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Abstract: Following the massive interests in unmanned aerial vehicles (UAVs), various
optimization algorithms have been proposed for a path planning problem that allow the units to
navigate in a region filled with threats such as a radar detection in air defence systems. Among
the algorithms, we address Dijkstra’s algorithm and a heuristic algorithm for the path planning
of a UAV. The algorithms are compared under various configurations of a region to navigate
with respect to the optimality and the computational complexity of the algorithms. Copyright
c© 2019 IFAC
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1. INTRODUCTION

Unlike other automated vehicles, which require a physical
line or makers to move, e.g. an automated guided vehicle,
an unmanned aerial vehicle (UAV) has less restrictions
on its operational environment because of its flexibility in
movement. Providing an aerial viewpoint is also an impor-
tant feature of a UAV, making its application promising
and cost-efficient. A military and civil engineering are
examples of application areas, where deploying a fleet of
UAVs could dramatically reduce the cost and dangers of
the operations related, while maximising the performance
of the operations.

However, deploying UAVs to such applications brings a
challenge that it is often difficult to guarantee the safety
and reliability of UAVs during the deployment because
an operation area for a UAV deployment often involves
obstacles and threats such as a high-rise building and an
enemy’s air-defence system.

To address the challenge, a path planning problem has
been actively studied, which derives a flight path for a
UAV from a point to another with respect to navigating
a region of interest safely (Alotaibi et al., 2018). Various
operational constraints such as the maximum energy level
of a UAV and safety distance from an object (e.g. a
building or another UAV) are often imposed into the
problem.

Following the importance of the path planning in a UAV
deployment, various approaches based on exact and heuris-
tic approaches have been proposed (Zhao et al., 2018).
Among them, we present two algorithms, Dijkstra’s algo-
rithm and a heuristic algorithm we designed.

First, Dijkstra algorithm, a well-known exact approach for
a shortest path problem is discussed with an emphasis
on how to generate a waypoint network for a region to
navigate and a cost for a flight between two waypoints. A
waypoint is a coordinate that a UAV may use to change
its flight conditions such as a direction and a speed.

One of the drawbacks of Dijkstra’s algorithm in the path
planning is that it takes a long time to derive a solution
as the scale of a network (e.g. the numbers of nodes and
arcs in the network) increases, which is not a desired
characteristic of a solution method for the path planning,
especially in real time.

Motivated by the fact, we present a heuristic algorithm
with a waypoint generation scheme. The algorithm first
draws a straight line from an origin to a destination and
adjusts the line by inserting new waypoints to the line,
when the line is overlapped with an obstacle or threats.
Since the scheme is simple, the algorithm could find a path
quickly. A performance comparison of the two algorithms
is then carried out under various scenarios.

Specifically, we generate test scenarios varying a distribu-
tion of threats and targets on a region. A threat is a danger
a UAV should avoid during it flight. Unlike an obstacle, a
UAV can penetrate a threat but it increases the unit’s treat
level. A UAV also needs to conduct tasks, i.e. to survey
targets. The path planning algorithms are then applied to
generate flight paths to visit targets avoiding threats. The
algorithms are then evaluated in terms of the threat level
of paths derived and time to compute the paths. Based
on the evaluation, we finally characterize the favourable
conditions for each algorithm.
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2. RELATED WORK

The path planning for UAVs can be categorized into
two classes depending on the mission type of a UAV
deployment.

First, the path planning problem can be found for a mis-
sion, which requires a placement of a UAV on a position,
e.g. delivering a material to a site. In this case, a path
planning problem is often defined as to find a sequence
of waypoints to avoid threats or obstacles (Bertuccelli
et al., 2009; Alotaibi et al., 2018). Fig. 1 illustrates a path
that allows a UAV to visit multiple points while avoiding
collisions with objects.

Fig. 1. Illustration of a path

Please refer to Radmanesh et al. (2018); Zhao et al. (2018)
for comprehensive reviews on the exact and heuristic
approaches for the planning algorithms. The path planning
can also be embedded into a scheduling system for a fleet
of UAVs. Coupled with a decision that assigns tasks to
UAVs, the path planning problem is solved to find a path
between tasks (Coutinho et al., 2018).

