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Abstract

Purpose of research. Mobile robotics is a discipline of great interest today due to the wide range of applications for
which it has potential for; ranging from industry, services, military, to space exploration. One of the most challenging
aspects in the development of this technology is the implementation of accurate and efficient navigation and
positioning systems, since this function will ensure the autonomous operation of this equipment, providing flexibility
and reliability in the tasks to which these mechanisms are assigned to. In this research work, an analysis and
comparison of the performance and behavior of 5 different algorithms of obstacles evasion was made, with the
implements of the navigation system from a differential drive mobile robot (MR), from an initial point to a target point.
Methods. Routes for MR take place within a structured map with various obstacles in its environment. The MR is modeled
using the inverse kinematics equations provided by the robotics. In order to guarantee the expected behavior of the
algorithms, this project started from the primordial logic of each one. Therefore, the sequence that each algorithm follows
was analyzed and encoded using the MatLab software, since its Simulink plug-in is very useful and versatile for test
simulations. For the tests, 10 routes were defined within the structured map, which was called the ‘test map”. To obtain the
results, each algorithm was used to guide the mobile robot through each of the defined routes evaluating the distance and
time used for each of them.

Results. For the analysis and comparison of the different simulated algorithms, an evaluation of the time and
distance traveled was carried out to comply with 10 test routes with obstacles.

Conclusion. Algorithms can be classified into two classes: global planification (GP) and local planification (LP). GP is
characterized by planning the route to be followed by the mobile robot prior to its movement, while LP plans in real
time the route to be followed by the MR, a route which is calculated and recalculated iteratively based on the
information from the environment outside the robot that is collected by the sensors.

According to the results obtained, it can be concluded that LP algorithms have a superior performance to GP
algorithms, so they are the most efficient for real applications. Although a correct combination of a GP algorithm with
a LP could result in an optimal navigation system, which can overcome any type of obstacle and guide an MR
efficiently through any type of environment no matter how complicated it is.
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Abstract

Lenb uccnedoeaHusi. MoburnbHasi pobomomexHuka ce200HsI 8bi3bieaem 60sbWOlU UHMEPEC U3-3a WUPOKO20
criekmpa npurnoxeHut, Orisi KOmMopbIX OHa Moxem Obimb UCMO/b308aHa; Ha4YUHasi om MPOMbIWIIEHHOCMU, YCrlye,
BOOPYXXEHHbIX Cun U 3akaHyusasi uccriedosaHuem kocmoca. OOHUM U3 Hauboriee CrIOXHbIX acriekmos 8 pa3sumuu
amoUll mexHosoauu S8/siemcsi 8HedpeHUe MOYHbIX U 3QhGheKmuBHbIX CUCmeM Haguaauuu U MO3UUUOHUPOBaHUS,
OCKOMBbKY amu ¢byHKUuU Oesiarom 803MOXHOU asmoHOMHY0 pabomy pobomomexHuku, obecriequsas 2ubkocmb U
HadexHocmb 8 3adavax, Orii KOmopbIX fpedHasHa4YeHbl MoburibHble pobomsi. B GaHHOU pabome 6bin rnposedeH
aHanu3 u cpasHeHue rpousgodumesibHocmu U rnogedeHuss 5 pasfuyHbIX anzopummos obxoda npensmcmeuli ¢
nomowibto cpedcme  Haguz2ayUoHHOU cucmeMbl MoburbHo2o poboma (MP), ocHaweHHo20 dughgbepeHyuarbHbIM
rpusodom, om HayasibHolU moyYku A0 yerie8ol MoYKU Mapuwipyma.

