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Abstract: Practical experience demonstrates that the development of agriculture is following the path
of automating and robotizing operational processes. The operation of feed pushing in the feeding
alley is an integral part of the feeding process and significantly impacts dairy cattle productivity. The
aim of this research is to develop an algorithm for automatic positioning and a mobile remote-control
system for a wheeled robot on a dairy farm. The kinematic and dynamic motion characteristics
of the wheeled robot were obtained using software that allows simulation of physical processes
in an artificial environment. The mobile application was developed using Swift tools, with the
preliminary visualization of interfaces and graphic design. The system uses technical vision based
on RGB cameras and programmed color filters and is responsible for the automatic positioning of
the feed-pusher robot. This system made it possible to eliminate the inductive sensors from the
system and suspend the labor effort required for assembling the contour wire of the feed alley. By
assessing the interaction between the mobile app and the feed pusher via the base station connected
to the Internet and located on the farm, the efficiency and accuracy of the feedback was measured.
Furthermore, remote changes in the operating regime of the robot (start date) were proven to be
achievable, and the productiveness of the food supplement dispenser also became manageable.

Keywords: agro-robots; dairy cattle; digital farm; feed pusher; robots; wheeled robot for farmer

1. Introduction

Milk and food products made from it are important elements in the human diet. As is
well known, the volume of dairy products consumed has grown significantly over the past
decades. In 2017, 497 million metric tons of cow’s milk were produced worldwide; by 2022,
this figure had grown to about 534 million metric tons [1].

In many ways, this contributed to the implementation of large engineering projects,
with milking herds of more than 1000 heads in countries such as India, the USA, Pakistan,
Russia, Brazil and China [1,2].

Automation and digitalization of technological processes is an integral part of the
implementation of such projects, which indicates the interaction between livestock equip-
ment manufacturers and companies from the IT sector; it is an effective interaction that
facilitates the farmer’s work and stabilizes deductions to a technology company, because
digital products are used on the farm every day [3].

To date, the market for technological solutions offers a variety of software products that
allow dairy cattle breeding, the control of productive indicators and timely identification
and notification of the hunting of animals and upcoming calving—these and other software
functions are an effective means of making managerial decisions. In addition to software,
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the level of interest in the means of robotization of technological processes (milking robots
and feed distribution robots) has increased from small farms over the past 10 years [4].

The analysis of the current situation in dairy production indicates that effective devel-
opment in the field may be guaranteed only at the new and novel technological levels [5].

Practical experience demonstrates that the development of agriculture is following
the path of the automatization and robotization of operation processes. This is due to the
requirements concerning the increase in production performance as well as the problems
connected with the shortage of human resources [6-8].

For example, for a farmer, the use of robots, in particular milking robots, is not only a
relief of labor but also an opportunity to improve the quality of animal care and the quality
of the products received. In particular, in [9], it is shown through voluntary visits to the
milking unit that the use of milking robots for walking animals significantly reduces the
stress level of animals.

Such novelties allow for the better realization of the cattle’s genetic potential, the more
rational use of forage and better use of energetic, financial and labor resources and major
funds, as well as for obtaining products of higher quality and ecological purity [10-13].

One of the key examples of the partial robotization of the feeding process is the use of
forage robots. Such machines are manufactured in Europe, for instance, by Lely, Delaval,
Wasserbauer and GEA.

The obvious advantage of using robotics in the feeding process is the provision of
cyclic feed distribution, which increases the level of feed consumption. It also enhances
the frequency of animal visits to the feeding alley. This has been confirmed through the
analysis of feeding processes on farms. Studies revealed that a feed distribution frequency
of three or more times a day increases the animals’ interest and the number of visits to the
feed alley, leading to higher daily feed consumption levels by the animals [14-17].

In their research, Miller-Kushon et al. have repeatedly stated that cattle tend to sort
the components of the feed mixture in favor of energetically valuable compound feeds with
high taste qualities, whereas the animals try to neglect bulk feeds such as silage and hay,
which are the main sources of fiber [18].

