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ABSTRACT 

This paper focuses on the validation of Guidance, 
Navigation and Control (GNC) technologies through the 
use of Unmanned Aerial Vehicle (UAV) platforms. 
Specifically, the work carried out refers to navigation 
technologies on small bodies employing a 3D imaging 
sensor. The envisaged targeted application of such 
technologies is the approach and landing phases of 
missions to small bodies, based on target body surface 
processing. In this work, navigation algorithms have 
been tested in a simulated environment first, and then 
using a 3D imaging sensor mounted on-board a UAV 
that follows a scaled trajectory over an asteroid mockup 
surface. The results obtained in this work highlight the 
main pros and cons of using UAVs as testing platforms 
for GNC technologies, and that UAVs are a valid choice 
to reduce the gap between simulations and hardware 
validations.  
 
1. INTRODUCTION 

The purpose of this work is to contribute towards 
solving the technological challenges related to safe and 
accurate descent and landing for planetary exploration. 
Space missions heavily rely on navigation to reach 
success, and autonomy of on-board navigation systems 
and sensors is needed to enable deep space exploration 
missions. This research line explores the technologies 
required to perform the real-time on-board autonomous 
navigation processes to perform approach and landing 
based on target body surface processing, with and 
without knowing in advance the target body 
characteristics. By detecting and continuously tracking 
features of the target body surface, the spacecraft will be 
able to autonomously perform a number of Guidance, 
Navigation and Control (GNC) functions. 
 
Validation of autonomous space systems technologies 
involves intrinsic difficulties, since there is no easy 
access to space for testing. For this reason, ground tests 
can only be conducted in simulated or emulated 
environments with different levels of fidelity. In 
general, testing of space systems is marked by a 
stepwise evolution in the environment fidelity. This 
work has investigated how Unmanned Aerial Vehicles 
(UAVs) can be used in the development and validation 
chain of space GNC technologies.  
 
We propose to validate our navigation algorithms with a 

two-step approach. The first stage is a simulation 
environment based on the open source Robot Operating 
System (ROS), which uses Gazebo as the physics 
simulation engine. Sensor output data have been 
simulated (after available asteroid data of Itokawa [1]) 
according to a set of sensor parameters, and processing 
algorithms used in the navigation system have been 
developed and validated in order to estimate the current 
pose of the spacecraft based on the surface 
measurements that the sensor provided. 
 
The next step in our work, which involves a higher level 
of fidelity, is to perform hardware validation using a 
UAV. This has been carried out using a scaled model of 
the selected landing site in Itokawa. A 3D imaging 
sensor (ASUS Xtion Pro Live) has been integrated 
onboard a small autonomous quadcopter that is able to 
follow a pre-defined descent trajectory over the scaled 
asteroid model. Such trajectory has been computed 
using high fidelity asteroid landing simulators already 
available at GMV from previous activities [2]. The 
UAV experiments have been performed at the indoor 
testbed of the Center for Advanced Aerospace 
Technologies (CATEC). This testbed houses a system 
that is able to track small markers mounted on the UAV 
with millimetric precision, which can be used as ground 
truth for evaluating different navigation strategies. 
Moreover, the software infrastructure in the testbed 
directly allows reusing the algorithms developed in the 
simulation environment; hence a few minor changes are 
needed to switch between simulation and UAV testing. 
 
The activities presented in this paper have been carried 
out in the frame of the PERIGEO project, which has 
received funding from the Spanish national program 
INNPRONTA. 
 
2. NAVIGATION WITH 3D SENSORS 

Spacecraft maneuvers depend on accurate information. 
Future Solar System exploration missions require the 
capability to perform precision autonomous guidance 
and navigation to the selected landing site. For some 
missions, pinpoint landing capability is a critical 
prerequisite. This will allow reaching landing sites that 
may lie in areas containing hazardous terrain features 
(such as escarpments, craters, rocks or slopes) or to land 
accurately at select landing sites of high science value. 
The recent endeavours of Rosetta missions and its 



 

Philae lander have highlighted these challenges. To 
make such a precise autonomous landing possible, a fast 
and accurate navigation system is required, capable of 
real time determination of the spacecraft position and 
attitude with respect to the planet surface during 
descent, and with high accuracy. There are different 
types of sensors and techniques used to help measure 
the relative position and attitude (pose), between one 
spacecraft and another body. 
 
