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Abstract

Autonomous navigation is a significant segment of mobile robotics, and for reliable autonomous navigation, optimal trajec-
tory planning is the fundamental requirement. In mobile robotics, planning algorithms are implemented to attain optimality
in trajectory planning by solving the problems such as path length minimization, smoother trajectories, low computational
load, time/ space complexity, etc., that degrade the performance of the path planning technique. This research paper primar-
ily focuses on generating smooth trajectories with the shortest path length by linking the Bidirectional Rapidly exploring
Random Tree (B-RRT) with a modified Bezier curve technique termed Smooth-BRRT (S-BRRT). The proposed S-BRRT
technique generates smoother trajectories by considering the high number of control points associated with the Bezier curve
technique. The selection criteria for control points will be adaptive, which means the number of control points may increase
or decrease depending upon the path length, grid cell size, mobile robot dimension, maximum acceleration of mobile robot,
etc. The proposed S-BRRT technique is implemented in various simulated environments, and it is experimentally obtained
that the path length is reduced by 15.03%, the number of sharp turns is reduced by 100%, and time lag is reduced by 27.01%.
The proposed S-BRRT technique is also trialed and tested in various real-world experiments. The result shows a 100% reduc-
tion in the collision, the time lag is reduced by 66.23%, and the velocity error is reduced to 57.52%, concerning the results

obtained with renowned conventional approaches.
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1 Introduction

Path planning is a crucial segment of mobile robotics that
generates a pathway for the mobile robot to navigate in
the environment from the start to the goal position [1-3].
Path planning techniques make sure that the path generated
should be shortest, obstacle-free, smoother, low in compu-
tational load, fastest, etc. [3—5]. The area of mobile robot-
ics consists of many path planning techniques and based
on the level of intelligence, path planning techniques are
classified into two sections traditional and intelligent path
planning techniques [5-7]. The traditional path planning
techniques are A*, D*, modified versions of A* and D*,
Rapidly Exploring Random Trees (RRT), etc. whereas;
the intelligent path planning techniques are Ant Colony
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Optimization, Genetic algorithms, Particle Swarm Opti-
mization, Neural Network, Fuzzy, etc. [2, 4, 7-10]. This
research focuses on the modification and implementation
of traditional Bidirectional RRT algorithm because of the
advantages such as fast convergence, reliability, consistency,
ease of implementation in 2D and 3D navigation, etc. [2, 7].
The traditional RRT path planning technique provides quite
a decent solution to the problems associated with generating
a path for the navigation of mobile robots but, the generated
path consists of a very large number of sharp turns/curves.
These sharp turns put a time delay in the mobile robot’s
navigation as the mobile robot must adjust its acceleration
to follow the generated trajectory. This stated limitation of
the traditional RRT is transformed into a useful tool by link-
ing it with the proposed modified Bezier Curve technique.
The conventional Bezier curve uses the number of sharp
turns as the control points for the generation of a smooth
trajectory however, the number of sharp turns may vary as
the complexity of the environment is increased. Therefore,
a new technique is proposed that relies on the conventional
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methodology of selecting the control CP,(control point w.r.t
conventional Bezier curve technique) associated with the
number of sharp turns and in between two adjacent con-
trol points various new controls points TCP, , (adaptive
control point w.r.t proposed S-BRRT techniqué) is added
in the trajectory at the Threshold Distance TD, ;. The con-
trol point based on 7D, , is selected w.r.t grid size, mobile
robot dimension, grid cell size, distance between two control
points generated by the traditional B-RRT, etc. The CP, , and
TCP, , are added to increase the number of control points
which resulted in smooth trajectory planning with the imple-
mentation of Bezier curve technique. The traditional B-RRT
(Bidirectional Rapid exploring Random Trees) is linked with
the newly developed Bezier curve technique that use the
combination of CP, , as well as TCP, , and this combina-
tion is tested in various trials setup. It is experimentally
obtained that the proposed S-BRRT provide a very good
solution in term of generating smooth trajectory planning.
The proposed S-BRRT is also linked with various other
renowned techniques such as Genetic algorithm, Improved
Genetic algorithm, Improved B-RRT and it is experimentally
obtained that the path generated via linking S-BRRT with
these stated techniques is smooth and shortest. The reliabil-
ity of the proposed S-BRRT is also ensured by performing
real-world experiments and comparing the results (in terms
of error analysis, velocity, and time analysis) obtained by the
proposed technique with the results obtained by implement-
ing other renowned conventional path planning techniques.
The proposed S-BRRT technique is quite a useful tool for
solving the problems of trajectory planning in various areas
such as unmanned ground/air/underwater vehicles, manipu-
lator trajectory planning, driverless car, etc. [2-5].

2 Literature review

Optimal path planning techniques provide a proficient tool
for solving the issues related to trajectory planning in a con-
strained environment. The field of robotics is packed with
several path planning techniques such as Genetic algorithms,
A* with its improved versions, RRT/ RRT*, Particle Swarm
Optimization, Bacterial Foraging Optimization, Ant Colony
Optimization, Probabilistic Road Map, etc. for achieving
the optimal trajectory planning [3-5, 11-16]. These stated
techniques provide quite a decent solution in achieving the
shortest path to reach the destination; still an issue like path
smoothness is of a significant concern [12, 13]. While imple-
menting these stated path planning techniques, the trajec-
tory contains a lot of sharp turns and curves that result in
time delay during the navigation of the mobile robot [10].
The techniques such as the Bezier curve, B-Spline meth-
ods, Cubic Splines, etc., are implemented in the past with
the path planning techniques for making the path smoother.
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These techniques provide proficient results in a low com-
plexity environment. However, as the complexity of the
environment increases, the reliability of the stated tech-
niques become degraded. As per the literature, the Bezier
techniques provide better results than B-Spline and Cubic
Spline; the traditional Bezier Curve uses sharp turns as the
control points for the trajectory modification [10]. Therefore,
the reliability of the Bezier curve depends upon the number
of control points. If the numbers of control points are low,
the trajectory converges with a large curve, resulting in the
mobile robot's collisions during navigation. This limitation
is targeted in the proposed research in which the number of
control points are increased w.r.t a threshold distance that
is linked with various other parameters such as path length,
the distance between two control points, grid size, mobile
robot dimension, etc. for the generation of smooth trajectory
planning.

2.1 Significance of the research

The proposed research work is focused on generating
smoother trajectory planning and has the following signifi-
cance in the field of autonomous mobile robotics:

e Reduce the number of sharp turns/curves to avoid the
zigzag motion of the mobile robot in a constrained envi-
ronment.

e Modification and implementation of the traditional
Bezier technique for the generation of smoother trajec-
tory planning in a complex environment.

e Reduction in the time lag during the navigation of mobile
robots in the environment as the generated trajectory is
smoother.

e An increase in the velocity of the mobile robot while
following the smooth trajectories resulted in the time-
efficient navigation of the mobile robot.

e The proposed technique is linked with various renowned
techniques for generating smooth trajectories for the reli-
able autonomous navigation of mobile robots.

