ResearchGate

See discussions, stats, and author profiles for this publication at:

Fuzzy Logic UAV (Unmanned Aerial Vehicle)
Motion Planning

Article /n Advances in Fuzzy Systems - January 2012

DOI: 10.1155/2012/989051

CITATIONS READS
2 190
2 authors:
‘g The University of Sheffield University of Cincinnati
22 PUBLICATIONS 47 CITATIONS 214 PUBLICATIONS 1,035 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Green Brain

Project FUZZy SystemS

All content following this page was uploaded by on 26 December 2013.

The user has requested enhancement of the downloaded file. All in-text references are added to the original document

and are linked to publications on ResearchGate, letting you access and read them immediately.


https://www.researchgate.net/publication/258331480_Fuzzy_Logic_UAV_Unmanned_Aerial_Vehicle_Motion_Planning?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/258331480_Fuzzy_Logic_UAV_Unmanned_Aerial_Vehicle_Motion_Planning?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Green-Brain?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Fuzzy-Systems?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Chelsea_Sabo?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Chelsea_Sabo?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_University_of_Sheffield?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Chelsea_Sabo?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelly_Cohen?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelly_Cohen?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_University_Hospital-UC_Health?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelly_Cohen?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelly_Cohen?enrichId=rgreq-285bcfeb9f26e72a9568ca319da92c4c-XXX&enrichSource=Y292ZXJQYWdlOzI1ODMzMTQ4MDtBUzo5ODgzMDg0NjUyOTUzOUAxNDAwNTc0NTE4MDYz&el=1_x_10&_esc=publicationCoverPdf

Hindawi Publishing Corporation
Advances in Fuzzy Systems

Volume 2012, Article ID 989051, 14 pages
doi:10.1155/2012/989051

Research Article

Fuzzy Logic Unmanned Air Vehicle Motion Planning

Chelsea Sabo and Kelly Cohen

Department of Aerospace Engineering, University of Cincinnati, Cincinnati, OH 45221, USA
Correspondence should be addressed to Chelsea Sabo, sabocm@mail.uc.edu

Received 6 February 2012; Revised 4 June 2012; Accepted 4 June 2012
Academic Editor: Rustom M. Mamlook

Copyright © 2012 C. Sabo and K. Cohen. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

There are a variety of scenarios in which the mission objectives rely on an unmanned aerial vehicle (UAV) being capable of maneu-
vering in an environment containing obstacles in which there is little prior knowledge of the surroundings. With an appropriate
dynamic motion planning algorithm, UAVs would be able to maneuver in any unknown environment towards a target in real time.
This paper presents a methodology for two-dimensional motion planning of a UAV using fuzzy logic. The fuzzy inference system
takes information in real time about obstacles (if within the agent’s sensing range) and target location and outputs a change in
heading angle and speed. The FL controller was validated, and Monte Carlo testing was completed to evaluate the performance. Not
only was the path traversed by the UAV often the exact path computed using an optimal method, the low failure rate makes the
fuzzy logic controller (FLC) feasible for exploration. The FLC showed only a total of 3% failure rate, whereas an artificial potential
field (APF) solution, a commonly used intelligent control method, had an average of 18% failure rate. These results highlighted
one of the advantages of the FLC method: its adaptability to complex scenarios while maintaining low control effort.

1. Introduction

Increasingly over the years, autonomous robots and vehicles
are being used to perform missions that are considered
“dull, dirty, and dangerous” in both military and civil opera-
tions, such as operations in nuclear power plants, for the
exploration of Mars, to investigate behind enemy lines in
battle, wild-fire surveillance, border patrols, and weather
forecasting [1, 2]. As the trend develops toward the increas-
ing use of UAVSs, it becomes necessary to allocate and control
them effectively. Currently, unmanned air vehicles (UAVs)
are incapable of being rerouted or retasked in flight, which
is crucial as the mission objectives change, threats evolve,
environment changes, or where there is no prior information
about the scenario. Due to these limitations, it has been iden-
tified that a main concern for UAV growth is autonomous
and intelligent control [3]. From an operational perspective,
it is imperative that these UAVs are able to conduct its mis-
sion with a certain level of autonomy. A fundamental ability
of autonomous UAVs is motion/path planning. Further-
more, incorporating intelligence would help UAVs to act and
react more like their manned counterparts.

Additionally, there are a variety of scenarios in which the
mission objectives rely on a UAV being capable of maneuver-
ing in a dynamic, changing environment or in an environ-
ment in which there is no prior knowledge of the surround-
ings. Many military applications depend on UAVs avoiding
threats due to antiaircraft missiles or enemy warplanes. In
these situations, not only are these obstacles dynamic, but
there is no way to plan ahead of the mission to avoid them
due to uncertainty associated with the “fog of war” An
important civilian application concerns wildfires, which
cause destruction of thousands of acres, millions of dollars in
damage, and cost many people their lives [4]. Because forest
fires can change rapidly depending on environmental con-
ditions and become difficult to combat, people are trying to
develop new ways to deal with these fires. Real-time decision-
making would also be essential when combating wildfires,
as situations can change rapidly due to fluctuating environ-
mental conditions (wind, fuel, terrain, etc.) [2].

In all these scenarios, mission effectiveness is dependent
upon, or could be improved by, these vehicles autonomously
path planning in their environment. Because most effective
path planning algorithms rely on complete prior knowledge
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TaBLE 1: Advantages and disadvantages of several, common path planning techniques.
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of the environment, it severely limits the capabilities of UAVs.
Furthermore, these algorithms cannot attain solutions for
complex environments (these problems are known to be NP-
hard), and fairly accurate, real-time solutions are the rea-
sonable expectation. Therefore, a more sophisticated method
to two-dimensional path planning is needed to not only
allow for maneuvering in an unknown environment, but is
necessary to move in a dynamic and changing environment
in real time, an important ability for realistic missions. To do
this, UAVs must be able to motion plan in a dynamic sense.

