
A Ground-Based Vision System for UAV Tracking 
 

Nuno Pessanha Santos & Victor Lobo 
Portuguese Navy Research Center (CINAV) 

Portuguese Navy (MGP) 
2810-001, Almada, Portugal 

nuno.pessanha.santos@marinha.pt, vlobo@novaims.unl.pt 

Alexandre Bernardino 
Institute for Systems and Robotics (ISR) 

Instituto Superior Técnico (IST) 
1049-001, Lisboa, Portugal 

alex@isr.ist.utl.pt
 

Abstract—It is presented a vision system based on a standard 
RGB digital camera to track an unmanned aerial vehicle (UAV) 
during the landing process aboard a ship. The developed vision 
system is located on the ship’s deck and is used to track the UAV 
during all the landing process. A Ground-based vision system 
makes it possible to use an UAV with small size and weight, since 
the UAV will have less computer requirements. The proposed 
method uses a particle filter (PF) for pose estimation and an 
unscented Kalman filter (UKF) approach for filtering. This 
combination provides an adapted filtering framework for 
tracking. The implemented particle filter is inspired in the 
evolution strategies present in genetic algorithms with 
modifications in the mutation and crossover operators to avoid 
sample impoverishment. Results show that position and angular 
estimates precision is compatible with the automatic landing 
system requirements. 

Keywords—Computer Vision, Model Based Tracking, 
Autonomous Vehilcles, Military Systems, Particle Filters, 
Unscented Kalman Filters. 

I.  INTRODUCTION 
The Portuguese exclusive economic zone (EEZ) is the 3rd 

largest of the European Union and the 10th largest in the world. 
This represents a total coastline of 1860 km (1000 NMI) long 
(including Madeira and Azores islands), with approximately 
41553 km2 of territorial waters. In these territorial waters the 
fast patrol boats (FPB) of the Portuguese Navy have a 
remarkable share, patrolling and supervising all the maritime 
traffic to ensure that all the applicable laws are being respected. 

The use of UAV’s can improve the FPB efficiency, making 
it possible to obtain real time video streams of aerial images 
with GPS reference for improved surveillance capacity. In this 
specific operating environment the UAV should be deployed 
and recovered onboard two types of FPBs: Argos Class (27 m 
long, 5.9 m in breadth, draft 2.8 m and displace 97 tons) and 
Centauro Class (28.4 m long, 5.95 m in breadth, draft 2.8 m 
and displace 98 tons). For landing in both ships, the stern 
section is the only possible area, consisting of a very small and 
irregular area with a size of around 5x6m. The available 
landing area limits the maximum UAV payload, the used UAV 
has a 5 kg maximum-take-off weight (MTOW), 180 cm of 
wingspan and 150 cm of length. In environments where GPS 
jamming can occur, a vision system can increase the system 
performance and provide an alternative means of landing [1, 
2]. The majority of the research made in this filed is based on 
UAV on-board sensors and processing units, using markers to 
obtain the UAV relative position to the platform [1, 3-11]. 

However, the vision based ground systems [12-20] are not 
usually considered. Using a computer vision system on the 
ship’s deck circumvents the need to install additional 
instrument the UAV’s. The observation of the UAV from the 
ship’s cameras provides the tracking information necessary to 
feed the control loop in order to generate a correct landing 
trajectory. The Portuguese navy has started first tests with low 
cost commercial off-the-shelf (COTS) UAVs in 2005, testing 
several hardware and landing configurations [21]. 

 
Fig. 1. Landing process illustration. 