3 Problem identification in conventional
RRT and bidirectional RRT

The traditional RRT and Bidirectional RRT are the two high-
quality path planning techniques in mobile robotics, and
these techniques rely on the node’s generation and selection
[10, 11]. As the starting and goal position is entered, both
techniques will generate random nodes in the environment
and try to find the linked nodes to generate the path to reach
the destination node. To carry forward the research, a com-
parative analysis between RRT and B-RRT is done based
on various parameters such as the number of sharp turns,
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path length, and execution time to select the superior path
planning technique between RRT and B-RRT. To perform
the comparative analysis, ten different test arenas are con-
structed in MATLAB with manually added starting (green)
and goal (red) coordinates as shown in Fig. 1 (only for test
arena shown). Based on performance analysis of the RRT
and B-RRT path planning techniques in these test arenas,
it is experimentally obtained that the B-RRT provides bet-
ter results as compared to RRT as shown in Table 1. With
the implementation of B-RRT, the path length is reduced
to 5.86%, the execution time is reduced to 21.94%, and the
number of turns is reduced to 9.96% with respect to the
implementation of the traditional RRT as shown in Table 1.
The traditional B-RRT provides better results concerning
the traditional RRT techniques still, the B-RRT technique is
not the optimal path planning technique for the generation
of smooth trajectories to achieve time-efficient navigation of
mobile robots as discussed in the next section.

3.1 Limitation of the B-RRT technique

As per the performance analysis in Sect. 3, the traditional
B-RRT performs better than the traditional RRT algo-
rithm, but the B-RRT technique still suffers from various
issues such as high number of sharp turns/ curves. During
the navigation of the mobile robot, it must follow the pre-
planned trajectory generated by the path planning technique.
However, if the path contains sharp turns, the mobile robot
must regulate its acceleration to trail that generated trajec-
tory which resulted in the time lag (time delay in reaching
the destination) to reach at the destination coordinates. The
minimum time delay (least time taken w.r.t optimal path) in
reaching the destination is a vital requirement in the autono-
mous navigation of mobile robots. The trajectories generated
by the traditional RRT and B-RRT consist of several sharp
turns as seen in Fig. 1 and Table 1c¢ which is targeted in this
proposed research work to achieve time efficient navigation
of mobile robot. A high number of nodes are required to
generate the path in B-RRT path planning techniques, which
results in a high number of sharp turns. This limitation is
converted into a valuable tool with a modified Bezier curve
in the proposed research work.

4 Proposed S-BRRT technique

The traditional B-RRT has a significant drawback of gen-
erating many sharp turns, causing time delays in naviga-
tion. This stated limitation of generating high numbers of
sharp turns is reassigned as a valuable tool in the proposed
S-BRRT technique for making the trajectory smoother with
zero number of sharp turns, resulting in time-efficient navi-
gation of mobile robots in the environment. The proposed

S-BRRT is also associated with the modified version of the
Bezier curve technique that makes the trajectory smoother
by considering the sharp turns as controlling points. The
traditional Bezier curve uses the coordinate of each sharp
turn as the control point CP, , for the generation of smoother
trajectories as shown in Figs. 2 and 3. These control point
CP, , make the trajectory smoother by adjusting the curva-
ture of the trajectory. However, this traditional technique
provides good results in low complexity environments as
shown in Figs. 2a and 3a but, as the complexity of the envi-
ronment is increased, the trajectory passes through the obsta-
cle that results in the collision of a mobile robot as shown in
Fig. 2d, f, h. This identical strategy is implemented in vari-
ous simulated experimental setups with variable complexity
of the environment and a very high number of collisions are
experienced while implementing B-RRT with the traditional
Bezier curve as shown in Table 2. The proposed S-BRRT
technique is the improved version of the traditional Bezier
curve with a new concept of the adaptive control points that
are linked with the number of sharp turns and the Control
Point CP, , is added in the trajectory at the Threshold Dis-
tance 7D, , and in between the control point 7CP, , generated
by Traditional B-RRT. The control point TCP, | is selected
w.r.t grid size, mobile robot dimension, grid cell size, dis-
tance between two control points generated by the traditional
B-RRT path planning technique, etc. Both the controlling
points CP, , and TCP, , are added to increase the number
of traditional control points which resulted in smooth tra-
jectory planning with the Bezier curve technique as shown
in Figs. 2 and 3. The traditional B-RRT is linked with the
newly developed Bezier curve technique that uses the com-
bined effect of CP, , and TCP, , which is tested in various
environmental setup, and it is experimentally obtained that
the proposed S-BRRT provide an ideal solution in term of
generating smoother trajectory planning in various complex
environments as shown in Fig. 3.

4.1 Methodology

The proposed S-BRRT technique is the improved version of
the traditional B-RRT with Bezier curve which relies on two
segments of controlling points that are CP, , and TCP, , as
shown in Fig. 4. The CP,, are the control points generated
by the traditional methods of taking the sharp turns as con-
trolling point and TCP, , are the controlling points generated
by proposed S-BRRT iechnique that is selected based on
Threshold Distance 7D, .. The TD, , is used for generating
the new control points known as Adaptive control points
TCP,  that assisted in adjusting the curvature of the trajec-
tory and close to the preplanned trajectory. The methodol-
ogy of the proposed S-BRRT is demonstrated in the Fig. 5.
As per the literature, a Bezier technique has been already
linked with the path planning techniques for the generation
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Fig. 1 Simulation results based
on comparative analysis of
traditional RRT with B-RRT
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Table 1 Comparative analysis

. - Algorithm Test Test Test Test Test Test Test Test Test Test
of tr.afhtlonal RRT with . Arena Arena Arena Arena Arena Arena Arena Arena Arena Arena
tradltl'onal B-RRT path planning #1 # #3 #4 #5 #6 #7 #8 #9 #10
techniques

(a) Comparative analysis of the traditional RRT with B-RRT w.r.t path length

B-RRT 8.22 8.49 8.19 6.74 1376 1856 2479 2894 29.66 3581
RRT 8.37 8.45 9.02 7.11 14.82  20.76 2531 30.32 3195 3846
% Improvement B-RRT technique improves path length by 5.86%

(b) Comparative analysis of the traditional RRT with B-RRT w.r.t execution time

B-RRT 5.23 6.45 8.19 5.61 9.77 9.22 12.62 1531 16.69 19.21
RRT 7.11 7.97 9.65 7.88 1346 10.39 1823 2043 20.15 2347

% Improvement

B-RRT technique improves execution time by 21.94%

(c) Comparative analysis of the traditional RRT with B-RRT w.r.t number of sharp turns