The path planning problem has also been studied to
cover a region, termed as the coverage path planning
(CPP). For a region of interest, the CPP consists of 1)
a decomposition of the region into a set of sub-polygons,
2) finding a covering direction for each sub-polygon, and 3)
determining a sequence of the sub-polygons to form a final
covering path (Jiao et al., 2010; Barrientos et al., 2011).
The concept of the approach is described in Fig. 2.

Fig. 2. General steps in the CPP solving

In this paper, we focus on the first type of the path
planning problem. Specifically, we address a situation
where a UAV needs to visit multiple target points following
a given order. A region to navigate is filled with threats,
which can damage a UAV. A UAV can fly over or through
a threat, if necessary, unlike physical obstacles such as
a building, but it increases the treat level of the unit.
The objective of the path planning problem is set as to
minimise the threat level of a UAV during a flight visiting
multiple positions.

To find a path for the problem, we first discuss Dijkstra’s
algorithm, an exact algorithm for a shortest path problem.
Given a network and a function to compute a cost between
two nodes, Dijkstra’s algorithm derives an optimal path
to a destination which minimises the cost of the path.
However, it takes a long time as the size of a problem,
e.g. the number of nodes in a network, increases. Moreover,
the performance of the algorithm is critically depending on
the network used for the path planning, which brings an
additional decision-making problem for the path planning.
A grid network (Zhang et al., 2014) or a set of waypoints
generated by heuristic rules (Alotaibi et al., 2018) are
generally used to construct the network.

To overcome the challenges, we develop a simple heuristic
algorithm expected to produce a path with an acceptable
performance level within a short time. The performance of
the algorithm is compared to that of Dijkstra’s algorithm
under various scenarios. Finally, favourable conditions for
each algorithm are investigated.

Note that a region of interest in this paper is represented
as a two-dimensional space. Although, actual operational
environment of a UAV is a three-dimensional space, the
path planning in two-dimensional environments has been
extensively studied due to its simplicity with an assump-
tion that a UAV flies by maintaining its altitude or manual
adjustment (Zhao et al., 2018). For the path planning in
three-dimensional environment, please refer to Yang et al.
(2014); Ahmad et al. (2017).

3. PATH PLANNING ALGORITHMS

Let us first define a path for a UAV as a sequence of
waypoints. Recall that a waypoint is a coordinate that a
UAV may use to change its flight direction. Threats, which
damage a UAV, and targets, which will be surveyed by a
UAV, are distributed on a region of interest. The sequence
of the targets to survey is given.

With the setting, the path planning problem in this paper
is defined as to find a flight path that minimises the
exposure of a UAV to threats, while surveying targets
following a given order. The assumptions made in this
paper are listed as follows:

• Threats are the only factors of risk;
• A threat is modelled as a stationary circle area;
• The locations of threats and targets are known a
priori ;

• The threat level to UAV is proportional to its flight
time over threats and distance to threats;

• A UAV flies at a same speed during its flight.

To solve the problem, we implement Dijkstra’s and heuris-
tic algorithms.

3.1 Dijkstra’s Algorithm

Given σ, a sequence of targets to survey, we first form a set
of pairs of targets specifying an origin and a destination
of a sub-path. For an origin and a destination of a sub-
path, Dijkstra’s algorithm is applied to find a path between
them. For example, for sequence b − t1 − t2 − b, where b
is a base for a UAV, pairs of waypoints, (b, t1), (t1, t2)
and (t2, b), are generated. Then, for each pair, Dijkstra’s
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2. RELATED WORK

The path planning for UAVs can be categorized into
two classes depending on the mission type of a UAV
deployment.

First, the path planning problem can be found for a mis-
sion, which requires a placement of a UAV on a position,
e.g. delivering a material to a site. In this case, a path
planning problem is often defined as to find a sequence
of waypoints to avoid threats or obstacles (Bertuccelli
et al., 2009; Alotaibi et al., 2018). Fig. 1 illustrates a path
that allows a UAV to visit multiple points while avoiding
collisions with objects.