Past robotic lander missions have determined their pose 
through integration of acceleration and rotational 
velocity measurements from an inertial measurement 
unit (IMU), augmented by velocity and altitude 
information from Doppler radar. These methods suffer 
from relatively large errors in the touchdown position 
estimate, caused by integration of noise and biases, as 
well as errors in initialization. The resulting landing 
ellipse is quite large (100km for Mars and 1km for the 
Moon [3]) because of uncertainty in the initial position 
at the start of entry, descent and landing (EDL) and the 
accumulation of measurement error during integration. 
 
An alternative option for increasing the navigation 
accuracy is to use camera measurements [4]. Cameras 
operate in almost any EDL scenario, from orbit to 
touchdown, are small, lightweight, and consume little 
power, and are therefore excellent sensors for EDL 
applications. Most importantly, the rich information 
content of images, if properly used, facilitates precise 
motion estimation in real time. In particular, two types 
of visual input can be utilized for spacecraft EDL. First, 
absolute pose information is obtained by observing 
features on a body’s surface, whose 3D positions are 
known from satellite images and digital elevation 
models (DEMs). Second, information about the 
rotational and translational velocity of the camera can 
be inferred by tracking the displacement of features in 
the images. Camera-based approaches have been also 
employed in Mars Exploration Rover (MER) landings 
[5], where the Descent Image Motion Estimation 
System (DIMES) was used for horizontal velocity 
estimation, combining measurements from a descent 
camera, a radar altimeter and an IMU. 
 
These approaches however have certain disadvantages. 
Navigation data determination by feature tracking is 
subject to error accumulation (results in accuracy 
degradation for the final part of the landing trajectory). 
Landmark matching requires the presence of specific 
features, suitable to be used as landmarks, within the 
field of view of navigation camera during the whole 
landing trajectory. Matching of 2D images of landmarks 
is also strongly affected by perspective distortions and 
changing illumination conditions. Given the uncertainty 
in the performance of passive sensing systems when 
applied to safe site identification during low lighting 
conditions, an active sensor hazard detection method 

should be developed to quickly trade between cost maps 
that define the performance, cost, and risk at landing 
while safely avoiding hazards and minimizing divert 
fuel costs. The use of stereo cameras has to be discarded 
for these applications due mainly to the low achievable 
on-board distance between the optical heads. 
 
LIDAR technology functions independently of the 
natural lighting conditions. LIDAR was selected as the 
primary sensor for the algorithms considered in the 
Autonomous Landing and Hazard Avoidance 
Technology (ALHAT) Project, which intends to 
develop sensors and algorithms to increase safety during 
the final approach phase [6]. Flash LIDAR is a 
promising technology, providing high data rate and 
instantaneous capture of an entire range image. A Flash 
LIDAR sensor can rapidly detect small hazards across 
big surfaces of NEO surfaces at significant range and 
under any lighting condition. The associated software 
can identify, rank and track associated safe areas.. 
Issues with this method are technology advancement of 
the sensor unit and the associated hardware and 
software processing to distill the large volumes of data. 
A similar system is Neptec’s TriDAR [7], a relative 
navigation vision system which consists of a laser-based 
3D sensor and a thermal imager. It has successfully 
performed several demonstrations in space. The 
drawback of using a LIDAR-like sensor is its weight, 
power consumption and range performances (severely 
limited with respect to a camera). There has been lately, 
however, a number of development of new 3D imaging 
sensor that may provide lower consumption and higher 
range, and therefore compete with the suite of camera 
plus altimeter as navigation solution for autonomous 
deep-space landing. 
 