B-RRT 22 22
RRT 25 22

% Improvement

28 33 34 38
31 38 37 43 34 25 29 27
B-RRT technique improves the sharp turns by 9.96%

29 22 28 24

of smoother trajectories. The traditional Bezier curve tech-
nique used the controlling points for the generation of the
smoother trajectories and these controlling points are the
points where the sharp turns occur as shown in Fig. 4. A
set of control points are represented by {Pi}i‘\;o; where
(P;) = (x;3y;)- The path smoothing Bezier curve technique
of degree N is:

N
(P{t} =) PB;x(0) (1)
i=0

Where B; y(1); for i = Oto N are the Bernsrn

polynomial of degree (N), and () € [0, 1]

In the Bezier curve equation, Bernstein polynomial of
degree (N) is defined by the following Eq. 2 as shown below:

By(0) = { ': }t"{l — N )

L < n > N!
Where . i =0, 1,2, to Nwhere| . | = —————
[ iII(N =0)!

The results obtained by linking the path planning tech-
niques with traditional Bezier techniques provide a stable
result, but if the complexity of the environment is increased,
this leads to collisions because the trajectory generated by
the traditional Bezier curve converges very sharply as shown
in Fig. 6. This is because the number of controlling points
is less, which results in sharp convergences of the trajec-
tory and to reduce this limitation another method was also
proposed in the literature that is based on considering the

midpoint between two controlling point as one more control-
ling point. This resulted in increasing the number of control-
ling point and hence generate a smoother trajectory that is
followed by the mobile robot to reach the destination. How-
ever, this technique also fails if the trajectory generated by
the path planning contains large number of sharp turns and
to reduce this limitation, S-BRRT technique is proposed that
increase the number of control points while considering the
threshold distance between two proceeding control points.
The increase in the controlling depends upon the distance
between the two-controlling point, if the distance between
the two controlling points is large, the algorithm will put
extra controlling points (Adaptive control point T7CP, ) for
the generation of the smoother trajectory. The methodology
for the detection of sharp turns is also explained in the Fig. 5
along with the following cases as discussed below:

CASE 1: The slope between Al (x;;y;) = (1;1) and A2
(x5y,) = (2;2)is 6, = 45° as per the conventional formula of
tan 0, =y, — y,/X, — y;. The next adjacent coordinate w.r.t
the trajectory is A3 (x3:;y;) = (3;3) which is linked with the
previous coordinate that is A2 (x,;y,) = (2;2) and again the
slope is calculated as 6, = 45°. Now to find the discontinuity
in the trajectory corresponding to the point A1, A2 and A3
the angle 6, and 0, are subtracted; if the resultant is zero than
no discontinuity occurs however, if resultant is not equal
to zero then there is a discontinuity which is considered as
sharp turn as described in case (2) as discussed below.

CASE 2: The next adjacent coordinate as per the trajec-
tory is AS (x5;y5) = (5;4) which is linked with the previous
coordinate that is A4 (x,;y,) = (4;4) and again the slope is
calculated that comes out to be 6, = 0°. Now to find the
discontinuity in the trajectory corresponding to the point
A3, A4 and A5 the angle 6; and 6, are subtracted; the
resultant is not zero as the 8; = 45 and 8, = 0 therefore;
the discontinuity occurs in the trajectory. At this condition,
the coordinates of point A4 is considered as the position
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Fig.2 Smooth trajectory plan-
ning with B-RRT + Traditional
Bezier curve
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n low
complexity environment

)

Path planning with B-RRT in high complexity environment

-J-
T

(d) B-RRT with traditional Bezier curve in high complexity

environment

S a3

~Collision

(e) Path planning with B-RRT

(f) Path planning with B-RRT and conventional Bezier curve

Collision
(g) Path planning with B-RRT

(h) B-RRT with traditional Bezier curve

@ Springer




International Journal of Machine Learning and Cybernetics (2023) 14:1079-1103

1085

Fig.3 Performance analy-
sis of the proposed S-BRRT
techniques in the simulated
environment

(a) B-RRT with traditional Bezier curve
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(b) Smooth path with proposed S-BRRT
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(g) B-RRT with traditional Bezier curve

(h) Smooth path with proposed S-BRRT
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Table 2 Performance analysis of the B-RRT with Traditional Bezier
curve

Algorithm Number of collisions
Test Test Test
Arena Arena Arena
#1 (low com- #2 (Medium #3 (medium
plexity) complexity) complexity)
B-RRT with 16 27 41
traditional
Bezier curve
technique

In each Test Arena 10 different location of starting and goal position
is considered

coordinate of the sharp turns, and it is given to the Bezier
curve as a controlling point to smoothen the path.

The given statement is justified by considering an
experiment in which a path is generated with the imple-
mentation of path planning techniques, as shown in Fig. 6a
and the conventional Bezier technique is implemented on
the path generated by the path planning technique. As the
controlling point is (5) corresponding to the sharp turns
and this resulted in sharp convergence of the trajectory
which resulted in the collision with the obstacle as shown
in Fig. 6b. In continuation, the modified Bezier curve tech-
nique with the concept of the midpoint controlling point
is also implemented on the same trajectory and it is exam-
ined that the sharpness in the convergence of the trajectory
is reduced to a good extent. However, the trajectory still
passes through the occupied region, and this results in the
collision as shown in Fig. 6¢. The proposed S-BRRT tech-
nique is now implemented in the same simulated experi-
ment and the resulted trajectory is shown in Fig. 6d. It is
experimentally verified that the trajectory generated by the
proposed S-BRRT becomes smoother with low conver-
gence, resulting in a collision-free trajectory. The smooth-
ness and low convergence in the shape of trajectory are
because of the high number of controlling points that are
generated w.r.t the threshold distance value. The threshold
distance value relies on the grid size, grid cell size, size of
the robot, inflation layer of the obstacle, distance between
two adjacent controlling points, etc. The proposed S-RRT
technique is also tested in various trials and the results are
shown in Table 3. It is experimentally examined that the
higher number of controlling points assist the Bezier curve
technique to follow the predefined trajectory generated by
the path planning technique and the sharp convergence of
the trajectory is minimized for the collision-free task and
the same is shown in Fig. 4 and Table 3. The proposed
S-BRRT technique is also compared with the various
renowned techniques for checking the reliability of the
proposed work as discussed in the next section.
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Controlling points w.r.t conventional Bezier

technique CPy,
/ \A

Smoother trajectory with
conventional Bezier technique

Smoother trajectory with
modified Bezier technique

Smoother trajectory with
proposed S-RRT technique

Controlling points w.r.t modified
Bezier technique

Controlling points TCP, ,w.r.t proposed
S-RRT technique

(a) Representation of controlling point in the path

. A, = It is the represenation of hte position x;; y;
A, = It isthe represenation of hte position x,; y,
A; = x3; Y3 and so on upto (n) terms
. Green color dots represent the slope between the current and the
previous coordinates is same and red color dots represent the change in
the slope

