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Abstract—This work introduces the adaptive version of the
vector field histogram plus (VFH+) motion planning algorithm,
which is designed for unmanned aerial vehicles, particularly
quadcopters, to enhance its performance in navigation tasks.
The method suggests incorporating fuzzy control to adaptively
modify the VFH+ look-ahead distance parameter by analysis
continuous environmental and motion conditions. Simulation
tests were completed using different scenarios that varied in
obstacle quantity, density, distribution, and size and waypoint
quantity. Simulation results showed the successful outcomes of
this strategy in enhancing quadcopter motion performance in
various contexts. The results indicated notable enhancements in
obstacle avoidance, smoother motion trajectories, and
decreased travel time compared to the traditional VFH+
method. One of the most important aspects of creating real-time
motion planning systems is handling uncertainty. This is
accomplished by incorporating a fuzzy system knowledge base
for automatic algorithmic modification into the planning
process and employing advanced motion-planning techniques.
The adaptive algorithm improves the quadcopter's ability to
deal with high uncertainty levels by incorporating fuzzy logic for
dynamic parameter adjustment, allowing for accurate and
efficient navigation in various environments, even in uncertain
conditions.

Keywords—Quadcopter; Motion Planning; Fuzzy logic;
Vector Field Histogram Plus VFH+ Algorithm; Parameters
Tuning.

L INTRODUCTION

Quadcopters, also known as quadrotors or drones, are a
specific class of unmanned aerial vehicles (UAVs) with the
ability to vertically take off and land (VTOL). These UAVs
are ideal for exploring remote regions and transporting
necessary supplies to isolated locations due to their
exceptional mobility and versatility in various scenarios
[1][2]. Furthermore, UAVs have basic constructions and are
reasonably priced. These factors have contributed to the rise
in popularity of UAVs over conventional winged helicopters
in recent years [3].

The geometry of a quadrotor aircraft consists of four
independently mounted rotors on a rigid frame, as shown in
Fig. 1. Quadrotor aircrafts can be found in a variety of forms
and sizes, including the Parrot, Bebop, and foldable models.
They are also coaxial quadrotors. These are little vehicles,
limited by the speed at which their four rotors rotate. Two
distinct quadrotor geometries are produced by the rotor
position arrangements with respect to the main frame: the ‘X’

(cross) shape and the ‘+’ (plus) shape, as shown in Fig. 2
[4](5].

In general, quadrotor technology is very useful for many
applications because of its low cost, straightforward design,
and VTOL capability, which is further improved by the use
of sophisticated sensors and actuators. To maintain steady
flight, non-consecutive rotors, each driven by a separate
motor, spin in the same direction [6]. In surveillance and
monitoring missions, quadcopters are essential because they
provide the data necessary for border security, environmental
monitoring, and firefighting operations [7]-[11]. They have
been crucial in contactless food delivery services, particularly
in tackling the issues posed by the COVID-19 pandemic
[12][13]. They are also utilized in the provision of medical
services by transporting medications and supplies to remote
places.
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Fig. 1. The quadcopter structure [5]

Furthermore, their capacity to obtain excellent aerial
photos is very helpful for aerial photography, enabling
thorough evaluations of surroundings, infrastructure, and
security situations [14].

Quadcopters contribute significantly to a variety of
sectors and areas and offer creative solutions to logistical
problems. These aerial robots can move independently to
perform operations in challenging environments that are
potentially hazardous or unreachable for human operators
[15][16]. However, further technological obstacles must be
removed before these UAVs can operate effectively and
dependably in a variety of settings.
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Fig. 2. Quadrotor configuration shape [4]

Motion planning is one of the most significant of these
difficulties, as quadcopters must precisely coordinate their
motions to prevent accidents and guarantee the effective
completion of missions [17]-[20]. Motion planning for
quadcopters is a major challenge that demands creative
solutions for best results due to a number of technological
issues. To efficiently determine an available path and provide
a sufficient flight duration, it is necessary to find the best
navigation paths and avoid obstacles as soon as possible.
Short battery life may also make it difficult for the UAV to
stay in the air and effectively complete certain tasks [21]-
[24].

Moreover, it is imperative that the quadcopter avoid
collisions with both stationary and moving obstacles. As a
result, the quadcopter must create a safe path that shields it
from any obstructions. Providing means for dynamic,
successful plan revision becomes a requirement as
surroundings change and new difficulties arise [25]. Energy
consumption during flight time also represents one of the
difficulties facing motion planning for quadcopters [26][27].

Thus, to achieve successful and efficient motion planning
for quadcopters, a thorough examination of cutting-edge
technological solutions that address these issues in depth and
successfully is necessary.

Consequently, to allow UAVs to respond swiftly and
efficiently to evolving issues, inventive motion planning
methods are desperately needed. Planning activities may be
made more effective, leading to smoother and more efficient
navigation, by utilizing artificial intelligence technology and
extensive analytical applications [27]-[31].

A variety of strategies have been suggested for UAV
motion planning implementation. These methods are based
on several factors, including the robot's capabilities, type of
sensors, environment, and algorithms. They aim to
progressively improve performance in terms of speed,
distance, safety, cost, smoothness, and complexity [32][33].
Additionally, sensing mapping and replanning are other UAV
planning strategies the literature discusses for operation
under unpredictable environments [34]-[36]. Utilizing
artificial intelligence extends to the enhancements to the
vector field histogram (VFH) algorithm [37]. Specifically,
artificial neural networks and fuzzy systems have been
incorporated [38][39].

Technological breakthroughs have significantly changed
how humans view the world and raised the bar for human—
machine interaction by using complex control algorithms that
convert human actions into numerical data that can be used
in a variety of industrial domains.