A similar evolution has also taken place in the robotics 
field. Mobile robots have mainly relied on 2D sensors, 
sufficient for ground vehicles moving through a 2D 
space. Traditional passive visible cameras have the 
advantage of high resolution reference maps and low 
cost sensors, but they are limited to specific 
environments. However, as new applications arise that 
demand more accuracy and precision in increasingly 
critical tasks (rescue robotics, mine mapping, etc.), the 
trend is gradually moving from two- to three-
dimensional environment representations. This becomes 
even more critical when the platforms are UAVs, which 
move through a 3D space. In the last years, active 
ranging approaches have matured greatly, allowing the 
acquisition of 3D point clouds under any lighting 
condition. This lifts restrictions on the operation of the 
system, for example the time of day. Navigation based 
on such type of sensors is more robust and highly 
accurate. Accurate, realistic and fast 3D representation 
of the robot environment can be used, among others, for 
navigation, obstacle detection or collision avoidance. 
 



 

For all these reasons, the use of 3D imaging sensors has 
been investigated in this work in order to evaluate the 
possibilities of this new technology. 
 
3. SOFTWARE ARCHITECTURE 

The software pipeline designed to provide autonomous 
navigation based on 3D imaging sensors is based on two 
main blocks, which are: 
- 3D Data Generator, whose main goal is to simulate 

a Flash LIDAR according to a set of sensor 
parameters, and which outputs 3D point clouds of 
the planetary body according to its surface model 
and a specific descent trajectory for the spacecraft. 
This generator is the core of the simulation 
environment. 

- 3D Data Processing, whose main goal is to 
estimate the current state of the spacecraft, based 
on point cloud processing algorithms. These 
algorithms have been designed to operate with 
both artificial and real sensor point clouds. 

ROS has been used as the main software environment. 
ROS is a full operating system for service robotics. It 
provides not only standard operating system services, 
but also high-level functionalities. Among the tools that 
ROS provides, the most useful for our work has been 
Gazebo, a very powerful physics simulator and viewer, 
able to simulate a number of robots and sensors in 
different custom environments. Thanks to ROS tools, 
the change from simulation to the field tests has been 
performed very smoothly. In fact, the change is as 
simple as removing the 3D Data Generator and 
connecting the output of the sensor directly to the 3D 
Data Processing, since the algorithms are intended for 
use with point clouds regardless of their origin 
(synthetic or real). 
 
3.1. 3D Data Generator 

Software simulation is a common way to perform the 
validation of autonomous space systems. Simulation 
involves both the environment and the system to be 
validated. This module intends to reproduce the 
behavior of a generic 3D imaging sensor with the 
technical specifications of a Flash LIDAR. This is a 
valid initial approach which allows testing on an 
accelerated time-scale and hence obtaining important 
results faster. This type of environment is often able to 
simulate many characteristics in a realistic fashion, and 
much cheaper than using other environments, for 
example the ones with zero gravity. 
 
However, it should be noted that a simulation is always 
a simplified model of reality. A simulated software 
environment often cannot reproduce complicated 
interaction of sensors and actuators with the 
environment. This is why it is needed to perform tests in 
experimental environments, where unforeseen 
conditions occur that do not fall within any model. 

Despite the fact that testing in a simulation environment 
does not show a high level of similarity with reality, it is 
necessary to perform early testing and be able to 
conveniently design the system. 
 
Our ROS-based simulation environment currently 
includes relevant effects on the 3D sensor output data, 
in order to allow the configuration of the simulated 
sensor as a generic depth camera. The parameters 
considered are listed below: 
- Image size: resolution in pixels. 
- Field of View (FOV): angle in degrees. 
- Working range: minimum and maximum detection 

range. 
- Frames per second: update rate at which the 

camera outputs data. 
- Intrinsic parameters: focal length, principal point 

and lens distortions (radial and tangential). 
- Sensor position and orientation: with respect to the 

aerial platform where it is integrated. 
- Noise: mean and standard deviation according to a 

Gaussian distribution. 
 