(b) Detection of sharp turns/ discontinuity in the trajectory

Fig.4 Generation of control point w.r.t the sharp turns

5 Result analysis

The proposed S-BRRT is tested in various simulated
experiments in MATLAB and the obtained results are
compared with various renowned conventional approaches
based on Genetic Algorithms (GA) such as Improved GA,
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Start <

Map of the environment is generated using a range sensor for
obtaining the information of free and occupied space

v

Conversion of the map into 2D occupancy grid map with
(x,y) thus the coordinate of each obstacle is known for the
path planning

v

Manually set the starting position coordinates (x;, ¥s) and the]
goal position coordinate (x;,y;)

Linked the starting and goal position coordinates with the B-
RRT technique for the generation of the path

'

Analyzing the coordinates of the sharp turns as controlling

points CP,,and using the threshold distance TD,, concept
to generate the TCP, ,,

Linked the TCP,, with the CP,, control point with the
Bezier curve for the generation of smooth trajectories

v

The path is forwarded to the mobile robot controller so that
the mobile robot can reach the destination

Note: The controlling points shows in green and blue color is also considered
in the proposed S-RRT technique for the generation of smoother trajectory

(a) Methodology of the proposed S-BRRT technique for the generation of
smooth trajectory

Fig.5 Methodology of the selection of controlling point and pro-
posed S-BRRT technique

Enhanced GA with variable length chromosomes, and
improved RRT path planning technique. The conven-
tional Bezier curve techniques are also implemented on
the trajectory generated with the conventional approaches
for generating a smoother trajectory. At the initial stage,
an environment is constructed in MATLAB, and the pro-
posed S-BRRT is implemented in the environment for the
generation of the smooth trajectory as shown in Fig. 7.
It is experimentally examined that the trajectory gener-
ated with the implementation of the proposed S-BRRT is
smoother and collision-free as shown in Fig. 7. To validate
the reliability of the proposed techniques both qualitative
and quantitative result analyses are performed by consider-
ing various environments and then implementing various
conventional approaches for the generation of trajectories.

C st
v

Let the starting point coordinates be x;; y; where

(x) and () are the coordinates of the i‘h grid cell

Let the coordinates of the adjacent grid cell w.r.t the trajectory be

h
X415 ¥is1 Where (x) and () are the coordinates of the i+l grid cell]

Find the slope 6, between the starting coordinates x;; y; and the adjacent grid cell

Xi415 Vi1 W.It the trajectory as per the formula tan6 = Yis1

v

Find the slope 6, between the coordinates x;.1; ¥;4+; and
the adjacent grid cell x;,5; ;4. W.r.t the trajectory

Vi
l/xH-l — Vi

Find the slope O, between the coordinates X;,1; V11
and the adjacent grid cell x;,,; y;4, w.r.t the trajectory

Comparison of the slopes 6, and 6, to find out the
discontinuity in the slope

False The discontinuity in the True

trajectory can be find by

6,-6,=0

Discontinuity is detected and the
coordinate of the 0, is selected as the
coordinates of the sharp turns

—

The coordinates of the discontinuity are given to the Bezier curve and these
coordinates act as the controlling points in the Bezier curve to make the
trajectory smooth

(b) Methodology of the selection of controlling point w.r.t the discontinuity in the trajectory planning

[No discontinuity is detected which mean|
a continuous path is available for the
navigation

Fig.5 (continued)

5.1 Qualitative analysis

The qualitative analysis is performed to check the reli-
ability of the proposed S-BRRT technique by compar-
ing the results obtained by the proposed S-BRRT and
the results obtained with other conventional approaches.
For the qualitative analysis, an identical environment is
generated in the MATLAB and the results are obtained by
implementing the proposed S-BRRT, Improved Genetic
Algorithm, and Improved RRT path planning technique
and Genetic algorithm with variable length chromosomes
[8] is examined and shown in Fig. 8. The trajectory gen-
erated with conventional approaches (Improved Genetic
Algorithm and Genetic algorithm with variable length
chromosomes and improved RRT path planning tech-
nique) are also modified by implementing the traditional
Bezier curve for the generation of smooth trajectory as
shown in Fig. 8. It is experimentally obtained that with
the implementation of the conventional approaches with-
out any path smoothing techniques the number of colli-
sions is zero, but the path length is high with the large
number of sharp turns which degraded the performance
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Performance analysis of the Bezier techniques corresponding to the number of controlling points

Technical aspects :

. The number of sharp turns is used as controlling points for the generation of smoother trajectory along with Bezier curve

technique.
. Conventinal bezier tehnique has five controlling points

. Modified Bezier curve technique has nine controlling points
. The propsed S-RRT deals with nineteen controlling points

Trajectory generated with
P

path planning technique
\/ /
/

Sharp turns as
controlling points

(a) Trajectory generated by path planning technique

W Collision with the walls

\ Smooth trajectory generated
4—with modified Bezier curve
\ technique

(¢) Smooth trajectory generation with modified Bezier curve

Sharp turns as
controlling points

Smooth trajectory
generated with CBT

(b) Smooth trajectory generation with conventional Bezier curve
(CBT)

Trajectory generated with

path planning technique  _.@—@—=0—0—@

Smooth trajectory generated
4 with S-RRT technique

(d) Smooth trajectory generation with proposed S-BRRT technique

Fig.6 Performance analysis of the path planning techniques with conventional Bezier techniques, modified Bezier curve and with proposed

S-BRRT techniques

of the conventional approaches. To decrease the num-
ber of sharp turns, the conventional Bezier curve is
also linked with the trajectory generated by the conven-
tional path planning technique which resulted in smooth
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trajectory generation. However, the number of colli-
sions is increased whereas, with the implementation of
the proposed S-BRRT technique, the trajectory becomes
smoother with no collision as shown in Fig. 8.
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Table 3 Trial and testing of the
proposed S-RRT techniques
with the conventional methods

Name of the techniques

Number of collisions during navigation in the different test trials

Trial test (1) Trial test (2) Trial test (3) Trial test (4)

Conventional Bezier technique

Modified Bezier technique with
midpoint concept

Proposed S-RRT technique

7 12 14 19
6 8 13 14
0 1 1 2

In each trial, the start and goal position are changed 5 times to perform a total of 20 experiments