1.1. The Objective of This Research Is to Propose an Algorithm
for Path Planning in Two-Dimensions for an UAV That Would
Allow It to Operate in Real Time and in an Unknown, Obstacle
Environment. In the scenario studied in this research effort,
an UAV uses basic heuristics to travel to a known target while
avoiding various, static obstacles. A sensor system is used
to provide feedback about the obstacles in the UAV’s local
environment. This information is then processed at each
sampling time and used as one of the factors to determine the
motion of the UAV for obstacle avoidance and path planning
to the target.

Given a starting point and a target location, a path
planning strategy must take into account dynamic and kine-
matic constraints of the vehicle, as well as information about
obstacles, to generate a path. Therefore, this work was done
to

(1) model an unmanned air vehicle including kinematic
and dynamic constraints,

(2) develop a control strategy for motion planning: path
planning to a target while using sensor information
about the local environment for obstacle avoidance,

(3) validate the control strategy in a MATLAB simula-
tion,

(4) analyze and interpret contributions and limitations
of the methodology.

2. Literature Review

Path-planning and motion planning algorithms encompass
a variety of applications and needs. For the most part, path
planning can be simplified to navigating a robot to a dis-
tance point safely, that is, avoiding collisions along the way.

To make scenarios realistic, algorithms must be able to
handle varying numbers of objectives, complex tasks, differ-
ent constraints, and uncertainty [5]. In this research objec-
tive, the robot is a UAV (unmanned aerial vehicle), and the
point can be any number of tasks (basically involves visiting
spatially different locations). It is necessary that the UAV will
be able to avoid obstacles and no fly zones, and in reality,
these will always have some degree of uncertainty. Thus, an
approach is needed that can provide the required naviga-
tional decision-making given the inherent uncertainty asso-
ciated with this class of problems. In this problem statement,
uncertainty occurs when the vehicle has no prior knowledge
of its environment, there are dynamic obstacles, and the
target itself is dynamic. While there is much research in the
field of motion planning, much of it can be boiled down
into several categories of approaches. Therefore, the focus of
this survey is on roadmap methods like visibility graphs and
Voronoi diagrams, cell decomposition, potential fields, and
fuzzy logic, as it is a basis for the approach used here.

Because path planning and motion planning algorithms
have been studied for many years, excellent strategies have
been developed for path planning in obstacle environments.
Those methods that have been studied and utilized most tend
to fall under roadmap method category: visibility graphs,
Voronoi diagrams, and cell decomposition. Roadmap meth-
ods create a graph that connects an initial, starting point to
a final, target location around obstacles within the environ-
ment. Roadmaps utilize the following definitions: the total
space in the environment in called the Cypace, the free
space not containing any obstacle is called Cpee, and the
space containing the obstacles is called Copstacle- Once the
environment is defined, a graph is then created that connects
vertices in the Cpee enclosed within Cypace [6]. Finally, this
map can then be searched for a path from start to finish,
generating a feasible route using a brute force method or an
algorithm like A* [7].

While roadmap methods have their advantages, they also
have their downfalls (see Table 1). The biggest benefit to
using visibility graphs is that they are optimal. This is due
to the fact that all paths are formed along the edges of
obstacles. However, this is one of the disadvantages of this
method also. If there is any uncertainty to the obstacles size
or shape, the path can easily become infeasible. Furthermore,
once extended to the three-dimensional case, these solutions
no longer guarantee optimality. On the other hand, Voronoi
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diagrams are able to handle a little uncertainty well, because
they create paths that inherently steer clear of the obstacles.
However, they are not optimal and can often create paths that
intuitively do not make much sense. Finally, both exact and
approximate cell decomposition methods have been studied.
Again, the downfalls to these methods require complete prior
information and all obstacles to be polygons. While this
is more practical to implement above 2D than roadmap
methods, it can be difficult for very complex environments.
Furthermore, if the problem is not solvable, this method will
not recognize that [8]. For example, if all possible paths are
blocked by obstacles, this algorithm will iteratively search for
a solution (creating smaller cells and searching for a path)
indefinitely.

Much focus has also been on intelligent strategies like
potential fields [9-12] as they have shown excellent results
for comparable situations. While these methods cannot guar-
antee optimality, it has shown to produce comparable results
for good algorithms. Furthermore, it is excellent in the case
of uncertainty and easy to extend to 3D. Also, this method
is quick to compute and therefore, practical to do online.
All of these benefits, and the fact that optimal solutions are
computationally intractable for complex scenarios, confirm
intelligent control methods as the practical solution to these
problems.

Potential fields for motion planning were originally used
for on-line collision avoidance for when a UAV does not have
prior knowledge of the obstacle but senses them in real time.
The relatively simple concept treats the vehicle as a point
under the influence of an artificial potential field where the
variations in the space represent the structure of the environ-
ment. The attractive potential reflects the pull of the vehicle
to the goal and the repulsive potential reflects the push
of the UAV from the obstacles [8]. Therefore, the environ-
ment is decomposed into a set of values where high values
are associated with obstacles and low values are associated
with the goal.

One of the major disadvantages to this method is the
tendency to get caught in local minima, causing them to fail.
This is due to the fact that the methodology basically acts as
a fastest descent approach. For example, this occurs when a
vehicle encounters a C-shaped obstacle. While research has
been done to work around this problem, this singular prob-
lem is the main focus creating a path planning algorithm
based on the artificial potential field approach [13]. For
example, different techniques try inserting intermediate
nodes around the obstacles to help the vehicle navigate out.