Fig. 2 shows a general overview of the simulation 
environment based on ROS, using its graphical 
debugger RViz. On the left there are the current 
artificially generated images, whereas on the right side 
there is the also artificially generated point cloud, 
corresponding to the current spacecraft position and 
orientation with respect to Itokawa asteroid model. 
 

  
Figure 2. Simulated environment using ROS 

 
3.2. 3D Data Processing 

The nature of 3D point clouds requires different data 
structures and processing methods than those used for 
2D images. The main difference in 3D data processing 
with respect to classic image processing techniques is 
that depth information is readily available. This removes 
limitations of camera-based approaches such as 
illumination dependence, scale uncertainty or 
perspective distortions. However, the need for specific 
landmarks to be matched is still present, only now they 
rely on the point cloud structure instead of the image 
appearance (which can be affected by the 
aforementioned problems. 
 
In general, navigation techniques can be broken down 



 

into two main categories based on the navigation 
information provided: global and local pose estimation. 
Global pose estimation provides absolute measurement 
of platform position with respect to a certain coordinate 
system attached to a surface map that has been already 
generated. Desired target locations can be specified 
within this global map, thus positions estimates with 
respect to this map could be used to guide the platform 
to the desired position. In contrast, local pose estimation 
provides position estimates with respect to a map made 
by onboard sensors during the trajectory. This local map 
is typically at a higher resolution than the global map; 
such added precision makes local estimation useful 
when approaching for safe landing away from possible 
hazards. However, the local position estimates cannot 
be used to improve absolute position because they do 
not involve direct comparisons to the global reference 
map.  
A similar approach was used in this work, where two 
different modes have been considered: absolute 
navigation (global pose estimation) and relative 
navigation (local pose estimation). 
 
Global techniques can localize a vehicle without any 
prior knowledge about its position, i.e., they can handle 
the kidnapped robot problem, in which a robot is 
transported to some unknown location without any 
information about its motion. The first step in absolute 
navigation is the off-line study of the asteroid surface, in 
order to extract the most characteristic landmarks. Such 
landmarks must show some properties that can be used 
to recognize them when the 3D imaging sensor scans 
the area on which they are present. These features must 
be stable under significant changes in scale or 
viewpoint, making them ideally suited to absolute 
navigation. The surface features in our approach have 
been described using the Viewpoint Feature Histogram 
(VFH) descriptor, a novel representation for point 
clusters for the problem of object recognition and 6DOF 
Pose Estimation [8]. VFHs are powerful meta-local 
descriptors, created for the purpose of recognition and 
pose estimation for clusters of points. We here refer to a 
cluster as a collection of 3D points, most of the time 
representing a particular object or part of a scene, 
obtained through some segmentation or detection 
mechanisms. Given the asteroid model, we have created 
multiple artificial representations around the model, 
computed a VFH descriptor for each view and stored 
them as the landmark database. Obviously this step 
strongly depends on the quality of the available map. 
 
Then, during the spacecraft trajectory, for each new 
point cloud received from 3D Data Generator or the 
actual 3D sensor, a VFH descriptor is computed with 
the same parameters that were used in the training stage, 
and employed to search for candidates in our landmark 
database. The closest match would be the best 
candidate, thus the algorithm will retrieve the most 

similar object from the training data, together with its 
pose. The more artificial views we have in the training 
database, the more probable it is to find a similar pose 
corresponding to the current view of the asteroid. Of 
course, this would require more computational time to 
evaluate the VFHs for every single candidate. 
 
On the opposite side, relative navigation is a local pose 
estimation technique that solves the problem of aligning 
a pair of depth maps, commonly known as registration. 
Its output is usually a transformation matrix 
representing the rotation and translation that would have 
to be applied on one of the sensor readings in order to 
be perfectly aligned with the consecutive reading. 
 
