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Abstract

Objectives. The work analyzes features of one of the most promising approaches to solve the problems for motion
planning of autonomous robotic manipulators of various types and purposes using the rapidly exploring random tree
(RRT) method. The development of modern robotics is shown to be inextricably linked with the improvement of the
designs of the created samples, for which the placement of a manipulator on platform becomes a typical layout option.
Prospects for using the RRT method as a constructive basis for creating a universal motion planner are evaluated for
mobile and robotic manipulators, including autonomous robotic systems with a manipulator on a moving platform.
Methods. The object of the research is the RRT method and its well-known modifications RRT* and RRT-Connect.
The effectiveness of applying such methods for solving problems associated with planning the motions of robotic
manipulators of various types was evaluated using computer and natural simulation methods.

Results. Based on a review of the literature and the results of the research, the wide possibilities of the RRT method
can be used for solving motion planning problems not only for mobile and robotic manipulators, but also for robotic
systems on whose transport platform an onboard manipulator has been installed (including those having a redundant
or reconfigurable structure). The effectiveness of the applied application of the RRT method is confirmed by examples
of modeling a mobile platform with an onboard manipulator and the results of full-scale experiments with a prototype of
the ARAKS reconfigurable mechatronic-modular robotic manipulators (RTU MIREA, Russia). It can be experimentally
demonstrated and theoretically substantiated that the final dimension of the exploring tree, and hence the time of its
construction up to reaching a given target state, is largely determined by the value of the growth factor.

Conclusions. The generalization of the results obtained opens up real prospects for using the RRT method as a
constructive basis not only for creating universal means for motion planning mobile robotic systems with an onboard
manipulator, but also for solving the problems of automating the docking of autonomous mobile platforms.
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MOMCKOBbIX CJIYyYAWHBIX AePEeBbEB /I IJIAHUPOBAHUA
nepeMeneHu aBTOHOMHBIX pO00TOB
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MWP3A — Poccuiicknii TexHos1Iorm4eckuii yamsepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvicku, e-mail: golubov@mirea.ru

Pe3iome

Llenu. CtaTbs NocBsLLeHa aHannm3y 0COOEHHOCTEeN 0aHOro 13 Hambosniee MHOro06eLLALLIMX MOAXOA0B K PEeLUeHUNIo
3a7a4 NNaHMPOBaHUSA NEPEMELLEHNIT aBTOHOMHBLIX POGOTOB Pa3fIMYHbLIX TUMOB Y HA3HAYEHWS C NMOMOLLbI0O METOAA
NMOWCKOBbIX Cly4aliHbIX AepeBbeB. [1okasaHo, YTO pa3BUTME COBPEMEHHON POOOTOTEXHUKM HEPA3PLIBHO COMPSiXe-
HO C COBEPLLEHCTBOBAHNEM KOHCTPYKLUMIA co3aaBaeMbix 06pa3uoB, AJ1si KOTOPbIX PAa3MELLEHME MaHUMYNATOPa Ha
noABWXHOW NnaTdopMe CTAaHOBUTCS TUMOBLIM BapUaHTOM KOMMOHOBKM. Llenbio paboThl sBNsSeTCS OLeHKa nepcnex-
TUB UCMOJIb30BaHNSA METOAA MOVCKOBbIX CIyYalHbIX AEPEBLEB B KAYECTBE KOHCTPYKTUBHOW OCHOBbI A1 CO30aHUS
YH/BEPCANbHOIO NMIaHMPOBLLMKA NEPEMELLEHNI MOBUBHBIX 1 MaHUMYNSLMOHHBLIX POOOTOB, BKJHO4Yas aBTOHOMHbIE
pPOBOTOTEXHMYECKME CUCTEMBI C MAHUMYNIATOPOM Ha NMOABWXHOM nnatdopme.

MeTtoabl. O6bEKTOM NPOBOAMMbIX UCCIIEA0BaHUI ABNSETCA METOo[ MOMCKOBbLIX ClydaiiHbix aepeBbeB RRT (rapidly
exploring random trees) n ero nasectHole mogndukaunm RRT* n RRT-Connect. OueHka addEeKTMBHOCTU X NpU-
KNagHOro NpPUMMEHEHUS ANs pelleHns 3a4ay NiaHMpPoBaHUS NepeMeLLEH T POOOTOB PasfiMyHbIX TUMOB NPOBOAM-
acb C MOMOLLBIO METOA0B KOMMBIOTEPHOIO Y HATYPHOIO MOAENNMPOBAHNS.

