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Abstract. This article proposes algorithms for planning and controlling the movement of a
mobile robot in a two-dimensional stationary environment with obstacles. The task is to reduce
the length of the planned path, take into account the dynamic constraints of the robot and
obtain a smooth trajectory. To take into account the dynamic constraints of the mobile robot,
virtual obstacles are added to the map to cover the unfeasible sectors of the movement. This
way of accounting for dynamic constraints allows the use of map-oriented methods without
increasing their complexity. An improved version of the rapidly exploring random tree
algorithm (multi-parent nodes RRT — MPN-RRT) is proposed as a global planning algorithm.
Several parent nodes decrease the length of the planned path in comprise with the original one-
node version of RRT. The shortest path on the constructed graph is found using the ant colony
optimization algorithm. It is shown that the use of two-parent nodes can reduce the average
path length for an urban environment with a low building density. To solve the problem of
slow convergence of algorithms based on random search and path smoothing, the RRT
algorithm is supplemented with a local optimization algorithm. The RRT algorithm searches
for a global path, which is smoothed and optimized by an iterative local algorithm. The lower-
level control algorithms developed in this article automatically decrease the robot’s velocity
when approaching obstacles or turning. The overall efficiency of the developed algorithms is
demonstrated by numerical simulation methods using a large number of experiments.

Keywords: mobile robots, motion planning, path planning, motion control, robot motion.

1. Introduction. Path planning is a key problem in designing motion
planning systems. The problem is to determine the trajectory that connects
the initial and final position of the robot and ensures that there are no
collisions with obstacles. In this case, the problem can be solved by taking
into account the dynamics of the robot, the uncertainty and non-stationarity
of the environment, the time for calculating the path, and the physical
feasibility of the trajectory. The planning problem is often formulated as the
problem of optimizing the state of the robot's current position relative to the
target position. Most often, this problem is solved in the configuration space
[1-3], which consists of a set of obstacles, kinematic and dynamic
constraints, and a set of robot points. In this case, a configuration is
understood as a set of variables that uniquely determine the robot’s position
in space. Planning methods are divided into global and local. Global
methods build a route based on a known map, while local methods correct
the path when unmapped obstacles are detected. Planning can be carried out
in discrete and continuous spaces.

Cell decomposition methods [2] are the basis of a significant number
of path-planning algorithms, which implies decomposing the original space
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into discrete cells, for example, according to the procedure [4]. After
decomposition, the search for a path is already carried out in a discrete
space that describes the original space with certain accuracy. In general, the
division of space into cells that is optimal in terms of accuracy requires
different resolutions for different regions of this space. In this regard, the
methods of adaptive cell decomposition are widely used today [5]. The
main problem of this method is the increase in computational complexity
with the growth of requirements for the accuracy of planning the robot’s
path, which makes this problem remaining relevant [6].

Cell decomposition allows applying discrete search methods based
on graph theory. The most popular methods are the A* and D* algorithms
[7, 8].

A* algorithm is a development of Dijkstra’s algorithm, in which the
computational complexity is reduced due to the heuristic function for
estimating the path cost. At the same time, the algorithm demands on
memory, and its computational complexity increases significantly with the
number of cells on the map. In this regard, there are modifications of A*
aimed at eliminating these disadvantages. Such modifications include A*
algorithms with iterative deepening [9], A* with memory constraints [10],
hierarchical A* [11], and A* with dynamic change in edge weights [12, 13].

D* algorithm [8] provides for path planning under conditions when
information about the environment can be updated while the robot is
moving, for example, when new obstacles are detected.

It should be noted that the considered path planning algorithms give
non-smooth paths. In this regard, these methods are supplemented by
additional methods that are used to smooth the path [14]. Taking into
account the dynamic constraints imposed by the inertia of the robot is also a
separate laborious task.

Smooth paths can be obtained using the potential field method [15],
which has been studied in detail in the works of various authors [16 - 19].
The potential field method is computationally efficient and allows path
planning in uncertain environments. However, taking into account the
dynamic properties of the target and obstacles is a separate problem since it
is required to form the functions of attraction and repulsion depending on
the positions and velocities. This problem is considered in [20].

The main disadvantage that limits the application of the potential
field method in practice is the possible presence of local minima. The
proposed approaches to solving this drawback solve the problem in
particular cases. There is currently no good solution to this problem. In
addition, the coefficients of attractive and repulsive forces are usually
chosen heuristically, and the potential field method experiences difficulties
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when planning in a complex environment with narrow corridors, passages,
and non-convex obstacles. Despite the partial solution of problems, for
example, using vector histograms [19], it is required to involve other
planning algorithms.

One way to solve the problem of local minima is to use random
forces in them that push the robot out of the indicated minima. This idea has
been developed in sampling methods, which include probabilistic planning
methods.

At present, probabilistic path-planning algorithms in discrete space
are widely used [21]. Algorithms of this type include Probabilistic Roadmap
(PRM) [3, 22, 23] and rapidly-exploring random trees (RRT) [2, 24 - 26].
The PRM algorithm usually does not take into account the dynamics of the
mobile robot. To consider it, significant computational costs are required
[22, 27]. The RRT algorithm can take into account the dynamics of a
mobile robot [24, 25] since it builds a feasible path in free space.

The main limitations of these methods are slow convergence to the
optimal solution, high requirements for the memory used [22, 27], and
limitations in planning under conditions of incomplete certainty of the
environment and robot model [22]. In solving these problems, algorithms
based on a probabilistic approach can be effectively used as global path
planners.

In this regard, let us consider in more detail the work aimed at
improving the efficiency of algorithms based on a probabilistic approach.