Fig. 1. Illustration of a path

Please refer to Radmanesh et al. (2018); Zhao et al. (2018)
for comprehensive reviews on the exact and heuristic
approaches for the planning algorithms. The path planning
can also be embedded into a scheduling system for a fleet
of UAVs. Coupled with a decision that assigns tasks to
UAVs, the path planning problem is solved to find a path
between tasks (Coutinho et al., 2018).

The path planning problem has also been studied to
cover a region, termed as the coverage path planning
(CPP). For a region of interest, the CPP consists of 1)
a decomposition of the region into a set of sub-polygons,
2) finding a covering direction for each sub-polygon, and 3)
determining a sequence of the sub-polygons to form a final
covering path (Jiao et al., 2010; Barrientos et al., 2011).
The concept of the approach is described in Fig. 2.

Fig. 2. General steps in the CPP solving

In this paper, we focus on the first type of the path
planning problem. Specifically, we address a situation
where a UAV needs to visit multiple target points following
a given order. A region to navigate is filled with threats,
which can damage a UAV. A UAV can fly over or through
a threat, if necessary, unlike physical obstacles such as
a building, but it increases the treat level of the unit.
The objective of the path planning problem is set as to
minimise the threat level of a UAV during a flight visiting
multiple positions.

To find a path for the problem, we first discuss Dijkstra’s
algorithm, an exact algorithm for a shortest path problem.
Given a network and a function to compute a cost between
two nodes, Dijkstra’s algorithm derives an optimal path
to a destination which minimises the cost of the path.
However, it takes a long time as the size of a problem,
e.g. the number of nodes in a network, increases. Moreover,
the performance of the algorithm is critically depending on
the network used for the path planning, which brings an
additional decision-making problem for the path planning.
A grid network (Zhang et al., 2014) or a set of waypoints
generated by heuristic rules (Alotaibi et al., 2018) are
generally used to construct the network.

To overcome the challenges, we develop a simple heuristic
algorithm expected to produce a path with an acceptable
performance level within a short time. The performance of
the algorithm is compared to that of Dijkstra’s algorithm
under various scenarios. Finally, favourable conditions for
each algorithm are investigated.

Note that a region of interest in this paper is represented
as a two-dimensional space. Although, actual operational
environment of a UAV is a three-dimensional space, the
path planning in two-dimensional environments has been
extensively studied due to its simplicity with an assump-
tion that a UAV flies by maintaining its altitude or manual
adjustment (Zhao et al., 2018). For the path planning in
three-dimensional environment, please refer to Yang et al.
(2014); Ahmad et al. (2017).

3. PATH PLANNING ALGORITHMS

Let us first define a path for a UAV as a sequence of
waypoints. Recall that a waypoint is a coordinate that a
UAV may use to change its flight direction. Threats, which
damage a UAV, and targets, which will be surveyed by a
UAV, are distributed on a region of interest. The sequence
of the targets to survey is given.

With the setting, the path planning problem in this paper
is defined as to find a flight path that minimises the
exposure of a UAV to threats, while surveying targets
following a given order. The assumptions made in this
paper are listed as follows:

• Threats are the only factors of risk;
• A threat is modelled as a stationary circle area;
• The locations of threats and targets are known a
priori ;

• The threat level to UAV is proportional to its flight
time over threats and distance to threats;

• A UAV flies at a same speed during its flight.

To solve the problem, we implement Dijkstra’s and heuris-
tic algorithms.

3.1 Dijkstra’s Algorithm

Given σ, a sequence of targets to survey, we first form a set
of pairs of targets specifying an origin and a destination
of a sub-path. For an origin and a destination of a sub-
path, Dijkstra’s algorithm is applied to find a path between
them. For example, for sequence b − t1 − t2 − b, where b
is a base for a UAV, pairs of waypoints, (b, t1), (t1, t2)
and (t2, b), are generated. Then, for each pair, Dijkstra’s
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algorithm is used to find a sub-path between the waypoints
in the pair. A complete path that visits all targets is finally
created by connecting the sub-paths for each pair following
σ.

A square grid-based waypoint network as illustrated in
Fig. 3 is constructed for Dijkstra’s algorithm. Such a
network is easy to get and allows Dijkstra’s algorithm to
generate almost all possible paths on a region, when the
density of nodes in the network is high enough.

