBocTos (Y 3JIaKOBBIX — Ha YETHIPEX U3 IIECTH KyJIbTYp, y O00OBBIX — Ha
YeThIpeX M3 IISITH U3y4aeMbIX KyJIbTYp). B TO ke Bpems yBenmueHue ypo-
KaWHOCTH 3€JIEHOM Macchl HaONIOJANIOCh Y MEHBIIEro 4uciia KyibTyp (Y
3JIaKOBBIX — Ha JIBYX M3 LIECTH KYJbTYP, Y 0000BBIX — Ha IBYX W3 IIATH U3Y-
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YaeMbIX KyJbTyp). TO ecTh MOJy4eHHBIH B pe3yJibTaTe Ja3epHOro o0iyde-
HUA dQdeKT yBenuueHus: TPaBOCTOS HE BCETr/a HaXOIW MPOAOJDKEHHE B
YBEJIMYCHUH YPOXKaWHOCTH 3€JIEHOH Macchl Kak 3J1aKOBBIX, TaK M O0OOBBIX
TpaB. OHAKO TOJIHAs OLEHKA 3()()EKTUBHOCTH JIa3epPHON CTUMYJISILIAU TIPU
00paboTKe KOPMOBBIX KYJIBTYp BO3MOXKHA ITOCJE TOACUETA COICPIKAHUS
CBIpOTro NMpoTerHa B KT Ha 1 ra. Tem He MeHee TeXHOIOTHsI 00Iy4YeHHs pac-
TEHUH SBISIETCS] IEPCTIEKTHBHBIM HAIPABICHHEM B COBPEMEHHOH arporpo-
MBIIIJIEHHOCTH. Mcrionp30BaHne CrieaibHON YCTAaHOBKH M pa3paboTaHHO-
IO aNropuTMa Il 00Iy4eHHs PACTEHUH MO3BOJSET JOOUTHCS pABHOMEPHON
00paboTKK OOIINPHBIX C/X YIaCTKOB.

[IpenmymecTBamMu pa3pabOTaHHONW YCTAaHOBKH SIBIISIIOTCS BBICOKas
TOYHOCTH no3uimonupoBanus 3a cueT RTK GPS, Bo3M0OXKHOCTh HAXOIUTh-
Csl Ha HEKOTOPOM PacCTOSHUU OT 00padaThIBAEMOro y4acTKa, 4YTo0bl Jiazep-
HOE M3Ty4eHHe He MOoMajajo Ha oleparopa U Apyryro ammaparypy. K mpe-
HMMYIIECTBaM pa3pabOoTaHHOTO aIrOpuTMa OOIyYeHHS] OTHOCHTCS €r0 YHH-
BepcanbHOCTh. [IpeaaraemMsplii anropuT™ MOCTPOSHHUS ITYTH JJIsI paBHOMEP-
HOTO JIa3€PHOTO OOJYYeHHsI yJacTKa YYHWTHIBACT IUIOMIAAb MPOCKIUH Ja-
3epHOTO JIy4a JyIsl 00ecredeHus TpeOyeMbIX XapaKTEePUCTHK M3ITydeHNUS TIPH
HCIIOJIb30BAHUH JIF000I JTa3epHOM YCTaHOBKH.

6. 3akaiouenne. [Ipobrema MIaHUPOBAHUS MOKPHIBAIOMIEH TpaeK-
topun g bnJIA paccmartpuBanace mMHOormMu aBTopamu. Kak mpasuio,
HccleyeMble 00JacTH MPSIMOYrojbHOW (DOPMBI HE TPEOYIOT KaKUX-THO0
METOAOB JUCKPETU3AIIUN WJIN JCKOMIIO3UIINHU. ﬂﬂﬂ MpAMOYTOJIBHBIX Yy4acCT-
KOB HMCIOJIB3YIOTCA IMAaTTEPHBI BO3BPATHO-IIOCTYNATCIBHOI'O0 IABMKCHUA WU
JABWIKCHUA IO CHIHpaJin. I'naBHBIM MNpEUMYIICCTBOM HUCIIOJIB30BAHUA OTUX
MATTEPHOB JIBMKCHUS SIBJISIETCS OTHOCHUTENILHO Majloe BpPeMs BBIYHMCICHHUN
JUISl TIOMCKA TTOKPBIBAIOIIEH TPAeKTOPUH, a CaMW BBIUYMCIICHUS MOTYT BBI-
nonHAThCS Ha Oopty BrJIA. Bpems pacuera mokpbiBaroliel TpaeKTOpHU
TIPY TIOMOIIX Pa3pabOTaHHOTO aJrOpUTMa JUIsl BCEX PACCMOTPEHHBIX KCIIe-
PUMEHTOB He IpeBhIIaeT 1 c.

Jlns IpakTH4ecKoro TECTHPOBAHMS Pa3paOOTaHHBIX PEHICHHH ObUI
pa3paboTaH MPOTOTUI YCTPOWCTBA, MPEAHA3HAUCHHOTO VIS JIa3epHOH 00-
paboTKH pacTeHHH B (ha3e BereTalu B HOUYHOE BpeMs. beur mpoBeneH mo-
JIEBOH 3KCIIEPUMEHT, KOTOPBIH 3aKIII0Yaics B Ja3epHO 00paboTKe ydacTka
noJis AnuHo B 200 M u mmpuHoi 1 M. Tpaekropus monera Oblia paccyu-
TaHa pa3pabOTaHHBIM aJTOPUTMOM IUIAHUPOBAHUS NMOKPHIBAIOILEH TPaeKTo-
pun. Ilpu nemwxennn brJIA Bmois 3TOH TpaekTopHu cO cKOpocThio 0,3 m/c
BpeMsi 00paboTKH 1oJast cocTaBmwiio 9 muH. [IpenoxeHHblii crocod mo3Bo-
nsieT uHTerpupoBaTh Ha BriJIA nazepHsIid MOIYIb € JIOOBIM YITIOM H3JTyue-
HUSI, TaK KaK alTOPUTM YUUTHIBAET ATOT MapaMeTp IPH MOCTPOCHUH Maplil-
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pyTa. DTO J0Ka3bIBaECT YHHUBEPCAIBHOCTh METOJIA C TOUYKH 3PEHUSI UCIIOJIb-
3yeMoH anmaparyphl.

[Ipumenenne BriJIA MynbpTHKONTEpHOrO BHIA JUIS 0OpaOOTKH C/X
MoJied MMeeT psifi MPEUMYIECTB: JIeTKasi HACTPOMKa CKOPOCTH JIBMKCHHMS
Ipy  00JTyYeHHH, BBICOTHI OONyUYCHHS, IUIOLIAJM TIOKPBITHS JIA3epOM JUIs
pacyéra ONTHMaIbHOM TPAEKTOPHH TOJIETa; BO3MOXKHOCTD YAEPXKaHUS TO-
JIOXKEHUsI B TOUKe 00pabOTKM Ha 3alaHHOE BpPEMs; CTAOWIBHBIN MONET 3a
CUET MCIOJIb3yEeMOro KOHTpoJuIepa (YIJIbl KpeHa, TaHTaXa W PHICKaHHUS He
MEHSIIOTCS, TIO3TOMY JIa3€pHBIN JIyd IMaJaeT CTPOTO BHU3, 0€3 OTKIOHEHHH,
PaBHOMEPHO TTOKPBIBAsi BECh YIACTOK OOITy4€HHs); BO3MOKHOCTb aBTOHOM-
HOM pabothl (B mamaTe bnJIA 3ammchiBaeTcst moneTHass MUCCHSA, KOTOpas
BBITIOJIHAETCS [TOJTHOCTBIO aBTOHOMHO, 0€3 y4acTHsl OIeparopa).

Opnnako npu padore ¢ BriJIA HEoOXOAMMO yYMTHIBATH HECKOJIBKO
Ba)XKHBIX AaCIIEKTOB, TAaKMX KaK (PU3MYECKHE XapaKTepUCTHKH amnmapara,
BpeMsi pabOTHI, OTpaHMUYECHUS] Ha BEC TOJIE3HON HArpy3KH, BHEIIHHE YCIIO-
BUSI OKpy>Karomier cpensl u ap. Kpome Toro, Ha 3QeKTUBHOCTH pabOTHI
BriJIA BAMSIOT MaHEBPHI M IIOTOJHBIEC YCIIOBHS, KOTOPHIE YBEINYNBAIOT I10-
TpeOJieHne >HEPrHU IIPU BBHIMOJHEHUH IIOJIETOB HAa OTKPHITOM BO3IyXe
[26,27].

JanbHeiime ucciaenoBanusi OyIyT HAlpaBIE€Hbl HAa ONTHMH3AINIO
pa3paboTaHHOTO AITOPUTMA: MUHHUMU3AIMIO JIHHEI MyTH BriJIA, Bpemenn
BBINOJTHEHUSI MUCCHH M KOJMYECTBA IOBOPOTOB, & TaK)KE ydYET IOTOTHBIX
YCJIOBHH IpH IUIAHUPOBaHUM Mapuipyta. Tarke OyAyT paccMOTPEHbI BO-
IPOCHI y4yeTa AOMyCTUMOrO yIijla IOBOPOTa U ONTUMANIbHOM CKOPOCTH ISt
MHHUMM3ALUH TOTPEOICHHS SHEPTHU.
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N. SEVOSTYANOVA, 1. LEBEDEV, V. LEBEDEVA, I. VATAMANIUK
AN INNOVATIVE APPROACH TO AUTOMATED PHOTO-
ACTIVATION OF CROP ACREAGE USING UAVS TO
STIMULATE CROP GROWTH

Sevostyanova N., Lebedev 1., Lebedeva V., Vatamaniuk I. An Innovative Approach to
Automated Photo-Activation of Crop Acreage Using UAVs to Stimulate Crop Growth.

Abstract. Photoactivation of plants by laser treatment is a promising direction in the
development of modern agricultural production. Treatment of plants with radiation with
specified characteristics stimulates the development of plants, the formation of generative traits
and an increase in yield. An approach based on the use of a specialized laser installation
mounted on an unmanned aerial vehicle (UAV) is proposed to automate the process of
photoactivation of large cultivated areas. It is possible to perform laser activation of large areas
with minimal expenditure of time and human resources due to autonomous processing of the
field with the help of UAVs. An algorithm for calculating a covering trajectory for covering
large rectangular areas with a laser spot with given characteristics is proposed in the paper. A
methodology for calculating the required power of the laser installation depending on the
altitude and flight time of the UAV is presented. The advantage of the developed approach is
its versatility, since this approach takes into account the characteristics of a laser installation
and can be used with devices of various types. Depending on the laser parameters, the
algorithm builds such a trajectory for the UAV so that the irradiation of plant seedlings is
uniform throughout the entire processing process. Field experiments were conducted when the
UAV moved along the calculated trajectory at a speed of 0.3 m/s and the average processing
time for a field 200 m long and 1 m wide was 9 minutes. The results of field experiments show
that laser irradiation on most of the studied crops increased the yield and height of the stand (in
cereals - in four out of six crops, in legumes - in four out of five studied crops). The proposed
algorithm for constructing a path for uniform laser irradiation of a site takes into account the
area of the laser spot to ensure the required radiation characteristics when using any laser
installation.

Keywords: laser installation, plant growth stimulation, UAV, agriculture, path planning,
covering trajectory planning, low-power laser, laser photoactivation.
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POBOTOTEXHUKA, ABTOMATU3ALINA N CUCTEMBI YTPABJNIEHWA

YK 004.032.2 004.42 DOI 10.15622/ia.20.6.9

A .E. MO30X1H
METOJAUKA OBECHHEYEHHUSI KOM®OPTHOTI'O COCTOSsIHUA
MHUKPOKJINMATA YMHOI'O JIOMA C HCIIOJIb3OBAHUEM
AHCAMBJISI HEHETKHUX HCKYQCTBEHHI;IX HEWUPOHHBIX
CETEU

Mosoxun A.E. MeToauka obecnedenusi KOM(OPTHOr0 COCTOSIHUSI MUKPOKJIMMATa YMHOIO
J0Ma ¢ HCHO/Ib30BAHHEM aHCaMO/Isl HeYeTKHX MCKYCCTBEHHbIX HEfPOHHBIX ceTeii.