1.1. Related work. The problem of using the RRT and RPM
algorithms under conditions of partial uncertainty is considered in [22], in
which it is proposed to divide the entire area of operation into separate
regions. Links between regions are searched using the RRT or RPM
methods. Planning a local path within a particular region is carried out using
a simple straight-line planning algorithm. In this case, the uncertainty of the
robot model is taken into account by introducing an additive disturbing
input such as white noise. The uncertainty of the map is taken into account
by the probability that the cell is occupied by an obstacle. The main result
of the method is a path that guarantees the successful achievement of the
target point with a probability not less than a given pmin. The work [22]
presents the results of analyzing and modeling the motion of the robot that
is represented by the kinematic equations of a material point in a static
environment. The main disadvantage of the method is a significant increase
in computational costs for large values of the probability pyi,. The problem
of reducing computational costs and memory occupied is considered in
[26, 27], which combines the RRT and potential field (P-RRT*) methods. In
this method, a random tree is built in the direction of decreasing the
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potential field value, which makes it possible to increase the rate of
convergence to the optimal trajectory. In [27], an improved version of the
algorithm RRT* [28] is used, in which the initial path is calculated similarly
to the basic RRT algorithm. Then the number of nodes in the configuration
space is increased to optimize the initial path. In [28], the analysis of the
convergence of the proposed algorithm is carried out and the results of
numerical simulation are presented. The disadvantages of the method
presented in [27, 28] are the non-smoothness of the trajectories and the still
high computational complexity.

Note that the idea of using potential fields to improve the
convergence and computational efficiency is not limited only to the RRT
algorithms family, but it is also used with the PRM algorithms. Thus, in
[23], a hybrid method is used that includes the PRM algorithm and artificial
potential fields. The node distribution uses a segmented map to create areas
of low and high potentials. To eliminate the problem of local minima, a
reactive approach to planning local paths in the presence of static and
dynamic obstacles is used. The proposed algorithms have been tested using
numerical and field experiments.

In [26], the P-RRT* method is developed for the case of
bidirectional search. In this method, nodes are generated from both the
starting and the target points. Both trees create attractive fields for each
other, which improves the convergence of the P-RRT* method, especially
for finding narrow passages. The work [29] also investigates the problem of
increasing the rate of convergence of the path planning process using the
bidirectional search RRT algorithm. The outcomes of [26, 29] indicate that
the bidirectional search in a combination with potential fields makes it
possible to reduce the number of iterations for finding the shortest path.
Also, such algorithms allow moving in narrow corridors without hitting
local minima. To reduce the memory used, the calculation of two random
trees is carried out sequentially in time, which can increase the calculation
time.

The paper [30] also uses a two-step planning procedure for a
dynamic environment. The global planner plans the original first
approximation path using the RRT method. Next, a dynamic planner is
used, which changes the nodes by using repulsive forces from obstacles and
inertial forces. To account for moving obstacles, this method uses a
forecasting procedure. The effectiveness of this method is confirmed by the
results of numerical experiments. In this work, a heuristic optimization
function is used, the choice of which depends on various requirements and
constraints. The correct formation of such function is the central problem of
the presented method.
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In [31], the problem of constructing an optimal path with a visit to
the set of given target points is considered [32]. To solve this problem in an
environment with obstacles, a forest of trees is built [33], where the trees
start from the given target points. A forest of trees is built before they are
connected to each other. This work is a development of [34], in which the
construction of a forest of trees is optimized due to the priorities of the
queue of nodes. The proposed method is studied in a two-dimensional and
three-dimensional environment using numerical simulation methods. The
reduction in computational costs and memory requirements is due to the
fact that each tree is built separately from each other. In this regard, the
nodes of individual trees are stored in separate arrays.

In [35], a modification of the RRT algorithm is considered, taking
into account the limitations imposed by the vision system and the speed
limitations. An algorithm based on computer vision that functions under
conditions of an unknown image depth is proposed. A model of a robot in
the form of kinematics of a material point is considered. The main
contribution of the method proposed in [31] is the presence of a virtual
target, which is located so that the robot is on a line that provides its
specified orientation angle at the target point. The advantages of the
proposed algorithm are confirmed by the results of the experiments. This
article shows the efficient operation of the RRT algorithm in real
conditions. However, the experiments were carried out in a simple
environment.

1.2. Contribution of the article. The performed analysis allows us
to conclude that currently the typical issues of path planning using the RRT
algorithm are:

1) Consideration of restrictions in terms of the formation of
feasible paths that take into account the dynamic properties of robots.

2) Optimization of computational complexity and convergence of
algorithms to optimal trajectories.

3) Consideration of the uncertainty associated with the lack of a
complete map of the environment and optimization of the processes of
replanning paths in dynamic environments.

The purpose of this article is to develop planning algorithms that
reduce the length of the planned trajectory, reduce its calculation time and
take into account the restrictions imposed by the robots’ properties. We
propose a two-stage procedure, during which the MPN-RRT method is used
to find the first approximation path which is optimized using the developed
iteration algorithm. To take into account the dynamic restrictions on the
turns of a mobile robot, it is proposed to add virtual obstacles to the map,
which block unfeasible sectors of the movement. This makes it possible to
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take into account these limitations without changing the developed MPN-
RRT algorithm.

In summary, the contributions of this paper are listed as follows.

1) In this work, virtual obstacles are introduced on the map,
located in such a way that they overlap the unfeasible sectors of the mobile
robot's movement. This makes it possible to take into account the
restrictions on maneuvers that depend on the linear speed of the robot and
its maximum permissible angular accelerations and velocity. At the same
time, the virtual obstacle method does not change the planning algorithm
and allows the use of any map-oriented planning algorithm.

2) This article proposes the use of several parent nodes when
building a random tree using the RRT algorithm. On the one hand, this
complicates the structure of the constructed graph. On the other hand, it
gives more possibilities to optimize the resulting motion trajectory. As will
be shown below, the introduction of additional parent nodes makes it
possible to reduce the length of the planned path with increasing
computational complexity.

3) The proposed method includes global and local planning stages.
The use of a two-stage procedure makes it possible to reduce the
computational costs for finding an optimal solution compared to a one-stage
global search. A proposed MPN-RRT algorithm with two-parent nodes is
used as a global planner. An optimization algorithm is used as a local
planner, taking into account the path length and deviation from the points
planned by the global planner.