Using the UAVs 3D CAD model makes it possible to 
obtain in real time its 3D position and orientation estimation. 
We propose using a combination of methods for 3D model-
based tracking based on a particle filter (PF) and temporal 
filtering via Unscented Kalman Filter (UKF). The particle 
filters represent the distribution of an object’s 3D pose as a set 
of weighted hypotheses (also called particles) [22, 23]. 
Particles are tested by explicitly projecting the object model in 
the image, with a certain rotation and translation, to compare 
with the actual image pixel information. Each particle receives 
a score based on the match to image information and the best 
particle is filtered using an UKF in order to smooth the pose 
estimative between frames. The initialization of the filter is a 
normally a challenge in particle filters, especially when no a-
priori or current object pose is known. When this occurs, 
usually particles are distributed randomly in space around a 
predefined position [24]. If the predefined position used for 
initialization is far away from the real target’s position, this 
method is slow to converge, resulting in poor filter robustness 
and performance. In this paper it is used a simple and efficient 
initialization method, based on an initial database of known 
object poses [16-20]. The filter’s resampling step is inspired in 
the evolution strategies present in genetic algorithms [25-28], 
to avoid sample impoverishment [29]. Adapted crossover and 
mutation operators are used [16], increasing the filter 
performance (convergence time) and decreasing the number of 
particles needed for UAV tracking. 

The temporal filtering framework uses the obtained 
measures over time to generate an estimative that is less 
affected by noise and uncertainty. For linear systems the 
standard filtering approach is the classical Kalman Filter (KF). 
This filter is used normally for noisy data smoothing and 
parameter estimation [30, 31]. For tracking the UAV’s 
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effective than using only random perturbations and resampling 
as in conventional particle filters. 

In the coarse optimization phase each particle is analysed, 
if the particle is a best one, it is perturbed with some Gaussian 
noise. If the particle weight is smaller, the Top 3 are combined 
with a random selection of attributes of this particles – 
crossover. Half of those particles will also be affected by a 
soft mutation adding Gaussian noise to the result – mutation. 
These operators allows particle diversity, avoiding possible 
local minima. 

The fine optimization starts stops when at least two of the 
three particles in the Top 3 are above a value of “Threshold” 
(If this does not happen in 10 iterations the filter returns to the 
previous phase automatically). The fine optimization phase 
and the coarse phase are similar but the Gaussian noise 
variance applied in the mutation is lower, obtaining a final 
fine-tuning in the pose estimation (This phase ends after 5 
iterations). 

C. Temporal filtering 
We consider that the UAV follows a constant velocity 

model, i.e. it suffers small accelerations between two 
consecutive time steps, ݐ and ݐ ൅ 1. Furthermore we consider 
that linear and angular motions are independent, thus the full 
model is composed of two separate dynamical systems. This is 
a rough approximation of the real dynamics of the aircraft 
since its orientation and linear velocity are usually highly 
correlated. The coupling between these dimensions will be 
subject of future work. 
1) Translational Model 

Given the stated assumptions the linear motion state vector 
is defined as: ࢞௟ ൌ ሾ்࢖ ்࢜ሿ்      (7) 

where ࢖ ൌ ௭൧்݌ ௬݌ ௫݌ൣ
 and ࢜ ൌ ௭൧்ݒ ௬ݒ ௫ݒൣ

 are respectively 
the linear position and velocities of the vehicle. The time 
evolution of the state is: ࢞௧ାଵ௟ ൌ ௟ሺ࢞௧௟ࡲ , ௧௟ࣈ ሻ ൌ ௟࢞௧௟࡭ ൅ ࣈ௧௟                  (8) 
where  ࣈ௧௟  is a Gaussian noise random variable with zero mean 
and covariance ࡽ௧௟ ௟࡭ :௟ is the linear dynamics matrix࡭ . ൌ ൤ ۷ଷൈଷ Δݐ ·  ۷ଷൈଷ۽ଷൈଷ ۷ଷൈଷ ൨             (9) 

The 3D model-based tracking algorithm described in the 
previous section measures the pose but not the velocity. The 
observation model is thus the following: ܢ௧௟ ൌ ۱௟݈࢞ݐ ൅  (10)                       ݐ݈ߟ
where ࣁ௧௟  is a Gaussian noise random variable with zero mean 
and covariance matrix ࡾ௧ and ۱௟ ൌ ሾ۷ଷൈଷ 3۽ൈ3ሿ. 

2) Rotational Model 
The angular velocity is represented by ࣓ ൌ ൣ ߱௫ ߱௬ ߱௭൧்

. 
Its time evolution is modelled as: ࣓௧ାଵ ൌ ,ఠሺ࣓௧ࡲ ௧ఠሻࣈ ൌ ࣓௧ ൅  ௧ఠ              (11)ࣈ
where ࣈ௧ఠ is a zero mean Gaussian noise vector with 
covariance matrix ࡽ௧ఠ. 