MemoOdsb1. Mapwpymsl 0nsi MP npoxodsm o cmpykmypupo8aHHOU Kapme C pasfuyHbIMU [pensmemeusimu
OKpyxxarouwjel cpedbl. MP modenupyemcsi ¢ Ucrosnib308aHUeM ypasHeHul obpamHol KuHemamuku poboma. Ymobbi
2apaHmuposamb oxudaemoe rosedeHue aneopummos, 0aHHoe uccredosaHue Ha4yUuHanoch ¢ UsHaqyarbHo20 3adaHusi
J102UKU Kax0020 u3 Hux. lMosmomy nocredosameribHocmb delicmeud, Komopol criedyem Kaxobil aneopumm, bbina
rpoaHasnusuposaHa U 3akoduposaHa C NMOMOWpbHo rfpoepammHo2o obecrniedeHusi MatlLab, nockorbKy e20 nodkoya-
embll npoepammHbIli Modynb Simulink yHueepcaneH u rmodxodum 0nsi daHHO20 mecmosoz2o ModesnuposaHus. [ns
mecmos 6biio onpedesieHo 10 Mapwipymos 8 pamMkax CmpyKmypupo8aHHOU Kapmbl, Komopas rosydusia Ha3saHue
«mecmosasi kapmay. [ns nonydyeHusi pesyrbmamog ModenuposaHus, Kaxobll aneopumm ucrions3oeascs Onsl Ha-
npaenieHusi 0suxeHuUs1 MObUIbHO20 poboma o 3adaHHbIM Mapuwpymam C OUEHKOU paccmosiHUs U 6PeMEHU,
3ampaydyeHHbIX Ha KaxOoblIl U3 arnaopummos.
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Pe3ynbmamsl. []na aHanu3a U cpasHeHUs1 pasfiudHbiX CMOOEIUPOBaHHbIX anzopummos bbina rnposedeHa OUEHKa
8peMeHU U npolideHHo20 paccmosiHusi 018 10 mecmosbix Mapwpymos ¢ npensmcemaeusimu.

3aknroyeHue. Aneopummbl MOXHO pasdenumb Ha 0ea kracca: enobarnbHoe nnaHuposaHue (IT1) u nokanbHoe
nnaHuposarue (f111). [T1 ebinonHssem nnaHuposaHue mapuwpyma, no Komopomy OosmkeH criedogamb MOOUISbHbIL
pobom, ewé do dsuxeHuss MP, 8 mo epems kak JI[1 8 peansHOM 8peMeHU 8bINONIHAEeM MMoCMpoeHUe Mapwpyma, rno
komopomy dormkeH credosampb MP - OaHHbIU Mapwpym paccyumbsieaemcs U rnepecyumaieaemcsi umepamusHO Ha
ocHoge UHGbopmauuu, nosrydaemol u3 eHewHel cpedbl damyukamu poboma.

Mo nony4eHHbIM pe3yribmamam MOXHO cdesflamb 8bI800, 4Ymo aneopummbi JIT umerom npesocxodswyro npous-
800UMesNIbHOCMb 10 CPaBHEHUD C pou3sodumernsHocmbo anzopummos [T1, noamomy oHu sernsomcsi Hauboree
agbgpekmueHbIMU Onisi pearibHbIX MpUoxeHul. Xoms rnpagusibHas KombuHauusi aneopumma [T1 ¢ anzopummom JII1
MoXem npueecmu K c030aHUt0 OnmuMarsibHOU Hasu2ayUOHHOU cucmeMbl, Komopas Moxem rnpeodosrieeamb
npenamcmeus mobo2o muna u agpghekmusHo Hanpasnsame MP 6 ritobol cpede, He3agUCUMO OM MO20, HacKOSIbKO
OHa CII0XKHa.

Knrodeebie cnoea: mobusrbHbIl pobom,; Hagu2aluUOHHasi cucmema; anzopumm; 0bxod npernsamcmeul; Hasuza-
YUOHHbIe Mapwpymbl, KUHemMamuka.

KoHgpriukm unmepecoe: Asmopbi deKkriapupyrom omcymcmeue i8HbIX U MomeHyuanbHbIX KOHQIUKMo8 uHmepe-
€08, c8s3aHHbIX € nybnukayuel Hacmoswel cmambu.