Hardware and software specification
MATLAB 2021
Dell computer with i5 10" generation processor
4GB RAM
Navigation Toolbox
Mathematics and Optimization toolbox etc.

represents the destination

. Blue color trajectory represents the trajectory generated by

path planning technique
. Green color trajectory is the final trajectory generated by
the proposed S- BRRT techniques

No sharp turns in the trajectory
generated with the proposed S-

BRRT technique

Green color represents the starting point, and the red color

(a) Smooth path with S-BRRT

Fig.7 Smooth trajectory planning with the proposed S-BRRT

5.2 Quantitative analysis

The quantitative analysis of the results obtained by imple-
menting the proposed S-BRRT approach and the conven-
tional approaches are done by considering the identical
experimental setup as explained in Sect. 5.1 while consider-
ing various parameters such as path length, number of sharp
turns, time taken by the mobile robot to reach destination
and number of collisions as shown in Tables 4 and 5. To do
the quantitative analysis of the results, 30 trials have been
done by taking different environmental setups and diverse
positions of start and goal coordinates. It is experimentally
obtained that with the implementation of the proposed
S-BRRT technique, the path length turns are reduced by
15.03%, the number of sharp turns is reduced by 100% and
the time lag is reduced by 27.01% as shown in Table 4. In
addition to this, a further comparison is also done based on
a repeated number of experiments, and it is experimentally
verified that a 100% reduction of collision is observed with
the implementation of the proposed technique with a 6.58%
reduction in time lag as shown in Table 5.

6 Real-time implementation
of the proposed S-BRRT technique

The proposed S-BRRT technique is also tested in real-time
experiments because the constraints in the physical environ-
ment are dynamic in nature, but the simulator constraints are
mostly static in nature. In the experimental setup, different
environments are constructed using cardboard boxes and with
the help of LiDAR range sensors, maps of the environment
are generated which is further converted into an occupancy
grid map in MATLAB, and the communication between the
software and hardware is done using Arduino Uno and USB
port as shown in Fig. 9. The starting and the goal position
coordinates are given manually and with the implementation
of the path planning algorithm, the trajectory is generated
from start to goal position coordinates. The path is generated
by the proposed S-BRRT technique and three conventional
approaches (Global path planning with an improved genetic
algorithm, Genetic algorithm with avoiding premature con-
vergence, and path planning with improved RRT technique
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Fig.8 Comparative analy-
sis of the proposed S-BRRT
techniques with conventional
approaches [8]

@ Springer

Comparative analysis of the proposed S-RRT techniques with the various renowned techniques
Technical aspects:
. Green color circle represents the Starting point
. Red color circle represents the Goal position

. Green color tr iectoﬁ reﬁresents the smooth trniectug i 1 with ﬁnth hi i hni

(b) Improved genetic algorithm with conventional Bezier curve for path

(a) Improved genetic algorithm (Lamini ez al., 2018) smoothing

(¢) Genetic algorithm with variable length chromosomes [8] (Lamini e# (d) Genetic algorithm with variable length chromosomes with path Bezier
al., 2018) curve for path smoothing

(f) Path planning with improved B-RRT technique and convnetinal Bezier

(e) Path planning with improved B-RRT technique (Lamini ez al., 2018)

curve
_— ol —
(g) Path planning with B-RRT (h) Path planning with proposed S-BRRT
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Fig.8 (continued)

(k) Genetic algorithm with variable length chromosomes [8] (Lamini ez

(m) Path planning with improved B-RRT technique (Lamini et al.,
2018)

(i) Improved genetic algorithm (Lamini ez al., 2018)

N R
m:
[

.hll

al., 2018)

Trial #2

(j) Improved genetic algorithm with conventional Bezier curve for path

smoothing

E.l ]
L
l

curve for path smoothing

(I) Genetic algorithm with variable length chromosomes with path Bezier

(n) Path planning with B-RRT technique and convnetinal Bezier curve

.l
- B

(o) Path planning with B-RRT

(p) Path planning with proposed S-BRRT
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Table 4 Performance analysis of the proposed S-BRRT

Algorithm Path length Number of sharp turns Time taken by mobile
robot to reach the desti-
nation

Trial #1 Trial #2 Trial #1 Trial #2 Trial #1 Trial #2

(a) Performance analysis of the proposed S-BRRT with the conventional approaches by considering parameter such as path length, number of
sharp turns and Time analysis

Improved genetic algorithm 10.89 9.23 39 30 19.23 17.23
Genetic algorithm with variable length 10.89 9.21 27 11 17.39 16.22
chromosomes

Improved RRT 9.83 8.43 19 17 15.78 14.87
Path planning with proposed S-BRRT 8.49 7.63 0 0 10.88 9.87
% Improvement 13.63% 9.48% 100% 100% 31.01% 33.62%
Algorithm Average path length in Average number of sharp Average time taken by mobile

30 trials turns in 30 trials robot to reach the destination in

30 trials

(b) Performance analysis of the proposed S-BRRT with the conventional approaches by considering 30 random trial tests

Improved genetic algorithm 124.58 86 196.51

Genetic algorithm with variable length chro- 118.85 76 181.23
mosomes

Improved RRT 101.63 65 173.02

Path planning with proposed S-BRRT 86.35 0 126.28

% Improvement 15.03% 100% 27.01%

Table 5 Performance analysis of the proposed S-BRRT with the conventional approaches

Algorithm Number of collisions Time taken by mobile robot to Time taken by mobile
reach the destination without path robot to reach the destina-
smoothing tion with path smoothing

Trial #1 Trial #2 Trial #1 Trial #2 Trial #1 Trial #2

(a) Performance analysis of the proposed S-BRRT with the conventional approaches by considering parameters such as number of collisions
and time-based analysis

Improved genetic algorithm 2 3 19.23 18.25 16.11 14.45
Genetic algorithm with variable length 3 2 17.39 17.21 12.33 11.56
chromosomes

Improved RRT 2 2 16.23 15.89 11.45 11.21

Path planning with proposed S-BRRT 0 0 14.88 13.95 10.88 10.39

% improvement 100% 100% 8.31% 12.20% 4.95% 7.31%

Algorithm Number of col- Time taken by mobile robot to reach the Time taken by mobile robot to reach
lisions destination without path smoothing the destination with path smoothing
Trial #1 Trial #1 Trial #1

(b) Performance analysis of the proposed S-BRRT with the conventional approaches by considering 30 random trial tests

Improved genetic algorithm 25 213.78 201.47

Genetic algorithm with variable length 22 195.23 182.23
chromosomes

Improved RRT 14 181.31 163.51

Path planning with proposed S-BRRT 0 171.38 152.73

% improvement 100% 491% 6.58%
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Software used:
. MATLAB 2017b

. Hardware: LiDAR sensor, Dell Computer with i5 10 generation
processor, 8Gb RAM, USB cable for the data interfacing with

mobile robot, Firebird mobile robot, two Arduino uno, etc.