The problem of selective feed consumption can be solved by using wheeled robotic
technical means that will carry out the dosing of concentrated feed additives in proportion
to the amount of feed remaining in the feed alley [19-21]. A fundamental problem in
robotics is path planning, as the robot interacts with the feed and encounters mechani-
cal resistance while operating on the feed alley. Some manufacturers employ inductive
sensors and fixed metal tags placed at regular intervals to ensure the robot maintains its
trajectory [22-24].

In existing works for dairy cattle complexes, the mobile base moves along a metal
belt, along which the mobile robot is oriented by means of inductive sensors. If the robot
deviates from the metal belt during its operation, telemetry signals from the inductive
sensors recognize the direction of its deviation from the trajectory and send a signal to the
robot controller to return it to the correct path [25-27].

However, due to the chaotic placement of feed in the feed alley (including feed spills
caused by the actions of dairy animals), there is a possibility that the metal belt may
not be detected by the inductive sensors when the robot returns to the trajectory, which
negatively affects the productivity and energy efficiency of the robot. The novel solution is
an intelligent algorithm that performs a preliminary semantic segmentation of the image
from a stereovision camera in order to detect the feed and the frames of the dairy animal
stall and provides additional orientation for the mobile base in case of emergency situations
or failure to detect the trajectory due to contamination of the metal belt [28-30].

When solving the problem of the selective consumption of concentrated feed by cattle
using a wheeled robot with a hopper dispenser, it is also necessary to estimate the volume
of the feed located in the feed alley. To achieve this, we hypothesize that the vision system
can construct three-dimensional images and take into account the volume of feed [31-33].
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The present study describes the development of cross-platform system positioning;
the system has been tested using a feed-pusher robot with a screw working body and a
dispenser for the periodic application of high-density compound feeds or mineral additives
during the maintenance of the feed alley.

In our study, we show that the developed robot can serve as a tool for performing
cyclic manipulations in the feed alley, providing increased interest for the animals to feed
and multiple doses of energy feed or mineral additives during each feeding cycle, which
could prevent cases of increased feed consumption. A custom remote-control application
on the 10S platform was developed for the robot.

The installed feed additive dispenser, which has an automatic performance monitoring
system, can provide individual feeding modes for each group of animals. Our robot
provides the cyclic introduction of concentrates and increases the level of consumption of
the main feed.

2. Materials and Methods

Matlab Simulink (Math Works) software with the Simscape and Mechanics packages
was used to model the motion process of the wheeled robot and visualize the movement
trajectory changes and dependencies of the kinematic and dynamic motion parameters.

At the designing stage of the pusher robot control system, the expected trajectory of
the robot motion was modeled. To ensure autonomous positioning of the designed robot,
its motion trajectory should be elementary; in other words, it moves in a straight line with
minor deviations depending on the amount of feed residue on the feed alley floor (Figure 1).
To determine the amount of feed residue in the vision system, an algorithm was developed.
This algorithm calculates the range of the spread from the fence and the volume of the feed
by means of an RGB stereo pair.

a b

Figure 1. Robot movement technology. (a) Developed feed pusher robot; (b) schematic diagram of
the robot movement. 1—robot feed pusher; 2—charging station with feed additive bins; 3—feed
border; 4—dairy cattle; 5—overhand timber.

At the same time, the variation of the trajectory of the wheeled robot relative to the
feed occurs through the technical vision system (Figure 2).

This system functions by obtaining binarized images.

A machine learning algorithm allows the breaking down of the RGB images into
binary ones, with the area of interest highlighted in gray being the animal feed mixture.
The resulting contrast enables the assessment of the spread of the feed mixture in the
binary image, providing a qualitative evaluation of the distance that it is spread on the
feeding alley. Automatic positioning is achieved by determining the area and subsequently
building the trajectory of the robotic device relative to the edge.
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Figure 2. Functioning of the technical vision system for the robot feeder.