@duHaHcupoegaHue. ViccriedogaHue 8binosiHeHo rnpu noddepxxke Cmpameaudeckozo npoekma «lIpuopumem-2030.
Co30aHue pobomomexHu4eckux cpedcme 01151 pacwupeHus QoyHKUUOHaIbHOCMU Yeriogekax

Ona uutuposaHua: ytbeppec Cykunbo H. P., lMapepec P., BeameH . A. AHanus u cpaBHeHVe anropuTMoB
obxopa npenaTcTBUA MOBUNBbHBIMK poboTamu // N3BecTust KOro-3anagHoro rocyaapcTtBeHHoro yHueepcuteTa. 2023;
27(3): 8-20. https://doi.org/10.21869/2223-1560-2023-27-3-8-20.
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2. According to the type of control: a. Se-
quential, b. Trajectory-controlled, c. Adaptive,
d. Tele-operated [2].

3. According to the application area:

Introduction

The concept of a robot has different
meanings, one of the most accepted ones is

defined by the International Organization
for Standardization (ISO). The ISO 8373
standard defines a robot as: “a reprogram-
mable multifunctional manipulator, capa-
ble of moving materials, parts, tools or
special devices, through programmed vari-
able movements, for the performance of
various tasks” [1].

Being a complex device, there are
several ways to classify automata, among
the most important are:

1. According to the type of actuators:
a. Pneumatic, b. Hydraulic and, c. Electric.

a. Personal or Domestic, b. Professional
services (industrial), c¢. Research (I+D in
robotics) [3].

4. According to the chronological de-
velopment of the robots, it’s a classification
by generations: a. First generation: they per-
form a repetition of the tasks for which they
were scheduled in a sequential manner, b.
Second generation: these are fitted with sen-
sors that allow them to obtain information
from its environment and act according to
the current conditions of it, c. Third genera-
tion: these have a schedule and have the
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ability to schedule their tasks according to
the conditions of the work [1].

Mobile Robot (MR)

ISO 8373 defines a mobile robot as:
"A robot that contains everything neces-
sary for its piloting and movement (power,
control and navigation system)" [2]. In
general, an MR is composed of the follow-
ing systems: a. Mechanical, b. Measure-
ment and perception, c¢. Control, and d.
Power supply. In Figure 1, the block dia-
gram of a MR is presented [4].

Intellectual (information
processing and decision making)

] I

| Actuation | & | Energy |

| Communication |

Fig.1. Block diagram of a MR

The mechanical system allows the
MR to move according to the task for
which it was designed. It is important to
remember, that the purpose of an MR is
not simply to move, for this automaton to
be useful it must comply with a defined
displacement that allows it to perform an
assigned task.

According to the displacement mech-
anism, an MR can be classified into: a.
Wheels, b. Legs and c. Tracks. Across var-
ious research works that have been carried
out over time, it has been determined that

the mechanism that offers the best perfor-
mance are wheels, because they offer the
following advantages: it has a better energy
efficiency on smooth surfaces, causes less
impact on travel surfaces, requires simpler
systems with fewer components [5].

According to the kinematics required
by the MR, three fundamental complications
arise in terms of its design and operation: a.
Location system, b. Navigation system and,
c. The construction and recognition of maps
of the work environment [6].

The localization function requires the
MR to have a continuous knowledge of its
position with respect to a frame of refer-
ence, this is a fundamental factor for the
development of autonomous robots. In this
way, devices can be distinguished accord-
ing to their level of autonomy in the fol-
lowing categories: a. Guided devices, in
which, the operation of the device is lim-
ited to predefined routes and, b. Unguided
(autonomous) devices, which are not re-

stricted to predefined routes [7].

Methods of localization

There is no single method of localiza-
tion for MR, these can be focused on two
groups: a. Relative position measurements
and b. Absolute position. The relative po-
sition methods in turn are classified into:
1. Odometry and 2. Inertial navigation.