AHHOTamWsl. AHaIM3 NPUMEHEHHsS TEXHOJOTMH YMHBIH JOM  yKa3blBaeT Ha
HEJOCTaTOYHBIl yPOBCHb YIPABISIEMOCTH €ro HH(QPACTPYKTypOH, dYTO MHPHBOAUT K
H30BITOYHOMY IOTPEOICHHIO DHEPreTHYeCKHX M HH(OPMamMOHHBIX pecypcos. IIpobmema
ynpasiaeHuss LU(POBOH HHPPACTPYKTYpOH JKHIOIO HPOCTPAHCTBA YEJIOBEKA, CBA3aHA C
OGONIBIIMM YUCIOM Y3KOCHELHAIU3UPOBAHHBIX pEHICHUWH MO JoMallHeil aBTOMAaTH3alluH,
KOTOpBIC YCIIOKHSIOT IIPOLECC yIpaBICHUS. YMHBIH JIOM paccMaTpPHUBAeTCsl KaK MHOXKECTBO
HE3aBHCHMBIX KHOep(U3MIECKUX YCTPONUCTB HAIPABJICHHbBIX HA JOCTIKeHHE cBoeil memu. J{s
COIJIaCOBAHHOH paboThl KHOEPPU3NYECKHX YCTPOWCTB Mpeaaraercs oO0ecnedynBaTh HX
COBMECTHYIO paboTy uepe3 eJUHBIH HH(DOPMAI[MOHHBIH LEHTP. MoAeIHpoBaHUS PEKHMOB
paboTHl YCTPOHCTB B IIU(POBOIL cpeie coxpaHsieT pecypc GH3NISCKUX YCTPOUCTB, IPOU3BOMS
BUPTYaJbHBIA pacueT [JIs BCCBO3MOXHBIX BAPUAHTOB B3aUMOJCHCTBUS YCTPOHCTB MEXKIY
coboit u ¢pm3uueckoil cpenoil. Pazpaborana MeTonnka ynpaBiIeHHS MHKPOKIHMMATOM yMHOTO
JOMa C IPUMEHEHHeM aHcaMOJs HeYeTKHX MCKYCCTBEHHBIX HEHPOHHBIX ceTeil, Ha Ipumepe
COBMECTHOTO MCIOJIb30BaHHS KOHAMIMOHEPA, BEHTHISALMU M OTOILICHHS. AJTOPUTM PadOThI
HEUPOHHOU CETH IO3BOJSIET KOHTPOJNUPOBATH IAPAMETPHI COCTOSHUS (PU3MUIECKOH Cpensbl,
NIPOTHO3MPOBATE PEXKUMBI PabOTHl KHOEp(DH3MIECKUX YCTPOUCTB M (OPMUPOBATH CHUTHAIIBI
YIpaBICHHUS Ui KaXIOro M3 HHUX, OOecleunBas COBMECTHYIO pPabOTy YCTPOHCTB ¢
MHHHIMAJIBHEIM pecypcornorpebieHieM n HHGOpManHoHHEIM TpadukoM. IIpeuiokeH BapuaHT
NPaKTHYECKOH peallH3alluyl CUCTEMbI YIIPaBJICHUS MHKPOKIMMATOM YMHOTO JIOMa Ha IpHMepe
MHOTO(QYHKIMOHAJIFHOTO y4eOHOr0 KOMIIBIOTEPHOro Kiacca. PaspabGoraHsl TuHOpHIHBIC
HEHPOHHBIC CETH CHCTEM KOHAMIMOHHMPOBAHWS, BEHTHILUM M OTOIUICHMS. I[Ipom3BeneHo
TECTHPOBAaHUE pPaOOTHl CHCTEMBl YIPAaBICHHS MUKPOKIMMATOM MHOTO(YHKIMOHAIEHOH
ay[UTOPUH YHHMBEPCHTETAa C HPUMEHCHHEM THOPHAHBIX HEHPOHHBIX CETeH, B KauecTBe
YCTpOMCTBA  YNpaBJICHHS HCIIONB30BAaH [POTPAMMHPYCMBIH  JIOTHYECKHH  KOHTPOJLIEP
OTEUECTBEHHOTO IPOM3BOJACTBA. llenbio ympaBleHHs Ha OCHOBE B3aMMOJCHCTBYIOIINX
KHOeppU3MIECKUX YCTPOHCTB SBISIETCS JOCTHIKECHNSI MHHMMYMa HCIIONB3YEMOI MOIHOCTH U
nH(POPMALIMOHHOTO TpaduKa MPH HX COBMECTHOI padoTe.

KiroueBble cj10Ba: yMHBI oM, aHCAaMOJIb HCKYCCTBEHHBIX HEHPOHHEIX CeTel, CHCTeMa
KJIMMAaT-KOHTPOJIs, CUCTEMA yIIpaBIeHHs, KnOephH3UIECKUe yCTPOCTBa.

1. Beenenne. B HacTosiee Bpemsl TEXHOJIOTUS YMHBIM JOM pac-
CMaTpUBAETCsl pa3padOTYMKAMU C MO3HMLUH €€ B3aHMMOACHCTBHUS CO CMEX-
HBIMH OBICTPO Pa3BHBAIOIIMMHUCS TEXHOJIOTHSIMH, TaKMMH KaK YMHBIH TO-
pox, ymHas ceTb. TexHomorust yMHbIH oM B pabotax [1-3] paccmarpuBaer-
Csl MICKITIOYMTENIFHO KaK CBS3YIOIIEe 3B€HO MEXIy IOTpPEOHTENIeM YCIyT U
CEpBHCAMH, HAXOAAIMINMICS 32 MpezenamMmu camoro goma. OnHako, kKoMmpopT
motpebuTeneit u A(p¢GeKTHBHOCTh (PyHKIMOHHPOBAHUS WHTETPHUPOBAHHBIX
MHTEIJIEKTYJIBHBIX YCTPOHCTB JKHJIOTO IIPOCTPAHCTBA UEIIOBEKA ONPEICTIs-
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€TCsl HE TOJIBKO MX B3aMMOCBSI3bIO C BHEITHUMH CUCTEMaMHU U CEPBHCaMH, a
[JIaBHBIM 00pa30M JHEPreTHYeCKMMH U HMH(GOPMAIIMOHHBIMH B3aUMOJIEH-
CTBUSIMU MEXJTy KOMIIOHEHTaMHU >KUJIOTO TIpocTpaHcTra [4, 5].

[To noTeHnmany pasBUTHS KHUJIOE MPOCTPAHCTBO YEIIOBEKA HE YCTY-
MaeT CJIOXKHBIM CUCTEMaM MPOMBIIIICHHBIX MPEANPHUATHH W OpTaHU3aIHH.
C pocTtoM umcna nUPPOBEIX TEXHOJIOTWH M MX PACIPOCTPAHEHHEM JKHIIOE
MIPOCTPAHCTBO CTAHOBUTCS HACTOSIIUM ITOJIMIOHOM JUISl TECTUPOBAHHS CO-
BPEMCHHBIX KHOephu3niecknx cucteM [6, 7]. [loaToMy BO3HHKAEeT MOTpeO-
HOCTH B CO3JJAHWW HOBBIX pEIICHUH A obecrieueHust YHeprodh(ekTHBHO-
CTH 3IaHHHA, O(HCOB, COIMHMAIHHO-3HAYMMBIX OOBEKTOB (IIKOJ, OONBHWIL,
YHUBEPCUTETOB), TAC YEIOBEK HAXOAUTCS OONBIIYIO YacTh BPEMEHHU, YTOOBI
clienarb MpeObIBaHuE B HUX KOM(OPTHBIM, HCIOIB3YS COBPEMEHHBIE TEXHO-
noruu [8].

AKTyanpHON Mpo0JeMOol NPUMEHEHUS! TEXHOJIOTHH YMHBIH JIOM SIB-
JISIETCSl 3HAYUTENBHBIN TOTOK JAaHHBIX C WHPPACTPYKTYPHBIX CHUCTEM KU3-
HeoOecreueHus:, KOTOPBIil TPUBOJHUT K 3aBBIICHUIO TPEOOBAHUI K BHIYHC-
JIUTENBHBIM PECYpC M CI0XXKHOCTH ONEepaTUBHOM 00paboTku mH(popManmm.
Taxke mpoOieMoi sSIBISIeTCSl 3aBBINICHHBIN PAcXoJ IHEPropecypcoB KOM-
MOHEHTAMH CHUCTEM YMHOTO JIOMa, CBSI3aHHBIH C HECOIJIACOBAHHOCTBIO pe-
KHUMOB pabOTHl yCTPOWCTB, B Ipouecce nx (pyHKnmoHmpoBaHus. Tak cos-
MecTHast paboTa CHCTEM OTOIUIEHHS, BEHTWIAMH, KOHAWIMOHHPOBAHMS
MIPUBOJUT K POCTY SHEPTonoTpeOseHns] P MX HECOTIacoBaHHOH padorte
Ha JAOCTI)KEHHUHU LENH MOANEP)KaHUS MUKPOKJIMMATA JKIJIOTO TTPOCTPAHCTBA
[9].

OcHOBHas TpWYHMHA, CHIKAOMAs 3PPEKTHBHOCTH COBMECTHOTO
(YHKIIMOHMPOBAHUS YCTPOUCTB KIIMMAT-KOHTPOJISI B TIOMELICHHUSIX YMHOTO
JI0Ma, SIBIISIETCSl HAJTMYME MEPAPXUUECKHX CHUCTEM YIPaBICHHUS HalpaBlieH-
HBIX Ha BBIMOJHEHHs YaCTHBIX 3a[ad. DTO MPHUBOAUT K MPOTUBOPEYHSM B
COBMECTHOI paboTe yCTpOHCTB KOHAMIIMOHUPOBAHMUS, BEHTHISIIIU U OTOII-
JIEHUS! BO3JlyXa, U CO3[aeT YCIOBHUS ISl KOH(IIMKTOB MEXIY paccpenoTo-
YEHHBIMH CHUCTEMaMH YIPaBICHUSI TPH paclpeieieHH W MoTpeOieHHn
pecypcoB Ha 3Tanax TEeXHOJOTHYECKHX ITPOIECCOB B XKHJIBIX MOMEIICHUSIX
ymHoro foma [10, 11].

udpoBuzamnus )KUII0ro IpoCTpaHCTBA YETIOBEKa MTO3BOJISIET JOCTHYb
TpeOyeMOoro ypoBHS YIPaBIIEMOCTH M HAOJIIOJaeMOCTH CUCTEMaMH JKHU3He-
obecrieueHns MyTeM BHEAPEHHS TEXHOJOTHUI MHTEPHETa BEIIEH, HMHTEILICK-
TYaJlbHOTO y4YeTa U HaKOIUICHUS JIeKTpoIHeprun. OQHAKO, MOMBITKH HHTE-
Tpalyy JaHHBIX C OU(POBBIX YCTPOWCTB YMHOIO JOMa B €JUHYIO MH(OP-
MAaIMOHHYIO CUCTEMY HPHUBOIST K CIOKHOCTSIM, CBSI3aHHBIM C OTCYTCTBHEM
€IMHOTO CTaHJapTa WH(POPMALMOHHOTO OOMEHa MeXay MH(POPMAIMOHHBI-
MH CHUCTEMaMH pa3HbIX MPOMU3BOAUTENEH, HECOTJIacOBaHHON paboTOM cu-
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CTEM JKH3HeOOeCIIeueH s 31aHii 1 COOPYKEHHMH, reHepanueil n30bITOYHO-
ro uH(pOPMAaIOHHOTO TpaduKa B CeTh U psij Apyrux ¢akropos [12, 13].

Panee B pabore [14] Obuta MOAPOOHO paccMOTpPEHa METOHOJIOTHS
(dopMupoBaHus MH()OPMAIIMOHHOTO IPOCTPAHCTBA M KUOEP(HUIMUECKUX
YCTPONCTB YMHOTO JioMa, a B UccienoBaHuu [15] mpenoxkeHa KOHIEHIIHS
YTIPaBJICHUS CETEBOM CTPYKTYPOI MHTEIUICKTYa IbHBIX YCTPOHCTB B yCIOBH-
sx 1udposoit Tpancdopmarn. CorylacHO TaHHOW KOHIENIWH JII00ast WH-
TEJUIEKTyaJIbHasi CUCTEMa JIOJDKHA MMeEeT OOIIUH LEHTP COTIIACOBAHMS Iie-
JIEBBIX OPUEHTHPOB BXOAAIINX B €€ COCTaB MOJCHCTEM, JIsI MOHUTOPHHTA 1
pacIpefielIeHUs] UCTIONB3yEMBIX PECYPCOB, a TaKKe OILECHKH JIOCTHIaEMBIX
cuHeprerndeckux 3¢dekron. IIpn 3TOM BUIBI B3aMMOJEHCTBHS CHUCTEM U
HX COCTAaBHBIX 3JIEMEHTOB JOJIKHBI OBITH MOAYMHEHB! TEXHOJIOTHIECKUM U
OPraHU3aLOHHBIM NpaBWiIaM (QYHKIMOHMPOBAHUS OTACNIBHBIX €€ JJIEMEH-
TOB. B pa3ButuM TEOopuu M IPAKTUKUA CO3JAaHUS METONOB YIPABICHUS
CJIOHBIMU CHCTEMaMH, TpeOyeTcs MCCIeoBaTh METOAbI aHalu3a U o0pa-
6OTKI/I JaHHBIX CCTCBBIX yCTpOfICTB A peHICHUA 3aaavuv MPEAUKTUBHOIO
yIpaBJeHUS! KOMIIOHEHTAMH CIIOKHBIX CHCTEM, OOECIIEUMBAIOIIUX KOM-
(dopTHOE COCTOSHMSA B MecTax JUIMTEIBHOTO NMpeObIBaHUS YeJOBeKa NpH
MHUHHUMAJIBHOM PECYpCONOTPEOJICHHH, Ha MpUMEpEe CHUCTEMbI KIIMMaT-
KOHTPOJIS. YMHOTO JIOMA.