To describe binarized images of size [X,Y], we use the matrix p(i,j) to represent each
pixel, with its coordinates (i,j) in the image given by 0 <i < N and 0 <j < M. Pixel p(i,j) has
four adjacent pixels, namely p(i — 1,j), p(i,j — 1), p(i+ 1,j) and p(i,j + 1) and together with p(i
—1j—1),p0+1j—1),p@—1j+1)and p(i + 1,j + 1) they form the eight neighboring pixels
of p(i,j). Two points of an object, denoted by “s” and “t”, are considered four connected
(eight connected) if a trajectory exists consisting of the object’s points a1, ay, ... , a,, such
thatay =sanda, = tand forall1 <k < #n — 1 and a; and a;; are four adjacent (eight
adjacent) to each other. A four-connected (eight-connected) component in a binary image is
defined as the point cloud of an object, such that any two pixels in the set are four connected
(eight connected) and the associated component is the desired object (compound feed). The
area of object O, denoted as Sp, is defined as the number of pixels in object O and can be
calculated using the formula:

So = [{pr(x,y)lp(x,y) € O}| 1

An area with eight connections has a denser concentration of feed mixture on the
feeding alley floor, whereas an area with four connections has a lower amount of mixture,
allowing for the recognition of the extreme edge that can be used for subsequent orientation
of the robot during movement. To detect the boundary of the feed spread, the image is
divided into multiple parts and the area of the regions of interest (gray) is summed up to
determine the total spot area.

lltlr

_ 1,85 -YS0 <L,
K_{O, Si—Y. S0 > L. @)
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S; is the average area for the i-th binarized image;

K is the indicator for the area of interest (1 for the feed mixture, 0 for the non-interesting
area of the farm), whereas L is the center of mass of the robot (distance from the fence of
the feeding alley).

The automatic positioning system algorithm processes images of the same size, so its
complexity is constant. Thus, for our algorithm, g(n) = n.

For image processing, we used the Image Processing Toolbox pocket and, in particular,
the Color Threshold application and the Image RegionAnalyzer application.

Next, we formed a mathematical justification for the dependencies of the parameters
of the movement of wheeled robots in the feed alley on the farm.

3. Results
3.1. Kinematic Calculation of Robot Movement

When calculating the kinematics of a robot, it is necessary to establish the relationship
between the size of the robot, the speed of each element and the robot’s coordinates. The
main equations used in kinematics calculations are:

"

Changes in coordinates along the “x” axis

Ax; = 0p;-t;-cos(¢;) 3)

7

When moving along the “y” axis

Ay; = Bp;-t;-sin(g@;) 4)

The velocity characteristics of the robot’s movement, taking into account the radius of
the driving wheel, are
Yo =rw 5)

The nature of the change in the trajectory of the center of mass movement, taking into
account the radius of the drive wheel, is

w1 + wy

80 = R-—1—

(6)

Ax;, Ay;—the increments in the coordinates along the x and y axes, respectively, on
the i-th path segment;

¥p;—Tlinear velocity of the robot’s center of mass on the i-th path segment;

t;/—time of movement on the i-th path segment;

r—radius of the robot’s drive wheels;

R—radius of the trajectory of the robot’s center of mass movement along a circle.

The angular velocity of the wheel, equal to 4.6296 rad/s, corresponds to the linear
velocity of the hypothetical center of mass equal to 5 m/s at a trajectory radius of 0.45 m
(half the axis of the drive wheels or half the width of the robot). A complete rotation of the
robot around itself takes 2.0358 s.

3.2. Inverse Kinematics Problem

The inverse kinematics problem consists of finding all possible vectors, wy, wp, t, for
the given input parameters xo, vo, ¢o, X, ¥, ¢, where wj, w, are angular velocities of the
right and left wheels, ¢ is the time of movement along the trajectory, xo = 0,190 = 0,99 =0
represents the initial position of the robot (Figure 3), x, y represent the final coordinates on
the abscissa and ordinate axes and ¢ (Figure 3) represents the final course angle (relative to
the horizontal).

During a turn of a robotic device, the system must control the trajectory of the robot’s
movement, including estimating the angle of deviation of the robot’s axis from a straight
line (Figure 4). This task is implemented using an electronic gyroscope with a signal
transmission rate of at least once per second.
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Figure 3. Initial position of the robot.
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Figure 4. Heading angle. ¢—the angle of deviation of the robot axis.

Solutions to the inverse kinematics problem are an infinite set. Therefore, let us
consider two of the most illustrative and applicable options for real conditions—movement
in a straight line and along a circle.

Shortest path (in a straight line).

