
Probabilistic Approach to Planning Collision
Free Path of UAV

Krzysztof Skrzypczyk, Adam Gałuszka, Marcin Pacholczyk, and Krzysztof Daniec

Abstract. In this paper an approach to planning collision free path based on prob-
abilistic search is presented. The aim of this study is to design an algorithm for
off-line planning a set of way-points which make the collision free route of an UAV.
The planning process is based on the map that contains information about altitude of
the terrain over which the UAV is intended to perform its mission. The probabilistic
method of making the representative model of the terrain was applied in order to re-
duce a complexity of planning the collision free path. The functioning and efficiency
of the approach proposed was illustrated with some exemplary simulations.

Keywords: probabilistic planning, UAV, surface models.

1 Introduction

The design and construction of Unmanned Aerial Vehicles (UAV) have become one
of the most important and strategic branches of the contemporary Robotics. It is
caused by a plenty of possible applications of this kind of automatons. Efficient
and robust UAV are desired in many branches of industry. For instance in the mil-
itary sector the UAV is a perfect tool for performing patrolling and reconnoitring
missions. On the other hand in the civil sector of industry, unmanned vehicles are
very useful for inspecting of large constructions as well as for monitoring, for in-
stance, the traffic intensity in large cities. Of course there are many more poten-
tial and desired applications. Those aforementioned ones, are only examples which
aim is to highlight an importance of this area of robotic research. Regarding the
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construction of the UAV there are two main conceptions of the design. First one (rel-
atively the simplest in realisation) is a remotely controlled vehicle. In this approach
flying vehicle is controlled remotely by human operator. Using vision feedback (a
camera mounted on board of the vehicle) the operator is able to move the flying
object over the place or the region of interest and inspect it or make a photographic
documentation. The second conception is the autonomous aerial vehicle. Such de-
vice is the most desired one, but simultaneously also the most difficult in designing
and constructing. In this approach, the vehicle is intended to perform autonomously
the mission assigned by the operator. It is easy to imagine how hard the problem
of constructing such system is. During the process of the design, there are many
serious and difficult problems to solve. It is enough to mention the collision free
path planning, the vehicle stabilising in changing whether conditions, determining
the aerial position and orientation and many others. Due to the a large number of
possible applications and benefits related to them, intensive researches have been
done in this area. [1, 13, 12, 15, 16, 18, 20]. This paper addresses the first of pointed
out issues - the problem of determining the collision free path. Intended application
of the developed UAV control system is performing autonomously the patrolling
mission over an unstructured terrain. The goal of the planner is determining the set
of way points that make the route the vehicle is intended to follow. There are many
methods and algorithms of planning collision free paths, derived in a straight-line
from mobile robotics [3, 4, 5, 6, 7, 8, 9, 13, 14, 17, 23]. In this work the probabilistic
approach [2, 10, 11, 21] to solving the planning problem was selected and applied.
The main reason of this choice was the demand of meeting main assumption which
was the simplicity of the planning method as well as the minimalism of the rep-
resentation required for the planning. Since the planning problem in the 3D space
is relatively hard to solve in terms of complexity and costs of computations, the
two-level approach to planning the three dimensional path was proposed. Together
with the probabilistic method of building the model of the world representation such
approach allows generating the collision free path with a small computational cost.
The planning process is based on the topological map that contains information
about the height of the terrain over which the vehicle is intended to perform its pa-
trol mission. The work of the method is illustrated with an exemplary scenario that
was modelled and simulated using MATLAB environment.

2 Overview of the System

In this section a brief overview of the navigation and control system is presented, in
order to clearly address the framework in which presented problem is solved. Fig-
ure 1 shows general diagram of the navigation and control system of the UAV. It
is created on the base of a typical, known from mobile robotics hierarchical, hybrid
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Fig. 1 The conceptual diagram of the UAV control system with the planner module being the
point of the work presented

architecture. At the top level of the system, there is a module called planner which
is the point of this study. The human operator assigns mission by specifying the
places (points) the vehicle is intended to fly over. The role of the planner is to gener-
ate the set of way-points that determine the collision free path. The planner module
is also provided with data about topology of the terrain. Using this data the model
which is used further in the planning process is created. The next module is respon-
sible for generating the collision free trajectory which enables the flight between the
way-points.