4) An algorithm of local optimization and path smoothing
described by segments connecting the points of the first approximation path
is proposed. A quality criterion is proposed, which is a convolution of two
indicators, which are the path length and the deviation from the global path
points. This procedure allows optimizing the path’s length while limiting
the deviation from the original trajectory of the first approximation. This
method is based on the outcomes of [36, 37]. Its difference lies in the
application of a new optimization functional. The function that was used in
these papers included the probability of successful passage of a section of
the trajectory and the deviation from the trajectory of the first
approximation.

2. Problem statement. Let us consider a rectangular stationary two-
dimensional environment of size LyxLy, shown in Figure 1, which simulates
a low-density urban development.

The lower-left corner of the map coincides with the origin of the
fixed coordinate system OX,Y,. The length of the environment along the
OXg axis is Ly, and along the OY axis is L,. The position of the robot in the
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environment is determined by the coordinate vector (x, y) and the
orientation angle ¢. The obstacles are the rectangles which are r,; wide and
byi high. The position of an obstacle is determined by the coordinates of its
lower-left corner (xu, yp). The target position is specified by a vector of
coordinates (X, Y)-

Target
Ly .
{Xb yt:'
Obstacle
V n‘f)_-"-’('r‘r'.u ] Ijn,-)
\§L
(x, ¥)
Robot
Xg
o] TR

Fig. 1. 2-D obstructed environment

The mobile robot is described by the following equations [16, 38]:
x=Vcosep, y=Vsing, o= o (1)
V = —(Z,,(V - V*)’ o= _aa)(a)_ 0)*), (2)

where X, y are the robot’s coordinates in the fixed frame OX,Yq; V is the
robot’s linear velocity; w is the robot’s angular velocity; ¢ is the robot’s
yaw angle; oy, o, are constants; V*, ¢* are references for V and o,
respectively.

The mobile robot’s design features, inertial properties, and
requirements for stability and controllability do not allow it to move to an
arbitrary point in space [39]. In this regard, the following restriction is
introduced on the maximum turning angle depending on:

_ V=Vmin 3
19" = Plmax = 40, + (7= 49, )e “Vmax=Vmin), ©)
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where A, is the minimum rotation angle, independent of the robot’s
velocity, determined by the rolling resistance; Viin, Vimax are the minimum
and maximum values of the robot's velocity, respectively; o is the
coefficient depending on critical velocity, robot length, friction, and rolling
resistance. The function (3) is shown in Figure 2.
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Fig. 2. Restriction on the maximum angle of rotation of the robot

max4

The reference influence on the velocity V* changes in accordance
with the expression:

r
V* = Vmaxgk(pkobs' vV <Viax, @)
V* = Voax, V'V > Vian,

where r is the straight distance to the target; ry is the distance that
determines the moment when the robot starts braking; k, is the function of
velocity reduction when turning around; ko, is the function of decreasing
velocity when approaching obstacles.

The function k,, is shown in Figure 3, according to which the robot’s
velocity decreases linearly with an increase in the difference between the
current ¢ and the desired ¢* angle of the movement of the robot.

The Kkqps function is shown in Figure 4, according to which, when the
robot approaches an obstacle at distance smaller than r,, its velocity begins
to decrease in proportion to the specified distance:
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Fig. 3. Graph of the function that determines the decrease in the velocity of the robot
when turning
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Fig. 4. Graph of the function that determines the decrease in the speed of the robot
when approaching obstacles

It is required to develop an algorithm for planning the movement of a
mobile robot from the current point (x, y) to a given target point (X, Vi),
taking into account the restrictions on the rotation angle (3) and ensuring the
absence of collisions. There are no requirements for the orientation of the
mobile robot at the target point. The velocity of the robot at the target point
should be zero, but at intermediate points of the trajectory, the velocity is
determined by the expression (4). The planned trajectory must be smooth,
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i.e. have no breaks. The quality criterion of the planned trajectory is its
length, i.e.:

Dparh = 2ty (6 — xi-1)% + (i — ¥i-1)? >min.

3. Planning system algorithms. This section considers the planning
procedure, which includes the following:

1) Introduction of a virtual obstacle into the map to take into
account the constraints (3).

2) Construction of a random tree for planning the first
approximation path using the modified RRT method.

3) Finding the shortest first approximation path using the ant
colony algorithm.

4) Local optimization and smoothing of the first approximation
path.

3.1. Adding virtual obstacles to the map. As follows from the
expression (3), if the velocity is V = Vy,, then the robot can turn at any
angle from —x to +xn. As the robot's velocity increases, the sector available
for its maneuver begins to decrease in accordance with (3). To consider
these limits, a virtual obstacle is added to the environment map as shown in
Figure 5.

Figure 5 shows the evolution of a virtual obstacle in the case when
V3> V,> V;. The virtual obstacle is V-shaped. At low speeds, this obstacle
is located at a convex angle to the robot. As the velocity increases, this
angle decreases to unfold and becomes sharp. The presence of a virtual
obstacle makes it possible to increase the safety of the robot's movement
without using additional algorithms to avoid collisions. As shown in
Figure 6, if the robot moves in a narrow passage between two obstacles and
receives a target point located behind it, then a collision may occur if the
robot’s velocity is restricted by inequalities 0<Vmin<V<Vmax.

The advantage of virtual obstacles for eliminating such collisions is
that they do not increase the computational complexity of the used planning
algorithm. The procedure for introducing a virtual obstacle is based on the
expression (3), which does not present additional computational complexity.
At the same time, it should be noted that the parameters Agy, and «a, which
determine the turning radius in the expression (3), depend on the type of the
robot and the conditions of its movement. In this regard, these parameters
must be set, and the robot must evaluate the movement resistance
coefficients.