Many relative navigation solutions use a landmark-
based approach. This approach geometrically computes 
an estimate of the position based on the recognition of 
distinct features in the environment, occurring naturally 
or artificially placed. The factors contributing to the 
successful performance and integrity of these methods 
is the reliable acquisition and extraction of features from 
sensor data, and the ability to efficiently recognize and 
associate features with some navigational map. Instead 
of landmark-based approaches, correlation approaches 
attempt to utilize whatever sensor data is available to 
compute a navigation solution by working directly with 
raw sensor data. This eliminates the need to decide what 
constitutes a feature, and uses a maximum likelihood 
alignment to find the best fit between two sets of data 
points. Iterative Closest Point (ICP) is a method capable 
of providing a computationally efficient pose estimate 
in complex, unstructured environments. ICP has the 
advantages of locally solving the problem of matching 
and localization, being generic and being potentially 
used for real-time applications [9]. 
 
The algorithm takes as input two point clouds, the 
current reading and the reference. The goal of ICP is to 
find a rigid geometric transformation that can be applied 
to the reading cloud such that it is most closely aligned 
with the reference cloud. Each point in the reading 
cloud can then be associated to a closest point in the 
reference cloud. The closeness of the alignment is most 
often based on a cost function such as the sum of mean 
square distances between point associations. The goal is 
evidently to optimize the alignment and therefore find a 
rigid transformation which minimizes the cost function. 
Such transformation is a good estimate of the pose 
change between the two acquisition times. 
 
Local estimation techniques are prone to error 
accumulation. In order to overcome this problem, an 
overall map is being continuously built as the point 
clouds are being registered. Then subsequent point 
clouds are compared back to this map, not just to the 
immediate previous point cloud. Thus, the relative pose 
is referred to the overall map that is being built since the 



 

beginning of the navigation process (for testing 
purposes, the initial position of the spacecraft is 
assumed to be known). This persistent comparison back 
to the same map prevents the growth of errors in the 
local position estimate, as it usually happens in dead-
reckoning approaches. However, memory usage 
increases as the map grows; downsampling 
configurations for this map have been developed 
consequently. Another issue is the need to start over the 
map building process whenever ICP fails to converge 
while matching the current point cloud. This usually 
happens when the point clouds to match (current 
measurement and overall map) are too far apart or are 
too different, due to wrong data associations. In this 
case, the algorithm needs to generate a new overall map 
starting only with the current point cloud, and therefore 
with possible higher errors that will converge once the 
map grows. Thanks to the high frame rate of the 
reference 3D sensor, the point clouds are relatively 
close to each other, minimizing this effect. 
 
4. TESTING ENVIRONMENT 

Apart from using a simulation environment, it is 
important to use relevant scenarios to perform 
experimental tests in order to validate space systems 
technologies. In scaled scenarios, the level of realism is 
higher. Still, issues like the environment perception are 
distant from reality. The main advantage is that it is 
possible to carry out a large number of tests in a 
controlled environment at a limited cost. Our approach 
was to build a scaled model of the reference asteroid 
Itokawa. The scale at which the model needs to be built 
was determined by the desired reference descent 
trajectory, taking into account size limitations, the 
distance range of the 3D sensor, and the algorithms’ 
requirements in terms of operational range. 
 
4.1. Asteroid model 

The approach was to produce a section of the asteroid, 
representing the landing site and surroundings (80m x 
80m), as it can be seen in Fig. 3. The final model has 
actual dimensions of 1,775m x 1,775m, thus achieving a 
scale factor of 1:45. Finally, the model was non-
uniformly covered with sawdust (Fig. 3) in order to give 
the surface a more realistic appearance and include the 
possibility of studying the navigation problem through 
the use of visual images and/or combining the 
information extracted from these images and the 3D 
point clouds. 
 