2D RP LiDAR

(a) Mobile robot

Fig.9 Software and hardware specifications

along with path smoothing [8, 9], and the results are shown
in Fig. 10. The path generated by conventional approaches
(Global path planning with an improved genetic algorithm,
Genetic algorithm with avoiding premature convergence,
and path planning with improved RRT path planning tech-
nique) is also modified by implementing traditional Bezier
curve techniques and modified Bezier curve technique based
on considering the sharp turns as the controlling point for
the path smoothing as shown in Fig. 10. It is experimen-
tally obtained that with the implementation of the proposed
S-BRRT techniques the number of collisions is reduced by
100% while the time lag is reduced to 11.41% as compared
to the conventional approaches as shown in Tables 6 and
7. It is examined that the proposed S-BRRT technique can
also be linked with the other path planning techniques, and
it provides improved results as shown in Tables 7, 8, 9, 10,
and 11 along with Fig. 10. The proposed S-BRRT technique
is linked with the Improved GA, Enhanced GA with vari-
able chromosomes, and improved RRT techniques and it is
experimentally verified that the linking of the S-BRRT tech-
nique with these stated techniques generates smoother and
collision-free trajectories as shown in Tables 7, 8, 9, 10 and
11 along with Fig. 10.

6.1 Velocity and time analysis

A mobile robot is allowed to navigate in various trials by fol-
lowing the trajectories generated by the path planning tech-
niques. A sharp turn/ curve in the trajectory resulted in the
time lag during the navigation of the mobile robot in reach-
ing the destination which is also been observed in various
trials. This is explained by a simple approach in which the

mobile robot is allowed to follow the trajectory generated by
the path planning technique having a path length of 200 cm
with no sharp turn (straight line) and the velocity (time is
manually recorded) is calculated for different cases as show-
ing in Table 12 and Fig. 11. It is experimentally obtained
that the velocity of 25 cm/s is attained but, if the trajectory
contains the sharp turns, in this condition the mobile robot
must vary its acceleration to follow the trajectory which
resulted in time lag and this statement is also justified by
considering various test and trials as shown in Table 12. In
these trials, the path length is considered as same, but the
number of sharp turns is varied which resulted in reducing
the velocity to 17.26 cm/s as shown in Table 12. In the next
scenario, the proposed S-BRRT technique is implemented
on the identical experimental setup, and the time/veloc-
ity profile is compared with the conventional techniques,
and it is experimentally obtained that the velocity value is
improved to 21.60 cm/s and this also reduces the time lag as
shown in Table 13, Figs. 12 and 13.

6.2 Error analysis

The proposed S-BRRT technique is implemented in vari-
ous trials and the variation in the velocity and time is also
compared as shown in Fig. 14. The error analysis is based
on the comparative analysis of velocities and time vari-
ation that is V1 and T1 (velocity attained and time taken
when no sharp turns), V2 and T2 (velocity attained and
time taken with sharp turns but same distance between
start and goal position) and V3 and T3 (velocity attained
and time taken when proposed S-BRRT is implemented)
as shown in Fig. 14. It is experimentally verified that with
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Comparative analysis of various path planning techniques

(a) Path planning with improved genetic algorithm (BLUE),
improved genetic algorithm + conventional Bezier curve method
(GREEN) and improved genetic algorithm with Midpoint Bezier

curve method (PINK)

(¢) Genetic algorithm with avoiding premature convergence (BLUE),

with avoiding premature convergence + conventional Bezier curve
(GREEN) and avoiding premature convergence + Midpoint Bezier
curve (PINK)

\

(b) Smooth global path planning with proposed technique (Red)

-

(d) Smoother trajectory generation with proposed technique (Red)

Fig. 10 Result analysis based on the real time experiments

the implementation of proposed S-BRRT techniques, the
error in time lag is reduced to 66.23%, and velocity error
is reduced to 57.52% as shown in Fig. 14.

6.3 Velocity and time analysis in real-world
experiment

The reliability of the proposed S-BRRT techniques is also

tested in real-world experiments. Various conventional
approaches are linked with the S-BRRT technique to check

@ Springer

the improvement by implementing the proposed technique
for achieving time-efficient navigation. At the initial stage,
the conventional approaches (Improved Genetic, Genetic
algorithm with avoiding premature convergence and
improved RRT) are implemented in four different trials and
various parameters such as path length, time, and velocity
analysis (orange color bars) are done as shown in Figs. 15,
16 and 17. Afterward, the proposed S-BRRT is linked with
the conventional approaches and again tested in identical tri-
als by averaging the parameters such as path length, velocity,
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)

(e) Path planning with B-RRT technique (BLUE), B-RRT technique () Smoother trajectory generation with proposed technique (Red)
+ convnetinal Bezier curve (GREEN) and B-RRT technique +
Midpoint Bezier curve technique (PINK)

(g) Path planning with improved RRT technique (BLUE), improved (h) Smoother trajectory generation with proposed technique (Red)
RRT technique + conventinal Bezier curve (GREEN) and improved
RRT + Midpoint Bezier curve method (PINK)

(i) Global path planning with improved genetic algorithm (BLUE), (j) Smooth global path planning with proposed technique (Red)
improved genetic algorithm + conventional Bezier curve method

(GREEN) and improved genetic algorithm with Midpoint Bezier

curve method (PINK)

Fig. 10 (continued)
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(k) Genetic algorithm with avoiding premature convergence (I) Smoother trajectory generation with proposed technique (Red)
(BLUE), avoiding premature convergence + conventional Bezier

curve (GREEN) and avoiding premature convergence + Midpoint

Bezier curve (PINK)

(m) Path planning with improved RRT technique (BLUE) , improved (n) Path planning with proposed S-BRRT technique (Red)
RRT technique + conventional Bezier curve (GREEN) and improved
RRT + Midpoint Bezier curve (PINK)

(o) Path planning with RRT technique (BLUE) , RRT technique + (p) Path planning with proposed S-BRRT technique (Red)
conventional Bezier curve (GREEN) and RRT + Midpoint Bezier
curve (PINK)

Fig. 10 (continued)
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2D LiDAR map generated with the LiDAR sensor + HECTOR MAPPING algorithm in ROS

=

q

proposed SPT

Path smoothing with conventional method CBG, PMBC and

(s) Path smoothing with conventional method CBG, PMBC

proposed SPT

and

(u) Path smoothing with conventional method CBG, PMBC and

proposed SPT

(r) Path smoothing with conventional method CBG, PMBC
proposed SPT (Red)

and

(t) Path smoothing with conventional method CBG, PMBC
proposed SPT (Red)

and

(v) Path smoothing with conventional method CBG, PMBC and

proposed SPT (Red)

Fig. 10 (continued)
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(w) Path smoothing with conventional method CBG, PMBC

proposed SPT

(y) Path smoothing with conventional method CBG, PMBC

proposed SPT

and (x) Path smoothing with conventional method CBG, PMBC and

proposed (Red)
o3¢ )

!\-

rrﬁ -m F-'

T

'
t
IJY.
!

