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Abstract Autonomous aviation continuously becomes
more and more important. Algorithms that enable this
autonomy have developed quickly in the last years.
This paper describes a concept for a reactive path plan-
ning algorithm. The aim is to develop a method for
static obstacle avoidance of an unmanned aerial vehi-
cle (UAV) by calculating collision-free paths within
the field of view of a UAV’s obstacle detection sensor.
In contrast to other algorithms, this method consid-
ers the properties of the obstacle detection sensors,
plans paths that the UAV is able to track, and is
applied in three-dimensional space without access to
an inner loop controller. In this work we represent the
field of view of a UAV as a grid map and apply the
wavefront algorithm as the local path planning algo-
rithm. We reduce the configuration space of UAVs
within the field of view by calculating an approxi-
mated worst-case reachable set based on a linearized
reference model. We evaluate the method with approx-
imated specifications for the unmanned helicopters
ARTIS and Yamaha RMAX, and with specifications
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for the obstacle detection sensors LIDAR – and stereo
camera. Experiments show that this method is able to
generate collision-free paths in a region constricted by
obstacles.

Keywords Obstacle avoidance · Wavefront
algorithm · Reachable set · Grid map

1 Introduction

Research on unmanned aerial vehicles (UAVs) enables
the development of autonomous performance of tech-
nical systems. This technology has the potential to
solve complex tasks at higher safety and cost effi-
ciency than manned aviation. Safe motion of UAVs
is possible only if UAVs avoid obstacles in real-time.
Therefore, a path has to be determined that makes
collisions impossible. Global path planners calculate
a path mostly without consideration of the UAV’s
dynamic and just with the help of already known data
such as the position of the UAV and of known obsta-
cles. In contrast, a procedure that enables a UAV to
avoid unknown obstacles at short distances in real-
time and with consideration of the UAV’s dynamics, is
referred to as reactive avoidance and is implemented
by a local path planner. In general, a UAV has to fol-
low a path generated by a global path planner. But if
this path is disrupted by an obstacle that is detected in
flight a local path planner is applied. Another cause for
local path planning is that most global path planners
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do not plan collision-free paths because of missing
considerations of a UAV’s dynamic. The advantage
of local path planning is that obstacle avoidance does
not require to calculate whole paths anew (as would
be done by a global path planner). Also, contrary to
global path planners local path planners regard current
navigation states of a UAV and allow for the protection
of the vehicle at short distances. Hence, the planner
should calculate an avoiding strategy within the UAV’s
field of view and reachable space. There are interac-
tions between a local and a global path planner: When
an obstacle avoidance process is activated, a global
path planner calculates paths to a goal in parallel.

Most of the existing local path planning algorithms
are not applicable in 3D space, have too high mem-
ory requirements, do not consider the properties of
obstacle detection sensors or do not guarantee that
their goal is ever reached. In this paper a reactive
avoidance algorithm is presented that is applicable to
UAV’s without an access to an inner loop controller.
Only static obstacles are considered in the concept but
an algorithm is chosen that may easily be extended
to handle moving obstacles in future research. The
presented method can deal with known as well as
unknown obstacles and is designed for real-time appli-
cations onboard UAVs. Our approach is applicable to
3D cases and considers the UAV’s dynamics to gen-
erate path waypoints that a UAV is able to follow, as
this is a prerequisite for guaranteeing freedom from
collisions. We use the wavefront algorithm – which
requires subdividing the UAV’s field of view as a grid
map – as our path planner, but in contrast to other
related works create this grid map in a spherical coor-
dinate system to better fit the field-of-view geometry
of our sensors.

1.1 Limitations

The method for reactive evasive maneuvers that is pre-
sented in this work is developed for those UAVs that
move in three-dimensional space, are able to hover,
and have a sensor field of view in the shape of a spher-
ical wedge. The aim of our algorithm is to calculate
a path to a determined local goal with the shortest
Euclidean distance to the global goal within the sen-
sor’s field of view. It is not the task of the presented
approach that the UAV reaches the global goal. Com-
puting the velocity commands that enable the UAV
to track the path is also beyond the scope of this

method. Our algorithm may not calculate the short-
est or the fastest path, but only a reasonably short and
collision-free path. Furthermore, the computation time
of our algorithm is not evaluated experimentally in this
paper, as our implementation is only an early proto-
type and thus its running time is not indicative of the
algorithm’s true performance. Instead, we compare the
number of grid cells considered in our wavefront algo-
rithm with those of other approaches (e.g. from [8]),
and discuss its influence on the computation time. Our
approach can guarantee freedom from collisions only
under the following constraints:

– At the initialization of the local path planning
algorithm there is no obstacle within a given
safety margin (formally the distance ddelay +
dsaf e) of the UAV.

– The UAV’s controller (which itself is beyond the
scope of this work) guarantees that the UAV will
not deviate from the computed path by more than
a path tracking error plus the safety distance dsaf e

mentioned before.

1.2 Document Structure

In Section 2 the state of the art is presented and for a
better understanding Section 3 gives some basic infor-
mation about the used notation, the path planner’s
inputs and outputs and about the wavefront algo-
rithm. In Section 4 the system model is shown and
approximated specifications for the helicopters and
the obstacle detection sensors are listed. The concept
is described in Section 5 and Section 6 summarizes
the results. In Section 7 a conclusion and an outlook
to future work is given.