468 MHdopmaTuka u asTomatusaums. 2022. Tom 21 Ne 3. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

Obstacle

Virtual
Obstacle

A Target

(%0 o)

Virtual
Obstacle

Obstacle

Fig. 5. Graph of the function that determines the decrease in the robot’s velocity
when approaching obstacles

Obstacle

Target

(X ¥i)

Obstacle
Fig. 6. An example of a collision due to the inertial properties of a mobile robot
3.2. Two-parent nodes RRT algorithm. The pseudocode of

Algorithm 1 for constructing a graph using the RRT method is distinguished
by the search for two-parent nodes for each new node.
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Algorithm 1 for constructing a graph for planning the trajectory of a mobile
robot:

Input: Robot’s position (x, y); environment map Map; target point (x;, Yy);
robot’s velocity V; yaw angle ¢; parameter Lg; trajectory optimization parameter
Nadd-

Output: List of nodes Tree; Relationship matrix Matrix_tr.
: [Tree, Matrix_tr] < Init_Tree([x,y], [xt,yt]);

: Map<«Save_Vir_Obs(V, ¢);

1 FL_O«Str_Line(Tree(last),[xt, yt], Map, Ls);
IFFL_0=1

WHILE FL_1<Nadd

X_rand<«—Rand_Node(Map, Tree, Ls)

X_nodl<«Parent_Node(Tree, Map,rs, []);

X_nod2«Parent_Node(Tree, Map, rs, X_nod1l);

Tree<«—Expand_Tree(X_rand);

Matrix_tr<— Expand_Matr(X_nod1, X_rand);
11: Matrix_tr<— Expand_Matr(X_nod2, X_rand);
12: FL_2«-Str_Line(X_rand, [xt,yt], Map, Ls);
13:  IFFL_2=1
14: FL_1=FL_1+1;

15: Matrix_tr<— Expand_Matr(X_rand,[ xt,yt]);
16: ENDIF

17: END WHILE

18. ELSE

19: Matrix_tr<— Expand_Matr([x,y],[xt,yt]);

20: END IF

21: Path_opt=Aco(Matrix_tr, Tree);

=

N aRr®N

[N
e

The Init_Tree () function initializes the tree and the matrix of paths’
weights Matrix_tr. During the initialization phase, the starting point of the
path (x, y) and the target point (x, y;) are added to the list of nodes. The first
tree node in the list is always the starting position of the robot (x, y). The
last node in the tree list is always the target point (x, y;). The path matrix
Matrix_tr is initialized as a zero 2x2 matrix.

The Save_Vir_Obs function adds a virtual obstacle to the map based
on the current velocity and the robot's movement direction. In this case, the
environment map is a matrix of dimension N,xN,, where the number of
matrix cells is determined by the expressions:

Nx = [Lx/Sx], ~ Ny =[Ly/Syl, (6)
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where S,, S, are the dimensions of the space cell along the axes OX, and
OY,, respectively; [* 1is the operation of rounding to the nearest integer
from the top.

The value of a cell of the Map matrix equals 0 if it is free, 1 if it
contains the current position of the robot, 2 if it contains the target point,
and 3 if it contains an obstacle. Obstacles are recorded in the Map in
accordance with Figure 7. According to this figure, if the cell with
coordinates (X, Yc) is occupied by an obstacle, then the number 3 is written
into the cell of the matrix Map (y. + 1, X + 1). Thus, the x, coordinates are
the column numbers of the Map matrix, and the y, coordinates are the row
numbers. Adding 1 to the coordinates is due to the fact that the rows and
columns are numbered starting from one, and the coordinates of the cells
are numbered from zero.

A matrix
Amap Column number (x)

LY 1_3 J 3
)(:7-\* ~ N =
2,0 — — :112)_ 122) ' ey |2 a3 | T
=2 =
1,1) |[2,1 u:ﬂiﬂ l £
10)| — — el g
(1,0) 1:1 T 2 | 21)] (2,2) | (2,3) c
1 | f_ g
> o

(0,00 (01) (0,2)
Fig. 7. Recording the environment map to the Map matrix

Line 3 of Algorithm 1 checks for the presence of a straight line
connecting points (x, y) and (%, Yy without collisions. Such a check is
carried out using the Str_Line () function. It returns the FL_0 flag, which is
equal to 1 in the presence of a collision, which is determined when the
robot's trajectory approaches any obstacle closer than the distance L.

The main tree building loop begins with the generation of a random
node X _rand for which the Rand_Node () function is used. This function
generates a node so that it is located at a distance of at least Ls from the
obstacles and the other nodes of the tree. Next, the search for parent nodes
is carried out using the Parent_Node () function. The presence of two-parent
nodes is a key difference between the used algorithm and the traditional
version of RRT. The main planned effect of this introduction of two-parent
nodes is a decrease in the length of the planned path, which occurs at cost of
increasing the tree construction time. This effect is due to the fact that the
presence of two-parent nodes increases the number of links in the graph

Informatics and Automation. 2022. Vol. 21 No. 3. ISSN 2713-3192 (print) 471
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALNA N CUCTEMBbI YINPABNEHUA

under construction, which makes it possible to optimize the path length
more effectively.

If the parent nodes are found successfully, then a new node X_rand
is added to the tree and the corresponding links are added to the Matrix_tr
matrix using the functions Expand_Tree () and Expand_Matr ().

Next, using the function, Str_Line () is checked for a direct collision-
free path from the new X_rand node to the target point (x, y;). If such a path
exists, then the FL_1 counter is incremented.

The search cycle continues until it finds N,gq nodes that are added to
the tree and gives a new path to the target point.

The search for a path on the constructed graph is carried out using
the ant colony optimization algorithm [40]. The choice of the evolutionary
algorithm is due to the need of optimizing the search time. The search for
the shortest path (line 21) using the ant colony optimization algorithm is
implemented by Aco () function that takes Tree and the matrix of coupling
Matrix_tr as an input. The result of the operation of the Aco () function is a
list of points of the found path Path opt. This list defines a piecewise
broken path that needs to be smoothed. It should also be noted that the RRT
algorithm converges rather slowly, so it is necessary to further optimize its
length.