The following motion sections are considered:

Turn from the initial position;
Uniform rectilinear motion;
Turn to the specified angle.

Set the final values:
x=5y=3 ¢=-90° (7)
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The dependence of the calculated vector wy, wy, ¢ on the calculated vector ¢ is
presented in Figure 5; the trajectory of the robot’s movement is presented in Figure 5.

29.1
wq, rad/s
-29.1 2 i
0.1751 ts 43734 b5.0574
29.1
w,, rad/s
-29.1 bk —
0.1751 ts 43734 5.0574
0.54
@, rad v \
-1.5708 [, i i
0.1751 ts 43734 5.0574

Figure 5. Transient characteristics.

The testing of the automatic control system of the robotic device was carried out using
simulation modeling, which involved moving the robot to a coordinate point with the
construction of the shortest trajectory of movement (Figure 6).

X, m

Figure 6. Inverse kinematics problem.

The following stages of movement are considered:

Turning from the initial position (if x < 0);
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Uniform rectilinear motion;
Circular motion;
Turning to the given angle.
For the given values:
x=7y=—4, ¢=210° 8)

The process of turning execution is illustrated in Figure 7.

X, m
Figure 7. Inverse kinematics problem for a robot moving in a circular path.

As a result of solving the problem, a relationship was obtained between the initial and
final coordinates of the robot’s position and its linear velocity with the angular velocity of
rotation of each drive wheel.

3.3. The Forward Kinematics Problem

The forward kinematics problem involves finding the final values for x, y, ¢ given
the input vectors wq, wy, t and initial coordinates xg, yo, @o.
The specified values are described in Table 1.

Table 1. Specified values.

Type of Motion w1q, Rad/s wy, Rad/s t,s
Rotation around itself by 90° —28.9 28.9 0.51
Uniform rectilinear motion 18.8 18.8 4
Rotation around itself by 90° —289 28.9 0.51

Motion along a circle 18.8 18.8 2.7
Uniform rectilinear motion 28.9 28.9 3

Rotation around itself 28.9 —28.9 0.8
Uniform rectilinear motion 28.9 28.9 2

Rotation around itself 28.9 —28.9 0.1

The robot’s trajectory is shown in Figure 8, and the dependence of the given vectors
w1, wy, ¢ on the vector t is presented in Figure 9.
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Figure 8. w1, wy, ¢ as a function of ¢ for all path segments.

.......................................................

vV, m

x=-299,y=—098, ¢ = 37.53°

-1 0

X, m

-3 -2

Figure 9. Forward kinematics problem for robot motion.

Then, the forward kinematics problem was solved, which included moving through
several positions with specific coordinates and performing movements along a straight

line, at an angle and with a smooth turn.

The result of calculating the coordinates after each movement is presented in Table 2.

Table 2. The result of calculating the coordinates.

X, m 0 —0.0123 —0.012 —-1.76 -0.79 -0.79 —2.99 —-2.99
y, m 0 3.6 3.6 1.37 —2.64 —2.64 —0.98 —0.98
Q,° 90.195 90.195 180.39 283.5 283.5 142.9 142.95 37.53
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As a result of solving the problem, a relationship was obtained between the angu-
lar rotation speed of each drive wheel and its linear velocity with the robot’s position
coordinates.

3.4. Dynamic Characteristics of Robot Motion

The dynamics of the robot establishes the relationship between the robot’s dimensions,
the forces applied to its elements and the moments.

When considering the dynamics of the robot, the problem of determining the rotating
moments of each driving wheel with a normal and offset center of mass (CM) was solved.

My = 8. ©)
M, = Ag: (% + ?) ) (10)

my(my, m3) = a+b-my + c-m% + d~mg + e-m% + f-mz+ g~m% + h~m§ + i-m% +j-m§, (11)

M;, Mp—moments of the motors controlling the rotation of the right and left driving
wheels, respectively;

A—coefficient of friction (tire-road);

R—radjius of the driving wheels;

r—radius of the front auxiliary wheel;

my, my, mz—masses for the right driving, left driving, and front auxiliary wheels,
respectively;

b, c—distances from the edge of the robot to the center of mass.