2. IlocTanoBKa 3agauM uccjaeaoBaHusi. bynem ucxoautb u3 mpen-
TIOJIO’KEHU S, YTO SHEPTETHIECKOE U MH(OPMAIIMOHHOE POCTPAHCTBA YMHO-
TO JIOMa SIBIISIFOTCSL CIIO’KHOM CHCTEMOM M OTHOCSITCA K KJIACCY CHCTEMaA CH-
creM. B kauecTBe 00BEKTa HMCCIEIOBAHHUS PACCMOTPHM ITOMEIIEHHE MHO-
ro(yHKIIHOHATBHOTO y4EOHOTO KOMIIBIOTEPHOTO Kilacca B YHHBEPCHUTETE,
KOTOpHﬁ NpeaHasHauYCH AJIs1 HCIIPEPBIBHOTO HAXOXACHUA B HEM CTYJCHTOB
U TmpenojaBatesnell B konnuectBe He Oosee 30 uenoek. CamMo momeneHne
COCTOWUT M3 MHOTO(QYHKIHMOHAJIBHON ayauTOpHUH, TapAepOOHOM, KOMHATHI
npreMa MUIIK U KOMHATHI IICUX0JI0THYecKoil pa3rpy3ku. Ilnan nomemnienus
MpecTaBlieH Ha pUCYHKe 1.

[Tpn npoekTupoBaHrK MHOTO(QYHKIIMOHATIBHOW ayTUTOPUH HE OBLIO
MIPeIyCMOTPEHO aBTOMAaTHUYECKOE PETYIHPOBAHME MApaMETPOB BO3IyXa B
noMenieHnu. KoHCTpyKTUBHO yCTpoiicTBa MOTYT PEryJIMpOBaTh MapaMeTphl
TEMIIEpaTypBbl, BIaKHOCTH, CKOPOCTH BO3YILIHOTO MTOTOKA, YACTOTY BO3/Y-
Xa ¥ coJiep)KaHNe B HEM YTJIEKHCIIOTO rasa.
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" I

1
Puc. 1. [1nan nomemenust MHOro(yHKIMOHAIBHOTO y4eOHOTO KOMITBIOTEPHOTO
KJlacca B yHUBEpCHUTETE, rie | — MHOTO(YHKIMOHATIBHAS Ay AUTOPHSL, 2 — KOPHIOP,
3 — rappepoOHas, 4 — KOMHATa IpHEMa ITUIIH, 5 — KOMHATa ICHXO0JIOTHYECKOi pas-
rpy3Kd

OnHaKo OTCYTCTBHE €IMHOTO MH(OPMAIMOHHOTO LEHTPA COTIACO-
BaHHs PEXHUMOB PabOThl YCTPOWCTB KIMMAT-KOHTPOJIS VISl TOANEPIKAHUS
KAaYeCTBEHHBIX M KOJIMYECTBEHHBIX ITOKa3aTeNieil BO3Ayxa B IOMEIICHUU
aBiseTca mpobiaemoi. OTCYyTCTBHE CHCTEMBI PEryJIMPOBaHUS MapaMeTpoB
(dusnueckoil cpenpl nenaer NpeObIBaHKUE JIOJICH B MOMEIICHUU JHCKOM-
(OPTHBIM, BBI3BIBACT Yy HUX 3aMEJICHHYIO PEaKIMIO U MOBBIILICHHYIO YCTa-
JIOCTh, @ TaKXe NPHUBOAUT K HEIP(EKTUBHOMY pPACXOIOBAHHIO 3JIEKTPO-
SHEPIrUU Ha MOJAEP KaHUS MUKPOKIMMATa IOMEILEHHS.

st perenust npoOJieMbl HEONITUMAIBHOTO YIIPABICHUS U CO3IAHMS
KOM(OPTHBIX YCIOBHH TpeObIBaHUS NIOAeH B MHOTO(YHKIMOHAIBEHON
ayauTopuu, OblIa MPOBEICHA HKCIEPTH3a IMOMEIIEHHS, BKIIOYaromas cie-
JYIOIHE JTAIbI:

— aHanWu3 U CTPYKTypHUPOBaHME AAHHBIX O 3HAYEHMSX IMTOKa3aTeIeH
(bu3UYeCcKOil cpenbl B MOMENIEHNH Ha TEKYIIUH MOMEHT BPEMEHH, JHHAMH-
Ka MX pa3sBUTHA 3a 33JaHHBIM MHTEPBAIl BPDEMEHU U HEKOTOPBIN PETPOCIIEK-
TUBHBIH aHaJIN3 TIOCIEICTBUI HE YCTPaHEHHUs TPOOJIEMHOMN CUTYalINH.

— pamKHpOBaHHUE IMOKa3aTeaci (HU3NICCKOM CpPeIbl M0 CTEICHH HX
BIIMSIHMA Ha pa3BUTHE CUTYallUH B OyayIem.
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— (¢opmupoBaHue Habopa MEHCTBUI - albTEPHATHUB, KOTOPHIC MO-
T'YT MIPUBECTH K YCTPAHEHUIO MTPOOIEMHOI CUTYyaINH.

— BbIOOp IPOrpaMMHBIX M TEXHHYECKHX CIIOCOOOB peasiM3aluy CH-
CTEMBl YNpaBJEHUS JJIsi BXOJHOTO KOHTpOJISl MOKazaTeied (u3nueckoi
Cpelbl U BBIXOAHOTO YIpPABICHUS IapaMeTpaMH MCIOJHUTENBHBIX MeXa-
HHU3MOB YCTPOMCTB BO3/IEHCTBUSI.

OtcopTHpoBaHHbIE, 00PaOOTaHHBIE W yCPEJHEHHbBIC JaHHBIE TTOCTY-
MIAIOT B IEHTP NMPHUHATHSA PELICHUH, TJI€ U3 BO3MOXHBIX aJIbTEPHATHB BHIOH-
paroTcs TE, YTO YAOBICTBOPSIOT HENSIM CHCTEMBI YIPABJICHHS MUKPOKIH-
Mata. [{eHTp mpuHATHS pelmeHus BhIpaOaThIBACT yNPABICHYECKUE BO3/ACH-
CTBUS JUIS PEryIHPOBAHUS MapaMeTpoB (pHu3ndecKoii cpenpl. CoBpeMeHHbIe
YCTPOMCTBA KIMMAaT-KOHTPOJISI MO3BOJISIOT PETYIMPOBATh MapaMeTpPhbl TEM-
NepaTypsl, BIAKHOCTU U COAEPKaHME YIJIEKUCIIOrO Ta3a B BO3IyXe, a 3Ha-
YUT HEOOXOIMMO pa3paboTaTh YHHBEPCAIbHYIO METOJAMKY YIIpaBICHUS
MHUKPOKJIMMATOM YMHOTO JIOMa, JUISl Pa3JHYHBIX TUIIOB YCTPOMCTB M HX
(YHKIIMOHAIBHBIX BO3MOXKHOCTEH.

enbto ynpaBneHus: CUCTEMOII MUKPOKJIMMAaTa YMHOTO Ji0Ma CUMTa-
eM MojjepX)aHue KOM(OPTHBIX YCIOBHH TNpeObIBaHUS JIIOACH B KHIOM
MIPOCTPAHCTBE, B COOTBETCTBUHU CO BCEMH HOpPMaMH U MpaBHIIAMH OXPaHbI
TpyZa, TPY MUHAMAJILHOM SHEPToNoTPeOIeHNN U BpEMEHH BBIXOJa Ha Tpe-
Oyemble mapaMmeTpsl (pU3NUECKOM cpensl B MoMemeHusXx. OcoOeHHOCThIO
peanu3anuy Ha NMPaKTUKE AAHHOHM 1e’aH OyJeT SBISTHCS NPUMEHEHHE KH-
O0eppu3NIeCKUX YCTPOMCTB, B3aMMOACWUCTBYIONMX B EIMHON IU(PPOBOH
cpene.

3. JlepeBo unejeil cucteMbl MHUKpPOKJIUMaTa ymHoro aoma. Co-
OpanHas nepBuYHast HHGOPMAIIHS O COCTOSHUH (PU3MICCKON CPEbl YMHOTO
JoMa ObUIa HCIIONB30BaHa I (OPMHPOBAHUS JAepeBa IieNeil CHCTeMBI
MHUKpPOKIJIUMaTa MHOTO(QYHKIIMOHATBHOW ayAUTOPHUHU, KOTOPOE IMpEeACTaBIe-
HO Ha pucyHke 2. [lepBriif ypoBeHb JepeBa 1elel - 3T0 MoAAepKaHue KOM-
(OpTHOTO LIS YeNoBeKa COCTOSIHUS (PU3NUECKOH cpeibl moMeneHus. Bro-
poi ypOBEHb JepeBa LeNlell COCTOMT U3 TpeX BETBEH BKIIIOYAIOIUX MOJ-
JepaKaHUEe TEMIEPaTypPHOTrO0 U BIAXKHOCTHOIO PEXHMMa, a TaKkKe ColepiKa-
Hust CO, B Bo3yxe MoMeNeHus. TpeTuil ypoBeHb JIepeBa Leleil COCTOUT U3
psna mokasaTelneil TeMIepaTypsl, BIaXHOCTH U conepkanus CO,, BKITtodas
X HOPMAaTHUBHBIC, IpPeAyNpEAUTENbHbIE M aBapuifHbIE IMpeaesbl. MHOro-
YPOBHEBOE IPEJCTABICHHE JiepeBa LeNell CrocOOCTBYeT PELICHUI0 Orepa-
TUBHBIX, TAKTUYECKUX M CTPATEMYECKUX 3aJjauy CHUCTEMbl MHKpOKJIHMMATa
MOMEIIEHNsI U O00eCIeYrBaeT COTIaCOBAaHHOE YIpaBJICHHE YCTpOiCTBaMU
KOHAULMOHUPOBAHUSI, BEHTWISILIUU U OTOILICHHUS.
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Tlonnepxame
MUEPOETIMATA

Puc. 2. lepeBo nenei MUKpOKJIMMAaTa MHOTO(YHKIIHOHAIEHOH ay ANTOPHH, I1Ie
I1VY - mpenynpenurenbHbli ypoBeHb, HY - HopmaTuBHBIH ypoBeHb, AY - aBapuii-
HBII yPOBEHB IapaMeTpoB (PU3MUECKON Cpeabl HOMEIICHHS

Cucrema ynpasieHHs] MUKPOKIMMAaTOM yMHOTO JIOMa JOJDKHA TpH-
HUMaTh, 00pabaTeIBaTh W HAKAIUTMBATH HH(OPMAIIHIO AJIST BEIPAOOTKH OTIe-
paTUBHbBIX, TAKTHYECKUX M CTpaTernieckux pemenuil. [loaromy chopmu-
POBaHHOMY JIEpEBY IieJIel JJOJDKHA COOTBETCTBOBATH HHTEIPUPOBAHHAS WH-
(dbopMaIioHHas! CHCTEMa, BBIIOIHSIOIAS (DYHKIIUH:

— TpHHUMaeT MH(POPMAIHIO C JaTYNKOB TEMIIEPATYPHI, BIAKHOCTH
n coaepxxanusi CO, B BO3IyXe MOMENICHHUS 10 TPOBOIHBIM M OECIIpOBO-
HBIM KaHAJIaM CBSI3H;

— 00pabaTeIBaeT MOCTYIAMONIYI0 HHPOPMANNIO Ha MPEeIMET Helo-
CTOBEPHOCTH WMJIM U30BITOYHOCTH;

— KOHTPOJIUPYET COOTBETCTBUE TEKYIIHX MAPAMETPOB (PU3HIECKON
Cpebl HOPMAaTHBHBIM, PEAYTIPEIUTEIFHBIM 1 aBAPUITHBIM TIpE/IesIaM;

— HaKalmBaeT MHPOPMAIUIO O MmapameTrpax (HU3NIECKOH cpensl,
00paboTaHHBIX 3HAUCHUH 3a JIeHb, 3a HEJEII0, 32 Mecsll. B nepBom ciydae,
JaHHbIe HYXXHBI AJI1 IPHHATUS ONEPATHUBHBIX PEIICHUH B YacTH (YHKLHO-
HHUPOBAHUsI YCTPOICTB KIMMAT-KOHTpOssL. Bo BTopoMm ciydae, [is mpuHS-
THSI TAKTHYECKUX PELICHUH CBA3aHHBIX C HEOOXOJMMOCTBIO IIEPEHACTPOUKN
CHCTEMBI, pacueTa e sHeproaddexTuBHOCTU. B TpeTtseM ciyuae, i mpo-
AKTMBHOTO YIPaBJICHHS B YACTH MOJICPHHU3AIIMH CUCTEMbl MUKPOKJIMMATA.