    
Figure 3. Landing site of Itokawa asteroid 

4.2. Indoor testbed 

CATEC facilities count with an indoor testbed that can 
be used to develop and test navigation-related 
technologies. The useful volume where tests can be 
conducted is a cube of 15x15x5 meters. The testbed has 
installed an indoor localization system based on 20 
VICON cameras, and only needs the installation of 
passive markers on the objects to locate and/or track. 
This system is able to provide in real-time the position 
and attitude of each object with millimetric precision, 
and with very low latency in communications. 
 
4.3. UAV Platform 

UAVs allow reaching a high level of fidelity with a real 
scenario. The 3D sensor can be mounted onboard a 
UAV in order to perform flights as similar as possible to 
spacecrafts. A small quadcopter is going to be used 
within the indoor testbed at CATEC to emulate bigger 
aircrafts. Fig. 4 shows the Penguin quadcopter that was 
used in the flight tests. The approach using UAVs will 
allow testing the navigation algorithms in the most 
realistic manner. The UAV with the onboard 3D sensor 
will follow a descent trajectory similar to the one 
provided as reference, approaching the scaled model of 
the asteroid. In this way, dynamic tests using UAVs 
allow performing operations with real data in a scaled 
scenario. 
 

 
Figure 4. UAV for testing and validation of algorithms 

 
4.4. 3D sensor 

The selection of which sensor should be used is a very 
complex task, which must consider the depth 
measurement time, the budget, and the expected quality 
from the measurement.. Relevant factors that influence 
the choice are also the ruggedness, the portability, and 
the adaptiveness of the sensor to the measurement 
problem, the easiness of the data handling, and the 
simplicity of use of the sensor. 
 
The main goal of the 3D sensor in our work is to 
provide the processing algorithms with a set of point 
clouds similar to the ones that a Flash LIDAR generates, 
and therefore consider that such algorithms can be 
equally applicable to the data obtained through the 



 

space sensor prototypes. The most interesting industrial 
alternative to Flash LIDAR prototypes is the use of 
RGB-D sensors. RGB-D sensors are currently being 
explored in a wide range of applications such as 3D 
mapping and localization, path planning, navigation, 
object recognition or people tracking. Since their 
introduction, RGB-D sensors have seen widespread 
adoption in robotics research due to their ability to 
generate reliable 3D data at a fast frame rate at low cost.  
When it comes to mounting a sensor onboard a UAV 
platform, additional considerations and requirements 
must be taken into account. Especially important are the 
weight, size and power consumption of the sensor, since 
the payload capacity of small UAVs is very limited. The 
Asus Xtion Pro Live shows great advantages with 
respect to Microsoft Kinect: it is significantly smaller, 
easier to integrate and does not require an external 
power supply. These aspects make it much more 
portable and suitable for small aerial vehicles. 
 
5. FLIGHT TESTS 

The use of UAVs allows testing navigation algorithms 
in a very realistic manner. The UAV, with the onboard 
3D sensor pointing downwards, will automatically 
follow a specific trajectory according to a series of 
waypoints, while approaching the scaled model of the 
asteroid and acquiring real data for further processing. 
Two main scenarios have been identified for the flight 
campaign, as described in the following subsections: 
- Descent trajectory: where the UAV follows a 

downscaled version of a nominal descent 
trajectory. The main considerations for this flight 
test are the scale of the asteroid model, the height 
of CATEC testbed, and the distance range and 
field of view of the 3D sensor. 

- Hovering trajectory: a different approach for 
validating navigation algorithms is to explore an 
area of interest at a constant height. This different 
trajectory can be seen as a hovering scenario for a 
lander, and has the advantage of being easily 
implemented on a quadcopter. Additionally, the 
point cloud processing algorithms are subject to a 
very different problematic than in the descent 
trajectory. 

 
6. EXPERIMENTAL RESULTS 

Thanks to the VICON tracking system of CATEC 
testbed, we are able to recover the trajectory that the 
UAV truly followed with high accuracy; hence, we can 
compare this trajectory with the one estimated using our 
navigation algorithms. Fig. 5 shows the quadcopter and 
sensor data from one of the flight tests carried out. 
The following figures show the comparison between the 
true UAV trajectory and the estimation from the 3D 
Data Processing algorithms, but only using the relative 
navigation mode. 