Equation (11), is the equation of the plane describing the dependence of 17 on m; and
ms if the center of mass deviates from the normal position shown in Figure 10.

17
{«b—g—%]l

Figure 10. Conditional diagram of the harvester. 1—right driving wheel, 2—left driving wheel,

3—front auxiliary wheel, O—conditional center of mass of the robot, b, c—distance from the center of
mass of the robot, to the support points of the driving wheels.

Equation (7) was derived by digitizing the matrix of values mq, my, m3 as the posi-
tion of the center of mass of the robot was changed (Table 3). The matrix was obtained
empirically. Each cell contains data in fractions of the total mass of the robot (Figure 10).

m=my + my+ms
my' = 13 (12)

- m

] mq, ! __ My,
my = S m T

m =my +my +my’ =1

Each cell corresponds to data taken at twenty-five different positions of the center of
mass (Figure 11).
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Table 3. Mass distribution with center of mass shift.

0.6993 0 0 0 0

0 0.3024 0 0 0 0 0 0 0 0
0.6033 0.5747 0 0 0
0.0975  0.3007 0 0.4268 0 0 0 0 0 0
0.5103 0.5096 0.5053 0 0
0.1850  0.3042 0.0709 0.4211 0 0.4967 0 0 0 0
0.4165 0.4065 0.4243 0.4196 0
02871 0.2969 0.1714 0.4228 0.0719  0.5055 0 0.5812 0 0
0.3052 0.3074 0.3067 0.2994 0.2961
0.4015 0.2929 0.2813 04118 0.1956 0.4987 0.1262  0.5749 0 0.7046

L J
[

A

:

1]

Figure 11. Considered positions of the center of mass.

This made it possible to identify the following dependencies presented in Table 3.
Analysis of the data table showed:

1. When the CM falls on the main diagonal (highlighted in gray in Table 3), the robot is
in a state of equilibrium, relying only on the right driving and front auxiliary wheels;

there is no load on the left driving wheel;

2. When the CM falls in the area above the main diagonal (highlighted in red in Figure 11)
of the matrix, the robot may tip over turning a corner.

In a real robot, the normal position of the center of mass is shifted to the area below
the main diagonal, so a large effort is required to tip the robot over (Figure 12).

Figure 12. The feed-pusher robot testing process.

A plane was constructed based on the data matrix. Additionally, a function of the
dependence of mq (my, m3) was derived from the matrix in the program Table Curve 3D

v4.0:

my (my, m3) = a+b-my + c-m3 +d-m3 + e-my + f-mz + g-m3 + +h-m3 +i-mi +j-m3, (13)
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3.5. Testing Mobile Application and Robot on Farm

Within the operational testing of the feed-pusher robot, its functions were tested, as
their implementation represented the effectiveness that the proposed robot would have on
the farm:

1.  Change of undercarriage operating modes during the elaboration of turning was
carried out automatically without human intervention;

2. Movements of the robot along the feed alley and autonomous performance of opera-
tions (pushing feed to the fence of the feed alley, dosing feed additives, taking into
account the remaining amount of key feed rations);

3. Remote monitoring of the robot conditions using a smartphone (battery charge level,
feed filling level).

Nevertheless, the robot was developed for the Russian market, which is characterized
by a harsh climate where the temperature inside the farm often drops to —10 °C. Therefore,
the duration of the autonomous operation of the robot without recharging at temperatures
of —20 °C and above should be more than 2 h, since this ensures the capacity of a battery
power supply system of 250 Ah.

At the same time, the robot performs two technological operations (dosing of feed
additives and moving along the fence of the feed alley). This requires four electric servo
drives: two of them are applied for rotating the drive wheels, one is for driving the pusher
and one is used for the feeding additive dispenser.

The frequency of information exchange between the central control board of the device
and the mobile software is twice per second.

In addition to the system of inductive sensors used in the positioning system, the robot
is equipped with a computer vision system that allows adaptive adjustment of the robot’s
movement trajectory relative to the boundary of the feed mixture spread.

3.6. Figma Tool for Creating Mobile Application Design

The free Figma system was used as the design tool as the design was made for the
most common device size. The developed application prototypes are shown in Figure 13.