To represent absolute orientation we use a unit quaternion 

ࢗ ൌ ሾࣙ ݍସሿ், with ࣙ ൌ ሾݍଵ ݍଶ ݍଷሿ் ൌ ସݍ ොsin ሺआ/2ሻ andࢋ ൌ cos ሺआ/2ሻ, where ࢋො  is the axis rotation and आ is the 
angle of rotation. The time evolution of the orientation can be 
written as: ࢗ௧ାଵ ൌ  ௧௥             (12)ࢗߜ௧ఠ۪ࢗߜ ௧۪ࢗ
where ۪ represents quaternion multiplication (composition of 
orientations) and ࢗߜ௧ఠ and ࢗߜ௧௥  are quaternions representing 
the integration of the effect of the angular velocity and 
rotation noise, assumed constant during a sampling interval ∆ࢗߜ :ݐ௧ఠ ൌ ܳሺ࣓௧ሻ          ࢗߜ௧௥ ൌ ܳሺࣈ௧௥ሻ               (13) 
with ܳሺݔሻ ൌ ቂ ࢞|࢞| sin ቀ|࢞|୼௧ଶ ቁ     cos ቀ|࢞|୼௧ଶ ቁቃ               (14) 
Thus the effect of the noise vector ߦ௧௥ is considered as a 
random angular velocity disturbance and has a 3 ൈ 3 
covariance matrix ࡽ௧௥. 

Because quaternions are not minimal representation of 
orientation, it is not straightforward to represent the state 
covariance. To address this issue we adopt the formulation of 
[46] and represent the orientation dynamics in terms of error-
quaternions with respect to the current state. A local error 
quaternion is defined as ࢙ ൌ ሾݍߜ ்ࣙߜସሿ but a minimal 
representation is adopted using a vector of generalized 
Rodrigues parameters: ࢘ ൌ ܴሺ࢙ሻ ൌ ݂ ఋࣙ௔ାఋ௤ర            (15) 

where ܽ ൌ 1 and ݂ is a scale factor. We choose ݂ ൌ 2ሺܽ ൅ 1ሻ 
so that ԡ࢘ԡ ൌ आ for small angles [46]. The inverse 
transformation from ࢘ to ࢙, denoted ܴିଵሺ࢘ሻ is given by: ݍߜସ ൌ ି௔ԡ࢘ԡమା௙ඥ௙మାሺଵି௔మሻԡ࢘ԡమ௙మାԡ࢘ԡమ ࣙߜ (16)                  ൌ ݂ିଵሺܽ ൅  ସሻ࢘                      (17)ݍߜ

With this parameterization, the incremental rotation 
dynamics is given by: ࢘௧ାଵ ൌ ,௥൫࢘௧ࡲ ,௧,࣓௧ࢗ  ௧௥൯          (18)ࣈ
with ࡲ௥ሺ࢘, ,ࢗ ࣓, ሻࣈ ൌ ܴሺିܴ۪ࢗଵሺ࢘ሻ۪ࡽሺ࣓ሻ۪ࡽሺࣈሻ     (19) 

Finally the state vector for the angular dynamics is defined 
as: ࢞௔ ൌ ሾ࢘ ࣓ሿ                (20) 
with covariance: ࡽ௧௔ ൌ ൤ ௧௥ࡽ ଷൈଷ۽ଷൈଷ۽ ௧ఠࡽ ൨             (21) 

At each time step the error vector ࢘௧ is reset to zero. After 
its update, ࢘௧ାଵ is accumulated to the absolute orientation 
quaternion ࢗ௧ାଵ ൌ  .௧۪ܴିଵሺ࢘௧ାଵሻࢗ

3) The Unscented Kalman Filter 
To filter along time the measurements obtained by our 

system, we will use a discrete-time Unscented Kalman Filter 
(UKF) [32, 46-49]. We adopt the formulation of [32, 46, 49]. 

The process model1 is represented as: 

                                                           
1 For notational simplicity we consider the time invariant case, 
i.e. process and measurement models do not depend on time. 