  
Figure 5. CATEC testbed with the UAV flying over the 

asteroid scaled model (right: real data in ROS) 
 
The absolute navigation mode has been extensively 
tested in our simulation framework, but not in the UAV 
flights with the scaled asteroid since the mockup did not 
represent the whole surface of Itokawa. Simulation 
results have not been included in this paper due to its 
practical nature of showing how UAVs can be used to 
test space-related technologies. Regarding relative 
navigation results, the initial position of the UAV was 
taken from ground-truth provided by CATEC testbed. 
 
6.1. Descent trajectory 

Fig. 6 shows the results of the descent trajectory in 
position (x, y, z) and orientation (roll, pitch, yaw). 

 
 

 
 

Figure 6. Pose estimation for descent trajectory 
 
The following table summarizes the main statistics 
related to the errors of pose estimations: 

 Mean St Dev 
Position X (m) -0.024 0.022 
Position Y (m) -0.042 0.028 
Position Z (m) 0.063 0.013 

Orientation ROLL (deg) 0.007 0.009 
Orientation PITCH (deg) 0.002 0.008 
Orientation YAW (deg) -0.111 0.053 

Table 1. Errors in descent trajectory 



 

 
In order to appropriately evaluate the results, the 
position values must be scaled up to the original 
reference trajectory (the scale of the model was 1:45): 
 

 Mean St Dev 
Position X (m) -1.080 0.990 
Position Y (m) -1.890 1.260 
Position Z (m) 2.835 0.585 

Table 2. Scaled up errors in descent trajectory 
 
As it can be observed, the errors in position for the 
original descent trajectory are relatively small (±3m), 
taking into account that the starting point of such 
trajectory scales up to approximately 150m above the 
asteroid surface. On the other side, errors in orientation 
remain below 0.2 degrees for the whole trajectory (in 
the case of roll and pitch they do not reach 0.1 degrees). 
In the case of descent trajectories, initial errors in the 
point cloud matching process tend to converge. The 
overall map that the relative navigation mode is 
continuously building usually represents the same 
surface of the small body. As the UAV gets closer to the 
asteroid model, the point clouds describe this surface 
with more detail, leading to better results in the point 
cloud matching process.  
 
Even though the results are already promising, there is 
still significant room for improvement. The overall map 
that the relative navigation mode builds continuously is 
initialized at the beginning of the trajectory, when the 
UAV is at the furthest distance from the asteroid 
mockup surface. At such distance (3m approx.) the 
UAV vibrations and the 3D sensor noise greatly affect 
the initial point cloud comparisons, making the 
matching process much more challenging than when the 
UAV is closer. In a real implementation of the 
algorithms, a higher level navigation filter is expected to 
integrate the algorithms’ estimations, and thus provide 
the local estimator with a valid initialization and 
constant feedback for the current pose values. 
 
6.2. Hovering trajectory 

Fig. 7 shows the results of the hovering trajectory in 
position (x, y, z) and orientation (roll, pitch, yaw). 
 

 

 
 

Figure 7 Pose estimation for hovering trajectory 
 
The following table summarizes the main statistics 
related to pose errors: 
 

 Mean St Dev 
Position X (m) -0.027 0.045 
Position Y (m) 0.023 0.029 
Position Z (m) -0.009 0.016 

Orientation ROLL (deg) 0.004 0.012 
Orientation PITCH (deg) 0.020 0.010 
Orientation YAW (deg) -0.003 0.051 

Table 3. Errors in hovering trajectory 
 
As in the case of the descent trajectory, in order to 
appropriately evaluate the results the position values 
must also be scaled up to the original reference 
trajectory (the scale of the asteroid model was 1:45): 

 Mean St Dev 
Position X (m) -1.215 2.025 
Position Y (m) 1.035 1.305 
Position Z (m) -0.405 0.720 