@ o iPhonets 0 + = iPhone 14
05 161 105 16 2 05 161

3:29
< Main
Main Robot feed pusher
@ &
Po6or feed pusher Pobor dairy

50% 30%
-— -

g&g Dispenser performance

0

Connected Not connected

Cucrema microcli...

30
Not connected

Schedule

Service menu

Analytics

=B S8

Remote controller

Select time:
3:29PM °

Figure 13. Interface of the main screens of the mobile application.

3.7. Designing the Solution Architecture via the Tool Archi

For designing the technical architecture, the Archi tool was applied.
The farm already has a system of dairy cattle management. The new services for the
robot ecosystem that were added were:
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1.  Anapplication service for the feed-pusher robot. This is required for direct control of
the robot; it interacts with the robot using the Web interface;

2. Robot control service. This is the key service to ensure the operation of the ecosystem;
the user application interacts with this service.

The software architecture is shown in the Figure 14.

Mobile app
Web -0 ‘
interface for Web o)
interacting interface for
with the interacting
robot with the

robot

+

Feeder Robot Application Robot control system

Service

T T |

Herd management O Application support O Data processingO

Herd management system

service service service
4 & L
Robot Data Server @)
Server 1 DB server Server 2
PostgreSQL
Nginx e} o Nginx e}
| Cent0S O
HMWeb O Postgre O
application
12-core server
Cent0s O Centos (O
20-core server 20-core server

Figure 14. The principle of building a digital ecosystem in a mobile application for interacting with
robots on a farm.

The Wi-Fi network is used to interact with the robot. The mobile application generates
JSON objects and sends them through an intermediate server using the REST API. The web
interface for interacting with the robot receives the objects and sends them to the robot,
also via Wi-Fi.

The operations of receiving information are performed by GET requests; the operations
of interacting with the robot are performed by POST requests.

Each request from the mobile application sends the robot’s metadata in the HTTP
request header. The metadata is stored in the robot data server. The metadata includes the
operating status of the robot, coordinates of the current location, operating time, component
reserve, technical characteristics such as battery charge, serviceability of the navigation, the
transmission and the screw systems.

4. Discussion

Currently, there are quite a few stand-alone robotics solutions and digital platforms for
animal husbandry on the market. Thus, an easy-to-use digital platform is fundamental for
sustainable application. Advantages such as an easy-to-learn interface and an affordable
user support are relevant. The proposed system takes into account these problems, as we
reported in earlier studies [34].

Furthermore, currently on farms there is a situation that suggests the use of several
monitoring systems for different robots and sensors, which is an inconvenient solution [35].
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Moreover, farmers want to have access to all the data that robots and sensors receive
to make the access more transparent. This is a problem in the existing ecosystems [36].
The process of obtaining reports is extremely difficult. By using a common database and
adjacent tables in the proposed solution, the problem is solved [37].

The introduction of the robot ecosystem is optimal, not only in terms of optimizing
the business process and minimizing the human factor but also in terms of increasing the
farm’s profitability. Additionally, robot manufacturers will be able to save on consumables
and additional equipment [38,39].

However, there are the following disadvantages: the testing of the ecosystem was
carried out on a farm with an initial level of digitalization, the ecosystem management
application is designed for mobile devices only and problems with an intermittent unstable
connection between the robot and the server were identified; the latter problem has been
repeatedly mentioned in other studies related to digitalization in crop production [40-45].

Therefore, further work will be related to the improvement of the network equipment
and optimization of the connection. There are plans to develop an application for operating
via a Web browser and for adding more features in terms of variety of access types and
roles. Furthermore, support for robots from different manufacturers should be added for
seamless integration into the developed system.

5. Conclusions

1.  The authors have developed an algorithm for the automatic positioning system of a
wheeled robot with the unique capabilities of a software and hardware complex based
on an RGB camera that allows determination of the volume of feed in the feeding
alley and guiding the robot along the alley;

2. The maximum positioning error of the robot using the developed algorithm for the
vision system did not exceed 20 mm relative to the center of mass of the robot during
the tests;

3. The authors have developed mobile application that allows for adjustments to the
device’s operation regardless of location, 24/7. The operator received an alert on their
smartphone when the amount of feed on the feed table was below critical.
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