Fig. 3. Network structure for Dijkstra’s algorithm

Here, the density of the network is determined by a
parameter termed as precision. When the precision level
is high, we have a dense network with many waypoints,
whereas we get a sparse network, when the precision level
is low. Fig. 4 illustrates the function of the precision
parameter. Obviously, the performance of a path derived
by Dijkstra’s algorithm is significantly affected by the
precision level.

Fig. 4. Network with different precision parameters (a)
high precision (b) low precision

A cost to travel from a waypoint to another is calculated
considering a distance between them and the treat level
of being at the destination waypoint. Following the work
of Zhang et al. (2014), the threat level at a position (x, y)
by a threat located at (xt, yt), can be calculated using an
equation as follows:

ft(x, y) =
1√
2πσ

e−
d2

2σ , (1)

where d is the Euclidean distance between (x, y) and
(xt, yt). The total threat level at point (x, y) is then
computed as:

F (x, y) = 1−
∏
t∈T

[1− ft(x, y)], (2)

where T is a set of threats in a region. Finally, the
travelling cost from node i to node j in a network, cij ,
is calculated as follows:

cij = dij + w × Fj , (3)

where dij is Euclidean distance between node i and j, w is
the parameter for the weight of threats termed as danger,
and Fj is the total threat level at node j. When w is zero,
the problem is a common shortest path problem.

Based on the network structure and the cost function,
Dijkstra’s algorithm with a priority queue (Goldberg and
Tarjan, 1996) is implemented to generate the minimum
cost path between two targets.

3.2 A Heuristic Algorithm – Waypoint Generation

The heuristic algorithm termed as waypoint generation
first draws a straight line between two positions and
adjusts the line when the line is overlapping with a threat
represented as a circle. The size of the circle is determined
considering the threat level. In case of overlapping, in
order to adjust the line, and thus avoid the threat, new
waypoints generated are inserted into the line.

Let us first explain how to detect whether a line between
point A and B is overlapped with a threat. Given a
threat represented as a circle with radius r, if the distance
between A and the centre of the threat or the distance
between B and the centre are less than or equals to r, line
AB is overlapped with the threat. We also need to check if
the minimum distance d between the centre of the threat
and AB is less than or equals to radius r. A situation,
where the last condition is met, is illustrated in Fig. 5.

Fig. 5. Overlap between a path and a threat

When all conditions are not satisfied, a UAV can fly
directly from A to B. Otherwise, additional waypoints to
avoid threats are inserted into the line. The way to adjust a
straight line between two targets with the minimum travel
distance increase is illustrated in Fig. 6. Based on the
concept, the waypoint generation algorithm is designed,
as set out in Algorithm 1.

Fig. 6. Straight line update to avoid a threat

3.3 Path Smooting

As the final step, the paths derived by both Dijkstra’s
algorithm and the waypoint generation algorithm are
smoothed using a function described in Algorithm 2.

This function is essential for the path planning algorithms,
which can bring a 5% reduction in the travel distance. An
example of the path smoothing is presented in Fig. 7.
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Algorithm 1 Waypoint Generation

1: function getWaypoints(σ)
2: Clear SafePath, Clear Q
3: Add the first point in σ to SafePath
4: for each pair (o,d) in the σ do
5: o� ← o
6: while there are threats overlapping with a line

between o� and d do
7: Among all threats overlapping with the line,

find threat t with the shorted distance to the line
8: Generate waypoint wp on the boundary of

threat t, which leads the minimum distance increase
in SafePath

9: Add wp to SafePath
10: o� ← wp

11: end while
12: Add d to SafePath
13: end for
14: return SafePath
15: end function

Algorithm 2 Path Smoothing (Path)

1: for each triple (o,m,d) in Path do
2: if m is a waypoint and o and d are not a base of

a UAV and there is no threat then
3: Remove m from Path
4: end if
5: end for
6: return Path

Fig. 7. Example of the path smoothing

4. EXPERIMENTAL RESULTS

4.1 Problem Instance Generation

The performance of the path planning algorithms is inves-
tigated under various operational scenarios with respect
to the travel time in threats (optimality) and the compu-
tation time to derive a path (complexity).