The absolute position measurement
methods are classified into: 1. Magnetic po-
sitioners (compasses), 2. Active beacons,
3. Global positioning systems, 4. Navigation
on reference points and correspondence
models [8].
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Odometry is one of the most reliable
localization techniques for MR, it consists
of integrating the information obtained
through sensors of the displacement of the
MR over time. It has as advantages: high
levels of accuracy in small time intervals,
high sampling rates and low cost. But also,
by accumulating a large amount of infor-
mation over time, it has the disadvantage
that a large number of errors accumulate
over time [9].These errors are of two
types: systematic and no systematic, they
depend on imperfections in the elements of
the robot, as well as external causes such
as sliding by the type of surface or any in-
teraction of the robot with the contact sur-
face. The measurement of errors in odome-
try is a critical process that can be very
complex, Borenstein and Feng [10] devel-
oped a method of quantitative measure-
ment of systematic errors for this localiza-
tion technique that is widely used.

Navigation System

This is responsible for determining the
most appropriate route to achieve the pro-
posed objective, as well as avoiding the
obstacles that may arise when traveling
this route. This is a complex problem in
the design of a mobile robot, since it can
be found in environments with fixed ob-
jects or also areas where the dynamics are
more complex since rapid changes in ob-
jects that represent obstacles for the au-
tomaton can occur.

For the implementation of the naviga-
tion control system it is advisable to divide

the problem, so that it fulfills the follow-
ing operations: 1. Establish the current po-
sition of both the automaton and the ob-
jects that are within the environment
where the robot will be mobilized, 2.
Avoid collisions with objects that are in
front of the robot, 3. Determining the route
that will be able to reach the target set for
the robot and, 4. Resolve any conflicts that
may arise for the fulfillment of the afore-
mentioned tasks taking into account how the
automaton kinematics are implemented.

Most of the methods developed for the
solution of this problem, use techniques
based on the use of computational intelli-
gence and sophisticated control methods,
which allow the robot to react quickly by
adapting to the environment on which it
must mobilize on.

According to the criteria of the naviga-
tion system of the mobile robot, these devic-
es can be placed in two categories [11]:

a. Holonomic robot: these automata
are able to modify their travel direction
very quickly and without having to rotate
beforehand. Therefore, they possess com-
plete freedom of movement, because they
are able to move in any direction at any
time regardless of their orientation. That is
why they are said to have the same degrees
of freedom as of control.

b. Non-holonomic robot: these do not
have the same movement capacity as the
previous case and cannot be moved in all
directions. This is why it is said that this
type of robots have more degrees of free-
dom than control.
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Navigation Methods

There are a wide variety of techniques
that have been researched and developed
for MR navigation, among the most im-
portant are [12]: a. Localization and car-
tography, b. Local and global navigation
techniques, c. Arbitration by navigation
commands and, d. Integrated approaches.

The Kalman filter (KF) is one of the
most widely used methods for tracking and
estimation due to its simplicity, optimality,
tractability and robustness. Different im-
plementations of the Kalman filter are pre-
sented in works [13-17]. This method is
widely used in navigation systems of air-
crafts, ships, submarines, spacecrafts, mis-
siles, ground vehicles, etc. For a long time,
this recurrent filter had a limited applica-
tion due to the high requirements imposed
on the onboard equipment of the robot in
terms of computing capability and a large
amount of memory required from the mi-

crocontrollers and other devices.

Obstacle avoidance algorithms

These work in the same way as any
other algorithm would, counting on a gen-
eral structure which will be repeated over
and over again until the final goal is reached.
They have the following elements:

Inputs: they use sensors (local plan-
ning), maps (global planning) and the final
goal to be achieved by the mobile robot.

Process: it is composed of all the nec-
essary operations and calculations by
which it transmits the input information to
reach the desired output. In the case of an
obstacle avoidance algorithm, the process

takes all the information from the sensors
or from a preloaded map, and performs the
route planning to reach the target.

Outputs: it is shaped by the desired
angular direction in which the MR should
move.