4. Pazpa0oTka aJroputrMa ynpasJjeHHsl CHCTeMOIl KOHIAMIMOHU-
POBaHHUSI HA OCHOBE HEYETKHX MCKYCCTBEHHBIX HelipoHHBIX ceTei. Cy-
IIECTBYIOIIME HA JAHHBIA MOMEHT PETPECCHOHHBIC MOJENH ISl OIMHCAHUS
Tporecca MoJIepKaHusI MUKPOK/INMAaTa B TOMEIICHHUAX, HE OXBaTHIBAIOT
BCEX HMEIOIMINXCS 3aBHCUMOCTEH B paboueM Iuama3oHE XapaKTEePUCTHK
(u3nIecKoit cpensl U peKUMOB pabOThl 000PYIOBAaHUS Pa3HOTO (YHKIHO-
HAJIBHOTO M KOHCTPYKTHBHOTO HcmomHeHus [16, 17]. Haubomnee mepcmek-
THUBHBIM HAIIPABJICHHEM B 00JIACTH BBIPAOOTKM NMPETUKTUBHOTO YIPABIISIO-
mero BOSHeﬁCTBHH Ha CeFO}IHﬂIHHI/Iﬁ JCHb SABJIICTCA HCIIOJIB30BAHUC MATC-
MaTHYECKOI'0 amnmapara HEYeTKUX HMCKYyCCTBEHHBIX HEHpPOHHBIX ceTel [18,
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19]. 310 0OBSACHACTCS TEM, YTO OCOOCHHOCTBIO CIIOKHBIX CHCTEM SIBIISICTCS
Haliuke OOJIbIIOro yucia (PaKTOpOB, KOTOPbIE BIMSIOT Ha HCCIIENAyeMbIil
0KazaTeb, a TAK)Ke OrpaHHuEHHOr0 00beMa HAaOJIONEHUH NaHHBIX (haKTo-
POB, HCIOJIB3YEMBIX MpHU noctpoerun moaenu [20]. Taxxke, B HEKOTOPBIX
cllydasx 3TH (DaKTOpbl MMEIOT Ka4eCTBEHHBIH XapakTep M HE MOTYT OBITh
M3MEPEHBI TIPU IMOMOIIH MeTprUeckuX mKan [21]. B ycnoBusax crmaboit ma-
TeMaTH4ecKkol (hopMaM3aIiy TPOIECCOB, MPOTEKAIOINX B CIOXKHBIX CH-
CcTeMax, U OrPaHMYEHHOIO O0beMa CTAaTUCTUYECKUX MAHHBIX BO3pACTAaeT
PO SKCIEPTHOH MH()OpMAINH, WCIOIB3YEMON B IPOLECCe MOIEIHPOBA-
Hus [22]. JlaHHBIE 00CTOATENBCTBA CHIDKAIOT 3((PEKTHBHOCTh IPUMEHEHUS
M3BECTHBIX BApHMAHTOB MHTEIDICKTYyaJbHOH 00paOOTKU JaHHBIX M YKa3bIBa-
0T Ha HEOOXOIMMOCTh HCIONB30BaHMS B IPOILECCE IMOCTPOCHUS MOAEIEH
ammapara HEYeTKUX NCKYCCTBEHHBIX HEMPOHHBIX CETEH.

BeiOop naHHOTO ammapara MHTEIUIEKTYalbHOM 00pabOTKH JaHHBIX
HE CIIy4aeH, TaKk HEYeTKHE aJITOPUTMBI MO3BOJISIOT YCIEIIHO peliaTh 3aj1a-
4M, B KOTOPBIX UCXOJHbIE AaHHBIC SBISIOTCS HEHAJSKHBIMU U ci1abo ¢op-
MaJIn30BaHHBIMU. [Ipu 3TOM MH(OpPMAIIOHHBIE CHCTEMbI, OCHOBaHHBIE Ha
MIPUMEHEHHH alllapara HeUYeTKOW JIOTHKH, SIBIISIOTCS YHHBEPCAJIbHBIMH all-
npokcumaropamu [23]. Ilpu peanusanuu anropuTMOB yNpaBiICHHUS Ha OC-
HOBE HEUCTKHUX MCKYCCTBCHHBIX HEHPOHHBIX CEeTeH HEOOXOAMMO yUUTHIBATH
CBOWCTBEHHEIC allTOPUTMaM HEYETKOTO JIOTHYCCKOTO BBIBOAA HEHIOCTATKH,
CBsI3aHHBIE C CyOBEKTHBHOCTBIO BBIOOpa BHJA W TMMapaMeTpoB (QyHKImA
MIPUHAIJISKHOCTH, a TAKXKE MCXOJHOTO Habopa HEYETKHX MpPOXyKIIMOHHBIX
mpaBwi. [l ycTpaHEHHs YKa3aHHBIX HEIOCTATKOB HEYETKHUX CHCTEM BO3-
MOXXHO 00ECHeYnTh MX aJalTHBHOCTH, KOPPEKTHUPYS MO MEpe IMOCTPOCHHUS
MOJICTT Ha OCHOBE PEalbHBIX CTaTHCTHYECKHUX NaHHBIX IpaBWUiIa U IMapa-
MeTpbl QpyHKIUIA npuHaaiexxHocTd. OJMH U3 BapUAHTOB TaKoW aJanTaiuu
peanu3yeTcs pH MOCTPOCHUH THOPHIHBIX HEHPOHHBIX ceTel [24].

Hanee monpoOHO paccMmarpuBaeTcsi pa3pabOTKa HEWPOHHOU CeTH
Uis  kouaunuoHnepa. CTpyKTypHas cxemMa THOpPHIHOW HEHPOHHOH CceTh
npeacTaBieHa Ha puc. 3. JlaHHas ceTh ucHonb3yeT anroput™m CyraHo
(Sugeno) 1-ro mopsizka, B 3TOM CiIydae IpaBUIa ONMHCHIBAIOTCS TMHEHHBIMU
3aBHCHMOCTAMU [25, 26]. B xone uccinenoBaHus ObLIN MPOBEACHBI BEIYUC-
neHus B cpene Scilab ¢ mcmonp3oBaHMEM NHPOTrpaMMHOTO makera Fuzzy
Logic. B xauecTBe HEHpOHHOH ceTH Al 00pabOTKH MapaMeTpOB TeMIIepa-
TYpBI, BIQXKHOCTH U COACPIKaHUS YIIEKHCIOro ra3a B BO3AyXe IMOMEIICHUS
HCTIOTBH30BAJICSI MHOTOCIOMHBIA MEPHUENTPOH C OJHUM CKPBITBIM CIIOEM
[27].

1424 WHbopmaTrka 1 aBTomaTtusaums. 2021. Tom 20 Ne 6. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnariH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

Crnoii 1. Bxonnsle naH- Croit 5. Ynpasinstonye
HbIE (TemIeparypa, BO3JICHCTBUS Ha
BIIQKHOCTb, COZIEpIKaHUe ycTpoiicTBa MHKpPO-
CO2 B BO311YyXEC) KJiumara

Croii 2. @yHkmn Cnoii 3. [IpaBuna Cnoii 4. /luana3onsl
NPUHAIIEKHOCTU norudeckoro "MN" BBIXOJHBIX JJAHHBIX

Puc. 3. Crpykrypa HelipOHHOMU ceTH Ul YIPaBIEeHUsI MUKPOKIUMATOM yM-
HOTO JI0oMa

W3 pucyHka 3 BUIHO, YTO TUOpUIHAS HEHPOHHAsI CETh COCTOUT U3 5-
TH CJIOEB, KXl U3 KOTOPHIX pelaeT KOHKPETHYIO 3ajady. Pesynbrarom
paboThl HEMPOHHOM ceTH SBIAIOTCS (POPMHUPOBAHKE YIIPABIISIONINX BO3/ICH-
CTBHS HA HCIIOJIHUTEJIFHBIE MEXaHN3MBI YCTPOMCTB MUKPOKJIMMATa YMHOTO
JoMa: KOHJUIMOHEpa, BEeHTWISIMN U PainaTOpOB OTOTLICHHS.

4.1. Co3nanue nepBUYHOr0 HA0Opa JAHHBIX /IJIs1 Hel{POHHOH ce-
TH. Ha mepBeIii citoif moctynaeT uHGOpMAIHS O TEMIEepaType, BIAKHOCTH
1 COZEp KaHMUs YIIEKHUCIIOTO ra3a B BO3Ayxe, m3MepeHHble loT-gaTankamu B
Pa3HBIX YacTAX OMEIeHUs. B MOMeHT 00y4eHusT HeHpOHHOM CeTH MCXO-
HBIE JTaHHBIE OepyTcst u3 oOydvaroliell BHIOOPKH, Jajiee ceTh 00pabaTsiBaeT
JaHHbIE O XapaKTEePHCTHKaX (PU3MUECKOH Cpembl, NMOIYYCHHBIE B PEKHME
peanbHOTO BpeMeHu. M3mepennsie 3HaueHus (T, W u CO,) nepenatorcs Ha
BTOPOH CJIOH ceTH, Tie MPOUCXOANT 3Tar (GOpMHUPOBAHUS TPUHAIIIEKHOCTH
K IpYIIIE HEYETKUX MHOXKECTB.

Hns hopmupoBaHusi nepBUYHOrO HabOpa AaHHBIX HMCIOJIB30BAIHMCH
pe3yIIbTaThl 3KCIEPUMEHTAIBHBIX HCCIICAOBAHUH, TPOBEIICHHBIX B paMKax
JTAHHOTO TMOMEIIECHUSI U MOAOOHBIX ITOMEUIEHHH, OCHAICHHBIX CHCTEMaMHU
KIIMMaT-KOHTPOJIS,, TPYABl MO MHUKPOKJIMMATY 3aMKHYTBHIX IOMENICHUH, a
TaKKe PEKOMEH/AINN IKCIIEPTOB MO paboTe cucTteM MUKpoximmara. Ilep-
BUYHBIC IJAaHHBIC JIEJIATCA 10 TPYTIIaM B COOTBETCTBHH C MX CBOMCTBaMHU.
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4.2. ®opMupoBaHMe NPHUHALJIEKHOCTH BXOAHBIX [JAaHHBIX K
rpyiie He4eTKUX MHOKeCTB. OYHKIIMY TPUHAIICKHOCTH OTPEILIIs-
IOT COOTBETCTBUS MEXAY BXOJHBIMU JAHHBIMU U HEYETKUMU MHOXKECTBAMH.
Ha puc. 4 BuiHO, 4TO BXOAHBIE JaHHBIE OTHOCATCA K OJHOU W3 27 rpym, u3
00J1aCTH 3HAYCHHUN BXO/HBIX BEKTOPOB.

Puc. 4. Onpenenenue npuHaAJICKHOCTH BXOJHBIX JaHHBIX, T1e T — 3HaYeHHE TeM-
nepatypbl, W — 3HaYeHHE BIaXHOCTH U G — COJIepIKaHUE YIIICKHUCIOrO ra3a B BO3-
JyX€ TOMEICHUSI

OyHKINHU, OMPENENAIoUe PUHAUIC)KHOCTh 0 TEMIEpaType Hu
BIIQKHOCTH OKPY’KAIOIIEH Cpelbl K OMHOMY M3 TPEX HEYETKHX MHOXKECTB,
Hpe/ICTABIIEHB] HAa PUC. 5 U 6 COOTBETCTBEHHO.