3.3. Path optimization and smoothing. Path_opt is the first
approximation path. The task is to reduce the length of the curve Path_opt,
assuming that the optimized curve is found in a certain bounded
neighborhood, or in a certain corridor relative to the original trajectory. To
solve this problem, the following functional can be generated:

N-1

6(rry =8 ) [(xi=x)" + (=%
™
48, ) [0 = 1% + O = 07,

i=2

where the first term is the sum of the squares of the deviations of the points
(x;, yi) of the constructed trajectory from the points of the original trajectory
(x4, y%); the second term is the trajectory length T,; the coefficients
0<3,, 8, <1 are the weights of each term.

The stationary point of the functional (6) with respect to the
variables {x;, yi}, i = 2, 3, ..., N-1 is found from the system of equations:
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oG(Tr)/ox; = 0,
G(Tr) 8

O—>7y =0, i=2.,N-2

System (8) is reduced to two independent systems of linear equations
with respect to vectors X = [X,... Xn.a] T and Y = [y,... Yna] |- The solution
of these two systems has the form:

_ T _ 4-1
Xot = [Xsez - Xsen-1]" = A7 By,

_ C)]
Yoe = [Vsez ---YstN—l]T =A 1BY'

By = [81%; + 85Xy, 813, oo, Sy Xy -z, S1Xy_1 + Spxy]", (10)

B, = [51Y£ + 523’1,' 51Yé' T 513’1\/1—2' 513’1(/—1 + 523’1\/1]Ta (11)
[6,+25, -3, 0 0 .. 0 0 0 ]
-5, 8,428, -8, O .. . 0 0
0 -5, 5,425, -8, .. 0 . 0
0 0 )
’ 12)
A= . . 0 0
0 . 0 L 8,425, -8, 0
0 0 . W 0 =3, 5,425, -9,
| o 0 0 . 0 0 -5,  8,+25,

Let us show that at the found stationary point (9) the sufficient
condition for a local maximum with respect to minors of the Hessian matrix
is satisfied for any values of &, §, such that, 0<85,, 8, <1, 5, +5, =1.

Indeed, it is easy to observe that the Hessian matrix for functional (6) is the
block-diagonal matrix:

Gess(G) = |, A ON_ZXN_Z], (13)
N-2xN-2

where On.xn-2 1S @ zero matrix of dimension N-2xN-2.

It is known that if each of the blocks of such a matrix is a positive
definite matrix, then the resulting block diagonal matrix will also be
positive definite [41]. Also, according to the corollary to the Gershgorin
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theorem [41], a sufficient condition for any symmetric matrix with positive
entries on the main diagonal to be positive definite is the condition of strict
dominance of diagonal entries. In this case of symmetric tridiagonal
Toeplitz matrix of type (9), this condition takes the form:

|6, +26,| > 2|6, (14)

Since 0 < §,, §, <1, then the expression (14) takes the form:
6 +26,>26 =06 >0. (15)

Thus, an additional constraint is a requirement that the coefficient &,
does not vanish.

Note that the global minimum of functional (6) is simultaneously
attained at point (8) due to the uniqueness of the stationary point for this
functional.

For practically important cases of minimization of the resulting
curve, two conditions can be used. The first condition is the natural
requirement of not colliding with obstacles. The second is not exceeding a
certain maximum deviation from the original curve, expressed, for example,
in the form of the limiting root-mean-square discrepancy oy, between the
corresponding nodal points. This condition is written as:

N-1

Dl =x)?+ =y /(N =D S . (19)
i=2

The following procedure is used to find the offset path of the
minimum length, taking into account the first and second constraints. First,
the values of the coefficient 6, are sorted out in the range [d1min, O1max] With
a step Ad1<<8imax- The value 6;=31mi, corresponds to the case when the
optimized trajectory is the closest in terms of the standard deviation to the
straight line connecting the starting and target points. If there are no
collisions and the deviation from the initial trajectory does not exceed a
given one, then the optimal trajectory for 6,=8.min is the best. If at least one
of these conditions is not met, it is necessary to move to the next larger
value of the coefficient 5, and re-check the specified conditions.
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This procedure is repeated iteratively until there is such a value &,
from the corresponding finite sampling sequence of the interval
[S1mins O1max], fOr which both of the above constraints are satisfied, or until
the search is completed. To exclude the last case, it is necessary to choose
the value of the step A§; in accordance with the value of the upper
admissible boundary oy, of the limiting root-mean-square discrepancy
between the corresponding nodal points, and the less is the A3, the less
should be the step.

After finding the optimized curve, it has to be smoothed. For this, the
method of approximation by straight-line segments, smoothly conjugate to
arcs of the circles, is applied. Moreover, these arcs are constructed for each
of the nodal points of the resulting curve.

The resulting trajectory in the form of a list of points that the robot
must pass is fed to the motion control function, which calculates the desired
direction of motion and setpoints for the linear and angular velocities of the
robot. The motion control system is implemented in the form of an adaptive
multi-loop system presented in [38].

4. Numerical modeling results. In this section, a case study of the
developed algorithms is carried out. The simulation was carried out in
MATLAB. During the simulation, the following parameters of the mobile
robot were set: a, = 1; a, = 5; Vinax = 4 M/S; Wnax = 2 rad/s. The safe distance
at which the robot starts braking is rs = 6. The minimum distance to the
obstacles is Ly = 1 m. The dimensions of the environment are L, = 100 m,
Ly = 100 m. The maximum number of obstacles is 24. The maximum width
and length of each obstacle is 11 m. An urban environment is simulated
with a maximum building rate of 30 %.