P s

and (z) Path smoothing with conventional method CBG, PMBC and

proposed SPT (Red)
wad? o 3
| ey,
b h\-wwm
T -
} R “'M Iy PRk
} > . hr‘ n"l
B

AT 'ISW

1% w b'

(aa) Path smoothing with conventional method CBG, PMBC and

proposed

(bb) Path smoothing with conventional method CBG, PMBC and
proposed SPT (Red)

Note: Abbreviations used in the figure

. Conventional Bezier with Genetic (CBG): Green color

e Premature convergence with smoother path with Midpoint Bezier curve (PMBC): Violet Color
o Smoother trajectory generation with proposed technique (SPT): Red Color

Fig. 10 (continued)
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Table 6 Comparative analysis based in number of collisions in different test arenas
Algorithm Number of collisions in Trial 1-6
Conventional Bezier Midpoint Bezier curve Proposed
curve technique technique
Global path planning with improved genetic algorithm 10 8 0
Genetic algorithm with avoiding premature convergence 9 8 0
Path planning with improved RRT technique with path smoothing 9 4 0
Path planning with conventional BRRT technique 10 6 0

Table 7 Performance analysis of the proposed S-BRRT technique with the result obtained by conventional approaches w.r.t 30 trials in diverse

environmental setup [8, 9]

Algorithm

Average number of collisions in  Average total time in reaching
30tests arena the destination in Real time

Global path planning with improved genetic algorithm (A1)

Genetic algorithm with avoiding premature convergence (A2)

Path planning with improved RRT technique with path smoothing (A3)
Path planning with proposed S-BRRT technique

Improvement w.r.t different conventional approaches

23.33 156.68

21.56 145.23

11.23 134.72

0 119.34

Al A2 A3 Al A2 A3
100% 100% 100% 23.83% 17.82% 11.41%

Table 8 Comparative analysis of the Improved Genetic Algorithm
(IGA) with proposed S-BRRT technique by considering the path
length in cm

Table 9 Comparative analysis of the Genetic algorithm via avoiding
premature convergence with the proposed S-BRRT technique by con-
sidering the path length in cm

Test area P1 P2 P3 P4 Test area P1 P2 P3 P4

Test area #1 570 NRG NRG 494.67 Test area #1 570 NRG NRG 513.56
Test area #2 685 NRG 613.29 594.23 Test area #2 680 NRG NRG 651.23
Test area #3 440 NRG 392.47 388.18 Test area #3 450 NRG 418.52 410.38
Test area #4 960 NRG NRG 836.73 Test area #4 975 NRG NRG 946.27

663.75 - - 578.45

12.85% percent reduction in the path length
with respect to P1(best out of three)

Note: P2 and P3(in two trials) cannot be
calculated as the mobile robot collides with
the obstacles and hence never reached the
destination

Average values

% Improvement in
path length

668.75 - - 630.36

5.7% percent reduction in the path length
with respect to P1(best out of three)

Note: P2 and P3(in various trials) cannot be
calculated as the mobile robot collides with
the obstacles and hence never reached the
destination

Average values

% Improvement in
path length

NRG not reached the goal, P/ Path length w.r.t Improved Genetic
Algorithm (IGA), P2 Path length with IGA and conventional Bezier
curve, P3 Path length via Genetic Algorithm along with variable
length chromosomes and modified Bezier curve with midpoint the-
ory, P4 Path length via proposed S-BRRT technique

and time analysis is done as shown in Figs. 15, 16, and 17.
Afterward, the proposed S-BRRT technique is linked with
the conventional approaches, and significant improvements
in path length, velocity, and time are obtained as shown in
Figs. 15, 16, and 17. In addition to this result analysis, per-
formance analysis on the basis of the percentage improve-
ment in the velocity is also done as shown in Fig. 18. An
absolute error in the velocity parameter is considered while

NRG Not Reached the Goal, P/ Path length w.r.t Improved Genetic
Algorithm (IGA), P2 Path length with IGA and conventional Bezier
curve, P3 Path length via IGA along with variable length chromo-
somes and modified Bezier curve with midpoint theory, P4 Path
length via proposed S-BRRT technique

comparing the velocity values obtained with the conven-
tional approaches and the conventional approaches linked
with the proposed S-BRRT technique which shows a sig-
nificant improvement in the velocity as shown in Fig. 18.
While comparing the velocity parameters of the conven-
tional and conventional approaches linked with the proposed
S-BRRT technique, an improvement of 23.67% is obtained
that resulted in time-efficient navigation of the mobile robot
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Table 10 Comparative analysis improved B-RRT with proposed
S-BRRT technique by considering the path length in cm

Test area Path length with P2 P3 P4

Test area #1 542.74 NRG NRG 483.38
Test area #2 649.47 NRG 623.22  631.68
Test area #3 428.88 408.52  410.87  403.51
Test area #4 943.29 NRG NRG 924.82
Average values  641.09 - - 610.84

% Improvement
in path length

4.71%percent reduction in the path length with
respect to P1(best out of three)

Note: P2 and P3 (in two trials) cannot be calcu-
lated as the mobile robot collides with the obsta-
cles and hence never reached the destination

NRG Not Reached the Goal, PI Path length with Genetic algorithm
with avoiding premature convergence, P2 Path length with Genetic
algorithm with avoiding premature convergence and conventional
Bezier curve, P3 Path length via with Genetic algorithm with avoid-
ing premature convergence and modified Bezier curve with midpoint
theory, P4 Path length via proposed S-BRRT technique

Table 11 Comparative analysis of conventional RRT with proposed
S-BRRT technique by considering the path length in cm

Test area P1 P2 P3 P4

Test area #1 486.35 NRG NRG 419.23
Test area #2 649.47 NRG NRG 626.45
Test area #3 428.88 402.22 409.59 415.35
Test area #4 943.29 NRG NRG 922.68
Average values 626.99 - - 595.92

% Improvement in
path length

4.95% percent reduction in the path length with
respect to P1(best out of three)

Note: P2 and P3 cannot be calculated as the
mobile robot collides with the obstacles and
hence never reached the destination

NRG Not Reached the Goal, P/ Path length generation via improved
RRT technique, P2 Path length generation via improved RRT tech-
nique via convnetinal Bezier curve, P3 Path length generation via
improved RRT technique and modified Bezier curve with midpoint
theory, P4 Path length via proposed S-BRRT technique

in the complex environment because the sharp turns are
reduced, and the path trajectory becomes smoother while
implementing the proposed S-BRRT technique.