2 Related Work

In recent years, a lot of research has been conducted
on local path planning algorithms. In [10], Gros et
al. describe a local planner using a tree structure that
applies the sampling-based method motion primitives.
A cost function chooses path segments to build a path
with optimal cost. This approach has the disadvantage
that it is possible that the goal is not reached and that
its computation time is hard to predict. This would
be unacceptable in real-time collision avoidance of
UAVs for safety reasons. Ulrich and Borenstein pre-
sented a modification of the Vector Field Histogram
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(VFH) method named VFH* [15]. VFH* analyzes
consequences that could occur by following a path
through one of the various candidate valleys of a polar
histogram. And in [11], Grossmann – used Velocity
Obstacle that considers arbitrary obstacle trajectories.
Both methods are only applicable in two-dimensional
space and thus cannot be used for UAVs. Bekris
presented the Inevitable Collision State method for
testing states and trajectories for collision risks in
[6]. A UAV is in an inevitable collision state if no
controls exist to avoid an obstacle. The Inevitable Col-
lision State method, however, is not real-time capable.
Another method named Minimal Risk Motion Plan-
ning is explained in [8]. A route cost function is set
that minimizes possible failures to reach a goal state.
Therefore, the safest possible trajectory is searched.
To calculate a cost-to-go function within the sensor
field of view the wavefront algorithm is used. This
cost-to-go function serves as a navigation function to
generate a velocity command for an inner loop con-
troller. A UAV is to move in the direction of the
gradient of the navigation function. In [9], Goerzen
and Whalley described a method that extends [8] with
the use of reachable sets. Here, a minimal planning
set is determined. This minimal planning set is the
smallest reachable set with at least one state with no
possibility of collisions. This method enables obstacle
avoidance under minimal loss of time on path follow-
ing. Because of the high number of grid map cells
in [8], however, their computation time is high for
real-time applications. Further, the algorithm in [8] is
suitable only for UAVs with access to an inner loop
controller (The same applies to [9] as its method uses
the algorithm of [8]).

Our research is based on the two approaches of [8]
and [9]: We also apply the wavefront algorithm, divide
the field of view in grid map cells and calculate a
reachable set. And we also determine the maximum
safe speed for the UAVs and the stopping distance
as in [9]. But in contrast to these works, we fit the
grid map to the field of view to reduce the number
of cells (which has an almost linear influence on the
computation time [8]). We also do not calculate fail-
ure possibilities, but instead include safety margins to
critical areas. Beyonds these modifications, our main
contribution is that we plan paths that the UAV is
able to track by integrating reachable sets. We present
an approach that is applied to 3D cases, that has
the potential to be real-time capable and that always

reaches a goal regarding the constraints mentioned in
Section 1.1.

3 Background Information

Inputs and outputs of a local path planner are shown
in Fig. 1. Inputs are polygon representations of static
obstacles [2] as well as the geometry of the current
field of view, and a list of global waypoints to derive
the current local goal from (if at least one of them
is located within the field of view). The geometry of
the field of view depends on the used sensor and is
required to plan a path not outside of the field of view
to guarantee freedom from collisions. A reference
model is also needed conceptionally for the algorithm
to at least approximately consider the UAV’s dynam-
ics. A path avoiding obstacles within the sensor field
of view is the output of our algorithm.

The work space W considered in this paper is
equivalent to the three-dimensional space within the
field of view of the UAV. The obstacle space Wobs is
a subset of W and describes the space occupied by
obstacles. Both spaces, W and Wobs , are represented
as vectors of grid cells, with the grid cells given as
integer 3-tuples of their position in the grid. Thus,
W(2, 3) denotes the second row and the third column
of the work space matrix W and therefore the third
position coordinate of the second cell. W(2) means the
second row of the matrix W with all of its columns.

3.1 Wavefront Algorithm

We apply the wavefront algorithm [13] in R
3, as it is

a suitable fast search algorithm in three-dimensional
space. The task of the wavefront algorithm is to find
a short path from the initial cell of the UAV to a goal
cell. To that end, the cells of the work space are the
inputs of the algorithm and they are labeled with cost
values based on their distance to the local goal.

The wavefront algorithm works as follows: First,
each cell in the work space gets the cost value of
zero. Afterwards, the cell containing the local goal
W1 receives the cost value one (as all other reachable
cells will obtain higher cost values, the local goal will
be the global cost minimum). Neighboring cells W2

obtain the cost value two and their neighboring cells
W3 get the cost value 3. In general, Wn+1 is the vec-
tor of neighbors of a cell X, i.e. the vector of all M
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Fig. 1 Inputs and outputs
of our local path planner

cells Wn+1(i) (with i ∈ [1, ..., M]) that share at least
a single point with X.

Cells of Wn+1 that already have a cost value
κ(Wn+1(i)) > 0 do not get a new cost value. Neigh-
boring cells with a cost value κ(Wn+1(i)) = 0 receive
a cost value κ(Wn+1(i)) = n + 1 with n ∈ N. This
algorithm repeats until no more cost value allocations
are possible. If cost values of some cells are still zero,
no path exists from those cells to the local goal. An
example result of the wavefront algorithm on a two-
dimensional area is given in Fig. 2. From this result,
a navigation function (a sequence of cells from start-
ing point to the local goal) is constructed through a
minimum search from the starting point. Our modi-
fied criteria for generating a navigation function are
presented in Section 5.5.

Fig. 2 The wavefront algorithm applied to the field of view
(2D). The highlighted cell with cost value “1” is a local goal and
the starting cell of the wavefront algorithm. Neighboring cells
get the next higher integer as their cost value

4 System Model and Specifications

Generally, as mentioned before our algorithm is appli-
cable to UAVs with the ability to hover. The imple-
mentation of our algorithm requires an appropriate
dynamic model in state-space representation and spec-
ifications for the considered UAV and its obstacle
detection sensor concerning their properties. This
section gives an example of a system model required
for the determination of approximated reachable sets,
as well as the technical specifications of UAVs and
obstacle detection sensors chosen for simulations.