4.1. Investigation of the influence of the number of parent nodes
on the trajectory length and the time of the trajectory calculation. The
study of the influence of the number of nodes on the trajectory length and
the time for calculating the trajectory was carried out for various values of
the parameter N,gq = 20, 40, 80. For each number of nodes and the
parameter N,qq, 1000 tests were carried out, the results of which are
summarized in Table 1 and presented in Figure 8 and Figure 9. The
confidence probability is accepted as 95%. The confidence interval for the
path length is 0.026, and the confidence interval for the path calculation
time is 0.011.
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1.5
1.4+
1.37
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Number of parent nodes
1.1 ! ' * :
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Fig. 8. Dependence of the average relative path length on the number of parent
nodes

The Nagg parameter determines the degree of optimality of the first
approximation path. The larger this parameter, the higher the probability of
the first approximation path approaching the optimal trajectory.

0.6 .

t,s ——Nadd=20

. - = Nadd=40 o)
o5 e Nadd=80 =

~ Number of parent nodes |
1 15 2 2.5 3

Fig. 9. Dependence of the average time for calculating the path on the number of
parent nodes
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Table 1. Influence of the number of parent nodes on the length of the path and the
time of calculation of the trajecton

Number of Parameter Nqq Average relative Average calculation

nodes path length time
80 1.48 0.32

1 node 40 1.49 0.23
20 1.56 0.18

80 1.32 0.4

2 nodes 40 1.37 0.32
20 1.46 0.25

80 1.18 0.54

3 nodes 40 1.27 0.42
20 1.32 0.3

The average relative path length is calculated according to the
expression:

1 1000
Dl=—os Z (DL /7300, an
i=

where DI; is the length of the I-th path in the i-th experiment; ry; is the
distance from the starting point of the robot's position to the target point in
the i-th experiment.

The calculation time was measured using the tic and toc MATLAB
functions. The table shows the average calculation time calculated in
accordance with the expression:

1000

1
ty =—— t;, 18
. 1000211 (18)
i=

where t; is the time of calculating the path in the i-th experiment.

As can be seen from Figure 8 and Table 1, the path length decreases
with an increase in the number of parent nodes in the RRT algorithm. This
is explained by the fact that with an increase in the number of parent nodes,
the number of links in the graph under construction increases. This entails
increasing the different path options from point (x, y) to the target point
(Xt Y-

It follows from the simulation results that the introduction of an
additional parent node results in 6.4 to 10.8% reduction of the planned path
length, depending on the Nqq parameter. The introduction of two additional
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nodes makes it possible to reduce the average path length from 14.8 to
20.3%, depending on the N,qq parameter.

Reducing the length of the planned path increases the computational
cost of the algorithm. Thus, Figure 9 shows the dependence of the average
time for calculating the trajectory from a different number of nodes and
different values of the parameter N,qq. From the graphs shown in Figure 9
and Table 1, it can be seen that the increase in calculation time is from 28
to 40% for one additional parent node and from 40 to 45% for two
additional parent nodes.

At the same time, we note that an increase in calculation time is
associated with both the procedure for constructing a random graph and
further searching for a path. When using one parent node, the path from a
potential new node only to the nearest graph node is checked. When using
additional parent nodes, the path to several nearest nodes of the graph is
checked, which leads to additional computational costs.

At the same time, it should be noted that using the ant colony
algorithm for finding the shortest path allows parallelizing the
computational process [42], which reduces computational costs.

4.2. Study of the optimization and smoothing algorithm. The used
method of local optimization and trajectory smoothing is based on the
optimization of functional (6). In this case, the main issue in the formation
of this functional is the rational choice of the admissible average deviation
ok Of the optimal trajectory from the first approximation path. This
conclusion follows from the fact that when the condition &§;+3,=1 is
satisfied, there is only one independent weighting coefficient. The
coefficient 8, was chosen as such a coefficient, which is sought using the
procedure described in Section 3. Thus, the weighting coefficients of
functional (6) are chosen automatically; therefore, it is necessary to choose
only the parameter oy, The influence of this parameter on the trajectory
length is shown in Figure 10 and Figure 11.

Figure 10 shows the result of modeling the procedure for finding a
displaced trajectory of the minimized length, taking into account the
limiting conditions for the following input data: o, = 10 m, the length of
the original curve is 148.5 m. As a result of applying the procedure of local
optimization and smoothing described in Section 3, a trajectory with a
length of 71.63 m s obtained. The parameter change interval

is 8; [0.02 0.98], and step is Ad, = 0,02 . The optimal value of the parameter
is 8; = 0.1. In this case, the standard deviation at the nodes of the original
and displaced curves is 9.85 m, which is less than the maximum allowable

value. Similar simulation results for o, = 5 m are shown in Figure 11,
taking into account the limiting conditions and for the same initial trajectory
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of the first approximation as in the previous case. The interval for changing
the parameter 3, and the step are the same. As a result, the length of the
optimized curve is 90.8 m with the optimal value &, = 0.6.

60 |
55
50 +

Initial
45}

path at intermediate
iterations

Obstacles

30 40 50 60
X,m

Fig. 10. First approximation path and optimal trajectory for ckr=10 m

[ T T — @ T
60 -

55 |

50 ¢

m Initial path

40 |

\

path at intermediate
iterations 1

Obstacles

1 0 ] L 1 1 1 1
0 10 20 30 40 50 60

x,m

Fig. 11. First approximation path and optimal trajectory for ckr=5 m
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Thus, in the first case with o, = 10 m, the length of the first
approximation path is reduced by approximately 51.8%. In the second case,
with o = 5 m, the length of the first approximation path is reduced by
about 38.8%.

Figure 10 and Figure 11 show the first approximation path obtained
using the RRT algorithm and the ant colony algorithm, the trajectories of
intermediate iterations, and the optimal trajectory of the movement. The
nodes of the optimized trajectory according to the considered algorithm are
shown separately.