Zadeh proposed fuzzy logic in 1965 to build and process
models similar to those used by the human brain [40]. The
goal of fuzzy logic is to simulate the complex, imperfect
reasoning humans use to translate physical phenomena into
information that computers or embedded systems can use.
Fuzzy logic has been studied widely over the years due to its
ability to solve complex issues without the need for explicit
models. Furthermore, it has been effectively implemented in
situations that were previously thought to be unbeatable.
Within the FS domain, logic is defined in terms of sets. A
fuzzy set is characterized by a range of membership grades.
In contrast, classical sets are defined in terms of binary true
or false values. Highly adaptive, fuzzy logic controllers are
capable of handling a wide range of operating situations and
various external and internal disturbances. Numerous fields
find uses for fuzzy logic: antilock braking systems, cruise
control systems, streamlined robotic control, automotive
engine management, renewable energy management,
aerospace propulsion, energy optimization, demand
projection, predictive maintenance strategies, and more. The
list is endless and serves as an example of fuzzy logic’s
adaptability and effectiveness in a variety of fields [41]-[44].

Thus, this work aims to explore and develop a new
approach to quadcopter motion planning by integrating VFH
plus (VFH+) algorithms with fuzzy logic to provide
innovative solutions that contribute to overcoming
technological challenges and enhancing quadcopters’ ability
to achieve optimal performance in various conditions and
environments. The adapted and improved VFH+ overcomes
the main shortcomings. The parameters were adjusted more
interactively, with multiple different environmental
conditions using fuzzy logic in this improved algorithm, so
the proposed algorithm has the ability to avoid various
obstacles in complex and simple environments,
simultaneously improving the quadcopter’s speed and
success rate in reaching the target point while avoiding
collisions. Due to the use of fuzzy logic to improve the
algorithm, the improved algorithm proposed in this work was
named FVFH+.

The main contribution of this article is the development
and implementation of a motion planning system for the
quadcopter using fuzzy logic. This system relies on an
algorithm capable of adapting to changes in the system,
enabling the drone to effectively deal with the variables in its
environment. Similarly, a fuzzy controller can be
incorporated into an inexpensive embedded system due to the
ease of modifying and adapting the code.

Furthermore, the algorithm is designed to generate
seamless, unobstructed trajectories for the quadcopter to
navigate, demonstrating exceptional efficiency and rapid
decision-making capabilities.

Thus, this article represents a significant contribution to
the field of developing control systems for drones using fuzzy
logic, providing a comprehensive system capable of adapting
to changes and making fast and efficient decisions, which
enhances the drone's ability to smoothly and accurately
navigate different environments. The paper covers three
primary sections. The first section reviews current histogram
motion planning techniques and outlines their advantages and
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drawbacks to give a comprehensive overview of the approach
and draw attention to any existing research gaps. These
qualities are described based on the published research of the
developers of the algorithms. The second section focuses on
adapting histotrophic methods to ensure the robot moves
smoothly and responds well to challenges. The final section
contains results from experiments and testing of the presented
algorithm. The flowchart for the study technique is shown in
Fig. 3.
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Fig. 3. The flowchart for the study technique

II. OVERVIEW OF MOTION PLANNING USING VECTOR
FIELD HISTOGRAM METHODS

For autonomous unmanned aerial vehicle (UAV) motion
planning, histogram navigation techniques are essential for
efficient path planning and obstacle avoidance. With the use
of histograms, these techniques make use of data
representation to help UAVs, such as quadcopters, make
intelligent decisions by interpreting environmental
information. Historic navigation techniques enable
unmanned aerial vehicles (UAVs) to navigate intricate terrain
on their own by generating spatial representations of the
surrounding environment and avoiding obstacles while
following predetermined paths.

Through the utilization of histograms to incorporate
environmental information, these techniques facilitate UAVs'
agile and precise navigation of intricate terrains, hence
creating opportunities for applications in domains like
airborne surveillance, mapping, and search-and-rescue. The
rising advancement of UAV technology will mean that
histogram navigation techniques will become more and more
important in improving the autonomy and effectiveness of
unmanned aerial systems.

Various methods for original vector field histogram
method in a static environment have been developed,
primarily designed for ultrasonic sensors.

In the following paragraph, a comprehensive examination
of the majority of enhancements to both the original and
VFH+ methods, as scrutinized by researchers, has been
presented. We discussed the strengths and weaknesses of
each method to pinpoint gaps and endeavor to address them
in the algorithm proposed herein. It's notable that these
algorithms offer extensive customization options, as
evidenced by earlier studies and the range of adaptations
detailed in subsequent paragraphs.

The standard Vector Field Histogram (VFH) was
introduced in 1991 by J. Borenstein. This method offers the
advantage of guiding a robot through narrow passages and
alongside obstacles with balanced, oscillation-free
movement. However, this method lacks consideration for the
robot's dynamics and dimensions. To address this limitation,
the VFH+ method was introduced, incorporating these
factors into data reduction processes [45].

AH Hamad (2010). presented an improvement of the
VFH algorithm using a neural network and a fuzzy algorithm
to overcome its limitations to increase target guidance to
improve the path planning of the mobile robot. This work
modifies the vector field method (VFH) to enhance the path
planning of a mobile robot using a neural-fuzzy algorithm,
allowing it to traverse and avoid obstacles in a range of
situations with efficiency. For obstacle detection, the system
builds a backpropagation neural network, and for obstacle
topology, it employs a different self-learning model. By
utilizing the expertise of human experts, the fuzzy technique
is utilized to direct the robot towards its intended destination.
The method has difficulties with computational complexity,
high training requirements, and sensitivity to parameter
adjustment, even if it is good at avoiding obstacles and
flexible in adapting to different settings [46].
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BL Kazim (2010) introduce Modified Vector Field
Histogram (MVFH) algorithm. This technology has been
created to improve the process of determining the most
efficient path and avoiding obstacles for a mobile robot. The
algorithm relies on the concept of the "vector space" and
demonstrates effectiveness in addressing environmental
challenges, leveraging a neural network model to learn
critical environmental conditions. The obstacle avoidance
path is improved through the use of a digital filter, albeit
requiring additional time. The complexity of the environment
influences the time needed to reach the goal [47].