4.1 Linear Approximated Reference Model

For the presented method the following linear approx-
imated reference model from [5] is applied for each
body-fixed Cartesian coordinate direction x, y or z:

ṙ =

⎛
⎜⎜⎜⎜⎝

0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1
0 −cb a0 a1 a2

⎞
⎟⎟⎟⎟⎠

· r +

⎛
⎜⎜⎜⎜⎝

0
0
0
0
cb

⎞
⎟⎟⎟⎟⎠

· ur (1)

a0 = −2ω3

a1 = −4Dω2 − ω2

a2 = −2Dω − 2ω

b = 2ω3

rx = (
r1,x, r2,x, r3,x, r4,x, r5,x

)T
,

by = (
r1,y, r2,y, r3,y, r4,y, r5,y

)T
,

rz = (
r1,z, r2,z, r3,z, r4,z, r5,z

)T
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rx, ry, rz - states in a respective coordinate direction,
ur - input,
ω - characteristic frequency,
D - damping,
c - amplification

States are the position, the velocity, the acceler-
ation, the jerk and the time derivative of the jerk.
For our approach, the inputs of the model are veloc-
ity commands. The state space model is later used to
determine flight paths as boundaries for reachable sets
and generally, it is applicable to aerial vehicles with
the ability to hover in the air.

4.2 Model Parameters

The simulation results are based on a state space
model (1). We applied the following model parameter
values in Table 1 from [5].

These values are derived from an identification of
the state space model (1) by comparison with the
nonlinear reference model from [12].

For an evaluation of the method we use estimated
characteristics of the helicopters ARTIS and Yamaha
RMAX, as well as for a“Light Detection and Rang-
ing range measurement” (LIDAR) sensor and a stereo
camera. The values for ARTIS and its stereo camera
were communicated by people working with the real
considered technical systems and are close to the real
specification data of the specifically regarded UAV
models and sensors.

4.3 Helicopter Constraints

ARTIS (Autonomous Rotorcraft Testbed for Intelli-
gent Systems) is an autonomous helicopter and a
technology demonstrator for developing new proce-
dures and algorithms and for evaluating them in flight
tests. Design parameters are given in [3]. For the

Table 1 Parameter values for the linear approximated reference
model

Coordinate direction D ω c

x 1.5 4.0 0.5

y 1.5 4.0 0.5

z 1.1 10.5 1.3

detection of obstacles in daylight a stereo camera
that generates depth images is currently applied. The
algorithm that is presented in this paper is tested for
approximated specifications of ARTIS and also of the
Yamaha RMAX. In the first place the Yamaha RMAX
was built for agricultural tasks but now it functions
as autonomous demonstration platform for the NASA
[16]. The dynamics of the regarded helicopters are
constrained. An estimation of the amount of maximum
velocity in horizontal direction vmax and in vertical
direction vvert , the maximum acceleration amax , and
the maximum angular velocity around the geodetic
z-axis rmax is given in the following.
For ARTIS:

vmax = 20.0m/s, vvert = 4.0m/s

amax = 4.0m/s2, ψ̇max = 90◦/s

and for Yamaha RMAX [14]:

vmax = 3.0m/s, vvert = 1.5m/s

amax = 0.5m/s2, ψ̇max = 90◦/s

Around a UAV, a safety zone has to be considered
to guarantee freedom from collisions. The safety zone
has to be free from obstacles with dclear,h = 8.0m

in horizontal direction and dclear,v = 6.0m in ver-
tical direction because influences of the environment
(as for instance the wind) have to be included. This
safety zone is represented in Fig. 3. Additionally, a
path tracking error dtrack = 1.5m is included because
path deviations are highly probable.

Fig. 3 Safety zone of a UAV in front view
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4.4 Applied Obstacle Detection Sensors

Sensor specifications for the LIDAR sensor [8, 14]
are:

drange = 70m, fsens = 1Hz

f ovθ = 180◦, f ovφ = 180◦

and for the stereo camera:

drange = 35m, fsens = 15Hz

f ovθ = 38◦, f ovφ = 49◦

drange is the sensor range, f ovθ and f ovφ are
the vertical and horizontal viewing angles. The detec-
tion rate expressing how often sensor information is
updated at the interface of the flight computer is
denoted with fsens .

5 Conceptional Method for Reactive Evasive
Maneuvers

This section describes our local path planning method.
Figure 4 presents an overview of the individual steps
of our method as well as their interdependencies.

First, the polygonal world model representation
received by the local path planner is turned into a grid
map representation within the field of view, because
such a grid map of the whole work space W is nec-
essary for the subsequent application of the wavefront
algorithm. To reduce the cell count, grid map cells
are designed in a spherical coordinate system and

the grid map only covers the field of view of the
applied obstacle detection sensors. Within the grid
map an approximated reachable set is calculated and
cells outside of this reachable set are omitted from
further calculations because these (currently) unreach-
able cells cannot be part of a generated path in any
case.

Afterwards, those cells are excluded that the UAV
will pass while the movement path is being computed
(during which the UAV will be unable to react). Next,
the permissible work space Wf ree is determined by
removing all those cells from the reachable set that
are closer than a specified safety distance to obstacles
or to the limits of the field of view (as obstacles may
be present right beyond the field of view). We chose
a conservative, simplified obstacle representation to
keep the storage requirements low and an enlargement
of obstacles to guarantee a safe distance while a UAV
follows a path because possible path deviations could
lead to collisions.

In the next step the wavefront algorithm is applied
to Wf ree. The cost values for the cells are used to gen-
erate a path. Our local path planner does not require
access to an inner loop controller because it is pri-
marily developed for ARTIS which does not allow
for inner loop controller access. Thus, path deviations
are not corrected and it has to be guaranteed that a
path generated by a local path planner is indeed fly-
able (here, “flyability” means not only generation of
a collision-free path based on geometry in the sen-
sor’s field of view, but also commandability of a path).