In addition to artificial potential fields (APFs) as an intel-
ligent control method, fuzzy logic has shown excellent results
for path tracking and collision avoidance for both mobile
robots and UAV's [14-25]. Fuzzy logic, based on multi-valued
logic, provides a unique method for encoding knowledge
about continuous variables. Fuzzy logic was proposed by
Zadeh [26] in 1965 as a way to more accurately capture the
real world. Experience from the past decade, with the suc-
cessful marketing of a wide variety of products based on the
Fuzzy Logic, has shown that for certain applications this
approach can lead to lower development costs, superior fea-
tures, and better end product performance. Additionally, this

system has the ability to utilize expert heuristic knowledge
of operation of controlled systems; capacity to successfully
handle uncertainties and nonlinearities; and the existence
of a variety of tools that assist in studying and building
efficient fuzzy systems in relatively short times. In recent
times, the advantages of fuzzy logic systems have made
them attractive candidates for use in expert systems. Due to
these advantages, fuzzy logic excels in circumstances where
the environment is continually changing and incomplete
information is available.

Additionally, fuzzy logic has similar benefits to APFs (i.e.,
adaptability to uncertainty, near-optimal results, ability to
compute online, etc.), as well as the flexibility to work around
some of the issues APF methods have with local minima.
Path tracking for mobile robots show high-quality solutions
[16-20] using the path error as inputs and the torque of
wheels as outputs. Additionally, there has been some work
that uses the benefits of fuzzy logic combined with other
intelligent control techniques like genetic algorithms, poten-
tial fields, and neural networks for path planning of robots
[15, 22-25]. When introducing stationary obstacles, and
exploiting information about these obstacles (i.e., distance
and angle) path tracking using fuzzy logic for UAVs has
showed promising results [14].

Motion planning in real-time is becoming an increas-
ingly studied field as mobile robots and Unmanned Aerial
Vehicles become more autonomous to keep up with growing
demands [27-29]. However, many of the optimal strategies
require complete information of the environment apriori
[8, 30, 31] and fail in the presence of uncertainty, both
requirements of autonomous vehicles expecting to operate
in realistic environments. For example, Zelek [12] has
shown that a robot can use potential fields to navigate
around an unknown environment in real-time successfully.
Furthermore, methods like rapidly-exploring random trees
and probabilistic roadmap methods [27, 32] have shown
successful motion planning in real-time. These methods are
sample-based and create random nodes toward the general
direction of the goal vertex. One downfall to most of these
real-time planning techniques is they require the user to
recompute a solution when new information is presented
[31, 33]. Often this can be computationally difficult and not
very realistic to do online (especially in complex environ-
ments).

While the literature shows the advantages of using fuzzy
logic for path tracking and planning for robots and path
tracking for UAVs, to the best of the author’s knowledge it
does not address motion planning for UAVs in real-time.

2.1. Contributions of the Work. Similar strategies used for
path tracking, motion planning, and obstacle avoidance of
mobile robots and UAVS using fuzzy logic are exploited
here in this paper. While there has been extensive work
done for mobile robots, the applications to UAVs have been
limited. Therefore, this work extends previous research on
path tracking with obstacle avoidance and is motivated by the
fact that these methodologies have shown excellent results in
the past. This strategy takes information about obstacles and
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a target location to motion plan in real time. The contribu-
tions of this work can be summarized as follows.

(i) The solution takes UAV dynamics into account.

(ii) It is a robust system in that it makes no assumptions
about the environment a priori. Therefore, it works
well with limited or no information.

(iii) The system is not just reactionary to obstacles: it
continues to path plan towards the target while
avoiding obstacles. This allows for better solutions
and makes it less likely to get caught in local minima.

(iv) No assumptions are made about the target location:
it can be static or dynamic.

(v) Fuzzy inference systems (FISs) are fast and can be
implemented online with limited onboard processor
capability.

(vi) The fuzzy system has a very low failure rate.

(vii) The fuzzy system yields near optimal performance in
real time.

3. Problem Formulation

The problem of path planning in two-dimensional space is
formulated by generating a path between a known initial
state, O(x,,,), and final state, T(x, y;). Therefore, the
kinematic equations for a UAV in this circumstance are a
function of the inertial position (x, y), the cruise velocity (v),
and the heading angle (®) as shown in Figure 1.

Second-order differential equations describing the air-
craft autopilot system were developed by Buzogany et al.
[34]. Since we are concerned with two-dimensional path
planning, the altitude response was dropped. Therefore, we
are only interested in controlling the velocity and heading
angle, where v, and ©, are the control inputs, respectively.
The motion of the UAV can be described as follows in (1)
[35], where 7, and 7g are the time delays associated with con-
trolling the velocity and heading angle, respectively,

. 1 : 1
v=—W.—v), 0=—(0.-0). (1)
Ty 7o

Further development by Dong et al. [14] illustrates the UAV
in the inertial reference frame (Figure 1), and the position
of the UAV can be defined using the heading angle (®) and
distance from the origin (/) as follows:

x IcosB
X = <y> - (lsin@)' (2)
, X v cos 0
X = (y) - (vsin@) (3)

" X vcos® — vOsin
X= (y) - (1’/sin9+v9c056>' (4)

It follows that

and that
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Ficure 1: UAV in inertial reference frame.

By combining (1) and (4), the kinematic equations can be
written in the following form:

i(vc —v)cosO — vi(GC —0)sin0
Ty T9

@)-[rTme )
— (e —v)sinf+v— (6, — 0) cos O
Ty T

where the control inputs are the velocity (v.) and heading
angle (©,).

Both the velocity and heading angle [34] are constrained
as follows as shown below in (6) and (8), respectively. Addi-
tionally, the acceleration and heading angle rate is bounded
to prevent instantaneous changes as shown below in (7) and
(9), respectively,

Vmin <V < Vmax» (6)
—Amax <V < dmax» (7)
—Omax < 0 < Omax» (8)
—Wmax < 0 < Omax. 9)

In this problem setup, the agent has a sensing range that
is considered able to sense obstacles within +90° and within
a certain sending radius as shown in Figure 2.