Bennunna
l'lpI/IHa}lJ'le)KHOCTI/I
HOpMaJIbHasl TEMIIeparypa
05 -
: HU3Kas TeMIieparypa
BBICOKasl TeMIieparypa
U 1 " | | J 1 1

16 18 20 22 24 26 28
Temmneparypa, C°
Puc. 5. HeyeTkne MHOXECTBA [UISl TEMIICPATYPbI B TIOMELICHUH

Benuunna
HPUHA/ICKHOCTH
1 ; HOpMaJbHasl BIXXHOCTD
U 5 HH3Kas BJIIA)KHOCTh
' BBICOKas BIQXKHOCTh
D | g A 1 | 1 1

34 40 47 53 60 67 73

Bnaxunocts, %
Puc. 6. HeueTkue MHOMeECTBa JUIsl BIAXXHOCTU BO3yXa B IIOMEILIEHUN
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HedeTkue MHOXeCTBa 110 TEMIIEpAType U BIAXKHOCTH, ITPEICTABIICH-
Hble Ha pUC. 5 U 6, chopMUpoBaHbI Ha ocHOBaHMK pekomenaanuid CanlluH
1.2.3685-21 «I'urnennueckue HOpMAaTUBBI M TpeOOBaHUS K OOECHEUEHHUIO
6e3omacHoCcTH M (WiIn) OE3BPEeTHOCTH JUI YesioBeKka (hakTopoB Cpelbl 00u-
TaHus» [28]. B cOOTBETCTBUM ¢ peKOMEHAALUSIMU, 3HaU€HHE TEMIIEPaTyphl
BO3/yXa B yU4eOHOW ayTUTOPHHU JOJDKHO HaXOMUTCA B ipeaenax 18-24 C°. B
Cllydae eclM TeMmepaTypa B nomemeHun Hmke 18 C°, To oHa cumTaercs
HU3KOW M MMEeT HU3KYIO CTereHb KoMdopTa ais yenoBeka. Ecim ke tem-
meparypa Bo3ayxa Beime 24 C° MOXXKHO TOBOPUTH O TIEPErpeBe B ITOMETIe-
HUH. B IpOoMeXXyTOUHBIX 3HAYEHHUSIX MOXXHO OTHOCHTBH TEMIIEpaTypy (GH3m-
YeCcKOH cpensl K OTHOW, MO0 K JpyToi Tpymnme. BraxHoCTh BO3MyXa B IM0-
MEIIEHUH TaKXe JEIUTCs Ha TPU Ipymnsl. Bo3ryx HOpManbHON BIaKHOCTH
co 3HaueHueM 40-60 %, BO3ayX BBICOKOW BIaKHOCTH CO 3Haue€HUEM Oosee
60 %. Cyxoit Bo31yX ¢ BIaKHOCThIO MeHee 40 %.

KauecTBeHHast XapakTepUCTHKa BO3yXa, Takas Kak COAep)KaHHE yT-
JIEKUCIIOTO Tra3a, B HEHPOHHOM CeTH BBHIMOIHAET POJIb YTOYHSIOIIEro Mapa-
MeTpa. DTO 03HAYAET, YTO COAEPIKAHUE YIIIEKUCIIOro ra3a OyaeT yTOuHsTh
PEXUMBI pabOTHl YCTPOHCTB KIMMAaT-KOHTPOJIS, KOTOPbIE OYIyT TOJIyYEeHBI
10 COYETAaHUIO JBYX OCHOBHBIX IapaMeTpoB. B cBs3M ¢ Tem, 4To Temmepa-
Typa ¥ BIaKHOCTb BO3/yXa B IOMEIIEHUN MEHSETCS CyIICCTBEHHEE U Yallle,
TO TIO 3TUM TapaMeTpaM OyJeT ONpeNeNsaThCs OCHOBHOE CMEIEHNE UCXOA-
HOTO PEXUMa PabOTHI yCTPONUCTB.

HeueTkne MHOXKECTBa IO COJEP)KAHUIO YTIIEKUCIIOTO ra3a MPeAcTaB-
JIeHHBIe Ha puc. 7, copMupoBaHbl Ha ocHOBaHUH pexomeHnarwii 'OCT P
EH 13779-2007 «Bentwsuus st HeKUIbIX 3xaHuil. Tpeboanus k pabo-
YUM XapaKTEPUCTUKAM JUISl BEHTHJSIIMOHHBIX U KOHJUIIMOHEPHBIX KOMHAT-
HBIX cuctem» [29]. Bo3ayx ¢ HopManbHbIM conepxanneM CO, — 3To BO3ayX
co 3HaueHueM CO, 0.01-0.05 %. IloBbiiennoe coaepxanue CO, 0.05-
0.15 %. Ecau conepxanue CO, Bbicokoe, TO ero auana3os Beime 0.15 %.
ITapameTpbl MUKpOKIHMaTa B MOMEIIEHUAX, COMIACHO KOTOpBIX ¢ 0.15 % y
YeJIOBeKa CHIDKAeTCsl BHUMaHNe M KOHIEHTpauus, a HaunHast ¢ 0.2 % mpu
JUTUTEIIBHOM HaxXOXJCHWH B IIOMELICHHH HAOIIONAeTCsl ToJoBHAs OOJb,
TOIIHOTA ¥ HEZOMOTaHHS.
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Benuuuna
TIPUHA/IICKHOCTH
T ;
BbIcOKo€ conepxanue CO,
05 " noBblIeHHOE conepxkanue CO,
HopMaJibHOE copepkanne CO,
D | o — ol A L

001 005 009 012 015 018 02

Conepxanne CO, B BO3myxe IOMENeHNs, %

Puc. 7. Heuerkue mHoxecTBa 110 conepkanuio CO, B BO3yXe MOMELICHHS

Janee xaxxnomy HabOpy BXOJIHBIX HEYETKUX JAHHBIX CTABUTCS B CO-
OTBETCTBUEC AHAIIa30H BBIXOJHBIX YIIPABIAIOMINX BOSHeﬁCTBHﬁ Ha UCIIOJIHU-
TeJbHBIEC alIaparbl YCTPOMCTB ympasieHUs. s 3Toll umemu co3paroTcs
npaBwiia pyHKIMOHUPOBAaHUS HEHPOHHAS CETb.

4.3. Co3nanue o0yuarouieii BBIOOPKH M JOTHYECKUX MPaBUJI pa-
00oTbl HelipoHHOW ceTn. UT0OBI chOpMUpPOBATH NpaBHia COOTBETCTBUS
BXOJHBIX JAaHHBIX BBIXOJHBIM, OBLIO IPOBEJCHO HCCIIEIOBAaHUE CBSI3U pe-
KMMOB pabOTHl YCTPONUCTB KIMMAT-KOHTPOJIS: SHEPTOIPON3BOIUTEIEHOCTD,
pacxon BO3ayxa, C mapaMeTpaMH TeMITepaTyphl, BIAKHOCTH U COACPKaHUS
VTIEKHICIIOTO Ta3a B BO3/AyXE TIOMEIIICHHS.

JanHbIe TIO pekuMaM paboThl KOHAWIIMOHEPOB Opalnch W3 HCCIe-
noBarenbekux pabot [30, 31] ¢ OobIIOH 3KCIEpUMEHTaIbHONW 0a30ii, a
TaKXKe W3 PEKOMEHAAIMH SKCIEPTOB IO YIPABICHUIO PEXHMaMU PabOTHI
KOHAWIIMOHEPA TP MOAACPKAHUU HOPMAIBHOTO TEMIIEPaTypHOIO peXuMa
B MMIOMCHICHUN U COXPAHCHHHU Ka4€CTBa BO3ayXa. HeCMOTpH Ha TO, YTO MHO-
TUC NJAaHHBIC U3 CIIPABOYHUKOB U HOCOGHﬁ 6I)IJ'II/I MOJYYCHBI IJI KOHAUINO-
HCPOB JPYTIUX MAPOK 1 I'0JI0B BBINIYCKAa, OHU OCTAIOTCA CIIPABCIJIMBBIMU JIA
UX COBPEMEHHBIX aHAJIOTOB.

CBsI3b PEKMMOB PaOOTHI BEHTHISIIIMK OT Ka4eCTBEHHBIX M KOJIHYe-
CTBEHHBIX apaMETPOB BO3/lyXa B MOMEIICHUN ONMCAHBI B CIIPABOYHHKAX
JUT TIPUTOYHO-BRITSDKHBIX BEHTHJIAIIMOHHBIX YCTaHOBOK, a TaKKe B MOCO-
OMsX 10 CHCTEeMaM BEHTHJISAIWH U KOHIWIIMOHUPOBAHUS BO3IyXa B 3aKphI-
TBHIX TIOMCTICHHSX.

B Tabnmme 1 npencraBieHs! 0000IICHHBIE PEKOMEHIAINHN TI0 PEKH-
MaM paboThl KOHIWIMOHEPAa B 3aBHCHMOCTH OT MapaMeTpoB (pr3myecKoit
cpensl. [IpencraBnenHsie B Tabnwie | TaHHBIE HCIIOMB30BAIUCH IS 00yde-
HUsS HelpoHHo# ceru. Jlanee omucanue (GyHKIIMOHHUPOBAHHS HEWPOHHON
cetu OyJIeT MPOU3BOJMTCS HA MPUMEpPE KOHIUIUOHEepa. AHAIOTHYHBIA MO-
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PAIOK HACTPOWKHU U (DYHKIMOHHPOBAHHSI HEHPOHHOM CETH CIIPaBEIIIUB IS
YCTPOMCTB BEHTWJISILIMU U OTOILJICHUS.

Ta6nuna 1. O600IIeHHBIE PEKOMEHJALINH 110 PeKUMAaM PabOThl KOHAUIINO-

Hepa B 3aBUCUMOCTH OT IapaMeTpoB (PU3HUECKON cpe/ibl

Ne [Mapamerpsr puzngeckont O0600UICHHBIE PEKOMEH/TYEMBIC PEKUMBI
cpe/ibl HOMEICHHS paboThl KOHAULIHOHEpPA
Temne- | Bnax | Conep DHepro- DHepro- Pacxon
parypa, | HOCTb, | nep- NIPOU3BOAN- | IPOU3BOAH- BO3/yXa,
T W JKaHHUE | TEeIbHOCTh TENbHOCTh m’/h
CO,, (meto), kw (3uma), kw
G
1 T, W, G, 0.5-1 7-8 1900-2150
2 T, WA G, 1-1.5 8-9 2150-2350
3 T, W, Gs 1.5-2 9-10 2350-2650
4 T, W, G, 2.5-3.5 9.5-11 2150-2350
5 T, W, G, 3.54 11-12 2350-2650
6 T, W, G; 4-5 12-13 2650-2900
7 T, W; G, 1-1.5 10.5-12 2350-2650
8 T, W; G, 1.5-2 12-13 2650-2900
9 T, W; G; 2-2.5 13-14 2900-3100
10 T, W, G, 2-4 1-3 1600-1800
11 T, W, G, 4-6.5 3-5 1800-2000
12 T, W, G; 6.5-8 5-8 2000-2200
13 T, W, G, 2-4 2-4 1800-2000
14 T, W, G, 4-6 4-6 2000-2200
15 T, W, Gs 6-9 6-9 2200-2400
16 T, W; G, 3-5 3-5 2300-2500
17 T, W; G, 5-8 5-8 2500-2700
18 T, W; G; 8-11 8-11 2700-2900
19 T W, G, 7-8 0.5-1 1700-1800
20 Ts A G, 8-9 1-1.5 1800-1900
21 T W, Gs 9-10 1.5-2 1900-2000
22 T W, G, 9.5-11 2.5-3.5 1800-1900
23 T W, G, 11-12 3.5-4 1900-2000
24 T W, G; 12-13 4-5 2000-2100
25 Ts W; G, 10.5-12 1-1.5 1500-1600
26 T W; G, 12-13 1.5-2 1600-1700
27 T W; G; 13-14 2-2.5 1700-1800

CooTBeTCcTBHE MECKAY BXOJAHBIMU XapaKTCPUCTHUKaAMU (1)1/131/1qu1<0171
Cpeabl MOMCIHICHUS U BBIXOAHBIMU IMAPpAMETPAMU PETYINPOBAHUA ONMChIBA-

€TCs C IOMOLIBIO JIOTUYCCKUX MPaBUJI, MPEACTABIICHHBIX HUKE:
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EcuTeT, WeW;uGeG,mo P ecmov Pg O ecmob O,

rie:
T; — HEeUeTKHUE JaHHBIC TIO TEMITEPATyPHI;
W, — HeueTkue JaHHBIE N0 BIAXKHOCTH;
G,— HeueTkue AaHHble 1o conepxkanus CO, B BO3AyXe;
Py HedeTkue maHHBIC IO SHEPTOMPON3BOIUTEIHHOCTD;
(O, — HedeTKHe NaHHBIE IT0 PacXOoIy BO3AYXa;
T, W, G, P, Q — 3HadeHus TeMmmeparypsbl, BIaXHOCTH, coxepxkanus CO,,
SHEPrONPOU3BOJUTEIHHOCTD, PACXO/ BO3/yXa COOTBETCTBEHHO.
[IpaBmna GyHKIIMOHHPOBAHUS HEHPOHHOHN CETH MpEACTaBICHBI Ha
pucyske 8. [IpaBuiia BKIIOYAIOT JIOTHUECKYIO (YyHKIMIO «I», 4TO yKa3biBa-
€T Ha HEOOXOIUMOCTh BBITIOJIHCHHSI CPa3y BCEX YCIOBHUI.

