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lation of errors. To overcome these limitations, vision-based
navigation approaches have been developed. These approaches
can be used where GPS or INS systems are not available
or can be used with other sensors to obtain better estimates.
The use of vision systems for unmanned systems increased
considerably in the last 30 years. Visual odometry, stereo
camera pairs, obstacle avoidance, automatic landing and takeoff, navigation, combining vision with GPS and IMU sensors,
visual servoing, inspection for pipe lines or bridges, road traffic
monitoring, target detection and tracking, mapping are some
of the fields that vision systems have been used for unmanned
aerial systems.
Obtaining a wide view of the scene has been one of the
goals especially for robotic applications. Traditional cameras
have limited field of view. One can increase the field of view
by using more than one camera or by placing the camera
on to a rotating machinery, although this requires movable
parts and accurate positioning. The biggest disadvantage of
these systems is the time to obtain a wide view, which limits
their use in real-time applications. In photography, a fisheye
lens is a wide-angle lens that takes in an extremely wide,
hemispherical image. The difficulty in these cameras is the
design of the lens to focus the rays in one point. The scene
should be imaged without distortion. One other approach is
to use catadioptric systems where mirrors are combined with
the lens. It is possible to obtain a wide view of a scene in
a single image. As the cost of these systems decrease they
become more popular.
In recent years omnidirectional camera usage has experienced a remarkable increase. In many fields innovative
research has been done by this camera which captures 360◦
view in a single frame. However, employment of omnidirectional cameras in UAVs is very new. Attitude is one of the
most important parameters for an UAV during flight. Under
situations where global positioning system (GPS) and inertial
navigation system (INS) do not function, or as an additional
sensor, vision systems can be used. The approach in this paper
is to use a catadioptric omnidirectional camera for attitude
estimation of a helicopter. In urban environment, on buildings
there exist many parallel lines. These parallel lines intersect
in the horizon. These intersection points are called vanishing
points. These points are independent from translation and
they rotate on the image plane with the rotation of the UAV.
The rotation of reference frame that is composed of three
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I. I NTRODUCTION
The use of Unmanned Air Vehicles (UAVs) for various
different tasks increased rapidly in recent years. These vehicles
are employed in many applications from military operations to
movie shooting especially under life threatening conditions or
in cases where maneuvers with human beings are not possible.
UAVs have clear advantages such as higher maneuverability,
low cost, decreased radar signature, strength, as well as
decreased risk for human life. These advantages lead the use of
these vehicles more often in various tasks such as surveillance,
reconnaissance, inspection for natural disasters, as a remote
sensor for atmospheric measurements, inspection of pipe lines
or power lines, or for aerial photography [1].
The hovering ability is the most important step toward the
autonomy of the flying vehicles. In order to control a flying
vehicle at least six parameters (pose of the vehicle) should be
known; Euler angles representing the orientation of the vehicle
and a vector of coordinates, representing the position of the
vehicle. In order to determine the pose of the vehicle accurately and rapidly, regular approach is to use inertial sensors
with other sensors and applying sensor fusion. Some sensors
used for this purpose are the Global positioning sensor (GPS),
inertial navigation sensor (INS), as well as other sensors such
as altitude sensors and speedometers. These sensors have some
limitations. GPS sensor for example, is not available at some
locations or readings subject to error. It is also subject to
jamming at hostile areas. INS has the disadvantage of accumu978-1-4244-4210-2/09/$25.00 ©2009 IEEE
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orthonormal vanishing directions gives us the rotation of the
UAV. In this way, by tracking vanishing points in catadioptric
images one can estimate the absolute orientation of the UAV.
Helicopters are complex flying machines. There are various
different types of helicopters, tandem rotor, co-axial rotor,
quadrotor or tilt-rotor types have been developed by various
different studies [1]. In this paper, we will also present a
four-rotor helicopter modelling and control and implement the
estimation and control algorithms on this helicopter.
The paper is organized as follows. In section 2, we will
present the use of catadioptric systems in UAVs. After explanation of the algorithm that is used to estimate the attitude,
we will present quadrotor helicopter modelling and control
in Section 3. The simulations of the estimation and the
control algorithms, as well as the experiments performed on a
model helicopter are presented in Section 4. Followed by the
concluding remarks in Section 5.

