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Abstract: This paper presents a real-time path planning combined with obstacle avoidance capabilities for Unmanned Aerial
Vehicles navigation. This solution approach utilizes a closed loop design structure for autonomous functionality such as path
tracking while avoiding obstacles. The mechanism applies a Particle Swarm Optimization based planning algorithm to find out
an optimum path by avoiding static and dynamic obstacles. The methodology implemented for the open loop obstacle detection
system integrates a combination of hardware and software elements which is able to detect obstacles, with a detection rate of
98% at five meters for various sized obstacles. Experimental and numerical results for the closed loop path planning combined
with Collision Avoidance System demonstrate the UAVs ability to autonomously generate a safe path by detecting obstacles
using a low -cost Ultrasonic Sonar sensor in real time. In addition, using the guided loop function, it can successfully avoid any
obstacles. The results show the effectiveness of the total system in real-world applications.
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I. INTRODUCTION
Due to technological advancement, the development of Unmanned Aerial Vehicles (UAVS) is rapidly expanding and become more
prominent in recent years. Autonomous industries are adopting the UAV technologies due to its cost efficiency for surveying, crop
spraying, monitoring, 3D mapping and various other applications. Research conducted by Allianz Insurance Group has projected
that there will be 4.7 million UAVs by 2020, three times the current number of UAVSs in operation [1]. While the UAVs technology
is growing faster in recent years, there are still some challenges in autonomous navigation of UAVS.
Autonomous navigation typically includes the path planning while avoiding obstacles. To improve the autonomy level of UAVS,
one of the key challenges is to plan an optimum path by ensuring its safety [2]. Path planning of UAVs refers to plan an optimum
path from its present position to the desired goal location in an environment with different obstacle distribution [3]. In high altitude,
UAVs usually do not need to avoid obstacle frequently [4]. However, in low altitude environments, the issues related to risk-free
planning should be addressed carefully. Therefore, to reduce the number of UAV related incidents, better autonomous functionality
in the area of obstacle detection and avoidance capability is desirable.
Over the years a number of research works have been developed on path planning. Heuristic search algorithm such as A* and D*
algorithms are widely used in the field of path planning [5]. Due to the need for continual incorporation of new information, these
algorithms are ex-pensive in terms of computation time [6]. Dijkstra [7] and D* Lite [8] are other prominent path planning
algorithms. Both algorithms are grid based and face some problems associated with time complexity and accuracy [9]. To overcome
such types of problems, evolutionary algorithm such as Genetic Algorithm [10], Particle Swarm Optimization (PSO) [11] algorithm
etc. are widely used in path planning research. PSO is a heuristic and random search algorithm inspired by the social behaviour of
bird flocking or fish schooling [11]. It is simple with fewer control parameters and faster than the Genetic algorithm. In addition, the
most significant part of PSO is that it usually gives a good solution for optimization problems [12]. Sumana et al. [13-14] proposed
a PSO based algorithm for path planning in dynamic environments.
The ability to ensure safety during planning paths is a great challenge of UAVs [4]. Active research is currently being conducted in
this area [15-18]. The development of sensor and vision technology [19-23] is continually assisting research in the area of obstacle
detection and avoidance. Sensors like LIDER [24] are generally too large and heavy for the applications of UAVs [4]. With the
increasing clutter condition in airspace a universal system needs to be developed so that the UAVs of the future are not susceptible
of colliding with obstacles like other aircraft, infrastructure etc. and are therefore capable of evading collisions. Peng et al. [4] utilize
a vision-based algorithm for obstacle avoidance. Jun and D’Andrea [25] used probability map to solve the problem of path planning,
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here the map construction depends on different radar characteristics. However, many of vision based and radar technologies are
expensive as well as computationally heavy and require large processing capabilities in order to operate efficiently. This limits the
functionality of UAVSs, as weight, cost and size are factors that need to be considered in the design and development of UAVS.
Therefore, low-cost solution with minimal power and processing consumption capacity is needed to increase the effectiveness of
UAVs flight.

Existing path planning problem combined with collision avoidance system is either simulation based or offline mode [2], [26-27]. In
most cases, UAVs follow a safe trajectory in offline mode [4], where it moves through provided waypoints within known
environments. However, real world scenarios are very demanding and at every step there are uncertainties [13] where pre-existing
maps are not very useful [26]. Since there may be different types of static and dynamic obstacles, depending on the circumstances
UAVs should be able to replan a path by avoiding all types of obstacles. Hence, for real world performance, a combination of low
cost as well as effective hardware that can accurately represent the surrounding in real time and an efficient software approach that
can easily find an optimum path to reach the tar-get location by avoiding any collision is needed. Ricardo et al. [6] proposed a low-
cost single point LIDER module based real time planning for UAVs. The limitation of their work is that the author only considers
static environment. Therefore, real time planning of UAVs in dynamic environments needed to be addressed.