PesynbTaTtbl. Ha ocHoBe 0630pa nuTepaTypbl U MO UTOram NPOBEAEHHbIX UCCNEA0BAHNIA NOKa3aHo, YTO LWMPO-
K1e BO3MOXHOCTM METO/a NMOUCKOBbLIX CIlyHalHbIX AEPEBLEB MO3BOAIOT 06ECMNEeYnTb PELLEHME 3a4a4 NJ1IaHMPOBa-
HUS NepeMELLLEHNIA He TONbKO AJ11 MOBUIIbHBIX 1 MaHUMYNSLUMOHHBIX POOOTOB, HO U A5 POOOTOTEXHUYECKMX CU-
CTEM C pasmelleHeM 60PTOBOro MaHmMMnynaTopa (B T.4. C U3ObITOYHOM UK PEKOHDUTYPUPYEMOIA CTPYKTYPOI1) Ha
TpaHcnopTHOM nnatdopme. APDEKTUBHOCTb NPUKIALHONO NPUMEHEHNS METOAA NOMCKOBBIX CTyYalHbIX JEPEBLEB
NnoATBEPXAAETCS NpYMepamMu MoaeIMpoBaHNsa MOBUIbLHOM NnaTtdopMbl ¢ GOPTOBLIM MaHUMYNATOPOM 1 pe3ybTa-
TaMu HaTYpPHbIX 3KCNEPUMEHTOB C OMbITHLIM 06Pa3L,O0M PEKOHDUIYPUPYEMOrO MEXAaTPOHHO-MOAYNIbHOro poboTa
«APAKC» (PTY MUP3A, Poccus). OKcrepruMeHTaslbHO YCTaHOBNIEHO Y TEOPETUYECKM OOOCHOBAHO, YTO KOHEYHas!
pa3mMepHOCTb AepeBa Noucka, a, cnefoBaTeslbHO, U BPEMS ero NoCTPOEHUs, BNIOTb A0 AOCTUXEHUS 3a4aHHOIo
LLeNIeBOro COCTOSIHMS, BO MHOFOM OMNpeaensiioTcs BENMYNHoOM dakTopa pocTa.

BbiBogpbl. O606LEHME MOJNYHEHHBIX PE3Y/bTATOB OTKPbLIBAET pPeasibHble MEepPCrnekTUBbl UCMONb30BaHUS MeToaa
MOMCKOBbIX CNy4aliHbIX AEePEBbEB B KAYECTBE KOHCTPYKTUBHOM OCHOBbI HE TOMbKO 411 CO34aHUS YHUBEPCAJIbHbIX
CpencTB NaHNPOBaHUSA NepemMeLLLEHNA MOOUITbHBIX POBOOTOTEXHUYECKMUX CUCTEM C BOPTOBLIM MaHUMYNSTOPOM, HO
1 ON§ peLleHns 3aa4a4 aBToOMaTuU3aummy CTbIKOBKM aBTOHOMHbIX MOABVXKHBIX MAaTdOopMm.

KnioueBble crnoBa: aBTOHOMHbIV POGOT, MHTENNEKTYaSIbHOE YyrpaBfieHne, PeKOHOUIyprpyeMsblii poGoT, namMeHsie-
Mas KuHemMaTuyeckas CTPyKTypa, MEeTOZ, MNOMCKOBbIX Cly4aiHbIX AePEeBbEB

e Moctynuna: 17.02.2023 » fopa6oTaHa: 29.03.2023 ¢ MNMpuHaTa k ony6nukoeaHuio: 05.09.2023

Ana uutupoBaHua: [ony6os B.B., MaHbko C.B. Oco6eHHOCTM 1 MEPCNEKTUBbI MPUMEHEHUS METOAA MOUCKOBbIX
cny4yaliHbIX OepeBbeB AJS NIaHMPOBaHUSA NepeMeLLeHnin aBTOHOMHBIX poboToB. Russ. Technol. J. 2023;11(6):16-27.
https://doi.org/10.32362/2500-316X-2023-11-6-16-27

Mpo3payHocTb hMHAHCOBOM AEATENBHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-
HbIX MaTepuanax nnvu MeToaax.