࢞௧ାଵ ൌ ,ሺ࢞௧ܨ  ௧ሻ         (22)ࣈ

where ࣈ௧ is a Gaussian noise random variable with zero mean 
and covariance ࡽ௧. 

As described in the previous section, for the translational 
motion we have ࡲ ൌ ௧ࡽ ௟ andࡲ ൌ ௧௟ࡽ . For the angular motion 
we have ࡲ ൌ ሾࡲ௥ ࡲఠሿ and ࡽ௧ ൌ  .௧௔ (11), (18) and (21)ࡽ

The measurement model is represented as: ࢠ௧ାଵ ൌ ,ሺ࢞௧ାଵࡴ  ௧ାଵሻ           (23)ࣁ

where ࣁ௧ is a Gaussian noise random variable with zero mean 
and covariance ࡾ௧. Function ࡴ relates the measurement ࢠ௧ାଵ 
to the values of the state vector ࢞௧ାଵ and describes the 
influence of a random variable ࣁ௧ାଵ on the measured value. 
For the translational motion we have ࢠ௧ାଵ ൌ ൅1ݐܘ ൅ ࢚ࡾ ௧ାଵ andࣁ ൌ ௧௟ࡾ   (10). For the angular motion, our observation is the 
orientation error quaternion, encoded by incremental 
Rodrigues parameters ࢠ௧ାଵ ൌ ܴሺࢗ௧ାଵ௠ ௧ିࢗߜ௧ఎ۪ࢗߜ ۪ ଵሻ where ࢗ௧ାଵ is given by our pose estimation algorithm and ࢗ௧ is the 
absolute orientation from the previous time step. 

The standard Kalman Filter can be applied when both the 
measurement and the observation models are linear and the 
noises are additive: ࢞௧ାଵ ൌ ௧࢞ࡲ ൅ ௧ࢠ ௧        (24)ࣈ ൌ ௧࢞ࡴ ൅  ௧    (25)ࣁ

where ࡲ and ࡴ are matrices of appropriate dimensions. 
Like the standard Kalman Filter, the UKF is composed of 

several phases: 
• Propagation of the current state ࢞௧ and its covariance ࡼ௧, using the process model (8) and the process noise 

covariance ࡽ௧, to compute the next time a priori state ഥ࢞௧ାଵ and covariance, ࡼ௧ାଵ௫௫ . In the case of standard 
Kalman Filter we have ࢄഥ௧ାଵ ൌ ௧ࢄࡲ  and ࡼ௧ାଵ௫௫ ൌࡼࡲ௧்ࡲ ൅  ; ௧ࡽ

• Prediction of the measurement ࢠത௧ାଵ and associated 
covariance ࡼ௧ାଵ௭௭  using the measurement model (10). In 
the case of standard Kalman Filter we have ࡼ௧ାଵ௭௭ ൌࡼࡴ௧ାଵ௫௫  ;ࢀࡴ

• Computation of the cross correlation matrix ࡼ௧ାଵ௫௭  
relating the noise in the predicted state vector to the 
noise in the predicted measurements. In the case of 
standard Kalman Filter we have ࡼ௧ାଵ௫௭ ൌ ௧ାଵ௫௫ࡼ  ;்ࡴ

• Computations of the innovation ࣏௧ାଵ as the error 
between the current measurement and the associated 
covariance. In the case of the standard Kalman Filter 
we have ࣏௧ାଵ ൌ ௧ାଵࢠ  െ ࢠത௧ାଵ and   ࡼ௧ାଵజజ ൌ ௧ାଵ௭௭ࡼ ൅ࡾ௧ାଵ; 

• Computation of the Kalman gain ࡷ௧ାଵ ൌ ௧ାଵ௫௭ࡼ ሺࡼ௧ାଵజజ ሻିଵ. This step is equivalent in the 
KF and UKF; 

• Update of the a posteriori state and covariance 
estimates. In the case f the standard Kalman Filter we 
have  ࢞௧ାଵ ൌ  ഥ࢞௧ାଵ ൅ ା૚࢚ࡼ ௧ାଵ࣏௧ାଵ andࡷ ൌ ௧ାଵ௫௫ࡼ െࡷ௧ାଵࡼ௧ାଵజజ ௧ାଵ்ࡷ . 