T=24 W =55 €02 =0.105 hot cold = 8.4 _Qair = 2.11e+03

Fiy

AN

DO~ U & WA

13 ] ]

e—_— A —=

58] _= B

16 | [

17 %L ] ] [

18 [= ] ] [

19 | |

20 = | | i)

21 2 ] | Fi

22 ] ] T

23 | 1 L

24 [ : | [ 1 [ 1 [ ] [ ]

25 [ ] [ ] [ ] [ ) ©® )

26 [ = | [ 1 [ ] Wi ] [ ]

27 [ z ] [ ] [ i (way ] [ ]
20 28 25 85 0.01 0.2 L = e J

1] 15 1400 3300

a)
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i T=212 W=66.1 €02 = 0.0631 hot_cold = 11 Qair = 2.67e+03
1 >3 Fi ]
2 I a——— ]
3 O ]
4 [ 1 ] 1% ]
5 |
6 ] |
7 & | |
8 — a1 ] ]
9 N AN|
10 1 |
11 CE Ce— ] ]
12 CE ] ]
13 ] ]
14 ] ]
15 ] ]
16 ] | |
17 [E — = 1 AN | AN |
18 CE ] ] ]
19 | ] | |
20 ] L2 = ] iy ] ]
21 ] [ | | i |
22 ] ] AN ] |
23 ] A | 1
24 ] — — H_E ] ] X il
25 ] | _-_— ] 7 ] ]
26 [ ] [ E [ ] [ ]
27 [ = ] [ L ] LA | [ |

20 28 25 85 0.01 ' 0.2 [ L [ )

0 15 1400 3300
6)

Puc. 8. IlpaBuna GyHKINOHMPOBAHUS HEHPOHHOHN CETH a) ISl BXOJHBIX IIapaMeTPOB
T=25C°, W=55%, G=0.105% 6) nns Bxoausix mapamerpoB T=21.2C°, W=66.1%,
G=0.063%

4.4. Bp10op 00001IEHHBIX PEKOMEH/I0BAHHBIX PEKMMOB PadoThI
YCTPOiicTB KIMMAT-KOHTPOJIs. Ha ueTBepToM ciioe HeilpoHHas ceTh ycTa-
HaBJIMBAE€T COOTBETCTBUE MEXAY BXOAHBIMH NapaMeTpamy (QpHU3NYeCKOn
Cpe/bl TIOMEUICHUsI U PEKOMEHI0BaHHBIMH PEXXUMaMHU PadOTHl yCTPOMCTB
KIIMMaT-KOHTpoJIsl. [l TecTHpOBaHMs aJeKBaTHOCTH paboThl pa3paboTaH-
HOTO aJITOPUTMa YIPaBJICHHS YCTPOHCTBAMH MHKPOKJIMMATa YMHOTO JOMa
OblTa HamcaH nporpaMMHbI kKoJ B cpene Scilab Fuzzy Logic. C nensro
MPAKTHYECKON pealn3alydy alrOPUTM YIPABICHUS HEHMPOHHOW CeTH ObLI
nepereced B cpexy CoDeSys s mporpaMMHpyeMbIX JOTHYECKHUX KOH-
TPOJUIEPOB.

5. Onenka kavyecTBa pa0oThl HEHPOHHOI ceTH A/ YNPaBJICHUS
pe:RkuMaMH padoThl CHCTeMbl KOHAHIIMOHUPOBAHMS YMHOTO AoMa. s
OLICHKH Ka4ecTBa pabOThI ceTH 00ydeHHas HEHPOHHAs CeTh IPOBEPSIACh Ha
CIOCOOHOCTh K 00OOIIEHUIO HA JaHHBIX KOHTPOJIBHOW BBHIOOPKH — 75 Bek-
TOPOB 4TO coctaBisieT 15% ot oOyuaromiei BeIOOpKH. Takke MpoBOANIOCH
TECTUPOBAaHHE CETH 10 JAHHBIM TECTOBOW BBIOOPKH - 150 BEKTOpOB 4TO
coctasisier 30 % ot oOydwaromieil BEIOOpKU. Pe3ynbrarhl, Mojgy4eHHbIE Ha
MIPaKTHUKE W MPHU HCIOJIb30BAaHUM HEHPOHHOI CETH COIOCTaBIICHBI HA PH-
cyHke 9.
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Puc. 9. PesynpraT ucneitanuii a) P - s3HEpronpon3BoANTEILHOCTS,
0) Q - pacxox Bo3myxa

ITlo pe3yabTaTaM TECTUPOBAHUA HeﬁpOHHOﬁ CCTU BUAHO, 4YTO IIpHU-

CYTCTBYIOT OTKJIOHCHUSA OT PCAJIbHBIX JAaHHBIX. O,I[HaKO, OHH HC HOCAT CYy-
IIECTBCHHOI'O XapaKTepa. TaK, OTKJIOHCHHUEC JUIA TapaMeTpa pacxoJ BO3ayXxa

110 aGCONIOTHON BENMYMHE He MpeBbIAT 120 M4, a s mapamerpa

SHEProNpOU3BOIUTEIBHOCTD 10.3 xBr. B pe3yJibTaTe JOCTOBEPHOCTH pa-
60TsI cetn coctaBmia 0.95 u Beimie. DKCIIEPUMEHT YKa3bIBaeT Ha MPEUMY-
IIECTBO UCIIOJIE30BaHMS THOPUIHOW CTPYKTYpPBI HEHPOHHOH CETH B CpaBHE-
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HHUHM C KJIACCHYECKOW, TaK KaKk OHa B KaXIIOM CJIydae aKTHBUPYET OJHY JIO-
KaJIbHYIO0 HEHPOHHYIO CETh, B TO BPEMsI KaK KJIacCHMYeCcKasi akTHBUPYET BCIO
CeTh LEIMKOM. DTO 03HAaYaeT 4To OBICTPOAEHCTBUE TMOPUAHON CETH BBIIIIE,
IIPY OJIMHAKOBOM To4HOCTH. Takxke ruOpuHas ceTu obiagaeT ruOKoi cu-
creMoii epeoOydenust. Tak npu nepeoOy4YeHHH CeTH JOCTATOYHO aJamnTH-
poBaTh pabOTy OIHON WM HECKOJBKHX JIOKAIBHBIX CETeH, B TO BpeMsI Kak
JUISL KITACCHYECKON CETH MPUXOIUTCS IEPECTPanBaTh BCIO apXUTEKTYPy

6. MoaesiupoBanue padoThl HelipOHHOI ceTH NSl ynpaBJeHUs
cHCTEMOH KOHAMIMOHUPOBAHMSI YMHOIO J0Ma. PaccMOTpuM, Kak H3Me-
HSIOTCSL B TeYeHHE paboyero ITHS mapaMerpsl Gu3Myeckod cpexsl B MHO-
ro(yHKIHMOHAIFHOM IIOMCIICHUH YHHBEPCHTETa. 3aMep MapaMeTpoB TeM-
nepaTypsl, BIaXKHOCTH U cofgepkanus CO, npousBonmiacsk loT narunkamuy,
PETPOCIIEKTUBA M3MEHEHHUs] MapamMeTpoB B TeueHHe pabodero IHs Mpel-
ctaBieHa Ha puc. 10.

021 70|
0.19 | 65 |
0.17 | 60 |

5 | 55 | o

Ml b

o 0.13 | 52 50 g

wom | Egs | £

o <] 2

D009 | E 40| 2

: |3

007 | 5 35 | &
0.05 | 30 |
0.03 | 25 |
0.01 | 20 |

8§ 9 10 11 12 13 14 15 16 17 18 19 20
Bpems, 4
Temneparypa Bnaxnocts CO,

Puc. 10. [Ipumep n3meHeHHs TapaMeTpoB HU3NIECKON Cpelbl B IOMELICHUH
B T€UEHHE paboydero JHs

Ha paccmaTtpuBaemom rpaduke B MpoMexXyTke BpeMenu ¢ § mo 20
YacOB BBIJICJICHBI MIATh YYaCTKOB, HA KOTOPBIX PEXUMBbI pabOThl YCTPOHCTB
KJIMMaT-KOHTPOJIsl OyIyT MOCTOSTHHBIMU. PeKMMBI paboThl MEXIy y4acTKa-
MH OyayT U3MeHsThcs. PaccuntaeM st KaX/JOT0 U3 ISITH YY4acTKOB BEJIH-
YHMHY SHEProlpoOU3BOANTEIBHOCTH M PAcXoa BO3oyXa KOHIULHOHepa. Pac-
CMOTPHM TIOPS/IOK OTIPEETICHUS] PEXUMOB pabOThl KOHAMIIMOHEPA I103Tarl-
HO Ha mpuMepe 2-ro yyactka. Ha BTopoM ywacTke ¢u3nyeckas cpena rmo-
Memenns umeet Temneparypy 23 C°, Bmaknocts 30 % u conepxanue CO,
B Bo3ayxe 0.11 %. AHanm3upysl BXOIHBIE 3HAUECHUS ITapaMeTpoB (HU3MUe-
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CKOM cpenbl, CHCTeMa OTHOCUT €€ COCTOSHHUE IO TeMIlepaType KO BTOpOH
rpynne (puc. 5). Ilo BnaxxHocTH K mepBoil rpynme (puc. 6). ITo comepxka-
uuto CO, ko Bropoii rpymre (puc. 7). CTeneHb MPUHAMICKHOCTH K TOU WIH
HMHOM IpyIIe OKaXeT BIUSIHUE HA KOHEUHBIN pe3ysbTarT.

B wnTore amst BToporo y4acTka CyTOYHOTo rpaduika COCTOSTHUS (HU3H-
4ecKol cpesl B MOMEIIEHHH, C TapamMeTpamMu Temmepatypy 23 C°, Biax-
HocThb 30 % u cogepxanue CO, B Bozayxe 0.11 %, pexkoMeHI0BaHHBIN pe-
KHUM PabOTHI U KOHOUIMOHepa OyJeT COOTBETCTBOBATh: 110 SHEPTOIPON3-
BOIMTENBEHOCTH — 6.5 KBT, 110 pacxomy Bo3ayxa — 1880 m/u.

Jlns BcexX MATH y4acTKOB PaccMaTpHBaEeMOro0 CyTOYHOTO rpaduka
AHAJOTUYHO PACCUUTHIBAEM PEKOMEHOBAaHHBIE PEXHUMBI PAOOTHI Ul KOH-
JUIHUoHepa. Pe3ynbTaTsl 0 peKOMEHIOBAaHHBIM PEXHMaM paOOThl KOHIH-
IIHOHEpa 3a PAaCCMOTPEHHBIH MPOMEKYTOK BPEMEHHU IPHU HCIOJIB30BAHUU
HEHPOHHOI! ceTn npeacTaBieHsl B Tabnuie 2.

Tabnuna 2. PacueTHble TaHHBIE PaOOTHI THOPUAHON HEMPOHHOI ceTH

TTapameTtps! puszndeckoit O0600IICHHBIE PEKOMEH Ty EMbIC PEIKH-

S CPeIbl MOMEIICHHS MBI paOOThI KOHIUIIMOHEPA

5 Temme- | Bnax | Copep- DHepro- OHepro- Pacxon

:: patypa, | HOCTb, | JKaHHE | HPOU3BOAW- | TPOM3BOAM- | BO3AyXa

o T W Cc02,G TEIbHOCTh TEIBHOCTh ,m’/h

[}

z (mero), kw (3uma), kw

I
I 20.5 50 0.04 2.5 9.9 2160
II 23 30 0.11 6.5 6.5 1880
I 21.5 45 0.05 8.25 8.25 1930
v 24.5 30 0.17 4.37 3.8 2100
A% 23 45 0.09 9.35 9.35 2120

[Tomy4eHHble pe3ynbTaThl afanTHPOBAaHBI K BO3MOXKHBIM JHAIa3o-
HaM M3MEHEHHsI PEXMMOB padOThl KOHAWIMOHEPA M OTPAXKAIOT MOTydYeH-
HBIE TPEABIAYIIUMH HMCCIEIOBATEIAMUA TCHACHINN H3MEHEHHUS DPEXHMOB
paboThl KOHIUIIMOHEPOB PA3JIMYHBIX KOHCTPYKIHMN 1 (DYHKIH.