ABTOpPbI 3a9BAAOT 06 OTCYTCTBUN KOHDIMKTA MHTEPECOB.
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INTRODUCTION

Prospective models of semi-automatic and
autonomous robotic manipulators designed to work under
conditions of uncertainty should offer a wide range of
functional capabilities for analyzing sensory information,
assessing the environment, as well as planning appropriate
actions and their subsequent elaboration.

Among problems that arise, one of the most acute is
related to the development of principles of construction
and composition of software and algorithmic tools for
solving the tasks of motion planning and motion control
of manipulators of various types and layouts, taking
into account a variety of constraints determined by
the type of trajectories to be formed, the nature of the
external environment, the peculiarities of the working
scenario, and other factors. Research actively conducted
in this area since the early 1960s represents a consistent
accumulation of theoretical and applied achievements,
which in one or another combination find their practical
application in modern robotic control systems.

Nevertheless, the search for ways to improve the
efficiency of software-algorithmic means of constructing
routes of purposeful movement and motion planning of
autonomous manipulators continues to remain relevant.

It should be noted that the steady development of
robotics technologies, as well as the expansion of their
areas of applications and the range of tasks to be solved,
are inextricably linked with the improvement of the
created samples, increasing the level of their functional
capabilities and consequent complication of design
layouts.

Thus, in particular, for manipulators of special and
industrial purposes, the placement of a multifunctional
manipulator on a mobile platform has become one of the
typical construction schemes (Fig. 1).

Another type of robotic manipulators can be
illustrated by the mechatronic modular ones capable
of automatically transforming their structure from
a mobile platform configuration to a mobile manipulator
configuration as shown in Fig. 2.

In this regard, rapidly exploring random tree (RRT)
method [1, 2] is of particular interest. Its specific
features open up the prospects of creating a universal
motion planner for mobile and robotic manipulators,
including robotic systems with manipulator layout on
a transportation platform.

ANALYSIS OF FEATURES AND EVALUATION
OF PROSPECTS FOR APPLICATION
OF THE RRT METHOD FOR MOTION PLANNING
OF MOBILE AND ROBOTIC MANIPULATORS

Use ofthe RRT method [3, 4] implies the construction
of a route of purposeful robotic motion on the set
of operatively generated examples from the number
of admissible states in the configuration space. The
generated tree, which acts as a discrete reconstruction of
the manipulator’s configuration space, is built randomly
from the root vertex corresponding to a given initial
state.

Each synthesized branch of the tree defines a possible
transition to one of the new states, whose generation is
performed in the configuration space taking into account

(c)

Fig. 1. Autonomous robotic manipulators for special (a), (b), and industrial (c) purposes with on-board manipulator:
(a) autonomous robotic manipulator for special purposes (N.E. Bauman Moscow State Technical University, Russia);
(b) Curiosity Mars rover (NASA, USA); (c) KMRiiwa (KUKA Roboter GmbH, Germany)

Fig. 2. Automatic transformation of the SMORES-EP mechatronic-modular robotic manipulator (University
of Pennsylvania, USA) from a mobile platform configuration to a mobile manipulator configuration
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the check for its admissibility and continues until the

target position is reached. In generalized form, the

corresponding algorithm is described by a sequence of
key steps.

1. Point ¢, ;. corresponding to the initial state of the
manipulator in its configuration space C is set as the
root vertex of the tree T being formed.

2. During a priori given number of iterations N or
until the target state Cyoal is reached, the following
sequence of actions is performed (cyclically):

e generation of a random point ¢, ;€ C;

e finding the vertex of the tree ¢ . € T, which is
the closest to the selected point ¢, , (as shown
in Fig. 3);

e finding the point ¢' lying on the ray p(c, .,.» C;ang) @nd
remote from the vertex c, ., at the distance Ac (given
by the tree growth parameter) (Fig. 3):

!

c |c =Ac;

:[cnear’c'] cep, near’c'||

e checking the conflict of the transition between the
states Cnear and ¢’ for getting 1nt9 the region of the
configuration space C_, € C, which corresponds to
the intersections with obstacles with the accuracy up
to the a priori established value €, characterizing the
error of conflict detection (Fig. 4);