A catadioptric optical system is one where lenses and curved
mirrors are used to form an optical system. The biggest
advantage of such systems is the ability to obtain a wide view
of the scene as shown in Figure 1. Many different studies
have been performed on the omnidirectional cameras such as
surveillance, video conferencing, robot navigation etc. The
applications on mobile robots were increased considerably
recent years. Applications involving the use of these systems
alone, as a stereo pair or with other sensors were implemented
[2], [3]. The navigation of a team of robots were performed
by a lead robot using an omnidirectional camera in [4]. The
use of omnidirectional cameras for soccer robots to determine
location, tracking and obstacle avoidance was presented in [5],
[6], [7].

visible. In addition, it can not be used to estimate the yaw
angle. An hybrid method that is using the horizon and the
homography was proposed in [12]. A more recent approach is
to use lines that are available in urban areas which avoids the
limitations of horizon determination [13]. In this approach,
it is still not possible to estimate the yaw angle, also it
requires to determine the sky. Therefore, this approach is not
suitable in dense city environments as well as closed areas. A
more recent paper proposes the use of vanishing points and
infinite homography to estimate the helicopter attitude [14].
This approach can be used in urban environments, however
this method has never been applied to a real UAV. In this
paper, we used the approach described in [14] to estimate
helicopter attitude.
Projection of 3D world points to the image plane can be
done in three steps [15]. Firstly the point is projected to the
equivalent sphere, then to the plane at infinity and finally to
the image plane. Besides, projection of 3D lines generates a
great circle on the equivalent sphere. By back projecting every
candidate edge on the sphere and checking each edge if it
verifies the great circle constraint, one can decide which edges
belong to real 3D lines. In order to do this, the edges divided
according to their gradient orientations and selected by their
lengths are back projected to the sphere. Then plane normal of
the great circle is computed by cross product of first and last
edgel directions. In order to be verified, 95% of the edgels on
that edge must satisfy |nx xs + ny ys + nz zs | ≤ DistT hresh.
In addition, parallel lines have the same vanishing direction
on the equivalent sphere as shown in Figure 2. Therefore, dominant parallel lines can be extracted by counting lines which
satisfy |ni · u| ≤ SimilarityT hresh where u = n1 × n2 is
the vanishing direction of the two parallel lines with n1 and
n2 being great circle normals and ni is the candidate line.

Fig. 1. a) Image obtained by a regular pinhole camera, (b) Image obtained
by an omnidirectional camera.

Fig. 2. The projection of three parallel lines on the sphere and the vanishing
direction.

The use omnidirectional cameras on unmanned aerial vehicles are quite new. In [8], helicopter landing problem was
studied as the vision system tracks three H markers. In this
study the system requires artificial features, also only 2D
control was implemented. In [9] the comparison of fish-eye
camera with a catadioptric camera was studied. The estimation
of roll and pitch angles of an UAV by determining the horizon
was studied in [10], [11]. The horizon was determined with
Random Markow Fields or RGB based Mahalanobis distance.
This approach requires the conditions where the horizon is

Similarly, by excluding found parallel lines and repeating
the same algorithm we can find the second dominant vanishing
direction. If |u1 × u2 | ≤ OrthogonalityT hresh, we compute
the cross product u3 = u1 × u2 to determine the third
vanishing direction. If the inequality is not satisfied, this
means that the detection of orthogonal parallel lines is failed;
therefore attitude estimation at that frame should be skipped.
In that case, it is thought that the UAV doesn’t change its
orientation. In the Figure 3 red lines are vertical and blue
lines are horizontal parallel lines while yellow and magenta

II. P OSE E STIMATION WITH A C ATADIOPTRIC S YSTEM
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using Newton-Euler equations. The presented model is slightly
modified version of the quadrotor model presented in [18].
The coordinate axes, the rotation directions of the quadrotor,
the lift forces, and the Euler angle descriptions are given on
Figure 4.

lines represent two orthogonal vanishing directions.

Fig. 3.

Fig. 4.

Parallel lines and the vanishing directions.

Forces acting on a quadrotor.