In this paper, a total combination of hardware systems with planning algorithm software is implemented for real time path planning
and obstacle avoidance in dynamic environments. Here, a quadcopter with onboard Raspberry pi is embedded with a ground
computing plat-form. An onboard low-cost Ultrasonic Sonar Sensor is utilized for obstacle detection. Once the obstacle is detected,
it sends information to the ground computer, where the planning algorithm receives the obstacle related information for online
processing. After that, the planning algorithm replan its path to avoid obstacles and sends the waypoints information to the
quadcopter. Simultaneous Replanning Vectorized Particle Swarm Optimization (SRVPSO) algorithm [13] is used to plan an
optimized path by avoiding obstacles. Finally, by following the waypoints the quadcopter is able to modify and update its path by
avoiding any types of obstacles in real time outdoor environments.

The rest of the paper is organized as follows: Section Il defines the research approach and describe the methodology of the total
planning. Section 111 describes the path generation with obstacle avoidance. Simulation and experimental results are presented in
Section 1V. The paper is concluded in section V with some indications for the future work.

Il. RESEARCH APPROACH AND METHODOLOGY
This section describes the essential hardware components, software and the mechanism of the research approach.

A. Ultrasonic Sonar (US) Sensor

An onboard ultrasonic sonar sensor is used in this research work to detect obstacles. Sonar sensor is a low-cost, light weight and less
intensive power option for detecting obstacles. It becomes useful in low and high luminosity situations where vision is obstructed by
bright light or the absence of light. US sensor comprises of two components: a transducer and detector. The transducer generates an
ultrasonic frequency when an alternating current is applied to it. The detector produces a voltage if the ultrasonic frequency
produced by the transducer has been reflected back to the detector. The voltage produced by the detector registers that an
object/material has been detected. In order to calculate the distance of the object/material from the sensor Eq. (1) is used, where ‘d’
is the distance in meters, ‘tt’ is the travel time in seconds and ‘S’ is the speed of sound.

d=(tt/2)xS (1)

The advantages of using US sensor is that it uses minimal power to operate effectively and has an effective range of 2cm-4m with a
measurement angle of 15 degrees.
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Figure 1. Timing Diagram for Ultrasonic Sonar Sensor
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The disadvantages of using US sensors is the fact that porous materials will affect the readings of the sensor, as waves are absorbed.
The US sensor works by sending eight pulses at 40 kHz and detects whether the pulse signal has been reflected to calculate the
distance of an obstacle, the timing diagram is expressed in Fig. 1.

B. The Quadcopter and The Other Syatem Setup

Figure 2. UAV (quadcopter)

Figure3. System Setup

The quadcopter shown in Fig. 2 utilizes a single HC-SR04 US sensor for range measure-ment of obstacles in normal forward flight.
The Raspberry Pi Model 2 which uses an A900MHz quad-core ARM Cortex-A7 CPU with 1GB Ram was used in conjunction with
the US sensor to calculate the distance from an obstacle. The other components like RC con-troller, RC receiver, telemetry radio,
encoder, remote control etc used in the system set up. The setup for the total system is shown in Fig. 3.

C. Software System

The hardware implemented for the collision avoidance system incorporates an open source software system. The Ground Control
Software (GCS) utilized for this project is MAVProxy, which is installed on the Raspberry Pi Model 2 onboard the UAV.
MAVProxy is a software package which uses the MAVLink protocol. This is supported with Pixhawk which is the onboard flight
computer for the UAV system. The GCS allows for modification and creation of loadable modules, therefore the creation of a
module integrating the CAS is possible. The CAS is an independent module which is loaded into the system and is run concurrently
whilst the pilot controls the UAV through manual input using a remote control. The GCS can over-ride the pilots control once
triggered by detecting an obstacle within the specified risk area from the US sensor, which is specified as less than one meter from
the UAV.
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D. Mechanism and Implementation

Information from the ground station to the UAV and vice-versa is delivered using a telemetry system operating at 915MHz,
allowing for long range communication. The Radio Controller (RC) transmits commands to the UAV over a 2.4GHz
communication channel which is processed by a receiver on the UAV. The channels from the receiver are passed through a PPM
encoder which provides communication to the Pixhawk flight controller. The Pixhawk is able to process the commands from the RC
and converts the received radio frequencies into PWM information which is processed by an electronic speed controller to
determine the level of current to be passed through to the 380KV motors to generate lift to the UAV.
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Figure 4: The flow diagram for obstacle avoidance and path planning

In the case of the GCS, guided information is transmitted using the MAVLink protocol through the telemetry system.