¢ finding the point Cyop NCATESLEO €, ON the boundary

of the admissible states area Cy, ., = C\C  ; along the
ray p(Cyear Crang) (F1g- 4):
cstop :[cnear’cstop:| €p N Cfree; | cstop ’Cobs N rl<s
e finding the point ¢ as a new configuration state:
c', [cnear c'le Cfree ?

r .
cstop > [cnear’ c'l¢ Cfree >

Chew =

e updating the tree by adding new elements c, .,
Coew and [c, . Cpey] tO the de.scrlptlon 11§ts of its
vertices and branches, respectively, provided that
cnew € Cnear; . .

e check the found point ¢ ., for remoteness with

respect to the target point; if the condition

‘| Chew > Cgoal [ <& is met (3 is a priori accuracy), the
path search problem is considered to be solved.

During the tree building process, periodic

attempts are made to include the target configuration

into the composition of its vertices by repeating all

the actions of step 2 once, provided thatc, , = Cooal

3. If no solution is found, then return to step 2 is to be

performed.
Figure 5 shows an example of route planning in
a two-dimensional configuration space C(x, y) using the

RRT method.

‘
.
i
ot

o
x
.-t
o
o®
.t
ot

(b)

Fig. 3. Options for finding the vertex of the tree nearest
to a randomly chosen point

Fig. 4. Checking for transition conflicts between adjacent
configuration states

Fig. 5. Using the RRT method to plan a route for
purposeful motion of an autonomous mobile manipulator
on an automatically synthesized map

In general, the practical application of the
RRT method involves additional procedures for
smoothing the found tracks.

It should be noted that the ideological basis and
features of the method make it possible to use it in
solving the motion planning problems, not only for
mobile, but also for robotic manipulators, including
those with redundant kinematic structure [5, 6].
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Obviously, the final dimensionality of the exploring
tree, and, consequently, the time of its construction,
will largely depend on the given growth factor, which
characterizes the values of increments of coordinates of
child points relative to parent points in the configuration
space of the manipulator. Thus, at small increments,
randomly generated points will be located quite
close to each other, determining the corresponding
dimensionality of the exploring tree. With successive
increases in increments, the remoteness between the
synthesized points will also increase, resulting in
a higher propagation speed of the tree branches and
a steady decrease in the total number of its vertices,
whose density ensures achievement of the target
position. However, a further increase in increments
leads to a gradual change in the very nature of the
algorithm, when the generation of a new point, which is
carried out in reference to the parameters of the parent
point, becomes essentially equivalent to the selection of
random coordinates having a significant dispersion. The
corresponding increase in the length of tree branches
is accompanied by a significant acceleration of its
growth with a proportional decrease in the density of
the exploring space coverage. In this connection, the
parameters of the search process duration as well as
the finite dimensionality of the tree, both of which are
determined by the level of coverage density at which
the desired target state will be achievable, will steadily
increase. The objectivity of such dependence of the
finite dimensionality of the exploring tree on the choice
of the value of random increments of the coordinates
of the parent points to obtain the children points is
convincingly confirmed by the experimental data shown
in Fig. 6.

120

100

@
o

Number of nodes, units
D [e)]
o o

2

o

111213141516 1718 19 2 2122 232425 3 4 5
Increment, °

However, the specificity of application of the
RRT method in application to robotic manipulators is
connected with the necessity to organize indirect checking
of selected points of the configuration space for belonging
to free, forbidden or target areas. The unavoidability of
such an approach is due to the complexity of mapping
the peculiarities of the real working environment in the
configuration space of a robotic manipulators. Therefore,
in the general case, the evaluation of a particular point
of the configuration space implies the need to solve the
direct kinematics problem X, = F(c) to calculate the
current state of the manipulator X}, using the known
values of the generalized coordinates ¢ € (g, ..., q,)

Obtained data allow providing control of the
parameters of the manipulator remoteness in relation to
the objects of the external environment and the given
target position. In the formal form of the record, the
conditions of such a check can be represented as follows:

if X

obs

ceC N Xy # 9,

obs’

if X

ceC obs

N X, =0,

free’

ceC if [ Xy,

goal’ Xgoal| <7,
where X\, and X are geometric locations of the
points occupied by the manipulator and the objects of
the external environment acting as obstacles; X al is
the goal position of the manipulator; r is the a pr10r1
established accuracy of the goal position.