Differently from the KF, the UKF computes the mean and the 
covariance matrices using a sampling approach. The Gaussian 
distributions of the state and process noise are used to generate 
a set of points (sigma points) that are sufficient to represent 
their statistics. Then these points are propagated through the 
process and measurement models to obtain new sets of sigma 
points from which the means and covariance matrices of the 
state and measurement predictions are obtained, assuming 
Gaussian approximations. 
a) Sigma Points 

The process noise covariance ۿ௧ (݊ dimensions vector) and 
state covariance ۾୲ (݊ ݔ ݊ matrix) are transformed into a 2݊ set 
of points ઼ܠ௧ሺ݅ሻ that represent perturbations to the current 
state:  ઼ܠ௧ሺ݅ሻ ൌ ൫േඥ2݊ݏ݊݉ݑ݈݋ܿ · ߛ · ሺࡼ௧ ൅ ,௧ሻ൯ࡽ ݅ ൌ 1 … 2݊ (26) 

The parameter ߛ is a scaling parameter given by: ߛ ൌ ଶሺ݊ߙ ൅ ݇ሻ     (27) 

where ߙ is a positive real (0 ൑ ߙ ൑ 1) parameter that controls 
the high order effects resulting from the existing non-linearity, ݇ is another real parameter (݇ ൒ 0) that will control the 
distance between the sigma points and their average [47, 50]. 
The matrix ࡼ௧ is symmetric and positive definite, so it is 
possible to use the Cholesky decomposition to compute ߛሺࡼ௧ ൅  ௧ሻ [51]. The computation of the sigma points, is nowࡽ
done by adding directly ઼ܠ௧ሺ݅ሻ to the state vector ࢚࢞: ढ࢏ ൌ ࢚࢞ ൅ ,௧ሺ݅ሻܠ઼ ݅ ൌ 1 … 2݊   and    ढ૙ ൌ  ࢞௧     (28) 

b) A priori state mean and covariance 
The process model ܨ is then applied to the obtained sigma 

points, generating the transformed sigma points: ण࢏ ൌ ,࢏ሺढܨ 0ሻ, ݅ ൌ 0 … 2݊  (29) 

No additional noise is added at this step because the noise was 
already added at the sigma point’s creation step (28).  

The a priory state estimate is obtained calculating the mean of 
the transformed sigma points ण࢏ according to: ഥ࢞௧ାଵ ൌ ∑ ௜ଶ௡௜ୀ଴ݓ ण(30)          ࢏ 

The weights ݓ௜  come from the unscented transformation [52-
54] and are given by (݅ ൌ 1, … ଴ݓ :(2݊, ൌ ఒሺ௡ାఒሻ  ݓ௜ ൌ ఒଶሺ௡ାఒሻ    (31) 

To estimate the a priori state covariance each propagated 
sigma point is removed from its mean to create the set of error 
vectors: ߜഥ࢞௧ାଵሺ݅ሻ ൌ ण࢏ െ  ഥ࢞௧ାଵ             (32) 

Then: ࡼ௧ାଵ௫௫ ൌ ∑ ௜ଶ௡௜ୀ଴ݓ  ഥ࢞௧ାଵሺ݅ሻ்          (33)ߜഥ࢞௧ାଵሺ݅ሻߜ

where the scaling weights are given by (18), with exception of ݓ଴ alternatively given by: ݓ଴ ൌ ఒሺ௡ାఒሻ ൅ ሺ1 െ ଶߙ ൅  ሻ                  (34)ߚ



is a non-negative term which incorpora ߚ
the higher order moments of the distributio

c) A priori measurement mean and covarianc
The transformed sigma points are now 

measurement space according to: त௜ ൌ ,࢏ሺणܪ 0ሻ 

The measurement expected value is computedࢠത௧ାଵ ൌ ∑ ௜त௜ ଶ௡௜ୀଵݓ  

and the measurement covariance estimative ࡼࡼ௧ାଵ௭௭ ൌ ∑ ௜ሾत௜ݓ െ ത௧ାଵሿሾत௜ଶ௡௜ୀ଴ࢠ
d) The Innovation  