3.1. Assumptions. For the purpose of this investigation, sev-
eral simplifying assumptions were made without taking away
from the applicability of the developed approach. While the
control methodologies developed in this research can be
extended to be used in three dimensions, it is assumed that all
motion is in two dimensions; that is, the altitude is removed
as a degree of freedom (altitude is constant). It is also
assumed that wind is negligible (the UAV cruise speed is
much greater than wind speed). Furthermore, the aircraftis a
point mass, and therefore, no moment effects are considered.
Additionally, the dynamic constraints of the aircraft are
assumed to be known.
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FIGURE 2: Sensing radius of agent.

To isolate the performance of the control methodology,
several assumptions were made on the capabilities of the
sensor system. The agent is assumed to be able to detect
obstacles within its sensing range in real time and define
them accordingly. The capabilities of sensors are discussed
briefly by Mujumdar and Padhi [27], and while further work
needs to be done in this area to extract information from
the sensors accurately, this is a field of extreme interest for
ongoing research.

The position of the UAV and the target location is
assumed to be known by a GPS (global positioning system)
and to be accurate. Furthermore, this information is updated
at a reasonable sampling time. Additionally, the start location
of the UAV and the target positions are given by some outside
planner (known GPS locations), and there are no obstacles
at these locations. Finally in this work, it is assumed that a
feasible solution exists. That is, the UAV can navigate around
the obstacles safely to the target location. This includes the
assumption that the target location is a “safe” distance away
from an obstacle.

4. Fuzzy Methodology

Due to the advantages that fuzzy logic presents in circum-
stances where the environment is continually changing and
incomplete information is available, it is the basis behind
the control strategy presented here for motion planning.
In this section, the overall control system is described in
detail, including control inputs and outputs, the decision-
making rule base, and defuzzification calculation, and the
methodology used for practical implementation issues.

Like previously discussed, fuzzy logic manipulates inputs
using heuristic knowledge and typically converts them to
outputs in three stages: fuzzification, decision-making logic,
and defuzzification. The fuzzy logic controller can be visual-
ized in Figure 3. Fuzzification takes analog inputs and con-
verts them to a continuous value between 0 and 1 based on
their degree of membership in each function. A knowledge
base is then used to form a set of rules relating the inputs
and outputs in the form of if-then statements. The outputs
are finally converted back to crisp numbers using a defuzzifi-
cation method.

4.1. Input and Output Membership Functions. For this prob-
lem setup, four inputs are used for the fuzzification interface
and two outputs are given after defuzzification. Inputs into
the system are as follows: distance from the UAV to the obsta-
cle, angle between the UAV and the obstacle, the distance
to the target, and the error between the current heading angle
of the UAV and the angle of the target in relation to the
inertial reference frame. The obstacle inputs were used by
Dong et al. [14] for fuzzy path tracking and showed good
results for obstacle avoidance. The target inputs were chosen
based on the assumption that there is only minimal amount
of information about the target; that is, GPS coordinates. The
outputs for the system were also used by Dong et al. [14] and
based on much literature that uses these as the control inputs
to a UAV system.

The distance to the obstacle (Figure 4) is described by
four membership functions: Close, Medium, Far, and Very
Far (Out of Sensing Range). The angle between the obstacle
and the UAV (Figure 5) is described by six membership
functions: Negative Big, Negative Medium, Negative Small,
Positive Small, Positive Medium, and Positive Big. Similar to
the obstacle distance, the distance to the target (Figure 6) is
described by three membership functions: On Top, Medium,
and Far. Finally, the error between the heading angle and
the target angle (Figure 7) is described by seven membership
functions: Negative Big, Negative Medium, Negative Small,
Zero, Positive Small, Positive Medium, and Positive Big.

With these inputs and a rule base, the control input for
the system is obtained. That is, the outputs of the fuzzy infer-
ence system, the percent of the maximum velocity and the
heading angle change, are used as the control into the system.
Therefore, the outputs of the FIS are the percent of maximum
velocity and the heading angle change. The Mamdani
method is used here, which expects the output membership
functions to be fuzzy sets (as opposed to crisp values). The
output velocity (Figure 8) can be broken into four member-
ship functions: Very Slow, Slow, Fast, and Very Fast. The
output angle change (Figure 9) is parallel to the target angle.
Therefore, there are seven membership functions described
by: Negative Big, Negative Medium, Negative Small, Zero,
Positive Small, Positive Medium, and Positive Big.

4.2. Decision-Making Rule Base. Rules relating the inputs
and outputs for the fuzzy logic controller are set up in the
form of if-then statements and are based on heuristics and
human experience with navigating through an environment
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F1GUrEe 3: Fuzzy logic control system.

Input: obstacle distance
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FIGURE 4: Input: distance between obstacle and agent (very far is for
an obstacle out of sensing range).

Input: obstacle angle
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FIGURE 5: Input: angle between obstacle and agent heading angle.

(similar to driving a car). The rules for the fuzzy inference
system can be summed up in some simple decision-making
logic. There are a total of 40 rules for this setup, and the rules
can be broken up into two situations: if there is an obstacle
within the sensing range or not. Once the rules were formed,
the membership functions were tuned based on the distance
travelled when compared to optimal solutions until the
quality of the solutions reached a plateau.

Input: target distance

0.5
0
0 5 10 15 20 25 30
—— Ontop
—— Medium
—— Far

FIGURE 6: Input: distance between target and agent.

Input: target angle
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Neg med —— Pos med
Neg small —— Pos big
Zero

FIGURE 7: Input: angle between target and agent heading angle.

The main objective of the controller when there is no
obstacles within its sensing range becomes to plan a direct
path to the agent’s primary target. In this case, the distance to
the obstacles is set to “very far” away (much larger than the
sensing radius). Path planning is then done by altering the
UAV’s heading angle to match that of the angle of the target
in the inertial reference frame or by driving the error between
the two angles to zero. For the cases in which there are no
obstacles in range and the target is very far away, the UAV
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Output: velocity
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FI1GURE 8: Output: percentage of maximum velocity.