Figure 7 shows fragments of model experiments on
planning of purposeful movements of the manipulator
based on the RRT method. The use of heuristics to
determine a reasonable choice of parent nodes (such as

6 7 8 9 10

Fig. 6. Changing the dimensionality of the exploring tree depending on the value of the range of the random coordinate
increments of the parent points for obtaining the children points in the manipulator configuration space
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Fig. 7. Fragments of model experiments on planning of purposeful movements of the manipulator based
on the RRT method: in the original version (a); with the involvement of heuristics determining a reasonable choice
of the parent configuration (b)

Fig. 8. Fragments of modeling of the purposeful motion formed on the basis of the RRT method for a seven-link
manipulator in the environment with a point obstacle: evasion from the obstacle while moving to a given target
state (a—d); processing of the required positioning point with a given approach vector (e—f)

those closest to the target state) permits a significantly
reduction in the dimensionality of the generated
tree (Fig. 7b) with simultaneous reduction of the problem
solution time.

Invariance to the dimensionality of the configuration
space in which the necessary solutions are searched
is one of the most important advantages of the
RRT method, which opens up possibilities and prospects
of'its application for manipulators, not only those having
redundant, but also with variable kinematic structures.

Thus, in particular, the modeling results presented
in Fig. 8 clearly confirm the effectiveness of the
RRT method for the example of planning the purposeful
movement of a seven-link mechatronic-modular robotic
manipulator in an environment with a point obstacle.

In turn, Fig. 9 shows fragments of field experiments
on the use of the RRT method for motion planning of
a reconfigurable robotic manipulator, when modification
of'its kinematic structure is carried out through automatic
docking with an additional mechatronic module.
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The data of the conducted research represent a practical
confirmation of the reality of the development of unified
means for motion planning and motion control of robotic
manipulators taking into account the requirements for
invariance to the composition and operational changes
of the existing kinematic structure.

In application to special robotics, many samples of
which are built according to the “manipulator on a mobile
base” scheme, the application of the RRT method is
of special interest. For example, in automatic search,
capture and evacuation of objects of target interest, the
tasks of planning the movements of the mobile platform
and the manipulator are closely interrelated. It is obvious
that a successful choice of platform location will not
only determine the nature of the manipulator movement,
but also the principal achievability of the required point
of the working scene with the given parameters of the
approach and orientation vectors. In particular, as shown
in Fig. 10, the use of the RRT method in its original
version provides the possibility of motion planning,
not only for the mobile platform and the manipulator
considered in a certain order, but also in the case of
their representation in a common configuration space as
a single system.

The high computational efficiency of the algorithms
implementing the RRT method makes it possible to
solve the problems of route formation without, however,

guaranteeing its optimality with respect to any quality
criterion. Attempts to eliminate this disadvantage led to
the emergence of the RRT* method focused on finding
asymptotically optimal solutions [7-9]. The key features
that distinguish the RRT* method from its prototype
are related to the introduction of a number of additions
and modifications to the basic principles of search tree
generation. Thus, in particular, the main innovation
consists in establishing the notion of the cost of a path to
a particular vertex of the tree.

Finding a new vertex ¢, in the course of tree
construction by the RRT* method is done by analogy
with the RRT method. Integration of the found node ¢,
into the synthesized structure implies the choice of such
a variant at which the cost of the path cost(c, . c,..,)
leading to it in the direction from the root node ¢, .
would have a minimum value. In this regard, in the
neighborhood centered at the point ¢, ., and with a given
radius r the search is carried out for such a vertex ¢ .
which meets the following condition:

Conin = ar€MIN, _~«(cost(c

- ¢) + cost(c, ¢, ,)s

init’
where C* is the subset of tree vertices lying inside the
neighborhood of radius r centered at the point ¢, .

The vertex c, ., is included in the tree element lists
as a child of the vertex ¢, .

Fig. 9. Fragments of the full-scale experiment on using the RRT method for motion planning of the ARAKS
reconfigurable mechatronic-modular robotic manipulator (RTU MIREA, Russia): motion of the manipulator to the place
of docking with an additional mechatronic module (a—c); automatic docking with an additional mechatronic module (d);

return movement of the manipulator with a modified kinematic structure (e—f)
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(c)

Itisimportant to note that the size of the neighborhood
in which the search is performed, which is determined
according to the current number of tree nodes, decreases
as the tree grows [8]:

r=vy(log(nym)""** 1,

where d is the dimensionality of the configuration
space; n is the current number of the tree vertices; vy is
a constant coefficient determined by the volume of the
allowed configuration space [7].