We first define three different configurations for treats and
targets as described in Fig. 8.

Fig. 8. Configurations of a threat/target distribution

The first configuration, Random, represents a random dis-
tribution of threats and targets. The second configuration,
Barrier, describes a situation where targets are protected
by threats as a barrier. The last configuration, Zone, rep-
resents a situation where threats and targets are relatively
collocated in a zone.

Given the threat/target configurations, we also vary the
numbers of threats and targets and the parameters for
Dijkstra’s algorithm, i.e. the network density (precision)
and a weight of a threat (danger), as listed in Table 1.

Table 1. Parameter setting for the experiments

Parameter Levels

The number of threats 40 – 20 – 5
The number of targets 40 – 20 – 5
Precision (Dijkstra’s) High – Medium – Low
Danger (Dijkstra’s) High – Low

We generate 10 problem instances for each set of the
parameter setting and threat/target configuration. Thus,
we conduct 1,620 experiments for Dijkstra’s algorithm
(54 parameter settings x 10 instances x 3 threat/target
configurations) and 270 experiments for the waypoint gen-
eration algorithm (9 parameter settings x 10 instances
x 3 threat/target configurations) in total. The experi-
ments have been conducted on a PC with Intel Core i7-
8700K@4.3GHz equipped with 16 GB of RAM.

4.2 Random Configuration

Fig. 9 summarises the quality of the paths, i.e. the travel
time spent in threats, provided by the algorithms.

Fig. 9. The travel time in threats (sec) in the random
configuration

First, it is observed that Dijkstra’s algorithm with a
low danger parameter (a low weight on a threat) works
poorly. Intuitively, with a low danger parameter, Dijkstra’s
algorithm tends to generate a path penetrating threats to
minimise a total travel distance.

On the other hand, the waypoint generation algorithm
shows a comparable performance to Dijkstra’s algorithm.
The waypoint generation algorithm also outperforms Di-
jkstra’s algorithm in terms of the computation time to get
a path as presented in Fig. 10. The waypoint generation
algorithm generates a path, on average, within 0.05 sec.

Fig. 10 also shows that the computation time of the algo-
rithms is a function of the number of targets, whereas the
computation time of the algorithms are relatively insensi-
tive to the number of threats. Obviously, the computation
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Algorithm 1 Waypoint Generation

1: function getWaypoints(σ)
2: Clear SafePath, Clear Q
3: Add the first point in σ to SafePath
4: for each pair (o,d) in the σ do
5: o� ← o
6: while there are threats overlapping with a line

between o� and d do
7: Among all threats overlapping with the line,

find threat t with the shorted distance to the line
8: Generate waypoint wp on the boundary of

threat t, which leads the minimum distance increase
in SafePath

9: Add wp to SafePath
10: o� ← wp

11: end while
12: Add d to SafePath
13: end for
14: return SafePath
15: end function

Algorithm 2 Path Smoothing (Path)

1: for each triple (o,m,d) in Path do
2: if m is a waypoint and o and d are not a base of

a UAV and there is no threat then
3: Remove m from Path
4: end if
5: end for
6: return Path

Fig. 7. Example of the path smoothing

4. EXPERIMENTAL RESULTS

4.1 Problem Instance Generation

The performance of the path planning algorithms is inves-
tigated under various operational scenarios with respect
to the travel time in threats (optimality) and the compu-
tation time to derive a path (complexity).

We first define three different configurations for treats and
targets as described in Fig. 8.

Fig. 8. Configurations of a threat/target distribution

The first configuration, Random, represents a random dis-
tribution of threats and targets. The second configuration,
Barrier, describes a situation where targets are protected
by threats as a barrier. The last configuration, Zone, rep-
resents a situation where threats and targets are relatively
collocated in a zone.

Given the threat/target configurations, we also vary the
numbers of threats and targets and the parameters for
Dijkstra’s algorithm, i.e. the network density (precision)
and a weight of a threat (danger), as listed in Table 1.