Fig. 4 Steps of our path
planning algorithm
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Commandability considers UAV dynamics to gener-
ate paths that a UAV can actually follow. Therefore,
in parallel to the path generation the commandabil-
ity of the path is checked using the previously applied
linearized state space model.

5.1 Cell Generation in the Body Fixed Spherical
Coordinate System

Applying the wavefront algorithm requires a subdivi-
sion of the work space in discrete cells that are either
free or occupied by obstacles. Therefore, a grid map
representation of the field of view is necessary (in
ARTIS’ case the world model is given to the local path
planner in a polygonal representation [4] and has to
be discretized first). Since a 3D grid map is costly in
terms of memory and computation time, we reduce
the cell number through our choice of cell geometry:
We represent the sensor field of view as a wedge in
a spherical coordinate system, as this corresponds to
the field of view shape of both considered sensors (the
LIDAR sensor and the stereo camera). This choice of
grid – with small cells close to the UAV and bigger
ones far from it – allows for a regular representation of
a field of view, especially in contrast to representing it
by a cube grid.

Grid cells are formed in the spherical coordinate
system as follows: We set the origin of the coordinate
system at the initial position of the UAV after acti-
vating the local path planner (as such, our’s is a body
fixed spherical coordinate system), as this initial posi-
tion is the last calculated origin of the sensor’s field of
view. The orientation of (φ = 0, θ = 0) is along the
initial flight direction. We then subdivide the field of
view in three-dimensional cells for the grid map repre-
sentation. First, starting from the origin of coordinates
spherical wedges are generated whose radii get larger
by a constant value (0.52m for the LIDAR sensor and
0.2574m for the stereo camera; these constant radius
steps were determined by comparing our average cell
size with that in [8]) with each spherical wedge until
the sensor range drange is reached. These spherical
wedges are divided by planes that meet in the coor-
dinates origin and run along the angles φ or θ with
cutting angles βθ or βφ . A grid map is indicated in
Fig. 5 in a two-dimensional presentation.

This subdivision meets our requirements for a coor-
dinate system well: Cells close to the coordinate origin
need to be small because collision avoidance is more

Fig. 5 Grid map in body-fixed spherical coordinate system
(2D)

urgent there than for the cells far away where a UAV
also has the possibility to stop, and where a new local
path based on a more recent sensor reading will be
computed before the UAV ever reaches these cells.

The resulting cells are stored as individual 3-tuples
of integers: The first coordinate denotes the radius
interval starting from the origin of coordinates, the
second the azimuth angle interval and the third the
polar angle interval.

5.2 Determination of Wreachable

For the application of the wavefront algorithm we
want to exclude cells beforehand that are not appropri-
ate for a path generation. Here, we determine which
cells are reachable from an initial state with the help
of the approximated reachable set Wreachable (a worst-
case approximation used to save computation time)
and exclude those that are not. Wreachable is deter-
mined by primarily computing its boundaries. For cal-
culations the initial velocity is assumed to be retained
because we consider the case that the UAV does not
brake due to including a UAV’s possible delay in the
calculation of the reachable set. The case that the UAV
accelerates during the avoidance of static obstacles
is irrational and therefore, the worst possible case is
that the UAV retains the initial velocity. Wreachable is
bounded by flight paths and each flight path represents
a maximum possible turning maneuver.
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To calculate the boundaries of Wreachable, we
define a maximum possible turning maneuver as a
combined steering command along all control axes
such that it is not possible to give a more extreme
steering command for one control axis without giv-
ing a less extreme steering command to another one.
With this, starting from an initial state of a UAV in a
body fixed Cartesian coordinate system with a flight
direction along the x-axis, we calculate flight paths
with maximum possible turning maneuvers that are
kept constant over time. By integrating these maneu-
vers using the linearized reference model (1) over a
fixed time interval, flight paths are simulated. For cal-
culating a flight path it has to be factored in that an
obstacle detection sensor has to be turned to the flight
direction of a UAV for safety guarantee. Therefore, a
flight path has to be calculated such that it is possible
for the head of the UAV to turn to the flight direction.
For that reason the state space model (1) is extended
by the maximum possible angle change in the hori-
zontal direction χ̇ . To satisfy the maximum angular
velocity ψ̇max of a UAV the input uc of the state space
model with c = {x, y, z} is a maximum permissi-
ble velocity command calculated in each integration
step to generate turning maneuvers. Based on [7] the
velocity commands are calculated from the following
equations:

ux = cos(γ )cos(χ)Vk,0 (2)

uy = cos(γ )sin(χ)Vk,0 (3)

uz = −sin(γ )Vk,0 (4)

Vk,0 is the initial velocity of a UAV and its upper
bound is the maximum safe speed vmax,s . According
to Goerzen and Whalley [9] the maximum safe speed
vmax,s for a maximum maneuverability is calculated
as follows:

vmax,s = 1

2
(
√

term − amaxτ) (5)

term = a2
maxτ

2 + 4amax(drange − 2dclear,h)

The delay time τ is composed of the sensor refresh
rate τsens = 1

fsens
that describes a maximum time

between sequenced samples, and a maximum time
to replan of the global path planner (due to giving
the global path planner enough time to recognize a
situation requiring local path planning) τproc = 1

fproc
:

τ ≡ τsens + τproc (6)

The parameter dclear,h represents the minimum
allowed distance between the center of rotation of
a UAV and an obstacle in the horizontal plane, and
drange denotes the sensor range. For simplicity, the
pitch angle γ is assumed to be constant with 10◦ (in
reality the pitch angle change depends on the accelera-
tion, but 10◦ is an approximated value relatively close
to reality for the specific UAV models considered in
this paper) and χ̇ = ψ̇max . To generate possible flight
curves in different directions we use equiangular sam-
ples of χ̇ in [−χ̇max, +χ̇max] and set γ accordingly to
the highest permissible value for that χ̇ .