This information can then be interpreted by the flight controller and assign the correct way-points for the UAV to follow to avoid an
obstacle. The obstacle detection system is used to interact with the quadcopter platform. The Raspberry Pi Model 2 does this by
sending a trigger to the sensor, upon receiving an echo, the algorithm calculates the distance between the obstacle and UAV using
Eqg. (1). Distance units are converted into hexadecimal notation prior to transferring distance information using a UDP packet over a
wireless local network. The Raspberry Pi Model 2 connects to the base computer through port 25000 of its IP Address. The
computer receives the UDP packets sent from the Raspberry Pi Model 2 and runs an in-dependent algorithm which converts the
UDP packet back to its original state, to be read correctly for distance information.

The distance information is processed by the CAS algorithm and triggers the optimized path once the distance between the obstacle
and UAYV falls below a threshold value of one meter. The algorithm receives the UAVs starting position in Global Positioning
System (GPS) coordinates and converts it to the Cartesian coordinates. The algorithm starts optimizing its path based on the
obstacles location and size, and plots a number of waypoints along the path using Cartesian coordinates updating the initial position
of the UAV, it then converts the way-points to GPS coordinates for the GCS to process. An independent script receives the
coordinate information over a local wireless network through port 25001 and writes the latitude and longitudinal information to a
binary file using a protocol buffer to structure the data. The CAS module loaded on the GCS continually reads the binary file every
0.2 seconds to see if any information has been written to the file. Upon receiving a waypoint package in the binary file, the CAS
module autonomously controls the UAV using a guided function to avoid collision with an obstacle by sending the UAV waypoint
commands corresponding to the optimal path. If an object is detected along the optimal path the algorithm activates its reactive
planning and creates a new path to avoid collision. Fig. 4 shows the flow diagram corresponding to the CAS algorithm for the
clarification of its process. The UAV will have successfully completed its autonomous flight once the CAS algorithm has reached
its desired end goal.
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I1l. PATH GENERATION WITH OBSTACLE AVOIDANCE
Path planning algorithm is the key component in delivering a complete autonomous UAV system. Particle Swarm Optimization is
one of the popular optimization tools that use the concept of swarm intelligence [13]. This optimization method combines both local
and global search by balancing exploration and exploitation. PSO works with a
Population of particles.
Let, a PSO swarm consists of a set of particles (S). Each particle changes its position with time. Position and velocity of the
ith particle at time step ‘t’ are respectively-

xi(t) = (xi,1(t), xi,2(t), xi,3(1), ...... xi,n(t)) and

vi(t) = (vi,1(t), vi,2(t), vi,3(1), ...... vi,n(t))
Each particle updates its velocity and position according to the following equations:
vi(t+1) = ovi(ty+re el (xiP™(t)-xi(t) )+c2r2(xi®*(t)-
xi(t)) )

Xi(t+1) = xi(t) + vi(t+1) (3)

where, cl = cognition parameter, ¢ 2 = social parameter, ® = inertia weight factor, and rl, r2 are independent random numbers
uniformly distributed in [0, 1]. X" is the personal best position achieved by the particle and x®*! is the globally best position
achieved by the swarm.
Development in this area in conjunction with obstacle detection systems would create a robust and advanced collision avoidance
system. In this research work, Simultaneous Replanning with Vectorized Particle Swarm Optimization (SRVPSO) algorithm by
Sumana et al. [13] is used to plan an optimized path. Fig. 5. demonstrates the flow chart of the SRVPSO algorithm.
In this algorithm, the path planner is integrated with a collision avoidance system. To avoid collisions, SRVPSO algorithm works as
a reactive planning.

Start )

h 4
Initislize the parameters of
SRVPSD
T
P
¥
Badisate e wewcrond clbjat
— function for sach partecle
e ad
k4
For sach partiche set local best

fitness=cu LS

e It Bl poakdseesumed. puaddoe

¥

| Sut ghobal et fitness= min el et El:l-r_'u.||
b

]
s current

JEE—— >
+ itngs s =itnes s P Baest"