The navigation module has to be also provided with information about the posi-
tion and orientation in space. Determining the coordinates, and orientation is per-
formed by the localisation subsystem. The plan created by the planner does not
take into account the dynamics of the space inside of which the vehicle operates.
Therefore the navigation system has to be also provided with data about existence
of objects that can appear in the surrounding of the vehicle. This information is
collected by the sensory system. The bottom level of this architecture is the mo-
tion control system which is to execute the trajectory generated by the navigation
system. As it was mentioned before the core of this article is just the design and
simulation evaluation of the algorithm dedicated to work with the planner mod-
ule. The process of the design is presented and described in the rest part of this
paper.
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3 Problem Formulation

3.1 Assumptions

The planning system presented here is designed for the UAV which purpose is
patrolling the frontiers areas. However it is created to satisfy a number of condi-
tions and assumptions. They make some limitations for possible application and the
framework in which the system work properly. So it is important to clearly point
them out and discus. The following are the main assumptions that were followed
during the design process:

• The patrol mission is performed on the given, priory stated height Ho.
• There is a map that provides information about height of the terrain points.
• The manoeuvre of avoiding obstacles is preferred to the flying over them

The assumptions pointed out, are the main limitations of the planning method pre-
sented. However they are realistic and justified and they do not limit the system to
only simulation studies, and make the method applicable in real systems.

3.2 Problem Statement

Let us first define the mission to be performed by the UAV. The mission in fact is
the collection of locations defined by human operator the vehicle is intended to fly
over as well as the altitude H0 of the flight. Let us denote the mission as the set:

M = {m1,m2, ...,mP}, mi = (xi,yi), i = 1,2, ...,P (1)

The goal of the planner module is to calculate in the 3D space a set of points that
lay between the locations defined by operator. Therefore for each pair of points:

(mi,mi+1) , i = 1,2, ...,P− 1 (2)

the module is intended to find a set of way points that determine the collision free
path defined in 3D space:

Si = {si,1,si,2, ...,si,Q} , si,k =
(
xi,k,yi,k,zi,k

)
, i = 1,2, ...,P− 1 (3)

As it was mentioned before the overall process of calculating the path in 3D space
is split on two stages. First one is determination the path in 2D space and second
- extension the original path on the 3D space. All further discussion will be made,
without the loss of generality, for a single pair of points defined in (2), and denoted
hereafter as: m1,m2. Of course all the process can be repeated for any pair of the
points.
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4 Map of the Terrain

The process of planning the collision free path is based on the assumption that the
system is provided with the map that contains data about height of each point of the
terrain. In this work the map was modelled using simulated sculpture of the earth’s
surface. It was made using the mixture of Gaussian. Figure 2 shows an exemplary
model of the terrain. The next step is to apply a regular grid of the given resolution
and put it on the model. If the single cell of the grid has dimensions equal cx × cy

and resolution of the grid is N×M the model will cover the area of Ncy×Mcx. With
each cell there is related the altitude attribute that is determined as a maximal height
in the region covered by given cell. This results in attributing the height parameter
to each cell of the grid. Let us define the model of the workspace as the matrix:

H =
{

hi, j
}

i = 1,2, ...,N, j = 1,2, ...,M, hi, j ∈ ℜ (4)

Such model is the base for the planning algorithm.

5 Planning

5.1 Probabilistic Approach

Since the search space in 3D models is large that implies hard computations have
to be performed in order to find the solution. The probabilistic approach allows to
simplify the problem. Instead of searching through entire space a number of rep-
resentative elements are selected. For instance if the map has a resolution 100x100
in the process of searching the solution requires 10000 elements to be processed.

Fig. 2 Simulated model of the terrain
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Therefore the number Z of representative elements from the model (4) is randomly
selected. The planner searches the optimal solution using the reduced space. Let us
denote the randomly selected set of representative samples of the original model as:

R = {r1,r2, ...,rZ} (5)

where

ri = {k, l}, k = 〈1,N〉 and l = 〈1,M〉 (6)

In (6) the elements k, l are integer values selected in a random way from the given
range. An exemplary containing 25 elements, random realisation of the subspace
is presented in fig. 3. Using representative elements contained in (5) the process
of search the collision free path is performed. If the size of the (5) is not large
enough or the distribution of points does not allow to find admissible solution, the
process of selecting the representative subspace is repeated or the size of the set (5)
is increased.