Output: heading angle
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F1Gure 9: Output: heading angle deviation.

tends towards its maximum operating speed. When the agent
reaches its target location, the agent alters its velocity to slow
down and complete mission objectives while still driving the
angle error to zero. Again, these rules stem from the rules
used to drive a car, and can be summarized as follows.

(1) If D, = Very Far and D, = Far, then V = Very Fast.
(2) If D, = Very Far and D; = Med., then V = Slow.

(3) If D, = Very Far and D; = On Top, then V = Very
Slow.

(4) If D, = Very Far and ©, = Neg. Big, then ©, = Neg. Big.

(5) If D, = Very Far and ®; = Neg. Med., then ®. = Neg.
Med.

(6) If D, = Very Far and ©; = Neg. Small, then ©, = Neg.
Small.

(7) If D, = Very Far and ©; = Zero, then ®, = Zero.

(8) If D, = Very Far and ©; = Pos. Small, then ®. = Pos.
Small.

(9) If D, = Very Far and ©; = Pos. Med, then ®, = Pos.
Med.

(10) If D, = Very Far and ®; = Pos. Big, then ©. = Pos. Big.
When obstacles are detected within the sensing range, the

agent alters its velocity and heading angle using information
about obstacle distance, obstacle angle, and target location

to avoid, and then recover, from the obstruction. The agent
must slow down and change course to avoid it (again, similar
to driving a car). This involves driving the heading angle
error to around 90°. Once it is clear of this obstacle, it can
continue its path toward the target. The set of rules that
describe the change in heading speed and angle when an
obstacle is detected can be summed up below:

(11) If D, = Far and ®, = Pos. Med, then V = Very Fast
and ©®, = Zero.

(12) If D, = Far and ®, = Pos Small, then V = Fast and
®, = Neg. Small.

(13) If D, = Far and ®, = Neg. Small, then V = Fast and
®,. = Pos. Small.

(14) If D, = Far and ©, = Neg. Med, then V = Very Fast
and ©, = Zero.

(15) If D, = Medium and ®, = Pos. Big, then V = Fast and
©, = Zero.

(16) If D, = Medium and ©, = Pos. Med., then V = Slow
and ©, = Neg. Small.

(17) If D, = Medium and @, = Pos. Small, then V = Slow
and ©, = Neg. Med.

(18) If D, = Medium and ®, = Neg. Small, then V = Slow
and ©, = Pos. Med.

(19) If D, = Medium and ®, = NM, then V = Slow and
®, = Pos. Small.

(20) If D, = Medium and ®, = NB, then V = Fastand ©, =

Zero.

(21) If D, = Close and ®, = PB, then V = Slow and O, =
Neg. Small.

(22) If D, = Close and ©®, = PM, then V = Very Slow and
O, = Neg. Med.

(23) If D, = Close and ©, = PS, then V = Very Slow and
©. = Neg. Big.

(24) If D, = Close and ®, = NS, then V = Very Slow and
O, = Pos. Big.

(25) If D, = Close and ®, = NM, then V = Very Slow and
®,. = Pos. Med.

(26) If D, = Close and ®, = NB, then V = Slow and ©, =
Pos. Small.

The last set of rules is for when obstacles are at extreme angles
(Dy = Far) and pose no threat of collision. In these condi-
tions, the UAV can head toward the target but at a reduced
speed (to avoid making sharp turns towards an obstacle).
This was done so that motion planning to the target is the
priority when obstacles are not in range, and that avoiding
obstacles is the priority when obstacles are in range.

(27) If D, = Far and ®, = Pos. Big and ©, = Neg. Big, then
V = Fast and ©, = Neg. Big.

(28) If D, = Far and ©, = Pos. Big and ©®; = Neg. Med,
then V = Fast and ©®, = Neg. Med.



(29) If D, = Far and ©, = Pos. Big and ®; = Neg. Small,
then V = Fast and ®, = Neg. Small.

(30) If D, = Far and ®, = Pos. Big and ©®, = Zero, then V =
Fast and ®, = Zero.

(31) If D, = Far and ®, = Pos. Big and ©; = Pos. Small,
then V = Fast and ©, = Pos. Small.

(32) If D, = Far and ®, = Pos. Big and ®; = Pos. Med, then
V = Fast and ®, = Pos. Med.

(33) If D, = Far and ©, = Pos. Big and ©, = Pos. Big, then
V = Fast and ©, = Pos. Big.

(34) If D, = Far and ©®, = Neg. Big and ©; = Neg. Big, then
V = Fast and ©, = Neg. Big.

(35) If D, = Far and ©, = Neg. Big and ®; = Neg. Med,
then V = Fast and ©, = Neg. Med.

(36) If D, = Far and ©, = Neg. Big and 0, = Neg. Small,
then V = Fast and ®, = Neg. Small.

(37) If D, = Far and ©®, = Neg. Big and ®; = Zero, then
V = Fast and ©, = Zero.

(38) If D, = Far and ©®, = Neg. Big and ®; = Pos. Small,
then V = Fast and ©, = Pos. Small.

(39) If D, = Far and ©, = Neg. Big and ®; = Pos. Med,
then V = Fast and O, = Pos. Med.

(40) If D, = Far and ®, = Neg. Big and ©, = Pos. Big, then
V = Fast and ©, = Pos. Big.

The defuzzification stage takes the outputs from the if-then
rule base and converts it to a crisp number. Because the
Mamdani method is used here [36], outputs are also in the
form of membership functions. Once the total area from all
the rules is summed, an appropriate method for determining
a crisp output is chosen. Here, the centroid method, a com-
mon technique for defuzzification, is used.

4.3. Implementation Issues. One of the disadvantages to an
intelligent control method like artificial potential fields for
path planning is the tendency to get caught in local minima.
For fuzzy logic, difficulty can occur at symmetrical or large,
concave obstacle. However, the advantage to using fuzzy logic
is that it is adaptable to incorporating additional rules to
circumvent these issues. In this circumstance, the FIS uses
only one point as the input to calculate the distance to the
obstacle and always uses the closest point to the obstacle. Due
to this, additional logic must be included.