The innovation vector  ࣏௧ାଵ is obtaine
actual measurement ࢠ௧ାଵ to the measuࢠത௧ାଵ: ࣏௧ାଵ ൌ ௧ࢠ െ  ത௧ାଵࢠ

The innovation covariance ࡼ௧ାଵజజ  is obta
measurement noise ࡾ௧ାଵ to the measurement ࡼ௧ାଵజజ ൌ ௧ାଵ௭௭ࡼ ൅  ௧ାଵࡾ

e) The Kalman Gain  
The cross correlation matrix ࡼ௧ାଵ௫௭  is obtaण௜ , according to: ࡼ௧ାଵ௫௭ ൌ ∑ ࢏௜ሾणݓ െ ഥ࢞௧ାଵሿሾ ௜ࣴଶ௡௜ୀ଴

The Kalman gain is then computed from: ࡷ௧ାଵ ൌ ௧ାଵ௫௭ࡼ ሺࡼ௧ାଵజజ ሻିଵ
f) State Update 

Finally the a posteriori state estimate is o
to: ࢞௧ାଵ ൌ ഥ࢞௧ାଵ ൅ ௧ାଵ࣏௧ାଵࡷ
and the state covariance ࡼ௧ାଵ is given by: ࡼ௧ାଵ ൌ ௧ାଵ௫௫ࡼ െ ௧ାଵజజࡼ௧ାଵࡷ

III. EXPERIMENTAL RESULTS

In this section we show results from 
framework. Because with real images we do
truth information, results are qualitatively
synthetically generated (Fig. 11) landing
ground truth. The method was implemented
GHz Intel i7 CPU and NVIDIA GeForc
results presented in this section refer to this p

Fig. 11. Synthetic frame example. 

A. Target Detection, Pose Estimation and Te
Temporal filtering is an essential step, al

the object behaviour information between fr

tes knowledge of 
on [47, 50].  

ce 
projected into the 

      (35) 

d as: 

௧ାଵ௭௭ࡼ (36)        is given by: െ  ത௧ାଵሿ஋        (37)ࢠ

ed comparing the 
urement estimate 

     (38) 

ained adding the 
covariance ࡼ௧ାଵ௭௭ : 

       (39) 

ained from त௜ and 

െ  ത௧ାଵሿ஋       (40)ࢠ

ଵ       (41) 

obtained according 

           (42) 

௧ାଵ்ࡷ             (43) 
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g sequences with 
d in C++ on a 2.40 
e GT 750M. All 
platform. 

 

Temporal filtering 
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individual pose estimate at 
obtained estimation error. Fo
different video sequences w
obtained errors between the g
and the estimated values of po
estimation and temporal filterin
in the target detection and po
reported in [16, 17, 19, 20]. 

The UAV is initialized in 
Fig. 11), according to the val
orientation is represented here 
X, Y and Z axis ֜ ࢼ ,ࢻ and ࢽ
the OpenGL library for obje
rotation representation. 

TABLE I.  INITIAL

Initial St
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Y 
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1) Landing Sequence I 
In the first sequence the U

constant speed of 9.45 m/s in t
tests this is the ideal UAV app
landing), maintaining a consta
analyse from the Fig. 12, Fig
motion respectively) there is 
on the UAV trajectory estim
temporal filtering framework. T
a better pose estimation than
measurement. The obtained err
quantified in Table II. 