By integration of the state space model with the
above calculated velocity commands as inputs a “fun-
nel” emerges. Only cells that are inside this funnel
and inside the field of view at the same time are in
Wreachable, as shown in Fig. 6.

5.3 Determination of Wf ree

The set of permissible cells Wf ree follows from
Wreachable by removing cells that

1 are closer than the delay distance ddelay to the
coordinate origin.

2 are closer than the safety margin dsaf e to the
boundaries of the field of view.

3 are closer than the safety margin dsaf e to obstacles.

5.3.1 Delay Distance

While computing a commandable path, a time interval
tdelay passes in which the UAV moves by a distance
of ddelay . The delay distance is shown in Fig. 7.
During this time, no commands based on the new
local path can be send (as that path has not yet been
computed). Thus, cells closer than ddelay to the origin
of coordinates are omitted from Wf ree.

Fig. 6 Funnel of Wreachable (2D)
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Fig. 7 Cells within the radius of the delay distance are omitted
from Wf ree (2D for the aerial perspective)

5.3.2 Safety Distance to the Limit of Field of View

If a path were too close to the limits of the field of
view, collision avoidance of the path could not be
guaranteed as path deviations due to outside influ-
ences could move the UAV into unknown obstacles
right beyond the edge of the field of view. Hence,
we omit cells from Wf ree that are closer than the
safety margin dsaf e = dclear,h + dtrack in horizontal
direction and dsaf e,v = dclear,v + dtrack in vertical
direction to the limit of a field of view. The only
exception are cells closer than dsaf e,v to the UAV, as
within the radius dsaf e,v there is no collision risk (cf.
Section 1.1). We choose to use a single value instead
of the separate dsaf e and dsaf e,v values to simplify the
calculation. The value dsaf e,v has to be used as that
value, because it is the smaller one of the two safety
distances and thus the one guaranteed in both direc-
tions. Figure 8 depicts the safety distance that has to
be kept to the field of view’s limit from the aerial
perspective.

Fig. 8 Safety distance to the limit of the field of view (2D for
the aerial perspective)

5.3.3 Obstacle Space Wobs

To keep computation time low, obstacles must have a
simple representation (which the grid map represen-
tation enables). Yet, the freedom from collisions still
has to be guaranteed even in the presence of path devi-
ations. To that end, all cells closer to an obstacle than
dsaf e in horizontal direction and dsaf e,v in vertical
direction are removed from Wf ree. This way, collision
risks due to path deviations are eliminated. An exam-
ple for an obstacle space Wobs within a field of view
is shown in Fig. 9.

5.4 Determination of Path Start and End Cell

A UAV moves during the path generation and can only
act on a path once generation has been completed.
Thus, the position of the UAV at the end of path gen-
eration will not be the coordinate origin of the sensor
measurements used for path generation. We therefore
determine a start cell that a UAV is able to reach with-
out collision risk while the path is planned. This start
cell is taken from Wf ree as the first cell along the ini-
tial flight direction of the UAV that is beyond ddelay .
Even for a maximum safe velocity this start cell is
within the radius dsaf e,v . Thus, there is no collision
risk.

For determining a path, cell sequences that lead to
a local goal are generated from Wf ree with the help of
the wavefront algorithm - but first this local goal has to
be determined as follows: If the global goal or a way-
point from the global path planner is inside the field of
view, we use it as the local goal. Otherwise, we set the
local goal as that cell from Wf ree that is outside the
minimum stopping radius Rstop and has the shortest

Fig. 9 Cell occupancy by an obstacle and a safety distance
surrounding it (2D for the aerial perspective)
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distance to the global goal. More accurately,

Rstop = dstop + ddelay (7)

is the distance that a UAV covers during path gener-
ation (ddelay), the (hypothetical) decision to stop the
UAV, and the time to then actually come to a full stop
from initial velocity v with maximum acceleration
amax (dstop). Here,

dstop(v) = 1

2

v2

amax

. (8)

We determine the local goal outside of Rstop

because the UAV has to be able to stop at the goal for
not reaching a critical area. For safety reasons the case
that a UAV cannot stop at the local goal although no
new sensor field of view and therefore no new path is
computed because this goal is too close to the initial
position has to be excluded beforehand.

If the wavefront algorithm was applied to the deter-
mined local goal and no path exists from the initial
position of the UAV to the goal, then we instead
determine an alternative goal that initiates a turning
maneuver. This alternative goal is a cell in Wf ree

with the shortest distance to the global goal and near
the radius Rstop with a minimum radius Rstop to the
UAV’s initial state (because the UAV has to be able to
hover at the goal and it should leave the field of view
area over a short path).

5.5 Path Generation

In this section, we use the wavefront algorithm to
determine the cost values for all cells of Wf ree. These
are then used to determine deterministically a nav-
igation function (a sequence of cells leading from
a starting cell Wnav(1) to the local goal cell) by
means of a minimum search algorithm. Wnb denotes
all neighbors of a given cell of the set of navigation
function cells Wnav . If a neighboring cell has the short-
est Euclidean distance to the local goal within Wnb

and no higher cost than the predecessor in a path and
Wnb(i) ∈ WRS with i = 1, ..., E and E as number
of cells in Wnb, it is set as a navigation function cell
Wnav(j) with j = 2, ..., K and K as number of navi-
gation function cells. WRS is the set of all neighboring
cells that are reachable from the current path waypoint
under the current velocity (the calculation of WRS is
explained in the next section). If a UAV is able to reach
a cell, the UAV can also be commanded to this cell.

Thus, only cells are added to a cell sequence for the
path generation that are commandable.