To avoid this issue, a simple logic was implemented and
verified to redefine obstacles that come within the agent’s
sensing range. If the agent appropriately evaluates the obsta-
cle within the sensing range, it can overcome these issues.
That is, if the agent encloses the areas within a certain min-
imum, “safe” radius (i.e., “redefines” its environment and
what it sees as an obstacle), it can navigate out of the situa-
tions that cause these minima.

The mathematical formulation is as follows: if the R?
global map is discretized, O = {0y, 0,,...,0,} C R?is the
set of polygon (both concave and convex) obstacles where
Eo makes up the obstacle edges. In the discretized space,
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the Eo obstacle edges can be described by a set of points
P = {p1,p2>..., pm} that make up the edges.

Let (xv, yv) denote the position of the UAV at a given
time. Then, the set of points that are within the sensing

range, 75, of the UAV is described by P; = {pn1, pr2, ..., pn}»
where P; C P for which the following is true:
2
\/(Pu,x - xv)2 + (pzz,y - yv) <7, (10)

For this set of obstacle points within the UAV’s sensing range,
the agent then redefines the space as follows: for 1 fo [, where
i,j€landiz#j,if

\/(p[i,x - ij,x>2 + (Pli,y - PIJ',}')ZS rfs (11)

where 7y is the “safe” distance from the UAV to an obstacle,
then Py = {pn1,PN2>-.- PNk} becomes a set of points that
creates a new obstacle edge between points p; and p;, where
the set of points Py is defined by

"= M, b = priy = prix - m,

(pli,x - PIj,x) (12)

Yk =m-x+b for xx = prix to prjs.

While this is relatively simple logic, it holds under several
assumptions and conditions. This holds as long as the
minimum “safe” radius is large enough in comparison to the
vehicle minimum turning radius (often a valid assumption).
Therefore, if the sensing range is large, the vehicle will have
enough time to turn to avoid the obstacle.

This logic holds for not only concave obstacles, but also
for convex obstacles. If a concave obstacle is too small for the
UAV to turn out of, the algorithm would define the whole
area as an obstacle. This would make sense since the UAV
would not be able to navigate in and out of the obstacle, and,
therefore, the UAV will never make its way into the obstacle
in the first place. For convex obstacles, the agent would just
be redefining an area inside the obstacle (an area that the
agent would already be unable to reach).

If the concave obstacle is large enough for the UAV to
venture into, the UAV will be able to redefine the obstacle
and navigate out, even with a minimum turn radius. This is
shown in Figure 10, where the blue is the sensing range and
red is the obstacle (both original and redefined as it carries
on).

For symmetrical obstacles, the UAV redefines as the area
between the two as an “obstacle.” Therefore, as the UAV
approaches the obstacle and it comes into view, if multiple
pieces (or two different obstacles here) appear in the sensing
range and the distance between them is less than a safe dis-
tance, the UAV defines the entire distance between them as
an obstacle. This implies that the area is “unsafe” to travel
through, and the UAV would navigate around the two
obstacles as though they were one. Several steps that the agent
would take in this scenario are shown in Figure 11.
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FIGURE 10: Agent Redefining a Large, Concave Obstacle.

=

FIGURE 11: Agent Redefining Two, Symmetrical Obstacles.

5. Simulation and Results

In this section, the simulations performed and their results
are described. Seeing as potential fields have been used
frequently as an intelligent control method for motion plan-
ning, it the basis for comparison for methodology developed
here. Furthermore, the fuzzy logic controller is compared
to an optimal path planning algorithm that uses visibility
graphs. This was done to analyze the overall performance of
the FLC. In this section, the testing environment used in the
Monte Carlo runs is described. All simulations described and
presented here were implemented in MATLAB programming
language and on a Windows machine with an Intel Core
i5 2.4 GHz processor and 4.0 GB of RAM. Finally, results
comparing methodologies are presented.

5.1. Simulation. The testing environment is an enclosed grid
where each vertex is identical and indicates the presence of
an obstacle. If there is an obstacle at that vertex, it is marked
as 1. If not, it is marked as 0. Therefore, all obstacles are
constructed as a series of vertices. The vehicle is assumed
to be able to sense and define obstacle appropriately. That
is, the vehicle searches its sensing range at each time step
for obstacles and if it comes upon a vertex defined as a 1, it
knows it is an obstacle. While this is a simple representation
of an environment, it has several useful advantages that are
exploited. First, the FLC utilizes the closest point of the
obstacle within the sensing range, and this is much easier to
compute if the environment is discretized. Furthermore, the

volume of the space that is composed of obstacles can help
define the complexity of the environment.

Both polygonal and nonpolygonal obstacles are tested in
this research, but the nonpolygonal obstacles are only used
for the validation of the methodology. This is due to the fact
that the optimal approach used for comparison is capable of
handling only polygons.

Again, Monte Carlo testing was completed to evaluate the
performance of the solutions obtained. Each simulation con-
tained a fixed number of polygon obstacles, a fixed starting
position for the UAV, and a fixed number of targets. There
were three types of obstacles the total, the size, and shape of
each of the three were fixed. In each simulation, the obstacle
type (so it could be any one of the three types), the location of
the targets, and the location of the obstacles were all random.
Three categories of obstacle density were used for comparing
each method, and 300 runs of each of the three categories
of obstacle density were used (900 simulations total). Simple
(least dense) cases had 5 obstacles and an obstacle area per-
centage of less than 30%, moderate (medium density) had 10
obstacles and an obstacle area of less than 50% and greater
than 30%, and complex (very dense) had 15 obstacles and an
obstacle area of greater than 50%. The reason that the obsta-
cle area was not consistent throughout the simulations is that
the random aspect of the location of the obstacles allowed
them to overlap.