In this research work the following al-
gorithms were analyzed [18]:

RRT (Rapid Random Tree): Uses ran-
domness to define a feasible path between
a starting point of the map to an end point
in it. This randomness leads to the union of
nodes along the map, chained one after the
other, so that the structure that the algo-
rithm forms resembles that of a tree and its
branches.

RRT* (Rapid Random Tree Star): it is
a modification of the RRT algorithm,
among its variants there are: the addition
of a ”neighborhood area or search area"
that is formed to each node when it is gen-
erated. The second change is a record of
the cost of each generated node, this cost
refers to the distance traveled from the ini-
tial node to the new generated node. The
last change allows the possibility of con-
necting an already existing node to the
new generated node in a way that reduces
the cost of the existing node.

PFPP (Potential Field Path Planning):
in this a potential field of attraction is es-
tablished around the objective to be
reached, simultaneously a repulsive poten-
tial field is established around the obsta-
cles to be avoided. In this way, attractive
and repulsive forces are used to guide a
mobile robot towards a specific target.
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VFF (Virtual Force Field): Uses re-
pulsive forces exerted by obstacles along
with an individual attractive force exerted
by the final target to guide the MR towards
its goal, while dodging any obstacles that
might arise on the way. This is a local
planning algorithm, since it does not have
any prior information about the map where
the mobile robot will move and is only
based on the information obtained by dis-
tance sensors placed around it, which veri-
fies the obstacles in the vicinity of the robot.

VFH (Vector Field Histogram): it is a
local planning algorithm, this can be con-
sidered as an evolution of the VFF algo-
rithm. In the VFH, a larger number of sen-
sors are used in order to cover all the sur-
roundings of the MR and, due to the large
number of sensors, the data received by
these must go through a reduction and
conditioning process before they can be
used to calculate the direction in which the
MR should move. This algorithm reduces
the information of the robot's environment
in a procedure divided into two steps. The
first is the transformation of the Cartesian
map where it shifts the MR into a 1D polar
histogram (one dimension). The second
step is the discretization of this histogram
to proceed to divide the robot environment
into sectors that can be considered as
“busy” or free”. After the determination of
the state of all sectors, an evaluation is car-
ried out to select the optimal direction,
within one of the free sectors, in which the
MR will be directed.

Methodology and tools

1. Modeling of the differential mobile
robot.

2. Design of Models and Maps with
obstacles.

3. Coding of Algorithms.

4. Simulations using MatLab and

Simulink.

Modeling of the differential mobile robot

For this task, certain parameters of the
robot were taken into account such as the
angular and linear speed of the wheels, the
radius of the same and the distance be-
tween the wheels of the robot. These
parameters can be seen in Figures 2-3.

[V, =w, +&| [Vg =Wg = K|

y

F 3
v

L

Fig. 2. MR parameters

Fig. 3. Angular movement
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The linear speed of the MR produced
by the individual speeds of each wheel can
be calculated by the following equation:

Rx Wy +RxW,
==& L (1)

Vv ,
and the angular velocity W of the robot can

2

be calculated by the following equation:
R
2

ézwzfx(wR -W, ),

where: V linear speed of the robot (m/s),

W — angular velocity of the robot
(rad/s),

Wr — angular velocity of the robot
right wheel (rad/s),

W — angular velocity of the robot left
wheel (rad/s),

R — radius of the robot wheels (m),

L — robot diameter (distance from
wheel to wheel) (m).

Simplifying, an angular velocity WL
of the left wheel and an angular velocity
Wk of the right wheel are expressed as the
position variation of the robot on the X ax-
is and Y axis, and the angular velocity as

Occupancy Grid

¥ fmetars]

L] 0z 04 06 L1 1 12 14 6 8
X [moters]

 [maters)
e .
o - &

the variation of the angular position [19-
21], thereof

X=%X(WR + W, )xcos 0

R

y=EX(WR+WL)><sin6 (3)

. R
6=EX(WR-WL)

Test map modeling

This is done using the Matlab occu-
pancyMap command, which is used to cre-
ate a mesh of spaces of a certain width,
height and resolution. Figure 4 shows a
map of 20 spaces high x 20 spaces wide
with a resolution of (1/10) meters per
space, which generates a map of 2x2 me-
ters. In order to define which spaces are
empty and which are occupied, the up-
dateOccupancy command is used. You can
also see the map presented in the figure
with the spaces (0.1, 0.1) and (2, 0.1) de-
clared as occupied and empty spaces re-
spectively.