A. Babinec (2012) introduced an enhancement on the
vector field histogram algorithm for mobile robot motion
planning by substituting ultrasonic sensors with the Hokuyo
URG-04LX Laser Distance Measurer, leading to enhanced
distance measuring precision. The research enhances robot
motion planning by using a laser scanner as the main sensor,
which improves environment scanning accuracy and
navigation precision in the vector field approach. The study
suggests a VFH*-based technology that allows the robot to
identify and evade moving impediments. Although these
improvements have been successful in obstacle avoidance
and navigation accuracy, consistently identifying moving
obstacles is still a difficulty. The primary challenge is
efficiently using the laser scanner to detect the positions,
orientations, and velocities of moving obstacles, which may
affect the effectiveness of obstacle avoidance. Implementing
modifications to the VFH approach presents difficulties in
algorithm development and may necessitate thorough testing
to guarantee accurate functionality. This approach faces
implementation challenges and requires comprehensive
testing to guarantee precise functionality [48].

J. Senthil (2016) introduced a technique for motion
planning of mobile robots in dynamic environments using the
Vector Field Histogram (VFH) algorithm with the Spartan 3
FPGA processor. The advantages are the capability to
navigate around obstacles and advance smoothly towards the
destination due to the VFH algorithm and the effectiveness of
parallel operation of the FPGA processor. The approach
suffers difficulties in parameter tuning for good performance
and is constrained in flexibility and scalability because it
relies on hardware implementation [49].

Y. Yan, (2018) introduced VFH#, a local path planning
method for intelligent vehicles, effectively navigating
obstacles by addressing limitations in the previous VFH
method. VFH# enlarges obstacles to avoid collisions,
improves sensitivity issues, and achieved excellent results on
an electric vehicle. While promising, there are still areas for
improvement, highlighting the need for further research and
refinement [50].

I. Ulrich (1998) developed and implemented the VFH
algorithm to enhanced Vector filed histogram plus (VFH+).
The VFH+ method selects free directions based on the
maximum achievable robot speed, considering track circuits
if applicable. It also addresses graph smoothness and allows
for objective function modification, resulting in customizable
robot behavior tailored to specific requirements. However,
both VFH and VFH+ methods pose a challenge when the

robot must choose between equal chances to avoid obstacles,
as they lack foresight regarding future movements [51].

J. Gong, (2007) presented improved method based on
VPH+ algorithm for local path planning in mobile robots
using laser radar. By organizing identified problem locations
into blocks, the technique enhances obstacle avoidance and
allows for proactive avoidance of obstacles that are closer
than is acceptable while preserving flexibility in restricted
areas. VPH+ creates smoother trajectories by integrating a
time-oriented cost function that takes into account the robot's
speed and heading deviation from the objective direction.
This optimizes the robot's path for the least amount of time
needed to reach the goal. However, additional research may
be necessary to ensure wider applicability and robustness due
to issues like implementation difficulty and susceptibility to
environmental changes [52].

L. P. Sary (2018) applied the Vector Field Histogram Plus
(VFH+) algorithm to the field of obstacle avoidance for
unmanned aerial vehicles. For obstacle avoidance, the VFH+
algorithm calculates steering angles by analyzing distance
readings from lidar sensors. Utilizing the VFH+ algorithm
has advantages such as its ability to produce steering
commands in real time, allowing UAVs to safely navigate
through obstacle-filled areas. Furthermore, the algorithm's
potential for real-world implementation is illustrated by its
successful use in simulation settings, as exemplified by the
Gazebo environment running on RoS. To be robust in a
variety of real-world circumstances, additional research may
be necessary due to potential implementation complexity and
susceptibility to environmental changes, among other
restrictions [53].

Danial D. (2020) introducing a modified version named
Vector Field Histogram +Dynamic (VFH+D), which exceeds
the original version in navigating around moving obstacles,
enhancing the robot's velocity, and increasing its efficiency
in reaching destinations while preventing collisions. The
update includes the implementation of cell occupancy decay
and a new equation for obstacle vector size, simplifying
parameter adjustment and reducing the number of iterations
needed. Experiments showed that VFH+D improved
performance by decreasing the average distance required to
reach the target and increasing the average speed, making it
more suitable for smart mobility applications. Using VFH+D
effectively necessitates precise parameter control to maintain
consistent performance and prevent bottlenecks in direct
navigation. However, with this method, VFH+ failed to reach
the target in 7 out of 10 trials [54].

B. Lee, (2023) presented a novel approach to improve
robot navigation by utilizing data from several LiDAR
sensors to accomplish full-spectrum sensing in all directions.
This strategy enhances obstacle avoidance and increases
navigation efficiency. Advantages include increasing the
sensor range, streamlining the conversion process, and
improving robot control and performance. Possible
disadvantages of the suggested approach may involve process
intricacy, resource use, programming complexities, and
difficulties in cost management, which require additional
research for a thorough assessment [55].
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In conjunction with other global planning techniques,
VFH+ is frequently utilized as a local planner to offer a
dependable solution to the navigation problem. This is
because it is quick and robust in obstacle avoidance. The
biggest weakness in the VFH+ algorithm is that it requires
fine-tuning of many parameters, which can be a challenge in
many applications [47][56].

For UAVs and especially for quadcopters, if the advance
parameters especially look ahead distance is not fine-tuned,
this leads to the algorithm being unable to make effective
decisions quickly, especially in complex environments [57].
Therefore, we seek in this research to develop an algorithm
to solve these problems and gaps.