5.1.1. UAV Operating Envelope. In the simulations described
here, the parameters of the UAV maneuverability are
summarized in Table 2. These parameters are described in
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TasLE 2: UAV and simulation parameters.
Parameter Value
Ts 50m
ry 25m
Vmax 10m/s
Vmin 3m/s
Amax 3m/s?
Ormax 30°
Wmax 25rpm or 2.618°/s
Tp 0.4 secs
T, 4 secs
T 0.05 secs
Texec Time step, k, that last target is serviced

the previous section as the constraints of the UAV kinematics
[30, 35]. In Table 2, r, is the sensing range of the UAV, rris the
safe range for a UAV from an obstacle, and T is the sampling
rate of the UAV, target, and obstacle information.

5.1.2. Model Discretization. In addition to discretizing the
environment, the UAV dynamics described earlier were dis-
cretized. The sampling rate, T, is the time that the UAV posi-
tion, UAV heading angle, UAV velocity, UAV sensing range,
and target location were updated. Furthermore, a step in the
simulation time is represented by k = 0,1,2..., each cell in
the environment is equal to 1m, and area of each map is
3.5km x 3.5 km. Therefore, the model is updated according
to the following:

x[(k+1)T] = x(kT) + Tv(kT) cos O(kT),
yl(k+1)T] = y(kT) + Tv(kT)sin O(kT),

0l(k+1)T] = O(kT) + Tw(kT),
(13)

v[(k+1)T] = v(kT) + Tz[vc(kT) —v(kT)],

v

w[(k+1)T] = w(kT) + T—Y;[GC(kT) - 0(kT)],

where the difference between the control input and the actual
need to satisfy the constraints for acceleration and angular
acceleration (14) is as follows

[ve(kT) = v(kT)| < amax,
10c(kT) = 0(kT)| < Wmax.

(14)

5.1.3. Performance Metrics. Monte Carlo experiments were
completed to analyze the performance of the different meth-
ods and gain insight to the contributions and limitations
of the control method presented here. To do so, various
performance metrics were calculated for each run. The
performance error with respect to the optimal solution was
calculated for the distance travelled as this is a common
performance metric for path planning algorithms. Also, the
control effort was computed as the sum of the square of
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the heading angle change at each time step. The heading
angle rate was used to determine a quantitative metric for
the required path changes of each control method. Finally,
the number of errors was recorded over all the simulations
to determine failure rate. A failure was considered if the UAV
never reached the target and/or the UAV “crashed” into an
obstacle. For each of the three control methodologies imple-
mented, the previous was recorded where fuzzy logic control
has subscript flc, potential field method has subscript pf, and
optimal has subscript 0. These values and their calculation
are shown in Table 3.

5.2. Results. In this chapter, the results of testing the Fuzzy
Logic Controller are presented. This includes validation of
the methodology and analysis of the performance. Therefore,
it is shown here that the system meets the specified con-
straints; is capable of operating in complex environments
and capable of target retasking in-flight; performs excellent
when comparing the distance traversed and control effort to
optimal and potential field solutions. It is shown that the FLC
navigates to the targets in real time while avoiding obstacles.
Like mentioned previously, all environments were formed
such that a plausible solution could be found. This means
that the UAV can adequately navigate around obstacles and
that targets are at a “safe” distance from the obstacles.

5.2.1. Constraint Verification. Beyond validation that the
technique allowed for motion planning in an unknown
environment, it was essentially that this logic works within
the specified constraints of the vehicle. Therefore, examples
were run to verify that the system was doing so. Shown
below is an example of the fuzzy logic controller (Figure 12)
and the corresponding acceleration (Figure 13) and heading
angle rate (Figure 14). It was verified that the system never
operated outside the constraints.

Furthermore, the controls for this example are shown
(Figures 15 and 16). It is seen that there is a short time delay
for both the velocity and heading angle change as expected.

5.2.2. Performance. As described in the previous section, the
fuzzy inference system was compared to both an optimal
path planning methodology and an artificial potential field
method. As potential fields are widely used and the leading
intelligent control method for dynamic path planning, it
is the technique used for comparison here. Potential fields
have been shown to provide near-optimal solutions and a
viable alternative to optimal control strategies. A parabolic
function is adopted to represent the artificial potential on the
vehicle from an object where the function is quadratic in the
Euclidean distance (so that it is differentiable) and multiplied
by a scaling factor (differs for attractive and repulsive forces).
From the gradient of the function, the force on the vehicle is
calculated.

The methodology used here for optimal control solution
is a roadmap method, visibility graph, and assumes the
environment is completely known prior to the mission and
that it is unchanging throughout. Again, it is implemented
as a comparison for performance (i.e., distance traversed).
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TasLE 3: Control solution parameters.

Parameter Symbol Calculation

Distance traversed D 3 fee \/(x[k +1] = x[k])* + (y[k + 1] — y[k])?
Control effort C (1/Texec) Z,f;*g“ w(k)?

Failure rate F # of failures/300

Obstacle area OA Area of obstacles (km?)/12.25 (km?)
Optimality J Dyi/D,  Dgc/D,

TABLE 4: Performance results—percentage of failures and control effort.

Failures: simple environments

Failures: moderate environments

Failures: complex environments ~ Average control effort

Optimal 0.00 0.00 0.00 0.0158

FLC 0.02 0.03 0.05 0.0621

PF method 0.03 0.19 0.34 0.5169
3500 Acceleration over time
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FiGure 12: Example of the fuzzy logic controller for constraint veri-
fication.

Since the complete environment is known a priori, no-fly
zones and other obstacles can all be represented as polygons.

While it is important that the FLC is at least somewhat
comparable to other methods in terms of distance, the most
significant contribution of this method is the reduced failure
rate. It can be seen in Table 4 that the percentage of failures
for the PF method (average of about 18% overall) over the
FLC (average of about 3% overall) is significantly higher.
Furthermore, as the environment gets increasingly complex,
the number of failures for the PF method is about 1/3 of
the total cases (as opposed to 5% for the FLC). These high
numbers of failures for the PF method (especially for
complex environments) make it unreliable to implement
realistically. Additionally, although the optimal solution has
no failures, it should be noted that if there is any uncertainty
in the environment this percentage would increase dramat-
ically. On the other hand, it is likely that the fuzzy logic
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FIGURE 13: Acceleration versus time of the example for constraint
verification.