Occupancy Grid

[] oz o4 08 [T} 1 12 14 & 1. 2

Fig. 4. A 2x2 meter map generated with occupancyMap and Map with updated occupancy values

For the simulation, two different maps
are prepared. The first of these is the one
that can be seen in Figure 5, which is a

simple closed map of 2x2 meters with a
square obstacle of 40 cm on each side that
will be used to check the correct operation
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16 MawumHocTpoeHne n mawmHoBeaeHune / Mechanical engineering and machine science

of the algorithms. In the figure on the lyze the behavior of the algorithms after
right, you can see the second map, which checking that they work correctly on the
is a closed map of 5x5 meters with several first map.

obstacles inside it that will be used to ana-

Fig. 5. Maps with obstacles for the verification of the algorithms
) For the analysis and comparison of the
Results obtained different simulated algorithms, an evalua-
tion of the time and distance traveled was
carried out to comply with 10 test routes
with obstacles — Figures 7-8.

In Figure 6, the simulation of the route
for each of the analyzed algorithms is pre-

sented.

Robot Visualization g Robot Visualization

Y [meters]
o
Y [meters]

X [meters]

Robot Visualization Robot Visualization

Y [meters]
na
Nt o

X [meters] X [meters]

Fig. 6. Route simulation for RRT, RRT*, PFPP, VFF and VFH algorithms (from left to right)
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Fig. 7. Times for fulfillment of 10 routes of each algorithm
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DISTANCE TRAVELED [m]
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4,000
o 000 00 A0 A O A A
0,000 n
1 2 3 4 5 6 7 8 9 10

ROUTE

=PFPP mVFF mVFH

Fig. 8. Distances for compliance of 10 routes of each algorithm

Conclusions

Algorithms can be classified into two
classes: global planification (RRT, RRT*
and PFPP) and local planification (VFF
and VFH). The global type (GP), are char-
acterized by planning the route to be fol-
lowed by the mobile robot prior to its
movement, while the local type (LP) plans

in real time the route to be followed by the
MR, a route which is calculated and recal-
culated iteratively based on the infor-
mation from the environment outside the
robot that is collected by the sensors.

The GP algorithms reach the objective
in a much longer time than the LP algo-
rithms due to their analysis of the map,
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which, sometimes, can become excessive
and inefficient.

LP algorithms have a great advantage,
which is to plan the desired route to be fol-
lowed by the MR in real time based on in-
formation from the surroundings of the
MR, information that is measured by dis-
tance sensors. This quality gives a great
potential to this type of algorithms, since
they can be used for guide exploration
MR, which could be used to map unknown
and/or dangerous places.

LP algorithms travel a more efficient
distance than GP algorithms. Another ad-
vantage to highlight is the time that these
algorithms need to get from point A to point
B, which is much reduced compared to GP
algorithms, due to the fact that they do not

need a previous route planning time.

The VFH algorithm, despite its com-
plexity, it is the most effective and con-
trolled algorithm. This generates optimal,
short and stable routes, which guide the
MR towards its goal in a relatively short
time. However, the reaction of this algo-
rithm to nearby frontal obstacles is slightly
aggressive and could cause collisions in
the case of having two obstacles very close
to each other.

According to the results obtained, it
can be concluded that LP algorithms have
a superior performance to GP algorithms,
so they are the most efficient for real ap-
plications. Although a correct combination
of'a GP algorithm with a LP could result in
an optimal navigation system, which can
overcome any type of obstacle and guide
an MR efficiently through any type of en-

vironment no matter how complicated it is.
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