Table 4. Scaled up errors in hovering trajectory 
 
In this case, the constant flight height of the UAV for 
this trajectory scales up to approximately 50m above the 
asteroid surface. The errors in position are slightly 
worse than in the case of the descent trajectory, 
especially for X and Y, though they stay within ±4m. 
The results show that this relative navigation mode, 
after proper parameter configuration, is able to perform 
the point cloud matching successfully in a variety of 
scenarios.  In this trajectory, the actual distance to the 
mockup asteroid was approximately 1m, which allowed 
the 3D sensor to provide depth measurements of part of 
the model without much noise. However at certain 
moments the surface region acquired by the sensor 
appears mainly flat; hence the point cloud matching can 
be ambiguous since there are not enough details in the 
depth of the area that could help the matching process. 
Nevertheless, increasing the sensor resolution can 
definitely make a tremendous impact on the algorithm’s 
performance, since the surfaces can be described with 
more detail. The continuous advance of technology 
involving 3D measurements and depth sensors indicates 
that the specifications of current reference sensors for 
space missions are expected to improve with respect to 
the ones considered in the context of this work.  



 

7. EXPERIENCE USING UAV VALIDATION 
PLATFORM 

Space engineering often uses software-based 
simulations in order to represent critical aspects of space 
missions. This is the most practical and effective 
manner to do so, since once in the space there is only 
one chance for success. However these simulations rely 
on theoretical models that could be improved if they 
could be tested using advanced facilities in hardware 
technologies. 
 
UAVs represent a valuable platform to support 
validation of different technologies applicable to space 
missions. They easily allow testing promising 
technologies that have still not reached an acceptable 
readiness level to be launched, as well as implementing 
certain scenarios or critical mission stages. UAVs can 
also help the development of unavailable technology 
research demonstrations (e.g. Lunar Lander) and 
overcome the limitations of software-based simulations. 
UAVs allow reaching a high level of fidelity with real 
scenarios. The flight dynamics of these platforms 
obviously do not represent the conditions of zero-
gravity scenarios, but this issue was considerably 
mitigated adapting the flight speed and movements of 
the aerial platform. 
 
The representation of actual conditions in EDL 
scenarios posed some difficulties. Achieving accurate 
solar illumination conditions was not considered since 
the main sensor is independent of the lighting conditions 
of the environment. However this could be an issue if 
the technology demonstration involves image 
processing techniques. On the other hand, representing 
the actual rotations and translations of the spacecraft 
and the asteroid was impossible to meet. A static 
asteroid model was placed on the testbed floor, and the 
UAV was commanded to reproduce the relative 
movements of the spacecraft as it approaches the 
asteroid surface, using the different trajectories in 
asteroid body frame. 
 
8. CONCLUSIONS 

In this work, UAVs have been employed to validate 
space-related technologies prior to an implementation 
on a spacecraft. New approaches and experimental 
strategies can be tested and validated through the use of 
UAVs, which represent a relatively low-cost solution 
compared to actual space prototypes. The results show 
that UAV platforms are a valid choice to reduce the gap 
between laboratory simulations and hardware 
validations prior to expensive real space missions. 
 
One of the key accomplishments of this work has been 
the development of an integrated framework that 
allowed a seamless operation of the algorithms whether 
the data source is synthetically generated through a 

physics simulator or the sensor itself on-board the UAV. 
 
This work has focused on the validation of autonomous 
navigation based on 3D environment perception. 
Nevertheless, the software infrastructure that has been 
developed allows testing not only 3D-related 
technologies or EDL approaches, but also any other 
technology based on a sensor that could be mounted 
onboard a UAV, indoors or outdoors. This opens up a 
wide range of potential applications in many space-
related fields such as Earth observation or 
atmospheric/interplanetary flights. 
 
Within the same project, UAVs are being used as a 
validation platform also for the development of a robust 
goal oriented autonomous system for space probes. 
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