5.2 Graph Model

The next stage of the process of finding the solution is creating the model that will
be a base for the planning process. Here in this study the graph representation of
the random subspace is proposed. Hence the model has a form of weighted graph
defined as:

W = (V,E) (7)

where

V = {v1, ...,vZ+2}, E = {vi,v j}, wi, j 	= ∞, i, j = 1,2, ...,Z + 2 (8)

Fig. 3 An exemplary sub-
space generated in a random
way
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In (8) v1 and vZ+2 are equal to m1 and m2 correspondingly which are defined in (2).
This set defines the vertices of the graph (7). Second part of the graph model is the
set of edges E . It defines mutual, spatial relations between elements defined by V as
well as costs of transitions between any given pair of vertices. Calculation of costs
is a crucial part of the model creation. All the process of planning is based on the
graph representation so the quality of the model is critical for this process. In this
the cost between two elements of the set V is calculated as:

wi, j =
∥
∥vi − v j

∥
∥ (1+ Si, j) (9)

where
∥∥vi − v j

∥∥ denotes euclidean distance between ith and jth vertex, and:

Si, j =
K

∑
k=1

Lk

∣∣
∣
v j
vi (10)

is a sum of altitudes read from the map (4) along the line that connects vertex ith
with vertex jth. This mapping is done according the following rule:

Lk =

{
0 for altitude < H0

Hm,n for altitude >= H0
(11)

As a result of determining costs of transitions between all pairs of vertices the cost
matrix is created. It is denoted as:

D =
{

Si, j
}

i, j = 1,2, ...,Z+ 2 (12)

5.3 Solution

For the representation given by (12) searching the path of minimal cost is performed.
There are many effective algorithms for minimal path search [4] but in this study the
Dijkstra’s algorithm was chosen. Since the graph defined by (12) is the complete
one, always exists the path connecting vertices v1 and vZ+2. As a result of the graph
search the path that connects those vertices is found:

P∗ = {p1, ..., pP}, p1 = v1, pP = vZ+2, 2 ≤ P ≤ Z + 2 (13)

each element of the set (13) is a point in a 2D space. Next stage consists of trans-
forming this solution into 3D space. This process is done by attributing each point
of the (13) with appropriate altitude. This is done in the following way: For each
pair pk, pl of points from the set (13) it is checked if for any point pi that lays on
the line between pk, pl the height determined by (4) is lower than H0. If yes, the
point is attributed with the coordinate zi = H0 +ΔH and this point is added to the
solution. As a result of this iterative procedure the final solution defined in 3D space
is determined:
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P∗
F = {pF1, pF2, ..., pFR}, P ≤ R (14)

where each element pFi i = 1,2, ...,R defines a point in 3D space that has coordi-
nates (xi,yi,zi).

6 Simulations

In order to prove the efficiency of the presented method a number of simulation
experiments has been performed. Here one relevant experiment is presented as an
illustration of the functioning of the method. The map of the terrain that contains
information about height was simulated using Gaussian mixtures. The modelled
terrain has an altitude from the range 0 to 800 [m]. The map has a resolution 100
× 100. The grid of a resolution 25 × 25 was applied in order to create model of
representation. The assumed altitude of the UAV flight was 150 [m]. The initial and
the target point of the flight were set to (2,2) and (20,5) correspondingly. The size of
the representative, randomly selected space was set to 25. Figure 4 presents results
of the planning. This is and exemplary random realisation of the planning process,
increasing the number of trials the path can be improved. Also increasing the size of
the representative subspace the solution can tend to the optimal one. But due to the
fact that the aim of the planner is only to generate way points of the flight trajectory
in many cases the solution is feasible and can be applied to effective controlling
the UAV.

Fig. 4 An exemplary solution of the path planning process in 3D space, obtained obtained
using the proposed method
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7 Conclusions

In this paper an probabilistic approach to the problem of collision free path plan-
ning in 3D space was presented. The target application of the discussed method is
determination of the way points of the flight of the UAV. Presented approach allows
to find feasible path in 3D space simultaneously reducing the computations. Thanks
to the simplification that consists in splitting the process on two stages the method
is both effective and simple (in terms of computation costs). The simplicity was
the one of the most important assumptions taken for the design of the UAV control
system and the presented method satisfy it. Since the method is not deterministic
it generates different solutions. After a number of simulations it was checked that
all the generated solutions are also feasible ones and they are satisfactory for the
overall UAV control system.
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