The research studies are summarized and compared in
Table 1. This table compares researchers' studies on using
and improving the VFH algorithm in the field of movement
planning for robots while avoiding obstacles, as well as
clarifying the strengths and weaknesses of the original
algorithms before improvement, as each technique is
presented to improve the algorithm's skills in a specific
context. The table shows the pros and cons of each approach.
This comparison highlights the differences and advantages
between the methods, providing readers with a
comprehensive understanding of the different methods and
the challenges they may face in the field of movement
planning while avoiding obstacles using the histogram
methodology.

TABLE I. COMPARISON OF STUDIES VFH ALGORITHM FOR ROBOT MOTION PLANNING

Ref. Rescarcher Method Used Advantages Limitation
and Year
e There are no considerations about geometry.
e There is no concern given to the velocity of the
[45] J. Borenstein VFH e Minimal computational requirements. robot‘. ) )
(1991) e Specifically engineered for ultrasonic sensors.
e The active window has a square form.
o Execution in a stable or unchanging setting.
AH Hamad VFH with . Incrgased target gu-idance and improved path planning | e Computational complexity and high training
[46] (2010) neural-fuzzy efficiency for mobile robots. requirements.
o Efficient obstacle avoidance in various scenarios. o Sensitivity to parameter adjustment.
e Improved path planning and obstacle avoidance for
[47] BL Kazim Modification of mobile robots. e Increased time required to reach the goal in
(2010) VFH (MVFH) o Effectiveness in addressing environmental challenges complex environments.
and improving obstacle avoidance path.
VFH with e Enhanced distance measuring precision. « Continuous challenge in identifying moving
A. Babinec Hokuyo URG- . Imp;ovf:d envirf)r-lment scanning accuracy and obstacles using laser scanner.
[48] (2012) 04LX Laser navigation precision. e Difficulties i e 1 i d hensi
Distance e Ability to avoid dynamic obstacles using VFH* te;tiilcu ties in implementing and comprehensive
Measurer technology. ¢
VFH wi o The capability to navigate around obstacles. advance o Difficulties in parameter tuning for good
. with A
[49] J Senthil Spartan 3 FPGA smootbly towards the destlnathn. perform?nce: o N
(2016) processor e Effectiveness of parallel operation of the FPGA e Constrained in flexibility and scalability
processor e Relies on hardware implementation.
[50] | Y Yan(2018) I\/{;)S;Iﬁgég?;#(;f e Improves obstacle avoidance and sensor sensitivity. ¢ zﬁfﬁgﬁ:ﬁ;ﬁgﬁ;gfgﬁ%ﬁ:;I:pmvemems to
Borenst_ein o Geometry consideration e Designed with ultrasonic sensors in consideration.
[51] and Ulrich VFH+ . . ) . . . e The active window's form is square.
(1998) o The highest possible robot velocity consideration. o Working in a fixed environment.
e Enhances obstacle avoidance
e Proactive avoidance of obstacles closer than
acceptable . .
[52] Gong (2007) VPH+ e Preserves flexibility in restricted areas N Implem@n}gtlon dlfﬁ? ulty
o Creates smoother trajectories e Susceptibility to environmental changes
o Integrates time-oriented cost function
e Optimizes path for minimal time to reach goal
e Produces real-time steering commands
e Safely navigates UAVs through obstacle-filled areas e Implementation complexity
[53] Sary (2018) VFH+ e Successful simulation uses in Gazebo environment o Susceptibility to environmental changes
running on ROS
e Potential for real-world implementation
Modification of
VFH+ with cell e Improved performance in dynamic obstacle
Danial D. occupancy decay avoidance. ' ' - . .
[54] (2020) and a new o Increased speed in reaching the target. e Failure to reach the target in some trials.
equation for e Simplification of parameter adjustment
obstacle vector | o Reduction in required iterations.
size
e Process complexity.
e Expands sensing range. * Resource c.ons.uml')tior']‘
[55] | B Lee (2023) EVFH+ o Simplifies conversion process. N ngramm“;gl']“:]”“ms'
e Enhances robot control and performance * Cost contro chatienges. .
e Further studies required for comprehensive
evaluation
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Table I presents a comprehensive comparison of several
techniques employed in motion planning using the VFH
algorithm, highlighting its strengths and constraints. To
summarize, these methods provide varied benefits in the field
of motion planning for robots, but they also have specific
constraints that must be resolved for maximum performance
in diverse situations.

The utilization of fuzzy logic technology can effectively
tackle numerous issues and constraints faced in the motion
planning of unmanned aerial vehicles (UAVs). Fuzzy logic
can be employed to construct adaptive models that exhibit
enhanced responsiveness to environmental changes. These
models incorporate fuzzy knowledge to predict risks and
dynamically adjust the path of unmanned aerial vehicles
(UAVs) based on real-time sensor data.

Moreover, the VFH+ algorithm with fuzzy logic can
enhance precision in distance determination and dynamic
obstacle avoidance, resulting in the creation of avoidance
paths that are both more precise and effective.

In addition, fuzzy logic can be employed to create control
models that exhibit enhanced adaptability to variations in
parameters and environmental variables, hence diminishing
the system's susceptibility to parameter modifications.

The utilization of the VFH+ algorithm in conjunction
with fuzzy logic can augment the system's capacity to swiftly
and precisely make judgments in real-time, hence enhancing
the efficiency of motion planning and obstacle avoidance.

By wusing these sophisticated methodologies, the
efficiency of UAV control systems can be heightened,
enhancing their capacity to adjust to variations in the
surroundings and swiftly and efficiently make judgments to
avoid obstacles [58]-[61].