Based on the simulation, it can be concluded that with the tightening
of restrictions on deviations from an initial curve, i.e. as the value of oy,
decreases, the length of the optimized curve increases. Thus, solving the
problem of optimizing the original trajectory, taking into account the
restrictions on avoiding collisions and not exceeding the maximum
permissible standard deviation from the original curve, requires
prioritization when answering the question of whether it is more important
to significantly reduce the length of the curve, or to prevent deviation from
the original curve by more than a given value ;.

4.3. Study of a trajectory planning and motion control system.
The results of the simulation of the mobile robot control system are shown
in Figure 12 - 14. Figure 12 shows the obstacles, the virtual obstacle at the
initial moment of time, the initial position of the robot with the symbol "*",
the target position of the robot with the symbol "+", the path obtained using
the RRT algorithm with two-parent nodes, and the smoothed path obtained
as a result of smoothing the initial trajectories. To plan the path in
Figure 12, the RRT algorithm generated a graph that includes 341 nodes. As
a result of the search for the shortest path using the ant colony algorithm, a
path was found containing the following 8 nodes, including the starting and
target nodes:

18 26 33 41 50 50 48 93

Tr:[84 90 96 91 98 94 93 52°

(19)
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Fig. 12. The trajectory of a mobile robot in an environment with obstacles
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The path length obtained as a result of the application of the RRT
algorithm is approximately 107 m. The length of the optimized trajectory is
99.9 m. Thus, the reduction in the path is about 6.6%. The results of
simulation on a sample of 1000 random situations showed that the
smoothing and optimization procedure gives an effect of approximately
6 -8% on the path’s length. In this case, the greater the number of
intermediate points between the starting and target points, the more
decrease in the length of the path. For the first approximation paths
consisting of two and three points, the use of the local optimization
procedure does not make sense.

Figure 13 shows the change in the velocity of the mobile robot in
time and the reference velocity. In the time interval from 0 to 5 s, the robot
accelerates to Vs Then, in the interval from 5 to 13 seconds, the motion
control system reduces the velocity four times. The first three velocity
maneuvers are due to turns, and the last speed reduction is due to passing
close to an obstacle. When approaching the target point, the robot also
slows down.
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Fig. 13. The velocity of a mobile robot in an environment with obstacles

_' @, rad/s

Q

ref

t, s

0 5 10 15 20 25 30
Fig. 14. Yaw angle of a mobile robot in an environment with obstacles

-1.5

Figure 14 shows the change in the yaw angle of the robot when

moving to the target point. It can be seen from this graph that the robot
makes turns at the initial moment, and then three turns when moving

between the nodes of the planned path.
Figure 15 shows the simulation results demonstrating the movement

of the robot in an environment with obstacles, including the movement in a

narrow corridor formed by the obstacle and the boundary of the area.
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Fig. 15. The robot’s trajectory in the presence of a narrow corridor
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Studies have shown that the presence of narrow corridors can
significantly increase the planning time of the robot's trajectory. In this
regard, the RRT algorithm uses a variant of generating a new potential node
in a certain limited area relative to the last node added to the graph. This
way of building a tree gives an additional effect in terms of reducing the
length of the planned trajectory. So, for the MPN-RRT algorithm with two-
parent nodes, an additional 1000 experiments were carried out with the
generation of a new potential node within a radius of 20 meters from the last
node added to the tree. An additional reduction in the trajectory length is
obtained, ranging from 5 to 10%, depending on the value of the parameter
Nagg- However, in the MPN-RRT algorithm, there is a significant increase in
the trajectory search time, which is on average 30% compared to the variant
of random generation of a new node over the entire area of operation. This
increase in the computation time is observed only on average. For situations
with narrow corridors, the algorithm with a local area for generating a new
potential node does not lead to an increase in the computation time. In this
regard, it is possible to recommend the use of a unit for evaluating the
functioning environment in the robot control system. Such a block can be
built using intelligent technologies. Thus, [43] presents a neural network
that estimates the geometric complexity of the environment. This estimate is
used to determine the clearest areas for planning a route for a group of
robots.
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Note that generating a new potential node in a certain bounded area
relative to the constructed tree leads to trajectories consisting of a larger
number of points. However, the application of the above-described iterative
local optimization and smoothing procedure allows obtaining a smooth
trajectory with a minimized length. In this case, the effect of reducing the
path length becomes higher and amounts to approximately 10% for the
simulated movement conditions. A more significant decrease in the
trajectory length is due to an increase in the optimization efficiency with an
increase in the number of nodal points of the first approximation trajectory.
Figure 16 shows the results of one of the numerical experiments in which a
new potential node is generated within a radius of 20 meters relative to the
last added node.

100 4 :
yom| [ . e ‘
80 | :
ﬂ n - Initial Path

60 | Optimized path ;’f

07 safpont S s H
F :
20
m -
O L 1 L Fia |
0 20 40 60 80 X, m 100

Fig. 16. The robot’s trajectory when a new potential node is generated within a
radius of 20 meters relative to the last added node

7. Discussion and conclusion. Some discussions about the
highlights of the approach proposed in this article are summarized as
follows.

1) Taking into account the dynamic and design constraints of
mobile robots when planning a path usually leads to the complication of
planning algorithms. In this article, it is proposed to take into account the
restrictions on the angle of rotation of the robot by introducing virtual
obstacles. Such obstacles are located in such a way that they cover sectors
into which the mobile robot cannot turn at a given time. As a result, the
planned trajectory is physically realizable. Thus, compared to the existing
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methods of considering dynamic constraints, the proposed approach does
not affect the planning method if it uses a map to calculate the trajectory.

2) The potential of using probabilistic methods for path planning
is limited by a large number of iterations to obtain the optimal solution. This
article proposes an improved MPN-RRT algorithm that uses multiple parent
nodes. This algorithm allows creating a graph with a large number of
connections, resulting in an increase in the optimality of the planned path.