Beign curment - P Pl
e oo rew Pllest

A=xign et posrticles Phest vl
to GBest

End

Figure 5. Flowchart of the SRVPSO algorithm
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A two-layer strategy for obstacle avoidance is followed in this algorithm. The strategy is given below.
At first layer, each particle calculates the distance from its current location to the obstacles position.
Let, Dp®™ is the distance between the obstacles and the particles. Conditions of collisions are:
1)  When Dp® > 0, no collision, move to next step.
2)  When Dp®™ <0, collision is likely to take place, replan the path.
Here, the negative cost of the distance means that the locations of the particles are inside the collision zone. If any risk of collision
arises, the trapped particles in the collision zone are ignored and the path within the zone is considered as infeasible.
In the next layer, the trapped particles are recovered by increasing the particles velocity, to overcome the unbalanced scenario of the
swarm population.
The parameters of PSO used in the tests have been chosen by running several tests with different combination. The preferred
combinations of parameters are as follows:
® =1.0,c1=0.5,¢c2 = 2.0, Population size of swarms = 25 and Maximum iterations = 50
Parameters considered for collision avoidance strategy are as follows:
o =1.0and c1 =3.0, c2 = 4.0; these increased parameter values help the trapped particles to recover.

The algorithm is able to successfully convert the Cartesian coordinates into Decimal GPS co-ordinates and vice versa. The GPS
coordinate system was based on the WGS84 earth centered, earth-fixed terrestrial reference system with an earth radius set to
6378137m. The bearing for forward momentum corresponded to a northern bearing at 360 degrees for the UAV as this is what
depicted its flight path.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Tests have been performed both in simulation and with a real quadcopter in outdoor environments. The CAS showed success in its
application. 40 tests have been completed using numerous sized obstacles and different path goals. In all test runs, the UAV is able
to success-fully detect and maneuver around all the static and dynamic obstacles to avoid collisions. Fig. 6 (a) and 6 (b) displays the
result of the simulation. It is found that, the waypoints correctly depict the optimal path that is generated using the SRVPSO
algorithm and the UAV is able to reach its goal location (40, 120). This technique was able to be manipulated through conversion to
depict a real-world interface. It is found in Fig. 5 that the UAV is able to autonomously move around the obstacle based on the local
coordinates provided by the SRVPSO algorithm. Out of the waypoints sent from the VSPO algorithm, 97.41% were received by the
GCS. This meant that in almost all cases the UAV is able to avoid an obstacle without causing a collision. In the 2.59% cases where
the packets are not received the data is corrupted by giving incorrect GPS co-ordinates.
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Figure 6 (b). real-world coordinates

For this reason, the UAV being unable to reach its goal destination. Fig. 6 (b) highlights the GPS waypoints to achieve the desired
goal point of the UAV.

Obstacle Detection Path Plot (Dynamic)
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Figure 8. Path planning in dynamic environments
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Fig. 7 and 8 shows the path planning by avoiding both static and dynamic obstacles. Fig. 7 shows the original path where the
position and movement of the static and dynamic obstacles are predetermined. The obstacles are varied in size, an obstacle was
placed at (18, 40) with a radius of 8 meters, another placed at (55, 26) with a radius of 3 meters and a dynamic obstacle placed at
(60, 60) location with a radius of 10 meters that moved 2 meters in the negative X and positive Y coordinates per frame. In Fig. 8 it
is found that the CAS is able to successfully identify the sudden presence of new obstacles and replan its path accordingly to avoid
the potential risk of collisions.

Figure 10. Flfgﬁt test of UAV in outdoor environment

The new waypoints to evade the detected obstacle shown in Fig. 9 are transmitted to the GCS and the UAV mirrored this path as
expected by avoiding collisions. Fig. 10 shows the photograph of the experimental flight test of the quadcopter during avoiding
collisions at outdoor environments. The black circle in the figure indicates the position of the quadcopter.

From the above results, it is found that the total integrated system performs robustly to find an optimum path. The quadcopter
successfully detects and avoid obstacles including new obstacles on its way and provides evasive maneuvers in an autonomous
application to find the best path available to reach the desired goal location.

V. CONCLUSION AND FUTURE WORK

In this work, an autonomous navigation system with the real-time collision avoidance strategy of UAVs is developed. The
simulation and experimental results with the real quadcopter validate the total approach. The total system is simple and can
effectively detect and avoid obstacles in dynamic environments. This work shows that the use of a low-cost hardware in UAVS to
avoid obstacles is feasible and can be used as a viable low-cost alternative to current market offerings. Despite the positive results
and the successful application of the obstacle detection and CAS, there are still limitations in the application of the CAS. The CAS
is limited in its ability to determine the UAV headings and as such needs to be manually changed. Future work could extend the
ability of the CAS to factor in the UAVS bearing to provide better accuracy in its path optimization. In addition, in future this
approach will be applied for a multi-agent path planning and obstacle avoidance in real-time applications.
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