Fig. 12. Temporal filtering – Sequen

The attitude error is obta
between the measurement/est
The error between the two rotaߠ௘௥௥௢௥ ൌ 2 a
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or performance illustration two 
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in Euler angles (Rotation in the ࢽ respectively) due to the use of 

ect rendering, which uses this 
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UAV makes an approach at a 
the Z axis (after several real sea 
proach velocity for a successful 
ant attitude. As it is possible to 
g. 13 and Fig. 14 (X, Y and Z 
some measure error smoothing 

mation through the use of the 
This filtering framework allows 
n the direct use of the taken 
rors in this landing sequence are 

 
nce I: Translation in X. 

ained via the error quaternion 
imation and the ground truth. 
tions is given by [32, 49]: arccosሺݍ௘௥௥௢௥ ௪ሻ            (44) 

the scalar part of the obtained 
in Fig. 15, the filter is effective 
lar outlier observations on the 



pose estimation method. These outliers 
observation process due to the ambiguities 
the aircraft around symmetries (frontal/backw

Fig. 13. Temporal filtering – Sequence I: Translation

Fig. 14. Temporal filtering – Sequence I: Translation

Fig. 15. Temporal filtering – Sequence I: Rotatio
ground truth and the measurements (green) and betwee
the estimated values (blue). 

TABLE II.  ERROR QUANTIFICATION – S

 
Measured (

Mean  
Value 

Median  
value 

Me
Val

X (m): 0.012 0.002 -0.0

Y (m): 0.029 0.007 0.0

Z (m): 32.39 1.069 1.0
Attitude error 
Obj. vs Meas. 

(degrees) 
32.39 2.89  

Attitude error 
Obj. vs Esti. 

(degrees) 
  24.

arise from the 
in appearance of 

ward, up/down). 

 
n in Y. 

 
n in Z. 

 
on errors between the 
en the ground truth and 

SEQUENCE I 

Sequence I 
(Estimative) 
an  
lue 

Median 
 value 

012 -0.013 

23 0.019 

99 1.096 

 

87 23.91 

2) Landing Sequence II 
For a better analysis of the t

new landing sequence is g
variations, representing larg
according to two normal distri
X and Y (ࣨሺ0, 0.25) m) and o
beta and gamma (ࣨሺ0,5.00) d
axis) remains the same of the p

The resulting position estim
18) present an obvious smooth
more evident in this example. I
there is a clear decrease in the 
the filtered estimates, despit
outliers.. The obtained errors in
Table III. 

In this work we have not in
dynamics in the translation and
the dynamics of the UAV is c
analysed. These constraints 
dynamics model and thus the p
the observation model could b
estimates to weight the samplin
subject to further research. 

Fig. 16. Temporal filtering – Sequen

Fig. 17. Temporal filtering – Sequen

temporal filtering advantages, a 
generated with random pose 
ge disturbances (e.g. wind) 
ibutions. one for the translation 
other for the Euler angles alpha, 
deg). The approach velocity (Z 

previous sequence. 
mates (Fig. 16, Fig. 17 and Fig. 

hing in the UAV trajectory far 
In the attitude analysis (Fig. 19) 
error from the measurements to 
te the high number of pose 
n this sequence are quantified in 

ntroduced coupling between the 
d rotational models yet because 
urrently being more thoroughly 

would further improve the 
precision of the estimates. Also 
enefit from the state covariance 
ng process. These points will be 

 
nce II: Translation in X. 

 
nce II: Translation in Y. 



Fig. 18. Temporal filtering – Sequence II: Translation

Fig. 19. Temporal filtering – Sequence II: Rotatio
ground truth and the measurements (green) and betwee
the estimated values (blue). 

TABLE III.  ERROR QUANTIFICATION – S

 
Measured (

Mean  
Value 

Median  
value 

Me
Val

X (m): -0.021 -0.009 -0.0

Y (m): 0.026 0.018 0.0

Z (m): 1.015 0.621 0.9
Attitude error 
Obj. vs Meas. 

(degrees) 
72.79 23.30  

Attitude error 
Obj. vs Esti. 

(degrees) 
  31.

CONCLUSIONS 
A method was introduced and tested f

known UAV, for the purpose of automa
presented algorithms features a UAV detect
on a cascaded classifier; a particle initializa
with a pre-trained database; a particle o
inspired in evolutionary methods that has 
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(Estimative) 
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011 -0.009 
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04 0.212 

 

94 29.54 

for tracking of a 
atic landing. The 
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ation methodology 
optimization stage 
shown interesting 

convergence properties; and 
unscented Kalman filtering. 
allows better pose estimatio
decreasing the obtained posi
consider the achieved precisio
landing. In the following stag
now real data acquisition and
using a GPU for processing tim
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