111 VECTOR FIELD HISTOGRAM PLUS VFH+

The VFH+  approach incorporates  additional
improvements to facilitate path planning and achieve better
performance for obstacle avoidance. VFH+ employs a data
reduction process across four stages to determine the most
optimal direction towards the goal, building upon the VFH
algorithm. The first three stages are utilized to construct a
one-dimensional polar histogram based on a two-dimensional
grid graph. The final stage is then used to determine the
steering direction depending on the cost function and polar
histogram [62]-[67].

By accounting for the drone's width and possible
trajectories, the vector histogram plus (VFH+) method
enhances the VFH algorithm. Instead of using the two-stage
data reduction that the VFH algorithm utilizes, the VFH+
method uses a four-stage approach to achieve this. The two-
dimensional Cartesian histogram grid is used by the VFH+
method to produce a one-dimensional main polar histogram
in the first step, which accounts for the robot's breadth. When
the primary polar histogram is generated, each obstacle cell
in the active zone is increased to account for the robot's
breadth. Each obstacle cell is expanded by the width of the
quadcopter plus an extra safety zone. Therefore, 7,5, where
Ty+s = Tquadcopter T Tsafety » 1S the safety area surrounding
the obstacle as shown in Fig. 4 [68][69].

In order to generate primary polar histograms in the first,
second, and third stages—as well as steering candidate
directions VFH+ uses computational data that includes a
histogram grid. The following stages are taken by the VFH+
algorithm:

A. Histogram Grid

For the ensuing computations, only the cells in an active
window. Given that the center of the robot is situated in the
middle of the active window's square form wg x w, the
number of cells on the edge of the active window must be
odd. The number of cells on the border of the active window
and the number of sectors (k) are empirical parameters that
are optional and dependent on a variety of variables,
including the robot's reaction time. Fig. 5 illustrates an active
window split into angular parts [70].

Enlarged obstacle cell

Fig. 4. The safety zone and width of the quadcopter (robot) are enlarging the
obstacle

Equation (1) expresses the direction of an obstacle vector
(B) from an active cell to the Vehicle Center Point (VCP) for
each active cell (i, j) inside the 2D histogram grid:

Yi— }’o)

= e (A2
' X; — Xo

(M

Where, x,, y, are
coordinates, x;, ¥;

the quadcopter's current position
are the active cell's coordinates.

In the original VFH technique, the robot's next step
direction is determined by looking at only one histogram. In
contrast, the VFH+ approach creates three histograms one at
a time. Equation (2) is used to produce the first polar
histogram, known as the principal one (Hp):

lec) = Z mij-hb'

ij=c*

i;jek (2)

The coordinates of the active cell ¢* in the active window C*
are represented by the values i and j, whilst the index k
indicates the sector number.
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y E. Forth Stage Steering Direction
) Based on the various candidate directions the VFH+
algorithm determines which direction to drive the robot in, as
shown in Fig. 7.

Fig. 5. Histogram Grid [66]

B. First stage Histogram Polar

The sensor that measures distances at each angle
resolution d; yields the Histogram Polar HY. In an active
window, the magnitude m; and angle S; of lidar sensor data
are analyzed. The quadcopter's obstacles' positions (x;, y; ).
may be determined from the sensor readings. The
quadcopter's location (X, yo ) is the source of f5; and the
obstacle to the current window (x;,y;). One may use
Equation (1) to write angular equations f8; Equation (3)
represents the magnitude m; of the certainty value
measurement sensor ¢, along with the distances d; in the
active window:

mi = (¢};)".(a — b.d%; d;) 3)

Where a, b are positive constants, ¢; ;i; j the active cell's (i, j)
confidence value, d; ; is the distance between the VCP and

the active cell (i, j).

C. Second Stage Histogram Binary

After getting a polar histogram, the process of histogram
binary H? is performed. This technique makes advantage of
data processing, such as hysteresis properties, where the
tuning process yields the lowest threshold T, |and
maximum threshold T4y, | . In order to transform polar
obstacle density (POD) into binary numbers, open (0) and
closed (1)[71].

hp; =1 if h}, > Thigh
M =0 if hY, <T.
R, =hb,_, Others
D. Third Stage the Masked Polar Histogram

The masked polar histogram H,, is used to determine if a
region is possible for the robot to pass through based on its
circular movement when avoiding obstacles, as seen in Fig. 6
[72][73].

Fig. 8 illustrates that the VFH+ algorithm's functioning
might be summarized using a flowchart.

T 5 =0\ | /=
4 f‘v, 3
/| T \
a) b)

Fig. 7. Quadcopter (robot) trajectories

1V. Fuzzy LoGIC

Numerous real-world applications have made use of the
fuzzy logic system. Fuzzy logic systems are utilized to derive
sophisticated non-linear systems since they are non-linear
expressive systems between input and output variables. The
process of designing a control system begins with the analysis
and formulation of the dynamic behavior of the system that
has to be regulated. Next, a control algorithm is developed
with the aim of accomplishing predetermined control
objectives. In essence, the majority of genuine systems in the
world are conformal. Unlike conventional probabilistic
models, fuzzy logic systems operate on a distinct premise.
Systems using fuzzy logic operate without assuming anything
about the operation of a probability distribution model.
Because of this distinction, unstable systems can benefit
greatly from the fuzzy logic system [72]-[74].

Fuzzy logic (FL) is one of the algorithms used in obstacle
avoidance. Fuzzy algorithms use a method similar to how
people come at questionable conclusions. Robots or
autonomous systems can decide what is the "truth" or
"untruth" of a situation by using fuzzy logic [75][76]. The
system can listen for and react to sensory data under specific
conditions thanks to this algorithm. Robots that employ fuzzy
logic for obstacle avoidance are able to make judgments
based on data, including speed and distance and can react
cautiously enough to the information they receive [77]-[79].
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Fig. 8. VFH+ algorithm flowchart

The fuzzy logic system is a logical system that is based
on the principles of ambiguity and handling imprecise or
ambiguous situations. The objective of this system is to
handle and analyze ambiguity and uncertainty in information
by employing a collection of linguistic and logical rules that
assess performance based on a set of explicit criteria.