For generating a path without any detours, the
Euclidean distance to the local goal is considered in
these criteria because cost values of neighboring cells
that are equal to the cost value of the cell recently
added to the navigation function are permissible and
can lead in a wrong direction. Selecting a cell with
equal cost (as opposed to those with strictly lower
cost) has to be allowed, because the cells with a
lower cost value can be unreachable due to the UAV’s
dynamics.

If no new cell is found fulfilling these criteria, the
criteria check of the neighboring cells is repeated with
the difference that the Euclidean distance to the local
goal is neglected and the cost value of a new cell for
a navigation function has to be smaller than the value
of the predecessor. In this case the cost value of a new
cell must not be equal to the value of the predeces-
sor so that the local goal as the cost value minimum is
reached without detours even if distances to the local
goal are not considered. The Euclidean distance to the
local goal is neglected now because it is possible that
during the first check no cell was found due to obsta-
cles occupying each cell with a shorter distance to the
local goal. A cell that is satisfying these criteria is
added to the navigation function Wnav .

The algorithm repeats until the cost value one and
therefore the goal is reached. The path is then deter-
mined from that sequence of cells Wnav by connecting
cell centers mpnav as waypoints with straight path
segments. This is shown in Fig. 10.

Fig. 10 Path generation with cell centers (2D). mpnav(1) is the
first cell center added to the path, mpnav(2) the second, etc.
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5.6 Commandability

Our local path planner has no access to an inner loop
controller and therefore, the path generation is not
influenced by it. Thus, the commandability of gener-
ated paths has to be guaranteed because a generated
path is collision-free only if a UAV is able to track this
path. In parallel with the calculation of the navigation
function we check neighboring cells whether they are
commandable or not so that only cells with a com-
mandable connection to the predecessor can be part of
a navigation function.

To ensure tracking during path generation we check
whether a cell is reachable starting from the last cell
center added to a path with consideration of the lowest
possible velocity in this cell center. Hence, we apply
approximated worst-case reachable sets as depicted
in Fig. 11. As Rstop is the distance necessary for
the UAV to come to a full stop, the UAV can have
an arbitrarily low velocity outside of Rstop to enable
it to accurately follow any path. Thus, outside of
Rstop any connection between neighboring cells is
commandable and we only have to concern ourselves
with determining commandable cell transitions inside
of Rstop.

Inside Rstop, commandable cell transitions are
determined as follows: The current state of the min-
imum search is extended so that it not only stores
the currently reached cell, but also the UAV orien-
tation in that cell (center) and its lowest possible
velocity. Its initial state is thus the selected local start-
ing point with the maximum possible velocity of the

Fig. 11 Commandability of path segments (2D)

UAV and facing straight ahead. Then, from the cur-
rent state we determine commandable neighboring
cells by commanding maximum turning maneuvers
(cf. Section 5.2) as well as a straight forward flight
path. During these maneuvers, the UAV’s velocity is
continuously reduced based on its maximum acceler-
ation amax (but is not reduced below the fixed lower
bound of 1m

s
that enables maneuvers to sufficiently

many neighboring cells; this bound has been deter-
mined experimentally through simulation, more accu-
rate calculations are the subject of future research).
Neighboring cells reached through integrating such a
turning maneuver under continuously reducing veloc-
ity over time are considered as commandable cell
transitions. Visually, the set of flight maneuvers evalu-
ated for a given cell forms a funnels starting in the cell
center in the direction of the velocity. With a too high
velocity, this funnel would be so narrow that only one
cell transition, located on the extended line of a previ-
ous path segment, would be commandable. Therefore,
a too high velocity would make an evasive maneuver
of a UAV impossible and for that reason we brake the
UAV’s velocity to 1m

s
.

The resulting set WRS of neighboring cells for
which the cell transition is commandable is then used
in the minimum search as described in Section 5.5 to
determine the next cell on the path. The UAV orienta-
tion in that next cell is determined based on the direct
connecting line between the previous and the current
cell center, and the UAV velocity is updated by assum-
ing that UAV reducing its velocity with amax over the
whole distance between the two cell centers. With this
updated current state, the algorithm then starts a new
iteration to find the next cell center, and iterates until
the local goal is reached.

Overall, Section 5 described how our local path
planning algorithm considers the UAV’s dynamics,
excludes non-permissible cells due to safety concerns
and reachability, and considers commandability to
arrive at a navigation function for the UAV. In the next
section, we evaluate this approach experimentally in a
simulation environment.

6 Experiments

In this section we show results of constructing the grid
map in a body fixed spherical coordinate system con-
sidering the geometry of a field of view, and that this
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grid map leads to a smaller number of cells than in [8]
and therefore theoretically to a lower calculating time
for the path planning process, and an example scenario
for the functionality of our path planning algorithm
that reaches local goals by avoiding obstacles. The
consequences of the consideration of a UAV’s dynam-
ics for the cell number is presented. All results are
computed with MATLAB for the specifications of
both applied helicopters and obstacle detection sen-
sors. For the following results the initial values for
the acceleration and the jerk as well as for the first
derivative of the jerk are equal to zero. These initial
values have a small influence only on the calculation
of Wf ree because the approximated reachable set is
changed but a change of these initial values has no
effect on the conclusion of the results. For the calcu-
lation of each flight path for Wreachable we chose a
timeframe of 12s even if the field of view is recal-
culated much faster because according to simulation
tests for the fixed starting velocities 12s are enough
for Wreachable to reach the limits of the field of view.

6.1 Maximum Safe Velocities

A UAV must not exceed a certain velocity vmax,s

depending on the geometry of the field of view or else
it could be possible that the UAV leaves a current field
of view before a new one is calculated. The values
of vmax,s for the different specifications are needed
for calculating Wf ree with the maximum safe veloc-
ity. On the basis of the Eq. 5 the following maximum
speed limits vmax,s in Table 2 for ARTIS and Yamaha
RMAX are calculated according to the field of view.
ARTIS uses the global path planner Mission Planning
and Execution framework (MiPlEx) and according to
[1] we chose its fproc = 5Hz as example for the
specifications of both UAVs.