7. PazpaGoTka MeTOAMKH YNPABJIeHHS MUKPOKJIMMATOM YMHOIO
JA0Ma Ha OCHOBE HCIOJIb30BAHMSI aHCaAMOJIsI MCKYCCTBEHHBIX HeHpOH-
HBbIX ceTeif. [l ynpaBieHHs COBMECTHOH pabOTOH CUCTEM KOHAWIMOHH-
POBaHHMsI, BEHTWIISILIMY U OTOIUICHHS PallMOHAIBHO MCIIOJIb30BaTh aHCaMOIH
HCKYCCTBEHHBIX HEWPOHHBIX ceTe. OCOOEHHOCTBIO YIIPABIEHHUS COBMECT-
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HOM paboToil HECKOJIBKUX KUOEp(UINUECKUX YCTPOHCTB SIBISETCS HAINYNE
€IMHOr0 HMH(GOPMAIMOHHOTO IEHTPA COIJIACOBAHMS WX B3aUMOJCHCTBUS.
Pacuer npeIMKTUBHOTO yNpaBieHUs: MUKPOKJIMMAaTa YMHOTO JIOMa B €H-
HOM MH(OPMALMOHHOM IIEHTPE IPOUCXOIMUT MOCPEACTBOM IPOrHO3HPOBA-
HUSI PEKMMOB COBMECTHOW pabOThl yCTPOMCTB MUKPOKJINMATa Ha 3a/laHHBINA
MIPOMEXYTOK BPEMEHH IIyTEM HMTEpPallMOHHOTO pacdera HmapaMeTpoB pery-
JMPOBaHM KnOep(U3NIECKNX yCTpOCcTB (KOHOWIMOHEpa, BEHTHWISIMN H
OTOTUICHUS).

Ha puc. 11 mpexncraBieHa cxema CBSI3U YCTPOMCTB MHUKPOKIHMATa
YMHOTO JIOMa 4epe3 €IUHBIH WH(GOPMAIMOHHBIN IEHTP COTIIACOBAaHMS pe-
KUMOB paboThl. B3amMomeiicTBre yCTPOWCTB depe3 eOMHBIA IEHTP OCy-
LIECTBIISIETCS 10 CPEICTBAM JBYHAIPABJICHHBIX CBsI3ed. ENMHBIM 1IeHTpOM
COTJIACOBAHUS PEXHUMOB PabOTHI yCTPOWCTB KOHOWLIMOHHPOBAHMS, BEHTHU-
JIAIMU W OTOINICHUSA 6y[leT SABJIATBCA I_llfl(i)pOBaH MOJ€CJIb MUKPOKJIMMAaTra
(u3MueCcKOi cpebl MOMEIIEHNSI.

Cucrema OTOTUTIEHMS

1
1
Cucrema BeH- 1

1
TWISAIN 4
1

Cucrema
7 KOHAWIIMOHUPOBAHUSA

Puc. 11. Cxema B3auMoneicTBUS KHOEPPU3HIESCKIX YCTPOHCTB MUKPOKINMATa
YMHOTO JIoMa, Te 1 - ycrpoiictBa Mukpokiumar; 2 — [oT narunku ¢pusudaeckoii cpe-
JIBI K PETYIISTOPHI COCTOSHUS (PM3NIECKUX yCTPOUCTB; 3- ABYHAIPaBICHHBIE CB3U
THIA SHEeprus — HHpopMaIys, nHpopMarmsa-sHeprus, nHpopmanusi-uaGopmanys;
4- equHBII NTHOOPMAIMOHHEIH LIEHTP COINIACOBAHMUS PEXKHUMOB PabOTHI YCTPOMCTB, 5-
0JIOK yIpaBiIeHHs1 pe)KUMaMH paboThl KHOepPU3NUECKHUX YCTPOHCTB; 6 — 610K
¢unsTpanuy BXoxHo# nndopManny; 7 — rpaHuna GpU3NIeCcKoi U BUPTYaIbHOM
cpensl

DKCIIepUMEHTAIbHBIC UCCACIOBAHUS OKA3aIHM, YTO HCIOJIb30BaHHE
OJHOTHITHBIX HEUPOHHBIX CETeH I MPEAUKTHBHOIO YIPABICHUSA aaeT
ONIUOKY MPOTHO3MPOBAHUSA COCTOSHUS (HU3NUECKOH cpembl meHee 5 % B
78% ciyuasix [32]. Bosbleit TO4HOCTH MOXKHO JOOUTHCS, €CIi 00BETUHHUTE
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Ppa3HOTUIIHBIE HEHPOHHBIE CEeTH B eAnHYI0 cucteMy. IlosTomy ans momyuye-
HHS MaKCHMaJIbHO BO3MOXKHOM TOUYHOCTH M YHHBEPCAJIBHOCTH ObLI BBIOpaH
CHoCco0 MOCTPOCHUSI CHCTEMBI ITPOTHO3UPOBAHKS MapaMeTpoB (GpHU3NIECKOH
Cpelbl Ha OCHOBE aHcaMOuIs HelpoHHBIX ceTell. CTpyKTypHasi cxema CHCTe-
MBI yNpaBJIeHUs] MUKPOKJIMMATOM YMHOTO JOMa C MCIIOJIb30BAHUEM aHCaM-
07151 HEWPOHHBIX CeTel MpezcTaBleHa Ha pUcyHKe 12.

i = B
Bxon. I Bxox.
MHOroCIOHHBbIi ! A E Boixon.
JIaHHbIE Hepeerpon : JIaHHbIE ! JIaHHbIE
1
e AW (®.Q)
A’CO2) : %COz) 1
1
1
Jluneiinas HC 1 > HC cucr.
i KOH/IHIL. —>
—> |
1
1
O600menHo- Tunciinas |\ R i
perpeccuonHas HC T > HC cuer.
HC H 1 BEHTUII. )
1 1
i !
PannansHo 1 Jd HC crer.
H 6asucuas HC i ¢ OTOILLL >
i i i
e 1. ! - 1
1 2 3 4

Puc. 12. CtpykTypHas cxeMa CUCTEMBI YIIPaBJIECHUS MUKPOKJIMMATOM YMHOT'O JIOMa C
MCIIOIb30BaHUEM aHCaMOIIsl HEHPOHHBIX ceTel, rie 1 — 60K KOHCOMUAAIMH JaHHBIX
0 COCTOSHUH (U3HUECKO cpempl, 2 — 60K IPOTHO3UPOBAHUS COCTOSHUS (PU3UUC-
CKOI1 cpenpl, 3 — 610K obecrieueHus: HH)OPMALMOHHOTO B3auMoeiicTBUS Kubepdu-
3W9ECKUX YCTPOWCTB, 4 — OIIOK HMHTAIUH PEKUMOB PabOTHI M BEIPAOOTKH IPEIHK-
THBHOTO yNIPABJICHUS yCTPOUCTBAMHU KIIMMAaT-KOHTPOJIS

IIpencraBieHHas Ha pUCyHKe 12 CTpyKTypa CHUCTEMbI YIpPaBJICHHUS
MHUKpPOKJIMMATOM yYMHOTO JIOMa HalISIHO WUIIOCTPUPYET Pa3padOTaHHYIO
METOIMKY YIIPaBICHUSI YCTPOHCTBAMHU KIMMAT-KOHTPOJIS B PEXHUME peajb-
Horo BpeMeHH. CocTosiHME TTapaMeTpoB (pru3nUecKkoil cpessl B MOMEICHUX
YMHOTO JIoMa KOHTpoJmpytoTcst ¢ momomibio [oT gatunku gusndeckoit cpe-
JIbI, PACTIOJIOKCHHBIX B PAa3HBIX YacTsX rmomemenus. Mupopmanms o cocto-
SITHUM TTapaMeTpoB (DPM3MUECKOM Cpenbl MOCTYIaeT B OJOK KOHCOJHMIALNH,
7€ TPOM3BOANTCS (DHIBTpanys ¥ MOATOTOBKA AAHHBIX IS AalbHEHIIeH nx
00paboTKH, a Takke B OJNIOK oOecTedeHns] HHPOPMAITHOHHOTO B3auMOACH-
cTBUs KuOephu3nyeckux ycrpoiicts. [locne KaxIoro M3MeHEHUs pexuma
paboTel OOHOrO M3 KUOEPPU3UUECKHX YCTPOMCTB CHUCTEMa YIPaBICHUS
IIPOBOUT NIPOTHO3UPOBAHUE COCTOSHUS (PU3MUECKON CPEIbI C IIEIbIO BBIpa-
OOTKHM NMPEAMKTHUBHOTO YIPABJIAIONIEr0 BO3AEHCTBUS HA JIpyrUe YCTPOHCTBA
JUISl COTJIACOBAHUS UX COBMECTHOW paboThl. Takum 00pa3zoM, yrpaBisOLmi
CUTHAJ MPOXOAUT LIETIOYKY B3aMMOCBSI3aHHBIX YCTPOMCTB, B 3TOM CiIydae
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JUISL KOKIOTO M3 HUX OINpEAENsIeT PaldOHAIBHBIN PeXXUM PadOThI PU MH-
HUMaJIbHBIX 3arparax BpPEMCHU W DHEPTHU. HpeI[I/IKTI/IBHOC YIipaBJICHUE
MHUKpPOKJIUMATOM YMHOTO J0OMa IPOW3BOAMTCS ITyTEM PEKypCHBHOMW Mpolle-
Jypbl cO0pa, aHaJIM3a JaHHBIX M BBIPAOOTKH YIIPABIISIOMINX BO3CHCTBHH.

B cpene Scilab O6bu1 mpoBeneH aHanM3 TPUMEHHMMOCTH Pa3IHYHBIX
HEHPOHHBIX CEeTeH ISl PEelIeHus 3a7a4i MMPOTHO3UPOBAHUS COCTOSHUS (BH-
3UYeCKOl cpepl yMHOTO noma. HelpoHHbIe ceTH, mokaszaBHine HanOOJb-
Iyt 3QPEKTUBHOCTD, OBUTH HCIIOIB30BAHBI T (POPMUPOBAHUS aHCAMOIIS
HeHpoHHOI ceTn. B aHCaMOIb 0OBEIMHEHEI CICAYIONIIE HEHPOHHBIC CETH:
MHOTOCJIOHHBIN TIEPCENTpPOH, JHMHEHHas, O00OOIIEHHO-PETPECCHOHHA W
panuanbHas OasucHas cetd. Ha BXom 3THX ceTeil MomaroTcs OJHM M TE Ke
BXOJIHbIE IIEpeMeHHbIE 0 cocTosiHuu usnyeckoii cpens (T, W, % CO,) .

AHcaMOny HEHUPOHHBIX CceTel MMEIOT Jydlllee KaueCTBO MPOTHO3U-
pOBaHME COCTOSIHUS (PU3UYECKOM Cpe/ibl, UeM OTAEJIbHbIE CETH. YCpEeqHEHHE
IIPOTHO30B IO BCEM MOJIENISIM CETel C PaziIM4YHON CTPYKTYpoH M oOydeHHe
Ha OCHOBE pa3yIMYHBIX MHOXKECTB JAAaHHBIX MO3BOJSIET YMEHBIIUTD IHCIEP-
CHIO MOJIEIIH, HE YBENNYMBas €€ CMelIeHHe. JTO CBSI3aHO C TE€M, YTO NpHU
Pa3HBIX peKUMax pabOTHl YCTPOWCTB, M Tpa(uKOB M3MEHEHHs TapaMeTpOB
¢usmuecKkoil cpempl Oojiee TOYHBIE MHPOTHO3BI JAlOT PA3IMYHbBIC BHIBI
HeHpOHHEIX ceTed. [lpu 3TOM 3apaHee HEM3BECTHO, KAKOM BHI CETH OyHeT
JlaBaTh HamOojee TOYHBINH MporHo3. ITosToMy Kaskmast ceTb oOydaercst OT-
JIETIbHO, a PE3YNBTHPYIOMNHA MPOTHO3 (HOPMUPYETCSI KaK yCpeTHEHHAs Me-
TOZIOM B3BEIIICHHBIX HAUMEHBIINX KBAJIPaTOB BENWYMHA. J{JIs1 3TOTO UCTIONb-
3yeTCsl BTOPOM Kackaj, COCTOSALIMM U3 JMHEHMHON HelpoHHOU cetu. Ha Bxox
3TOM YCpEeIHSIOMEH CEeTH IOJAIOTCS PE3y/bTaThl MIPOTHO30B, IOMYYEHHBIX
OT OTJEJIbHBIX HEUPOHHBIX CETEH NEPBOro KacKaja.