The process of working with fuzzy logic can be elucidated
by the following steps:

e Identifying Fuzzy Variables: First, we determine the
variables that are manipulated or assessed using fuzzy
logic. These factors may encompass the level of obstacles
present in the environment and the concentration of path
points.

e Fuzzy Range Division: Fuzzy variables are partitioned
into a collection of fuzzy values, such as "low,"
"medium," and "high."

e Constructing Knowledge Base: A collection of language
rules is established to govern the decision-making
process, taking into account the imprecise values of the
variables. For instance, if the density of obstacles is low
and the number of path points is low, then it is advisable
to reduce the lookahead distance.

e The fuzzy inference process utilizes knowledge rules and
fuzzy variables to produce fuzzy outputs according to the
given inputs.

e Fuzzy Processing Operation: Following the fuzzy
inference, the fuzzy outputs are transformed into actual
values or close approximations of actual values using a
fuzzy logic inference engine.

o Utilization of Fuzzy Rules: The fuzzy rules employ the
actual outputs and suggested values to enhance the system
by making decisions and implementing algorithms.

These processes are applicable not just in this system but
also in several domains such as smart systems, robot control,
industrial control systems, and decision support systems.

V. ADAPTIVE VFH+ BY Fuzzy LOGIC

In this research, we implemented and tested an algorithm
optimized by fuzzy logic for quadcopter navigation in an
unknown workspace. The developed fuzzy control system
features two inputs and one output. Fuzzy logic rules were
manually mapped to represent human knowledge and address
real-time needs of our algorithm. The system autonomously
determines an appropriate fuzzy lookahead distance,
calculated based on inputs reflecting environmental
conditions and their changes.

Our efforts to enhance the VFH+ algorithm led us to a
research initiative focused on integrating fuzzy logic to
optimize the selection of the predefined lookahead distance a
critical parameter in the algorithm [46][79]. Initially, we
engaged in manual tuning using trial and error methodologies
across diverse environments, varying in obstacle density and
the number of waypoints, both directly influencing the
optimal lookahead distance. To elevate the system's
intelligence, we introduced fuzzy logic for autonomous
decision-making, leveraging real-time environmental data.
The fuzzy logic framework enabled the creation of a self-
adapting system capable of dynamically adjusting the
lookahead distance based on surroundings. This approach
empowers the algorithm to navigate environments with
varying complexities, ensuring efficient obstacle avoidance
and path planning [80]-[84]. The system of motion planning
using fuzzy logic and the construction of fuzzy system are
shown in Fig. 9 and Fig. 10.

The seamless integration of fuzzy logic into the VFH+
algorithm results in a significantly improved system that
autonomously adapts to different scenarios, achieving a more
intelligent and versatile robotic navigation capability. This
fusion not only enhances adaptability but also establishes the
groundwork for autonomous decision-making in dynamic
and unpredictable environments.

—
LAD
Set points and
goal information
—_— - - —
Feedback quadmpier stats

Fig. 9. Motion planning system for quadcopter
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A. Look Ahead Distance Based on Fuzzy Logic

Our fuzzy logic system, with inputs of obstacle density
and path waypoints, outputs an adaptive lookahead distance
in quadcopter navigation Fig. 11, Fig. 12, and Fig. 13
respectively.

Obstacles density
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Fig. 11. First Input of Fuzzy system obstacle density membership

Waypoints density
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Fig. 12. Second Input waypoints density membership of fuzzy system
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Fig. 13. Output of fuzzy system look ahead distance membership

The fuzzy rule base is shown in Table II. This system
dynamically adjusts the lookahead distance based on real-
time changes in environmental conditions, enhancing
adaptability in varying obstacle densities and path
complexities. Integrated into the VFH+ algorithm, this
approach contributes to intelligent and autonomous decision-
making, establishing a robust foundation for versatile robotic
navigation.

TABLE II. Fuzzy RULE BASE

Obstacle No.

Waypoint No. L M H
L L M H
M M M L
H L H H

The input obstacles and waypoints are defined with
linguistic variables Low(L), Mid(M), High(H), while
considered as a triangular type. The Fuzzy inference rules for
selecting the winning LAD are as follows:

If obstacle density is L AND waypoints is L Then LAD is L.

If obstacle density is M AND waypoints is L Then LAD is M.
If obstacle density is H AND waypoints is L Then LAD is H.
If obstacle density is L AND waypoints is M Then LAD is M.
If obstacle density is M AND waypoints is M Then LAD is M.
If obstacle density is H AND waypoints is M Then LAD is L.
If obstacle density is L AND waypoints is H Then LAD is L.

If obstacle density is M AND waypoints is H Then LAD is H.
If obstacle density is H AND waypoints is H Then LAD is H

The algorithm was tested in several different
environments to comprehensively evaluate its performance.
Nine different scenarios were selected, representing a diverse
range of environments with varying obstacle densities and
numbers of path points.

These scenarios encompassed a spectrum of obstacle
densities, ranging from low to medium to high, as well as a
variation in the number of path points, including scenarios
with few, moderate, and many points.

Through these tests, the algorithm's responsiveness and
performance were assessed across different environments,
considering transportation requirements and distances
required to reach the final destination.

This information was utilized to fine-tune the fuzzy logic
rules and improve the algorithm's performance in each
scenario, ensuring its optimal adaptation to changes in the
environment and surrounding conditions.

