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Abstract — The Virtual Space Robotics Testbed serves as a decision support system in various space mission scenarios mostly 
rendezvous and docking (RvD), planetary landing and exploration. Therefore, various tests with real and virtual hardware were 
made in the testbed for rendezvous and capture (INVERITAS). Our simulation system allows the generation of virtual images and 
the test of virtual camera systems that are not yet available as real hardware systems. It gives the engineer the opportunity to 
combine different optical systems e.g. lenses and sensors inside a Virtual Environment. This environment serves as a decision 
support system in an early design phase of a project. How this is used in a real space application is described in this paper.  
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I. INTRODUCTION  

Testing and verification of newly developed tools and 
algorithms are important tasks in engineering and research. 
Especially in the context of Space Missions, high efforts and 
costs are dedicated to the evaluation of prototypes for optical 
systems of satellites. Complex rendezvous and docking 
environments are built to evaluate new optical systems and 
navigation components for the tracking of satellite 
trajectories and on-orbit servicing. In the Testbed for 
rendezvous and capture (INVERITAS) [13] sensor 
prototypes for the optical navigation during the approach to 
satellites are tested in a Hardware-in-the-Loop environment. 

In contrast to this, VR based simulation systems have 
become an essential tool in nearly all fields of engineering 
and are nowadays widely used in robotics. This allows for 
the testing and evaluation of new concepts in an early 
development stage. Therefore, we develop a Virtual Space 
Robotics Testbed [12] covering different aspects of space 
engineering and providing a design tool for the development 
of new sensors, actors and algorithms based on the former 
results of previous projects [14] and [15]. 

In the research project, algorithms are developed to 
generate images made by virtual optical systems during the 
rendezvous and docking phase of two satellites. To generate 
these images, the Virtual Space Robotics Testbed is 
enhanced for the generation of artificial images based on 
physical optical systems [17]. This requires the simulation of 
different kinds of optical components like lenses and sensors, 
including their optical and electronic errors. In order to 
achieve trustable results, the simulation modules of the 
Virtual Testbed have to be calibrated by physical reference 
data. Therefore, a physical mockup is used. 

In the following the concept modules for camera 
simulation in the Virtual Space Robotics Testbed are 

described. The construction of the physical mockup and the 
so far achieved results are shown. 

II. MODULES OF THE VIRTUAL SPACE ROBOTICS 

TESTBED 

Our goal is to provide and evaluate a comprehensive 
simulation environment for rendezvous and docking 
scenarios for development and real-time testing tasks. On 
one hand the virtual environment - the so called Virtual 
Space Robotics Testbed - on the other hand a physical 
mockup for validating the simulated results. A modular 
approach allows for an on-the-fly adaption of various setups 
and offers a decision support system during the design phase 
of optical components and computer vision algorithms. 

A. Digital Satellite Modell 

From multiple candidates of different satellites, a 
GalileoOHB satellite was chosen, since it is widely used and 
a realistic target for upcoming on-orbit service-missions. For 
the development of a digital satellite model different sources 
of physical satellites were used to generate a model. The 
available blueprints were used for the generation of a CAD 
Model defining the geometry of the satellite. Therefore, the 
software Blender, Autodesk Inventor and Autodesk 3D 
Studio Max were used as shown in figure 1. 

These digital models were given to a model maker who 
had to build them on basis of the provided data. 
Unfortunately, these models had some deviations from the 
digital model and are not perfectly scalable. So additional 
refining of the digital models was necessary and led to three 
different digital models matching the physical models as 
described later in this paper. 
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Figure 1: 3D-Model of a galileo satellite 

B. Digital Camera and Light Simulation 

The realistic visualization of optical effects is still a 
difficult task for modern computer graphics [16], even more 
if a realistic simulation of the used camera is needed [6]. To 
achieve real-time simulation, we utilize rasterization 
techniques that can be implemented in modern shader-driven 
GPUs for hardware accelerated real-time rendering. Modern 
rasterization-based graphics hardware is fully programmable 
with significant arithmetic capabilities and high floatingpoint 
operation performance in comparison to current CPUs as 
described in [10]. 

Therefore a realistic simulation of various optical and 
electronic effects of digital cameras is possible in realtime. 
Effects with the biggest influence on the image are described 
in the following section. 

In a first step the camera parameters are measured 
according to [8] or obtained by the documentation of the 
manufacturer. A simplified schematic global description of 
the rendering process for different optical and electronic 
effects are shown in figure 2. The input data consists of the 
geometric description of the scene and lighting conditions. 