Heading angle rate over time

3
2 L 4
g 17 | : -
] 1
° i T
) 1 \ li
= uﬁ\y\*\l BTN RN RN
’ 4 1/
%0 l’ \} :{' v 'l/
o 1 \
s | !
Y — -
T 1 I
2L 4
-3

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time steps-0.05Hz

FiGURE 14: Heading angle rate versus time of the example for con-
straint verification.
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Heading angle over time
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FiGgure 15: Controlled heading angle and actual heading angle ver-
sus time of the example.

Vehicle velocity over time
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FiGure 16: Controlled velocity and actual velocity versus time of the
example.

controller would perform the same as it makes no assump-
tions about the environment a priori.

Also, the control effort across methods is compared. The
effort shown in Table 4 is the average over all simulations
for each method. As can be seen, the FLC outperforms the
PF method by almost 10 times. Additionally, the FLC is on
the same order of magnitude as the optimal in terms of the
control effort. This detail, as well as the significantly less
failures, makes it a feasible approach to utilizing in real time.

Because path planning algorithms are generally used to
solve for the minimum distance travelled, this was used for
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Distance comparison for simple environments
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FIGURE 17: Extra distance traversed for the approximate solutions
in simple (least dense) environments.

comparison for performance and as a measure to tune the
membership functions. This is also done because the fuzzy
inference system developed for path planning only relies on
local information and a set of coordinates for the target, it
is likely that the UAV will not always take the optimal path
(and could possibly take a very suboptimal path). The ques-
tion becomes as to how suboptimal this path is, and how
often these very suboptimal solutions take place. That is, if
hundreds of random obstacle environments are produced,
how much further the UAV uses the FIS travelling than the
branch-and-bound method. Also of interest is how much
longer the UAV take to traverse its path (not necessarily the
same as the distance for the FIS and PF method, because
the velocity is not constant). As mentioned previously, the
environments were broken down into three categories of
density: simple, moderate, and complex. Figures 17, 18, and
19 show the number of cases (out of 300 for each category) as
the optimality of the solution decreases in terms of distance
traversed for each category, respectively.

As can be seen in the previous plots, the fuzzy logic solu-
tions perform very well when compared to optimal solutions.
66% of cases lie within 90% of the optimal in terms of
distance traversed. Also, all of the cases have an average of
being within 7.6% over all cases (as compared to 9.7% for
the PF method). It should also be noted that the optimal
solution does not take vehicle dynamics into consideration
and assumes that it can travel along the edge of an obstacle.
Realistically, the optimal solution would be altered slightly to
allow for a little “padding” around the obstacles. The fuzzy
logic solution already does this. Therefore, the fuzzy logic
solution is closer to the optimal cases than is indicated here.

6. Conclusions and Future Work

Presented here is the formulation and validation of a fuzzy
logic controller (FLC) for motion planning in real-time
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Distance comparison for moderate environments
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Figure 18: Extra distance traversed for the approximate solutions
in moderate (medium density) environments.

in a two-dimensional, unknown environment. The fuzzy
inference system was verified on various, stationary obstacles
and for moving targets (retasking mid flight). The FIS was
compared to an optimal approach and an algorithm based
on potential fields (PFs) that also motion plans in real time.

The comparison to other path planning methods showed
that the FLC gets good results, and they can be obtained
online with any type of environment. This was shown to be
very reliable, with only about a 3% error rate over all cases.
The errors that did occur were when the UAV navigated into
an area that did not have an outlet, and it could not appro-
priately maneuver out. While this method is not faultless, the
APF method showed a much higher failure rate at about 18%
overall (34% for complex environments). Additionally, the
APF method used significantly more control effort (about 10
times more overall) than the FLC.

It was also shown that in most cases when the environ-
ment is relatively simple (only contains polygons or “closed”
obstacles) the FIS produces near-optimal solutions consis-
tently. That is, the FLC was able to perform within 5.7% of
the optimal solution in simple environments, within 10.7%
for moderate environments, and within 6.5% for complex
environments for distance travelled (7.7% overall). This
beat the overall performance for the APF method at 9.7%.
While the performance is less reliable for obstacle enriched
environments, the results are still able to be obtained in real
time and with reasonable closeness to optimality. As environ-
ments get increasingly complex, the optimal solution will
be harder to obtain in a reasonable time. This will make it
impossible to rely on acquiring an optimal solution even if
the environment is completely known prior to flight.

The results presented in this work show that the FL algo-
rithm outperforms the APF method in reliability of success
of a solution, in near-optimality, and amount of control
effort used. What is more, it was able to do so in real time
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Distance comparison for complex environments
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Figure 19: Extra distance traversed for the approximate solutions
in complex (very dense) environments.

with local information, which the optimal solution was not.
While quantitatively it is obvious that the FLC outperforms
the APF and optimal methods, there are several qualitative
advantages to the fuzzy controller. The reduced failure rate is
a distinguishing attribute of fuzzy logic. Fuzzy Logic allows
the user to capture much more information about the envi-
ronment in a more efficient manner. Additionally, the avail-
able tools allow the user to easily develop and manipulate
FISs. This makes it a very powerful tool that allows the user to
see the effects of incorporating additional information with
minimal effort.

The advantages of using Fuzzy Logic (FL) for a motion-
planner were demonstrated in this research: few failures,
near-optimal paths, and low control effort. It is these advan-
tages that make it a good tool for further development. Some
possible obvious future works that were not explored in this
research are motion-planning in three dimensions, avoid-
ance of dynamic obstacles, and more robustness testing.
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