The following steps are aimed at local optimization
of the tree structure in the neighborhood selected earlier
around the c . vertex. As part of their execution,
for each vertex ¢ € C* the possibility of re-forming
the path leading to it through vertex ¢, is analyzed,
taking into account the actual change in the cost of the
corresponding route. If the value of cost(c, ., ¢) index
decreases, a local restructuring of the tree is performed,
where the considered vertex ¢ € C* becomes a child
of ¢ ., As shown in Fig. 11, the application of the
RRT* method to robotic manipulator motion planning
problems provides the construction of much smoother
trajectories compared to those formed on the basis of the
original version of the RRT method.

Minor changes in the algorithmic implementation of
the method ensure its applicability for solving robotic
manipulator motion planning problems in the conditions
of a priori unknown and dynamic scenes due to
additional mechanisms of operative rearrangement of the

(d)

Fig. 10. Application of the RRT method for the purposeful motion planning for a manipulator on a mobile base

synthesized tree [10—12]. Thus, Fig. 12 shows fragments
of model experiments on mobile robotic manipulator
motion planning in an a priori unknown scene, when the
search tree is rebuilt as obstacles are detected directly in
the process of movement.

Along with the classical version of the RRT method,
its modification RRT-Connect, which is associated with
a radical transformation of the order of route network
formation to find the trajectory of purposeful manipulator
motion in the space of possible configurations, has become
widespread. According to the new scheme of its step-by-step
reconstruction, the model of the discrete search space is
represented by a set of two trees, the alternate growth
towards each other of which reflects the allowable changes
in the robotic manipulator’s states, starting from both the
initial ¢; , and the goal Cooal? respectively (Fig. 13).

Mutual integration of the synthesized structures is
ensured by periodic attempts to include each emerging
vertex of one tree into the composition of the other.
As is commonly believed, the RRT method with
a counter-growth and its modifications [ 13] have increased
efficiency compared to the original prototype, which
is fully confirmed by the data of experimental studies
shown in Figs. 14 and 15. The capabilities, advantages,
and distinctive features of the RRT-Connect method
make it promising for use not only in tasks of planning
purposeful motions by moving objects of various types
in complex environments, but also for group control of
autonomous robotic manipulators when performing
mutual convergence and automatic jointing operations.
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Fig. 11. Fragments of a complex experiment on motion planning of an autonomous mobile robotic manipulator
using the RRT* method: configuration of a real scene (a); construction and adjustment of the desired route during
the algorithm operation (b, c, d)

Fig. 12. Fragments of model experiments on using the RRT method for planning mobile robotic manipulator motions
in the conditions of a priori unknown scene: rebuilding the search tree (a, c, e, g) as obstacles are detected
in the process of manipulator motion (b, d, f, h)
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goal

Fig. 13. Bidirectional exploration of configuration space according to the RRT method
with counter-growth (RRT-Connect). ¢, ¢ is the nearest vertex for ¢, for which the check
on the possibility of combining two trees is performed

(d) (e) (f)
Fig. 14. Experimental results on motion planning of an autonomous mobile robotic manipulator in an obstacle-ridden
environment based on RRT (a—c¢) and RRT-Connect (d—e) methods
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1000 -

800 -
600
400 -
200 +—

Number of steps of tree
construction

1 2 3
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Fig. 15. Experimental results on evaluating the effectiveness of RRT and RRT-Connect methods for motion planning of
an autonomous mobile robotic manipulator in an obstacle-ridden environment
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CONCLUSIONS

Review of specialized literature and experimental
studies have convincingly demonstrated the broad
capabilities of the RRT method for providing solutions
to motion planning problems for mobile and robotic
manipulators of various types and layouts, including
manipulators with redundant or reconfigurable structure,
placed on a stationary or mobile base. Generalization of

the obtained results opens up real prospects for using the
RRT method as a constructive basis not only for creating
universal means of motion planning for mobile robotic
systems with on-board manipulator, but also for solving
problems of automating the docking of autonomous
mobile platforms.

Authors’ contribution. All authors equally contributed
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