After extracting vanishing directions, next step is matching
them with previous ones. Using argmax
uti · ut+1
, we match
k
k
two vanishing directions in two consecutive frames. Then we
simply take the reverse direction of the latter if (uti ·ut+1
k )<0
to arrange their directions.
In the infinite homography described in [14], the relation
between two consecutive vanishing directions is given by
ut+1
= Ruti , where R is the 3 × 3 rotation matrix and can
k
be calculated by using quaternions [16]. Consequently, we can
compute the absolute rotation by the composition of relative
0
0
0
rotations Ri = R0 ◦ R1 ◦ R2 ◦ · · · ◦ Ri where,
0
Rk is the relative rotation at the frame k and R0 is the
initial absolute rotation. In this common approach, the rotation
matrices are accumulated because with this algorithm angles
more than 30 degrees can not be estimated correctly at one
step. However, in this approach, at each frame small error
will accumulate considering inaccuracy in vanishing points
extraction which will result in big errors in time. To avoid this,
in robust approach, matching results are backtracked (ut=0
=
k
Ri−1 ut=i
)
and
accumulated
error
is
computed.
After
all,
the
k
error is added to the absolute rotation Ri = Ri ◦ Rerr to
obtain a result without error accumulation.

For a rigid body model of a 3D quadrotor given in Figure 4,
a body fixed frame (frame B) is assumed to be at the center
of gravity of the quadrotor, an inertial frame (frame E) is
located on the ground. The Euler angles corresponding to the
rotations around x, y, and z axes are given respectively as roll
(φ), pitch (θ) and yaw (ψ). The forces acting on the quadrotor
are F1 , F2 , F3 , F4 and mg. The rotor spinning directions are
determined to be clockwise for the first and third rotors, and
counter-clockwise for second and the fourth rotor.
The 3D positionof any point on axis E can be represented
T
with a vector P = x y z
. The linear velocity (v) and
linear acceleration (v̇) of the vehicle can be obtained by taking
the derivative of this vector.
A rotation matrix R : E → B, where R ∈ SO(3), is
composed of three Euler angles, (ψ, θ, φ), representing yaw,
pitch and roll respectively. The axes have been chosen as
N,E,D (North, East, Down).
The rotation speed of the rotors are described by Ωi , where
i corresponds to the rotor number (i : 1, 2, 3, 4). The lift forces
generated by the rotation of the rotors will be Fi = bΩi 2 . The
parameter b is a constant. The total lift force will be summation
4
P
of the lift forces of all four rotors as FT = b
Ωi .

III. Q UADROTOR H ELICOPTER M ODELLING AND
C ONTROL

The dynamics of a free body subject to external forces can
be presented using the Newton-Euler equations as


 
 

mI3x3 0
ω × mV
F
V̇
+
=
(1)
0
I
ω × Iω
τ
ω̇

i=1

A quadrotor is an under actuated aircraft with fixed pitch
angle four rotors [17], [18]. It contains four motors located
on the front, back, left and right of the air frame. The rotors
connected to these motors provide the necessary lift forces.
The helicopter has four input forces which are basically the
thrust provided by each propellers. The front and rear motors
rotate counter-clockwise while other motors rotate clockwise so yaw command is derived by increasing (decreasing)
counter-clockwise motors speed while decreasing (increasing)
clockwise motor speeds. This also eliminates the need of a tail
rotor.
In this section we will describe the mathematical model of
the quadrotor. This four-rotor aerial vehicle has been modelled

where I ∈ R3×3 is the inertia matrix, V is the linear
body velocity, ω is the body angular velocity vector, F is
the external force, τ is the external torque, m is the mass of
the system. One can obtain the following set of equations,
P
P
P
ẍ = Fx /m ÿ = Fy /m z̈ = g − Fz /m
P
P
P
.
(2)
φ̈ = τx /Ixx θ̈ = τy /Iyy
ψ̈ = τz /Izz
Let us assume the hub forces and the flapping moments
can be ignored. By simplifying the model, we can represent
the system in state space form, with U input vector as
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U = {U1 , U2 , U3 , U4 } and X as the state vector, X =
{x, ẋ, y, ẏ, z, ż, φ, φ̇, θ, θ̇, ψ, ψ̇}T . Let us choose the inputs as,
  