VI. TEST AND SIMULATION RESULT

Utilizing the MATLAB statistical analysis program in a
simulation environment is the optimal method for examining
and analyzing the technologies utilized for the flying of
UAVs, particularly quadcopters. The motion planning of
these UAV was investigated in the research, and they were
operated along a predetermined trajectory with the capability
to manipulate the UAV's equations in order to reach the
intended destination without facing any obstacles.

To assess the performance of the enhanced algorithm,
multiple environments were utilized in a MATLAB
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simulation system, incorporating obstacles of various shapes,
sizes, and quantities, along with numerous path points. The
quadcopter's goal and initial location were established for
each environment, and the quadcopter's position was
monitored using on-board sensors.

Numerous simulations were conducted for each scenario,
exceeding a hundred trials for both the traditional and
improved algorithms, as outlined in Table III, maintaining
identical initial conditions across all tests. The traditional
VFH+ algorithm achieved success in reaching the target in
only 80 out of 100 simulations, as detailed in Table IV. Fig.
14 to Fig. 22 illustrate the paths taken in each of the nine
fuzzy logic cases, comparing them with the outcomes of the
traditional algorithm. The prior looking distance value was
fixed at the optimal value for each case, determined through
experimentation and testing.

Our findings suggest that the proposed FVFH+ algorithm
boasts a higher success rate in navigating congested indoor
environments, a quicker arrival rate, a reduced deviation rate
from the original path, and, in most instances, a relatively
shorter path length. These improvements stem primarily from
algorithmic  enhancements, allowing for real-time
adjustments to the traveler's advance view during flight based
on encountered conditions such as obstacles. In
interpretation, we posit that the improved algorithm
incorporates more effective information, facilitating more
accurate decision-making regarding the optimal path to
follow.

TABLE III. SUCCESS RATE TO REACH THE GOAL

Algorithm | Trials | Success rate | Obstacle collision
VFH+ 100 80% 80%
FVFH+ 100 100% 100%

The number of waypoints and obstacles in each of the
nine environments varied during the experiments, which
resulted in variations in the path's length, travel duration, and
optimal Look-Ahead distance. The configurations are as
follows:

e The first environment has a small number of waypoints
and few obstacles.

e The second environment has a few waypoints and a
moderate number of obstacles.

e The third environment has a small number of waypoints
and a lot of obstacles.

e In the fourth scenario, there are a moderate number of
waypoints and few obstacles.

e The fifth environment comprises a moderate quantity of
waypoints and obstacles.

e The sixth setting has a fair number of obstacles and a high
number of

e There are a lot of waypoints and few obstacles in the
seventh environment.

e There are a lot of waypoints and a medium number of
obstacles in the eighth environment.

e A lot of waypoints and obstacles can be found in the ninth
environment.

Fig. 14 to Fig. 22 successively display the simulation
results for each of the nine fuzzy logic situations, which
correspond to the various environments. These simulation
results show the paths followed by the optimized algorithm
in comparison to the traditional method's simulation results.
Table V presents a summary of the findings for each scenario
in terms of path length, time, and error rate.

Simulations of the improved algorithm were implemented
using fuzzy logic in various environments, each characterized
by different obstacle and path point densities. The density of
obstacles and path points directly influences the
determination of the prior looking distance, which is then
compared to the traditional method that employs a fixed prior
looking distance length. The flight period is predetermined
before the start of the flight.

The Table IV provides data for every technique, including
the variables' minimum (min), maximum (max), average
(avg), and standard deviation (stdev) values. By highlighting
elements like path planning and execution accuracy and
efficiency, the data provides an understanding of the

performance characteristics of the algorithms in
the examination.
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Fig. 14. Simulation result of quadcopter motion planning in environment
with low number of obstacle and low waypoints using VFH+ and FVFH+
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Fig. 15. Simulation result with medium number of obstacle and low
waypoints using VFH+ and FVFH+
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Fig. 16. Simulation result with high number of obstacle and low waypoints
using VFH+ and FVFH+
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Fig. 17. Simulation result of quadcopter motion planning in environment
with low number of obstacle and medium waypoints using VFH+ and
FVFH+
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Fig. 18. Simulation result with medium number of obstacle and medium
waypoints using VFH+ and FVFH+
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Fig. 19. Simulation result with high number of obstacle and medium
waypoints using VFH+ and FVFH+
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Fig. 20. Simulation result with low number of obstacle and high waypoints

using VFH+ and FVFH+
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Fig. 21. Simulation result with medium number of obstacle and high
waypoints using VFH+ and FVFH+
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Fig. 22. Simulation result of quadcopter motion planning in environment
with high number of obstacle and high waypoints using VFH+ and FVFH+

Table V shows a performance comparison of two

algorithms, VFH+ and FVFH+, using various measures. Here
is an analysis of the content:

Algorithm: Specifies the algorithms according to
comparison, VFH+ and FVFH+.

Look ahead distance [m]: Refers to the distance ahead of
the quadcopter's current position that is considered for
path planning.

Desired path length [m]: Indicates the intended path
length that the quadcopter aims to follow.

Time traveled [sec]: Represents the time taken by the
quadcopter to travel the desired path.
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e Trajectory length [m]: Refers to the length of the actual
trajectory followed by the quadcopter.

The suggested algorithm, FVFH+, performs significantly
better than the original VFH+ algorithm without
modifications, according to the data in Table IV. This
conclusion is bolstered by other important points:
intended Path Length Performance: FVFH+ has a far greater
overall average of the intended path length than VFH+. This
suggests that there is greater potential for the suggested
algorithm to produce paths that satisfy the necessary goals.

e Travel Time: The total average travel time demonstrates
that, in comparison to VFH+, FVFH+ requires
substantially less time to accomplish the required path.
This shows that path planning and execution could be
done more efficiently.

e Actual Trajectory Length: FVFH+ is able to decide on
more suitable and direct paths as evidenced by the much
shorter trajectories it generates when compared to VFH+.