Table 1. Parameter setting for the experiments

Parameter Levels

The number of threats 40 – 20 – 5
The number of targets 40 – 20 – 5
Precision (Dijkstra’s) High – Medium – Low
Danger (Dijkstra’s) High – Low

We generate 10 problem instances for each set of the
parameter setting and threat/target configuration. Thus,
we conduct 1,620 experiments for Dijkstra’s algorithm
(54 parameter settings x 10 instances x 3 threat/target
configurations) and 270 experiments for the waypoint gen-
eration algorithm (9 parameter settings x 10 instances
x 3 threat/target configurations) in total. The experi-
ments have been conducted on a PC with Intel Core i7-
8700K@4.3GHz equipped with 16 GB of RAM.

4.2 Random Configuration

Fig. 9 summarises the quality of the paths, i.e. the travel
time spent in threats, provided by the algorithms.

Fig. 9. The travel time in threats (sec) in the random
configuration

First, it is observed that Dijkstra’s algorithm with a
low danger parameter (a low weight on a threat) works
poorly. Intuitively, with a low danger parameter, Dijkstra’s
algorithm tends to generate a path penetrating threats to
minimise a total travel distance.

On the other hand, the waypoint generation algorithm
shows a comparable performance to Dijkstra’s algorithm.
The waypoint generation algorithm also outperforms Di-
jkstra’s algorithm in terms of the computation time to get
a path as presented in Fig. 10. The waypoint generation
algorithm generates a path, on average, within 0.05 sec.

Fig. 10 also shows that the computation time of the algo-
rithms is a function of the number of targets, whereas the
computation time of the algorithms are relatively insensi-
tive to the number of threats. Obviously, the computation
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Fig. 10. Computational time (sec) of the path planning
algorithms in the random configuration

time of Dijkstra’s algorithm increases as the precision of a
network for the algorithm increases.

4.3 Barrier Configuration

Fig. 11 shows the performance comparison between the
path planning algorithms in terms of the travel time in
threats. Unlike the results in the random configuration,
the performance of the waypoint generation algorithm
becomes poor in the barrier threat configuration. When
threats are overlapped, the waypoint generation algorithm
often fails to find a path that avoids the overlapped threats
because a scheme to avoid a single treat is implemented in
the algorithm. Dijkstra’s algorithm with a high precision
network provides the best results.

Fig. 11. The travel time in threats (sec) in the barrier
configuration

Fig. 12 presents the analysis of the computation time of
the path planning algorithms. From the figure, we can
see that the computation time of Dijkstra’s algorithm
is proportional to the number of threats. The waypoint
generation algorithm still finds a path within a short time.

Fig. 12. Computational time (sec) of the path planning
algorithms in the barrier configuration

4.4 Zone Configuration

Fig. 13 summarises the threat level of paths derived by the
two path planning algorithms. We observe that the per-
formance gap between the algorithms becomes significant
as the number of threats increases. When the number of
threats is high, the waypoint generation algorithm works
poorly.

Fig. 13. The travel time in threats (sec) in the zone
configuration

Fig. 14 shows the computational time of the algorithms.
As shown in the figure, Dijkstra’s algorithm with a low
precision network can generate a path faster than the way-
point generation algorithm, when the numbers of targets
and threats are high. Considering the results presented in
Fig. 13, we conclude that Dijkstra’s algorithm outperforms
the waypoint generation algorithm under the zone threat
configuration.

Fig. 14. Computational time (sec) of the path planning
algorithms in the barrier configuration

5. SUMMARY

Following the active interest in path planning algorithms
in a UAV development, this study analyses two types of
path planning algorithms in terms of their ability to avoid
threats and computation time to compute a path. We first
present Dijkstra’s algorithm, which is a common exact
approach to solve the path planning problem. However,
there are many design issues to apply the algorithm, i.e.
how to design a network and the cost function of the
algorithm. As observed, the performance of the algorithm
is quite depending on the design. We also present the
waypoint generation algorithm that finds a path in a
simple manner. In the experiments, under the random
configuration, the algorithm provides comparable paths to
those of Dijkstra’s algorithm with respect to the path’s
threat level, while reducing the time to compute the paths
dramatically. Under the barrier and zone configurations,
Dijkstra’s algorithm outperforms the waypoint generation
algorithm.
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