For the Yamaha RMAX Eq. 5 determines 5.13m
s

as permissible maximum speed for the LIDAR sen-
sor case. But according to its specification the heli-
copter reaches at most 3m

s
, which is therefore the

Table 2 Permissible maximum speed for maximum maneuver-
ability in m

s

Stereo camera LIDAR sensor

ARTIS 6.64 14.17

Yamaha RMAX 2.80 3.00

Table 3 Cell volumes in m3

Stereo camera LIDAR sensor

Cells in first radius interval 0.000 0.014

Cells in last radius interval 23.231 385.720

effective maximum speed for RMAX with a LIDAR
sensor. The simulation yields that the speed of the
UAVs has to be lower than vmax,s because a too high
speed impedes maneuverability. An adequate maxi-
mum speed for collision-free path planning with this
method is the a posteriori determined speed vmax,s

2 .
Although this speed limit is low in comparison to
the technical maximum speed limits of ARTIS and
Yamaha RMAX no collision occurred in our simula-
tions with a starting velocity of vmax,s

2 .

6.2 Cell Characteristics

In our approach cells have different sizes depending
on the distance to the origin of coordinates. Cells close
to the UAV have to be small enough to guarantee accu-
racy, but for the outer edge of a field of view the
accuracy is less important as a UAV will not reach
these cells before sensor data from a new position with
updated field of view is gathered. Table 3 shows the
differences of cell sizes between the first and the last
radius interval of a grid map.

Cells in the first radius interval are indeed small
and those in the last radius intervals are large. The
cells close to the UAV’s initial position are even
much smaller than accuracy due to collision avoidance
requires. Different sizes of cells lead to a smaller num-
ber of cells in the grid map than identically sized cube
cells of sufficient size. Additionally, if a UAV is in
flight and does not hover the cells that are unnecessary
small are located within the radius ddelay and therefore
not in Wf ree. Hence, these small cells do not have any
influence on the computation time if the UAV moves.

Table 4 contains cell counts for the LIDAR sensor
and for the stereo camera.

Table 4 Cell number in W

Number of cells

Stereo camera 1008

LIDAR sensor 1500
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Fig. 12 Cells in the field of view of the stereo camera

By way of illustration an example for the stereo
camera for cell division is given in Fig. 12. For a bet-
ter view Fig. 12 contains only spherical wedges and
cell edges of the planes. The black sphere represents
a UAV. By way of comparison, the LIDAR sensor in
[8] contained 31213 cells. Because of the cell division
in a spherical coordinate system with cells of different
sizes we have 95 % fewer cells for the LIDAR sen-
sor than [8]. Thus, our algorithhm has the potential for
being realtime-capable where that from [8] is not.

6.3 Cell Number in Wf ree

Only safe and reachable cells may be used in the wave-
front algorithm to determine a collision-free path. As
a side effect, excluding unreachable and unsafe cells
reduces the number of cells that have to be consid-
ered. The results of this reduction are measured in a
simulation environment without obstacles because we

want to show the maximum possible number of cells
in Wf ree due to the influence of the cell exclusion
in comparison to the cell number in W . This maxi-
mum possible cell number is given in the case of a
completely obstacle-free field of view.

First, the numbers of cells within a reachable set
for a constant velocity are shown in Table 5 for the
stereo camera and for the LIDAR sensor. The percent-
age share of reachable cells concerning the number of
all cells within a field of view is rather similar for both
sensors. Naturally, there are less reachable cells within
a work space for higher velocities than for lower, and
if a UAV is at stop, all cells are reachable.

Table 7 shows how many cells within a field of
view can be used for an application of the wavefront
algorithm without any collision risk or a possibility
that these cells are not reachable starting from the ini-
tial state. The values in the table make clear that in
general only a small area in a field of view is usable
for the wavefront algorithm. For the LIDAR sensor
an application of our algorithm drastically decreases
the cell number within the permissible work space for
path generating in comparison to the cell number in
[8] and path planning is still feasible. Now, it is obvi-
ous that for each initial speed and both helicopters
path planning for the stereo camera specifications is
not possible because too few cells are permissible. The
impossibility of path planning is a consequence of the
safety distance to a limit of the stereo camera’s narrow
field of view.

Table 6 contains the number of cells within
Wreachable that do not fulfill the criteria for safety dis-
tance to the limit of the field of view. In the following,
we denote them with Wunsaf e. For the LIDAR sensor
about one third of the reachable cells are too close to

Table 5 Number of cells within Wreachable

Stereo camera LIDAR sensor

ARTIS YamahaRMAX ARTIS Yamaha RMAX

Cell number of Wreachable for Vk,0 = vmax,s 378 550 477 864

Percentage of Wreachable compared with W 37.50 % 54.56 % 31.80 % 57.60 %

Cell number of Wreachable for Vk,0 = vmax,s

2 518 686 665 954

Percentage of Wreachable compared with W 51.38 % 68.05 % 44.33 % 63.60 %

Cell number of Wreachable for Vk,0 = 0 m
s

1008 1008 1500 1500

Percentage of Wreachable compared with W 100 % 100 % 100 % 100 %
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Table 6 Number of cells without safety distance to field of view’s limit (Wunsaf e)

Stereo camera LIDAR sensor

ARTIS Yamaha RMAX ARTIS Yamaha RMAX

Cell number of Wreachable for Vk,0 = vmax,s 365 413 129 227

Percentage of Wreachable compared with W 96.56 % 75.09 % 27.04 % 26.26 %

Cell number of Wreachable for Vk,0 = vmax,s

2 407 455 221 227

Percentage of Wreachable compared with W 78.57 % 66.33 % 33.23 % 23.80 %

Cell number of Wreachable for Vk,0 = 0 m
s

503 503 559 559

Percentage of Wreachable compared with W 49.90 % 49.90 % 37.27 % 37.27 %

the field of view’s limit, whereas for the stereo camera
with increasing velocity within most of the reachable
cells freedom from collision cannot be guaranteed.
Regarding these results one can guess that safe path
planning with the stereo camera is hardly possible.
In case of the LIDAR sensor due to the wide range,
there are still enough reachable cells left to generate a
collision-free path.