TABLE IV. TABLE OF PERFORMANCE COMPARISON OF VFH+ AND FVFH+ ALGORITHMS BASED ON LOOK-AHEAD DISTANCE

Algorithm | Look ahead distance [m] | Desired path length [m] - Time traveled [sec] - Trajectory length [m]
min max avg stdev min max avg stdev
VFH+ 0.1-0.8 99.84 122.73 | 2,069.47 | 510.59 | 79.03 | 106.42 | 143.52 119.17 14.49
FVFH+ 0.1-0.8 99.84 141.14 | 333.68 | 244.29 | 25.66 | 101.08 | 121.73 | 110.9306 | 7.80

TABLE V. COMPARISON OF VFH+ AND FVFH+ ALGORITHMS PERFORMANCE IN VARIOUS SCENARIO CONFIGURATIONS BASED ON OBSTACLE AND

WAYPOINTS QUANTITY
Ref. Fig. Obstacle Waypoints Actual path - VEHE - FVEH®
No. Trajectory Travel Trajectory Travel
no. No. No. length . Error . Error
length time length time

1 14 Low Low 40.23 53.71 156.9 2.5% 45.43 131.53 1.14%
2 15 Medium Low 49.3 65.38 197.44 2.40% 56.47 154.89 1.27%
3 16 High Low 45.24 62.9 288.38 2.80% 52.63 152.51 1.40%
4 17 Low Medium 56.72 78.1 340.54 2.70% 64.23 181.03 1.17%
5 18 Medium Medium 89.62 109.92 485.17 1.80% 99.69 274.26 1.01%
6 19 High Medium 74.87 94.23 430.05 2% 87.38 237.08 1.43%
7 20 Low High 99.84 120.97 510.11 1.70% 112.66 302.74 1.14%
8 21 Medium High 71.47 88.54 370.64 1.90% 80.29 226.42 1.10%
9 22 High High 97.57 118.54 499.27 1.70% 115.7 301.31 1.57%

In summary, the Table clearly shows that the proposed
FVFH+ algorithm outperforms the original VFH+ algorithm
without enhancements, highlighting the importance of using
improvements and advancements in path planning to enhance
the efficiency and accuracy of navigation operations in
robots.

Moreover, in situations where the advance sight distance
was very short, the traditional method failed to detect
obstacles that were in close proximity to the quadcopter. This
caused the UAV to follow paths that might be unnecessary or
more extended, resulting in increased time consumption. It is
worth noting that the advance viewing distance in the
traditional method remained fixed throughout the entire flight
period, set before departure.

In contrast, the improved method FVFH+ demonstrated
success in all conditions and environmental changes. The
new method exhibited adaptability to varying environmental
conditions and obstacles by dynamically adjusting the
advance sight distance during the flight.

VIL

In conclusion, this study presents a significant
improvement to the VFH+ motion planning algorithm,
enhancing its performance in the navigation domains of
autonomous quadcopters. The key innovation lies in the
integration of fuzzy logic control to dynamically adjust
algorithm parameters, allowing for better adaptation to
changing environments with various fixed obstacles. The
simulation, conducted in diverse environments with varying

CONCLUSION

obstacle distributions and waypoints, demonstrates the
proposed FVFH+ algorithm’s effectiveness.

The adaptive nature of the algorithm, facilitated by fuzzy
control, enables real-time adjustments to VFH+ parameters
based on continuous environmental and motion condition
analysis. Simulation results showcase the algorithm's
superior performance compared to the conventional VFH+,
particularly in the successful navigation of various
environments. Metrics such as success rate, arrival rate,
deviation rate, and path length highlight the algorithm's
efficiency and effectiveness. The importance of this research
extends to the broader field of motion planning for
quadcopters, emphasizing the role of fuzzy control in
improving performance in complex and changing
environments. The adaptive algorithm presented in this study,
in contrast to fixed-parameter algorithms, demonstrates a
capability to continuously self-adjust, enhancing the
quadcopter's ability to handle uncertainty and navigate
effectively.

Furthermore, the study acknowledges the increasing
importance of quadcopters in various applications, from
healthcare to logistics, and underscores motion planning’s
critical role in ensuring safe and successful operations. The
proposed FVFH+ algorithm aligns with the continuous
pursuit of developing technologies that make quadcopters
more adaptable to diverse scenarios and challenges. Overall,
this research contributes significantly to the advancement of
motion planning techniques for quadcopters, providing a
framework that combines traditional methods with fuzzy
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logic control for enhanced adaptability and performance in
real-world environments.

The suggested algorithm has certain limitations, such as
its sensitivity to changes in illumination, weather, and
topographical features. These variables could affect how well
the algorithm performs; hence, adaptive mechanisms and
robustness testing are needed to guarantee dependable
operation in a variety of scenarios. Furthermore, the fuzzy
control and continuous environmental analysis processes
may introduce delays, which could impair the system's
responsiveness in rapidly changing situations. The proper
implementation and efficacy of the algorithm in practical
situations will depend on resolving these issues.

VIIL FUTURE WORK

e Experimental verification: Run real-world experiments to
ascertain how well the suggested FVFH+ algorithm
performs in varied conditions.

e Enhanced multi-sensor system integration: To improve
decision-making capabilities and supply more
information, investigate enhancing integration with
multi-sensor systems, including cameras and other
environmental sensors.

e Development of machine learning algorithms: Research
methods for applying machine learning techniques to
enhance algorithm performance in handling a wider range
of complicated scenarios.

e Perform thorough robustness testing to assess the
algorithm's effectiveness under different unfavorable
scenarios, including sensor failure, connectivity outages,
and unanticipated environmental changes.
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