8. IlpakTuyeckasi peajiM3auMsi CUCTeMbl YIPABJIEHMS MHMKPO-
KJIMMATOM YMHOro AoMa. Kaxxnoe ycTpoiicTBO Mo aep KK MUKPOKIMMATa
MTOMEIICHNSI UMEET YHUKAIBHYIO HU(BPOBYIO MOJIETb, CO3/IAI0IIYI0 B3aHMO-
CBSI3b MEX]Y peasbHbIM 00beKTOM, (hu3uueckoii cpenoit, loT ycrpoiicTa-
MH U €r0 BHPTYaJbHBIM aHAJIOrOM. Takye Al KaXJIOro BHPTYaJbHOTO
yCTpoOHcTBa pa3pabaThIBaeTCsl HEHPOHHAsT CETh, CO3JAIOIIasl B3aHMOCBS3b
KOHTPOJINPYEMBIX ITapaMeTpoB (PU3NUECKON CPedbl U PEryJIMPyEeMBbIX BEIH-
YHMH WCIIOJIHUTENIFHBIX MEXaHU3MOB YCTPOHCTB KIIMMAaT-KOHTpPOJIS. B3anmo-
JEHCTBUE peaNbHBIX YCTPOMCTB, MIU(PPOBBIX MOJENEH, CHCTEM YIpPaBICHUS
OCYIIECTBIISICTCS Yepe3 €AWHBIM WHPOPMAIMOHHBIN LEHTP COTIACOBAHMS.
duznvecku oH NpesCcTaBisieT co00l MPOrpaMMHUPYEMBbIil JTOTHUECKHH KOH-
Tpojiep, a B KauyecTBe HU(POBOW cpenpl Uil peanu3aluy ajiropuTMOB
yrpasienus ucronb3yercst Scilab Fuzzy Logic u nporpamMMHuas cpeaa mpo-
rpaMMHpyeMBIX Jorudeckux koHTposiepoB CoDeSys. Ha pucynke 13
MIPEJCTaBJICHa CXeMa MHTErpallii MOAYyJeH ynpaBlieHHs YMHBIM JIOMOM B
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ennHoe WH(OpPMALMOHHOE NPOCTPaHCTBO. DU3NYECKH HWHTErpanus Ocy-
IIECTBIISIETCS TIO CPEACTBAM WHTETPAIMOHHON IMHBI IaHHBIX, a KHOEepB3a-
UMOZEHCTBUE OCYHIECTBISIETCS B LM(POBOH cpene MPOEKTUPOBAHUS Ha
€IMHOM cepBepe coopa, 00paboTku u XxpaHeHus uadopmarmu [33, 34].

[Ipu peanmzauny Ha NpaKTHKE CHCTEMbI YIPaBICHUS MHUKPOKIMMa-
TOM YMHOTO JIOMa HCIIOJIB3YIOTCSI JINHEHKH NpoMbInuieHHBIX [0T naTumkoB
M3MEPSIONNX B PEKUME PEalbHOTO BPEMEHH TEeMIIEpaTypy, BIaKHOCTh U
congepxanue CO, B Bo3nyxe. Hampumep, IIKI'100-CO, - mpoMBIIIIEHHBIN
JATYUK KOHIICHTPALUH YTIIEKACIOTo Ta3a B Bo3ayxe u [IBT100 - mpombImi-
JICHHBIN TaTYMK BIAXHOCTH W TeMIepaTypsl Bo3ayxa. [lomydennas nadpop-
Mars GUKCHpYyeTcsl B HEHPOHHOW CeTH KOHTpoIriepa, oOpabaTsiBaeTcs, a
3aTeM 4epe3 KOMaH[bl YIPaBJICHUS Iepelaercsi Ha LUQpOo-aHAIOroBbIe
npeoOpa3oBaTesid YCTPOUCTB ypasicHus wid 10T perynsaropsl, KOTOpbIC
YIPaBISIOT PEXKUMaMU HUX paboThl. B KadecTBe yNpaBisIOLIEro MHUKpPO-
KOHTpoJuiepa pekoMenayercs ucnons3oBats OBEH IIJIK154 [35-37]. dns
Hero B mporpammHoit cpeae CoDeSys peannzoBaH mporpaMMHBIN Koa aj-
TOpPUTMa YIPaBICHUS PEKUMaMH pabOTHl YCTPOHCTB KIMMAaT-KOHTPOJIS, B
3aBUCHMOCTH OT NapaMeTpoB (PU3NUECKOI Cpebl IOMELICHUs: TeMIepary-
PHl, BIaxkHOCTH 1 coaepxkanust CO, B BO3ayXe.

CucTeMa MEKDOKIHMATA Crcrema Ges0macHOCTH H MOHHTODHETE

IeT IoT IeT IeT IoT IoT
KORINIL ESHTIIAL. | oTOmNEH. noxap BITOM npoTeuKa

—
)

Kouseprep npoToxonos nanHbx

Cepsep copa
Cepeep ofpaborsn u
TOYHOTO Hurerp IHHA JaHHBIX XpAHeHIA
EpeMen EdopMam

Konseprep NpoToXON0E QAHHBX

— —
v
IoT ToT IoT IoT IeT IoT
HAMOIH AAMIEL DATHHER AKB Haseprop BH3
CucreMa ocBemeERA CrcTema snexToocHadKeHIA

Puc. 13. Cxema MHTErpaliy MOIyJICH yIpaBJIeHHsS YMHOTO T0OMa B eiMHOE HHDOP-

MalKOHHOE IpocTpaHcTBo, rae [IJIK-nporpaMMupyemsblii TOrH4ecKuii KOHTPOILIED,

AKB — akkymynaropHas 6atapest, BUD — B0300HOBII€MBIil HCTOYHUK 3HEpruy, [oT
— YCTpOHCTBA ¢ ceTeBbIMH HHTepdeiicamu B3anMoaeiicTBHS (MHTEPHET BeIei)
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Ha pucynke 14 npencrasieHa GpyHKIMOHAIBHAS cXxeMa HH(pOpMAIH-
OHHOTO B3aMMOJICHCTBHS YCTPOWCTB KJIMMAT-KOHTPOJII MHOTO(YHKINO-
HaAJILHOH ayIuTOpHUH U 1IKada yrnpaBiIeHUs.

i L i, (s
[TITCETETTL fh } Lt 14 e ]
N\ (s ’
i \} = e LAE
,;#tgﬁ If L h == i .vm:- I8 .\\5:1:- )
{ Lxe ) . . 3; 1 N

Puc. 14. ®ynkunoHanbHas cxemMa HHGOPMAIIMOHHOT0 B3aUMOICHCTBYS IKada
YIpPaBJIEHHs U YCTPOICTB KIMMAT-KOHTPOJISL, II¢ CIUIOIIHOM JHHHEH 0003HaYCHBI
LIETIN yTIPABIEHHS PETYIATOPAMU YCTPOKCTB, a IyHKTHPHON M KOHTPOIIS COCTO-
SIHUS yCTPOHCTB

9. 3akurouenne. Pa3paborana meronuka obecrieueHns: KOM()OPTHOTO
COCTOSIHHSI MUKPOKJIMMAara YMHOTO JIOMa C HCIIOJIb30BaHUEM aHCaMOJIs He-
YETKUX MCKYyCCTBEHHBIX HEMPOHHBIX ceTed. OHa peann3oBaHa Ha IpUMEpe
YTIPaBJIECHUS YCTPOHCTBAMH KIIMMAT-KOHTPOJISI YMHOTO J0Ma ITyT€M IPOTHO-
3UPOBAHUS NAPAMETPOB UX (YHKIIMOHUPOBAHHSL.

IIpennaraemas cucreMa ynpaBiieHHs] MUKPOKIMMATOM B TIOMEIIICHH-
AX YMHOTO JJOMa MMEET PsJl MPAKTUYECKUX MPEUMYIIECTB, B CPABHEHUH C
CYIIECTBYIOIIMMH Y3KOCIIEIHAIU3UPOBAHHBIMH PELICHUSIMU O JOMAaIIHEH
aBTOMaTH3aluK. Bo-niepBbIX, OJIOK KOHCONUAAIMK JaHHBIX MO3BOJISIET pe-
HIUTH TPOOJIeMy MacCOBOM TeHepalyy JaHHbBIX, BOSHUKAIOIIEH PH HEKOp-
PEeKTHOH paboTe HU(POBBIX AATYUKOB M PErYJSATOPOB YMHOIO JIOMa HO-
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CpeACTBOM (pMIBTpaIMy BXOJHBIX TAHHBIX W arperaluy TPyl apaMeTpoB.
Bo-BTOpBIX, 0JI0K MHGOPMAIIMOHHOTO B3aUMOICHCTBUS KHOEP()HU3MUSCKIX
YCTPOMCTB 00eCHeurBaET CBSI3b MEXK/y YCTPOMCTBAMU KIMMaT-KOHTPOJIS, a
TaK)Ke pelaeT NpooJieMy YCTaHOBJIEHHS CKPBITBIX B3aMMOCBS3EH MEXKy UX
JIAHHBIMH, ITyTE€M IIOMCKa JIByHAIPaBJICHHBIX CBSI3€il BHYTPU KOMIOHEHTOB
U MEXIy HUMH. B-TpeTpux, OJIOK HPOTHO3MPOBAHMS COCTOSHUS (usnye-
CKOM cpempl M ONOK MMHUTAaMK PEXHUMOB DPabOTHl yCTPOWCTB KIIMMArt-
KOHTPOJISL TO3BOJIIIOT OCYIIECTBIIATH NMPEIUKTHBHOE YINPABICHUE C LEIBIO
(hopMHpPOBaHHS PAIMOHAIBHBIX PEKUMOB PAaOOTHI YCTPOHCTB NPH MUHH-
MaJIBHBIX 3aTpaTax BPEMEHH M SHEPTHH.

[lepeuncneHHbIe TEXHUYECKHE NPEHMYIIIECTBA CHCTEMBI YIIPaBICHHS
MHKPOKJINMATOM YMHOT'O JOMa Ha OCHOBE B3aMMOAEHCTBYIOIMX KuOepdu-
3UYECKUX YCTPOICTB SKOHOMST BPeMsI M IPOITYCKHYIO CIHOCOOHOCTh WH-
(hopMaIOHHOW CeTH, TIPH ITOM YMEHBLIAETCs Harpy3ka Ha cepBep yIpaB-
JICHUs], a 3HAYUT U CTOMMOCTb peaju3alliu cucTeMsl. Vcnoiabp3oBaHue HUTe-
PaLMOHHOTO TMpoIiecca MPUHITUS YIPABIECHUECKOT0 pelieHusl B HU(ppoBOii
cpene TO3BOJSIET M30ekaTh CUTyaludd H30BITOYHOTO pacxoja 3HEpruu
YCTPOMCTBAMHU KIIMMAT-KOHTPOJISE YMHOTO JloOMa MPU MX COBMECTHOH pabo-
te. Equnas nudposas cpena MoJenMpoBaHHs COXpaHIET pecypc (usmye-
CKHUX YCTPOICTB, IPOU3BOAS BUPTYAIbHBIA pacdeT AJs BCEBO3MOXHBIX Ba-
PHAHTOB B3aUMOJICHCTBHS YCTPOUCTB MEXKIy co00i U (hu3HIecKoit cpenoit.
Lenpto ympaBieHHs Ha OCHOBE B3aMMOJCHCTBYIOIIMX KHOEp(PH3NIECKUX
YCTPOMCTB SIBISIETCS AOCTIKCHHUS MHHHUMYMa HCIIOJIb3yEMOW MOIIHOCTH U
WH(POPMAIIMOHHOTO TpaduKa MK UX COBMECTHOII padore.
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Mozohin A. Methodology for Ensuring a Comfortable Microclimate State in a Smart
Home Using an Ensemble of Fuzzy Artificial Neural Networks.

Abstract. Analysis of the application of smart home technology indicates an insufficient
level of controllability of its infrastructure, which leads to excessive consumption of energy
and information resources. The problem of managing the digital infrastructure of human living
space, is associated with a large number of highly specialized solutions for home automation,
which complicate the management process. Smart home is considered as a set of independent
cyber-physical devices aimed at achieving its goal. For coordinated work of cyber-physical
devices it is proposed to provide their joint work through a single information center.
Simulation of device operation modes in a digital environment preserves the resource of
physical devices by making a virtual calculation for all possible variants of interaction of
devices between themselves and the physical environment. A methodology for controlling the
microclimate of a smart home using an ensemble of fuzzy artificial neural networks is
developed, with the example of joint use of air conditioning, ventilation and heating. The
neural network algorithm allows you to monitor the parameters of the physical environment,
predict the modes of cyber-physical devices and generate control signals for each of them,
ensuring the joint operation of devices with minimal resource consumption and information
traffic. A variant of practical implementation of a smart home climate control system on the
example of a multifunctional educational computer class is proposed. Hybrid neural networks
of air conditioning, ventilation and heating systems were developed. The testing of the
microclimate control system of a multifunctional university classroom using hybrid neural
networks was carried out, a programmable logic controller of domestic production was used as
a control device. The goal of management based on cooperating cyber-physical devices is to
achieve a minimum of power and information traffic when they work together.

Keywords: smart home, artificial neural network ensemble, climate control system,
management system, cyber-physical devices.
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