3) To reduce the number of iterations in the path search, a two-
stage path planning method is proposed. At the first stage, the first
approximation path is searched using the proposed MPN-RRT algorithm. At
the second stage, the resulting trajectory is optimized and smoothed by an
iterative local search algorithm. Compared to the one-stage MPN-RRT
algorithm, the two-stage method, which includes MPN-RRT and an
iterative optimization and smoothing procedure, reduces the time it takes to
find a trajectory of the same length by 7-13%. This effect is due to the slow
convergence of algorithms based on the probabilistic method.

4)  The numerical experiments performed have shown that for a
simulated urban environment, the MPN-RRT algorithm with two-parent
nodes finds a trajectory of the same length as the original RRT algorithm
approximately 30-40% faster. Adding a third parent node reduces the path
search time by roughly 25%. With a fixed trajectory calculation time, the
introduction of an additional parent node reduces the trajectory length by
6-11%. The introduction of two additional parent nodes reduces the length
of the trajectory by 15-20% compared to the original RRT algorithm.

As a further development of the work, it is planned to study the
proposed algorithms in a dynamic environment. It is planned to re-plan the
rest of the path preservation of those nodes that the robot has not yet passed.
Another important issue not covered in this article is the consideration of
the uncertainties of the mobile robot model and their influence on the
procedure of introducing virtual obstacles. In addition, it can be noted that it
is possible to use a large number of the local optimization algorithms at the
second stage of planning. Studying their effectiveness and finding the
optimal moment for switching from global planning to local optimization
and smoothing is also the subject of a separate study.
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B.X. ITimxorioB, M.1O. MEJIBEJEB, B.A. KOCTIOKOB, ®. XYCCEH,
A. KAJIuUM
AJITOPUTMBI INTAHUPOBAHUS TPAEKTOPUH B
JBYMEPHOM CPEJIE C IPEIISITCTBUSIMU

Thwuxonos B.X., Meosedes M.IO., Kocmiokoe B.A., Xycceiin @., Kaoum A. Anropurmsi
TJIAHMPOBAHMSI TPAEKTOPHIi B IByMepHOI cpe/e ¢ NpensiTCTBUsIMH.

AHHOTanusi. B 1aHHON CcTaThe NPENNIOXKEHBl aATOPHTMBI IJIAHUPOBAHHUSA M yHpPaBICHHS
JIBHXKEHHEM MOOMIIBHOTO po0OTa B JBYXMEPHOH CTallHOHAPHOU Cpesie € INpPENsTCTBUSMU.
3agmaua COCTOMT B TOM, 4YTOOBI COKDATHTh IJIMHY 3aIUIAHUPOBAHHOIO IIyTH, Y4ecTh
JIMHAMUYECKHE OrpaHWYEHUss poOOTa M IONYYHTh IUIABHYIO Tpaektopuio. Jlus ydera
JIMHAMUYECKUX OTrpPaHM4YeHHH MOOWJIBHOTO po0OTa Ha KapTy J0OABIISIOTCS BUPTyalbHbIE
MPETATCTBUS, MEePEKPHIBAIOIINE HEBBIIOMHUMBIC yJacTKH ABIDKeHHSA. Takod cmoco® ydera
JIMHAMUYECKUX OrPAaHMYEHUH IO3BOJSAET KCIIONB30BaTh KapTorpaduyeckue MeToipl 0e3
YBEJIMYCHHUSI MX CJIOXKHOCTH. B  KadecTBe airopurMa INIOOAIBHOTO IUIAHUPOBAHHS
UCTIONB3YyeTC MOAMGUIIMPOBAHHAS BEPCHS AITOPHTMA OBICTPOrO HCCIICHOBAHHS CITydaiHBIX
nepeBbeB (Multi parent nodes RRT — MPN-RRT). B atom anroput™e, B OTIHYHE OT
OpPMI'MHAILHOH BEPCHMH, HCIOJb3yeTCs] HECKONBKO POAUTENbCKHX Y3710B, YTO YMEHBIIAET
JUIMHY 3alyIaHUPOBAaHHON TPaeKTOPHU IO cpaBHEHHIO ¢ ucxonxHod Bepcueil RRT ¢ omaum
y3noM. KpaTyaiimmii myTe Ha TOCTPOSHHOM Trpade HAaXOAUTCA C IMOMOIIBIO AITOPHTMA
ONTUMHU3ALUKA MYPaBbUHON KOJOHMM. MeToaMU YMCIIEHHOTO MOJIEIUPOBAHUs II0Ka3aHO, YTO
HCTIONB30BAHUE JBYX POAUTENBCKUX Y3IIOB MO3BOJSIET YMEHBIINTH CPEIHIO0 JUIHHY IMyTH UL
TOPOJICKOM Cpelbl C HU3KOW IUIOTHOCTBIO 3aCTPOMKH. J{isi peleHus mpooieMbl MeJICHHOH
CXOZMMOCTH AJITOPUTMOB, OCHOBAHHBIX Ha CJIy4ailHOM IIOMCKE M CIVIa)KMBaHUM IyTei,
anroputM RRT nononHeH anroputMom JokanbHO# ontumusanuu. AnroputM RRT umer
I700aNbHBIA MyTh, KOTOPBIH CIJIAXKMBAETCS W ONTHMH3UPYETCS HTEPATHBHBIM JIOKAJIbHBIM
AITOPUTMOM. AJITOPUTMEBI yHpaBJIECHHS HIDKHETO YPOBHs, pa3pabOTaHHbIE B JTOH CTaThe,
aBTOMATHUYECKH YMEHBIIAIOT CKOPOCTh po0OTa MpH HPHOMIKEHUH K IPEMSTCTBHAM HIX
noBopore. OOmas >((GeKTHBHOCTE pa3pabOTAHHEIX AJTOPHTMOB IPOJEMOHCTPHPOBaHA
METOlaMH  YHCJICHHOTO MOJICIMPOBAHUS C HCIIOJIB30BAaHUEM OOJIBIIONO  KOJIUYECTBA
9KCIICPHMEHTOB.
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