7 Conclusion

This research paper presents an efficient solution (S-BRRT
technique) for solving the problem of smooth trajectory
planning to reduce the time lag in the navigation of the
mobile robot. The proposed S-BRRT technique is linked
with the Bezier curve for the generation of smooth trajec-
tories by increasing the number of control points. The pro-
posed S-BRRT technique is tested in various simulated and
real word experimental setups and the following results are
obtained:

e [t is experimentally obtained that with the implementa-
tion of the conventional approaches the number of col-
lisions is high, and the trajectory generated with con-
ventional approaches passes through the obstacles as
shown in Fig. 6 whereas, with the implementation of the
proposed S-BRRT technique, the trajectory becomes
smoother with no collisions are experienced.

e With the implementation of the proposed S-BRRT tech-
nique, the path length turns are reduced by 15.03%, the
number of sharp turns is reduced by 100% and time lag
is reduced by 27.01% as shown in Table 4.

e [t is experimentally obtained that with the implemen-
tation of the proposed S-BRRT technique, the number
of collisions is reduced to 100% while the time lag is
reduced to 11.41% as compared to the conventional
approaches as shown in Tables 6 and 7.

e The proposed S-BRRT technique is also linked with the
renowned conventional approaches to enhance their per-
formance in terms of generating smoother and collision-

Table 12 Velocity and time

. . ; Serial no. Path length Time taken to Number of sharp turns with Velocity
analysis of the trajectory with reach the goal trajectory turning angle 90° in cm/sec
sharp turns

1 200 9.39 21.29
2 245.63 16.77 5 14.64
3 418.33 25.07 16.68
4 783.45 4523 10 17.32
5 328.69 20.09 5 16.36
Average values 395.22 23.31 5.4 17.26
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No sharp turns hence maximum acceleration can be attained

.4 200cm =.
Start Goal
«———100cm ——p,
.................... )

/ 4}9T 4= Trajectory turning

Sharp turn that angle

resulted in variation
of acceleration

100 cm

Fig. 11 Schematic of the trajectory (with and without sharp turns)

free trajectories as shown in Fig. 10 and Tables 8, 9, 10,

11.

e With the implementation of the proposed S-BRRT tech-
nique, the velocity and time profile are also improved as
shown in Tables 12, 13 and in Fig. 12, 13, 14.

e With the implementation of proposed S-BRRT tech-
niques, the error in time lag is reduced to 66.23% and
velocity error is reduced to 57.52% and the average
velocity is increased by 23.67% as shown in Figs. 14,

15, 16, 17, 18.

The proposed technique is trialed and tested for a static
environment and in the future, the proposed S-BRRT

30

20

1

o

Velocity in cm/sec

m Velocity

Velocity Profile
Test 1 Test 2 Test 3 Test 4

V1 cm/sec ®mVelocity V2 cm/sec ® Velocity V3 cm/sec

Fig. 12 Comparative analysis of velocity profile in simulated environ-

ment

Time in sec
—_ [}*] (98] & W
(=] S S S S S

Time Analysis

Test 1 Test 2 Test 3 Test 4

ETime T1 ™ Time T2 Time T3

Fig. 13 Comparative analysis of time profile in simulated environ-

ment

Table 13 Velocity and time

. . ” Serial no Path length Time taken to Number of sharp turns with Velocity in cm/sec
analysis of th.e trajectory with reach the goal trajectory turning angle 90°
sharp turns via proposed
S-BRRT technique 1 200 8.27 24.18
2 245.63 12.13 5 20.24
3 418.33 19.94 6 20.97
4 783.45 35.86 10 21.84
5 328.69 15.81 5 20.79
Average values 395.22 18.402 21.604
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Error Analysis

16
14
12
g 10
«<
> 8
8
g5 6
4
: I 11 [
0 o 0 - i
Error Error Error Error Error Error T2
V1-v2  VI-V3  V3-V2 TI-T2 T1-T3 -T3
m Trial 1 3.71 0.82 2.89 1.39 0.27 1.12
ETrial2  10.36 4.76 5.6 6.95 2.31 4.64
Trial 3 8.32 4.03 4.29 8.34 3.21 5.13
m Trial 4 7.68 3.16 4.52 13.9 4.53 9.37

mTrial 1 ®mTrial2 = Trial 3 ™ Trial 4

Fig. 14 Error analysis in velocity and time constraints in simulated
environment

technique will be implemented for the generation of
smoother trajectories while considering the dynamic 3D
environment [14, 15].

Path length
680
660
E 640
£ 620
=
%0 600
E 580
£ 560
540
A#1 A#2 A#3 Att4
Algorithm

Path length w.r.t CA  ® Path length with proposed S-BRRT

Note: A#1: Path length generation via Improved Genetic algorithm; A#2: Path
length generation via Path length with Genetic algorithm with avoiding
premature convergence; A#3: Pathlength generation via improved RRT
technique; A#4: Path length via proposed S-BRRT technique; CA:
Conventional path planning technique (Orange color) and blue color bar
represent the results via linking the CA and modified S-BRRT technique

Fig. 15 Performance analysis w.r.t path length in real time experi-
ments
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(a) Layout (b) Map of the environment
() Trial testing arena

Time analysis

100

80
3
g 60
g
=20

0

Al A#2 A#3 A4
Algorithm

Time taken in sec w.r.t CA ® Time taken in sec w.r.t proposed S-BRRT

Note: A#1: Path length generation via Improved Genetic algorithm; A#2: Path
length generation via Path length with Genetic algorithm with avoiding
premature convergence; A#3: Path length generation via improved RRT
technique; A#4: Path length via proposed S-BRRT technique; CA:
Conventional path planning technique (Orange color) and blue color bar
represent the results via linking the CA and modified S-BRRT technique

(b) Time analysis in real time experiments

Fig. 16 Trial testing setup with time analysis

Velocity analysis

15
g
E 10
g
2z
E 5
o
>
0
A#l A#2 A#3 A#4

Algorithm

Velocity w.r.t CA E Velocity w.r.t proposed S-BRRT

Note: A#1: Path length generation via Improved Genetic algorithm; A#2: Path
length generation via Path length with Genetic algorithm with avoiding
premature convergence; A#3: Path length generation via improved RRT
technique; A#4: Path length via proposed S-BRRT technique; CA:
Conventional path planning technique (Orange color) and blue color bar
represent the results via linking the CA and modified S-BRRT technique

Fig. 17 Velocity analysis in real time experiments
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