b(Ω21 + Ω22 + Ω23 + Ω24 )
U1
U2  

b(−Ω22 + Ω24 )
=

U =
U3  

b(Ω21 − Ω23 )
d(−Ω21 + Ω22 − Ω23 + Ω24 )
U4

IV. S IMULATIONS AND E XPERIMENTS
A. Pose Estimation Simulations
The pose estimation algorithms using catadioptric omnidirectional camera as well as the control algorithms were
tested in various MATLAB and Simulink simulations. The first
simulation was performed to test the estimation algorithms.
Simulation was realized in a trajectory in which roll and pitch
angles change as 20◦ ·sin(2πt/T ) and yaw angle changes as
60◦ ·sin(2πt/T ). In the Figure 5, first row of figures represent
the roll, pitch and yaw angles of the helicopter and the
second row of figures represent the roll, pitch and yaw error
respectively. In graphs, the solid line represents real attitude
values while dotted line represents common approach and
dashed line represents robust approach. From the results, it
is seen that common approach diverges as time passes which
may result in big errors. In this simulation −0.19◦ /2.29◦ ,
0.11◦ /1.75◦ , 0.41◦ /1.21◦ mean error and standard deviation
were obtained for roll, pitch ,yaw angles measured by using
common approach and no error for robust approach.

(3)

where Ωi is the speed of rotation of rotor i, b is the push
factor, d is the factor relating torques to forces. Full dynamics
of the helicopter can then be obtained as

ẋ

 (cφ sθ cψ + sφ sψ ) U1


m


ẏ



 (c s s − s c ) U1
φ θ ψ
φ ψ m




ż


U1


−g + (cφ cθ ) m



f (X, U ) = 
φ̇


 Iyy −Izz
Jr
lU2 
 θ̇ψ̇ Ixx − Ixx θ̇Ω + Ixx 




θ̇


φ̇ψ̇ Izz −Ixx − Jr φ̇Ω + lU3 

Iyy
Iyy
Iyy 


ψ̇


I −I
φ̇θ̇ xxIzz yy + IUzz4


(4)

where Ω = (−Ω1 + Ω2 − Ω3 + Ω4 ), g is the gravitational
acceleration, Jr is the rotor inertia, l is the distance between
rotor center and the geometrical center of the helicopter.
In this paper, we used PD controllers. A PD controller is
useful since it can be obtained from the dynamical model and
also it stabilizes the system exponentially.
U1 =

mg
m(Kpz (z − zd ) + Kdz (ż − z˙d )
+
Cθ Cφ
Cθ Cφ

Fig. 5.

U2 = Kpφ (φd − φ) + Kdφ (φ̇d − φ̇)
U3 = Kpθ (θd − θ) + Kdθ (θ̇d − θ̇)

Simulation of the attitude estimation algorithms.

Even with good algorithms, the estimations obtained by
a vision system in application will contain estimation errors. In the next simulation,
uniformly
distributed pseudo

random numbers in −0.1 0.1 interval were added to each
vanishing direction to obtain noised measures. In the Figure 6 results obtained with noised measures are seen. In
the simulation, obtained mean errors and standard deviations
are: −1.56◦ /4.27◦ , −1.09◦ /5.85◦ , 3.33◦ /3.88◦ , for common
approach and 0.12/3.55◦ , −0.19◦ /2.45◦ , −0.05◦ /3.63◦ for
robust approach. It can be said that, robust approach gives
significantly less mean error and less standard deviation in
comparison to common approach.

(5)

U4 = Kpψ (ψd − ψ) + Kdψ (ψ̇d − ψ̇)
where φd , θd , ψd are the desired roll, pitch and yaw angles,
zd is the desired altitude. Usually the desired roll and pitch
angles are zero. The φ̇d , θ̇d , ψ̇d are the desired derivatives
of the roll, pitch and yaw angles. U1 signal controls the
motion along z axis, U2 controls motion along y-axis (roll
angle), U3 controls the motion along the x-axis (pitch angle)
and U4 controls rotation along the z-axis (yaw angle). The
designed controllers should set values to Ui parameters which
determines the four rotor speed parameters Ωi . A low level
controller is still needed to keep this speed constant for each
motor. To control the motions along x-axis and y-axis, the θ
and φ angles and their derivatives should be controlled. The
desired values of the roll and pitch values and the desired roll
and pitch velocities will depend on the desired values of the x
and y locations [17]. Once we can select these desired values,
we can place them in Equation 5.