Table 7 shows how many cells within a field of
view can be used for an application of the wavefront
algorithm without any collision risk or a possibility
that these cells are not reachable starting from the ini-
tial state. The values in the table make clear that in
general only a small area in a field of view is usable
for the wavefront algorithm. For the LIDAR sensor
an application of our algorithm drastically decreases
the cell number within the permissible work space for
path generating in comparison to the cell number in
[8] and path planning is still feasible. Now, it is obvi-
ous that for each initial speed and both helicopters
path planning for the stereo camera specifications is
not possible because too few cells are permissible. The
impossibility of path planning is a consequence of the

safety distance to a limit of the stereo camera’s narrow
field of view.

Thus, for sensors with a narrow field of view the
approach is only applicable if the safety criteria are
adjusted, but for safety reasons only sensors with
a wider field of view like the LIDAR sensor are
advisable.

6.4 Path Planning

The path generation algorithm was tested in a simula-
tion environment in 3D space with obstacles for both
helicopter specifications and both obstacle detection
sensors. For the LIDAR sensor, the method generates
collision-free and flyable paths to a local goal without
detours in each case. By way of illustration a sim-
ulation plot only for the stereo camera with relaxed
safety distance conditions is shown in the Figs. 13
and 14. Due to the geometry of the field of view, it
would be difficult to see a path within the plots for
the LIDAR sensor. Figure 13 represents the field of
view containing the planned path viewed from above
and Fig. 14 shows the path sideways. The black sphere

Table 7 Reachable collision-free cells Wf ree

Stereo camera LIDAR sensor

ARTIS Yamaha RMAX ARTIS Yamaha RMAX

Cell number of Wf ree for Vk,0 = vmax,s 9 135 344 636

Percentage of Wf ree compared with W 0.89 % 13.39 % 22.93 % 42.40 %

Cell number of Wf ree for Vk,0 = vmax,s

2 108 230 441 726

Percentage of Wf ree compared with W 10.71 % 22.82 % 29.40 % 48.40 %

Cell number of Wf ree for Vk,0 = 0 m
s

505 505 941 941

Percentage of Wf ree compared with W 50.10 % 50.10 % 62.73 % 62.73 %
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Fig. 13 A planned path around an obstacle (x − y-plane)

represents the UAV. Inner spherical wedges are omit-
ted in these figures. An obstacle already extended by a
safety distance is represented by zigzag hachures and
the cube within these hachures is the obstacle. The
outer surface is the sensor range and the bold line is
a generated path. The path in these figures is planned
for ARTIS with the initial speed vmax,s

2 and evades the
obstacle.

6.5 Conclusion of Experiments

The experimental results show that the work space
and therefore the calculating time determined in [8]

Fig. 14 A planned path around an obstacle (x − z-plane)

can be greatly reduced by using regular spherical grid
maps instead of cube ones. Further, the spherical grid
map has small cells close to the UAV’s initial position
for a higher accuracy, and larger cells at the sensor’s
outer field of view limit to reduce the cell number. The
exclusion of unsafe and unreachable cells additionally
reduces the work space but costs additional calculat-
ing time. Yet, this cell exclusion is necessary as it
enables obstacle avoidance by omitting critical areas,
and prevents planning of uncommandable paths.

Altogether, the developed path planning algorithm
works as required for the LIDAR sensor, but has to
be adjusted for obstacle detection sensors with more
narrow fields of view. Also, the used safety distances
to the field of view edges and the obstacles may be
larger than necessary. The wavefront algorithm was
efficient in 3D environments and for starting velocities
not exceeding the determined velocity limits the algo-
rithm always found a path within the LIDAR’s field of
view. Real-time capability is not implemented yet and
has to be considered in further works.

7 Conclusion and Future Work

In this paper a method is presented for local path plan-
ning in 3D space that applies approximated reachable
sets and the wavefront algorithm. To that end, the field
of view of the obstacle detection sensors was sub-
divided into cells in a spherical coordinate system.
The cells fit exactly to the fields of view’s geometry,
requiring fewer cells than when using a orthogonal
coordinate system.

To facilitate obstacle avoidance, the obstacles rep-
resentation in the grid map was enlarged by a
safety margin. This reduces the risk of collision, but
can complicate the path planning process when the
enlarged obstacles cover most of the work space.
Each step between cells of potential path segments
was tested for commandability so that UAVs are
guaranteed to be able to track the resulting path. Con-
sequently, our approach is also suitable for UAVs
without an access to an inner loop controller.

Experiments in a simulation environment show that
the algorithm is able to plan collision-free paths in a
three-dimensional space containing static obstacles.

In further works, the method has to be extended
to allow for moving obstacles in order to be appli-
cable to real world scenarios. Theoretically, the basic
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wavefront algorithm is able to consider moving obsta-
cles, but the obstacle representation would have to
be adjusted. Path deviations have to be considered
and corrected by velocity commands. The waypoints
of the path could be connected with splines instead
of straight lines. With regard to real-time capability
another method of reachable set calculation is advis-
able as the current method is too computationally
expensive.

Our path planning approach could be applied on at
least medium-sized UAVs that are capable of carrying
and powering modern processors with average up to
high-level computational power. Physical experiments
shall be performed in future works.
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