B. Control Simulation
The vision system will be used to control a flying vehicle.
We need to simulate the effectiveness of the algorithms and
the effects of the possible noise on the helicopter control. A
Simulink model of the helicopter model described in Section
3 was developed in Figure 7. In the simulation, PD controllers
are applied to the helicopter model. As a measurement device
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Fig. 6. Simulation of the attitude estimation algorithms with introduced error
of the form uniformly distributed pseudo-random numbers.

Fig. 8.

The control simulation with estimation error.

allows the helicopter to perform yaw motions freely, allows
up to 2 meters of altitude, as well as up to ±20◦ roll and
pitch motion. Due to the weight of the helicopter the vertical
motion of the helicopter will not be used.

catadioptric camera is used. The aim is to stabilize helicopter
with initial angles : −10◦ roll, 10◦ pitch, 20◦ yaw. Responses
of the controllers with 150/18, 350/45, 150/15 Kp /Kd gains
for roll, pitch, yaw angles respectively are seen in the Figure 8.

Fig. 9.

Fig. 7.

The experimental system.

An Intel Core2Quad 2.40Ghz processored desktop computer with 3 GBs RAM on Windows XP that has a dual
framegrabber has been used. Algorithms were developed using
Matrox Imaging Library 8.0 [19] on C++ and MATLAB
codes were used for the analysis of data. Grayscale 640x480
sized catadioptric images are obtained by omnidirectional
camera VS-C450N-TK that has been obtained from VStone
Corporation [20]. The calibration of the camera was performed
using the method described in [15]. The calibration parameters
are presented in Table 1.

The simulation system.

Noise with −0.19◦ / 3.85◦ mean error and standard deviation was applied to all vanishing directions. The motion of
the helicopter is presented in the Figure 8.
Roll angle is settled in 0.4s. while pitch and yaw angles
settled in 0.25s. After the 0.5th second of the simulation, there
stay −0.22◦ / 0.49◦ , −0.28◦ /0.45, −0.32◦ / 0.72◦ mean error
and standard deviation for roll, pitch, yaw angles.
In the simulations, we see that even when random error has
been introduced, the estimation and control algorithms can
guide the vehicle to the desired goal position successfully and
rapidly.

TABLE I
T HE TABLE OF CALIBRATION

Hc

C. Experiments
ζ
ψ
Focal length

An experimental system has been developed to test the
estimation and control algorithms. The experiment system
shown in Figure 9 consists of a model quadrotor helicopter,
a test stand, one catadioptric camera, a pan/tit/zoom camera,
and an IMU sensor. The test stand was developed in order
to perform successful and secure experiments. The test stand


174.1837

0
0
0.8678
0.9942
173.1769

PARAMETERS .

3.0654
176.2150
0


315.5389
279.1183
1.0000

The Figure 10 presents the experiment results, where helicopter is moved manually while its roll, pitch and yaw
angles are estimated with the proposed algorithms and the
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IMU reading were also presented for comparison. Mean error
and standard deviation for roll, pitch, yaw angles are obtained
as 0.16/2.36, 0.50/1.76, 1.24/6.07 degrees respectively. The
achieved estimation rate is about 3 fps.

will be on improving this estimation rate by optimizing our
code as well as using a Kalman filter.
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The experiment results of the UAV attitude estimation.

Helicopters pitch motion has been stabilized in experiment
2 in Figure 11. After when the control effort applied at about
5th second, the helicopter stabilizes itself.

Fig. 11.

The experiment results of helicopter control.

V. C ONCLUSION
Attitude is one of the most important parameters for an
UAV during flight. In this paper, attitude is estimated by
an algorithm that uses catadioptric images. The algorithm
uses parallel lines that exist on many structures in an urban
environment. This algorithm has been simulated in various
different conditions including random error. Quadrotor UAV
model has also been introduced. The estimation algorithm
has been combined with the helicopter model in simulations.
Results obtained from simulations show that the estimation as
well as the control algorithms work effectively even with the
introduced error to model the measurement noise. We compared the common and robust attitude estimation approaches
in simulations. It was seen that the robust approach gives much
better estimation. Finally, we present the experiments and the
results of the estimation and control algorithms on a real
model helicopter. The proposed attitude estimation algorithm
gives close results to IMU readings. Furthermore, the pitch
controller stabilizes the helicopter from 20◦ rapidly without
overshoot. The estimation rate is about 3 fps, our future work
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