 

 
Figure 2: Concept of rendering the scene with various effects 

 
The sequential arrangement of different optical effects is 

not interchangeable and needs to be computed in the right 
order, e.g. lens distortion must be added to the image before 
various noise effects are added. Therefore, the concept of a 
shaderstack was introduced. This shaderstack combines the 
different shaders in the right order and processes the 
rendered images. 

The different parameters of optics and sensor are given to 
the shaderstack, which combines these values to a 
subsequent chain of different shading programs. These 
programs are completely GPU based and therefore a high 

performance simulation of different optical and electronic 
effects allows real-time rendering and on the fly adjustment 
of camera parameters by the user. The main optical effects 
are intrinsic camera parameters, distortion, chromatic 
aberration, depth of field, various sensor-saturation effects 
and sensor noise. 

The various optical effects have a significant impact on 
computer vision algorithms and are therefore an important 
part in a realistic visualization of a rendezvous and docking 
scenario. 

Radial symmetric distortion appears if the magnification 
of a lens increases or decreases with the distance from the 
optical center. A decrease of magnification leads to barrel 
distortion, while an increase in magnification leads to a 
pincushion distortion. Depending on the color of the light the 
amount of distortion can vary according to the used lens 
system. Different distortion values for different colors or 
wavelengths leads to chromatic aberration and color fringing, 
which can be computed by: 

   (1) 
 

with 
 

L(r)RGB = [1 r r2 r3...] · [1 k1R k2R k3R ...]T,  (2) 
 

where XR is the real pixel position, XC is the optical center, 
Xi is the ideal pixel position, r is the distance from the 
optical center and k the distortion coefficients. These 
coefficients can be computed with tools like OpenCV, 
Matlab Camera Toolbox or Zemax, or are directly provided 
by the optics manufacturer. The simulation of depth of field 
is necessary, since short distances between chaser and target 
satellite appear during the rendezvous phase and the target 
satellite can get out of focus. A comparison of the simulated 
and real depth of field effect are shown in figure 3. 
Additionally, chromatic aberration cannot be distinguished 
from blur when a monochromatic sensor is used. 
 

 
Figure 3: Depth of field comparison of simulation and real images 

 
Another important effect is the flare effect. This depends on 
the geometric form of the aperture. Therefore, the 2D 
Fourier transform of the aperture leads to the appearance of 
the flare as described in [16]. Computation of Fourier 
transforms is a simple task for modern GPUs and therefore 
possible in real-time. An example of a physical and a 
simulated flare is shown in figure 4. 
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Figure 4: Real and simulated flare effects 

 
Tex hier Sensor saturation appears if a bright light delivers 
more 
energy than the sensor can handle and therefore stores no 
valid information. If the received energy effects the 
neighboring pixels, blooming and smear appears as shown 
in Fig. 5. Optical CMOS or CCD sensors produce a varying 
amount of noise [4], depending on lighting condition, 
temperature and pixel size. The simulation of the optical 
sensor allows multiple noise functions and supports the test 
and verification of computer vision algorithms. The 
different supported noise functions are hotpixel noise, color 
noise and monochrome noise. The noise amounts are taken 
from real images or are delivered by the sensors 
manufacturer.  
 

 
Figure 5: Real and simulated smear effects 

 
The simplest form of noise, hotpixel noise, is obtained by 
taking images in complete darkness, but different 
temperatures. These images are used as noise textures and 
are added to the rendered image in a post processing step. 
The reproducibility of highly dynamic noise effects [5] can 
be accomplished through the active simulation time as seeds 
for distribution of semi-random noise values. 

 

III. PHYSICAL MOCKUP FOR REFERENCE EXPERIMENTS 

To validate the camera and light simulation of the Virtual 
Testbed real reference images are necessary as described in 
section IV-A. We therefore extended our planetary landing 
mockup to provide the possibility to generate artificial 
images of a rendezvous and docking maneuver. In figure 6 
the construction of the mockup at our institute is shown. 
 

 
Figure 6: BRDF measurement with the Space Robotics Testbed 

 
The mockup consists of two light weight robots [3] mounted 
on linear tracks. In the scope of the research project one of 
three true to scale satellite models is mounted at the robot. 
One robot holds a camera to simulate the chasing satellite. 
The robots follow a trajectory similar to rendezvous 
trajectories of on-orbit servicing satellites. Thus, a high 
flexibility regarding the trajectory, maneuvers and lighting 
conditions is provided, while the poses of the acquiring 
optical system and image sensor are known exactly and 
reproducibly. In the following, the elements of the mockup 
are described in more detail. 

A. Light Source and Sensors 

In the planetary landing mockup a light source emulating the 
sunlight is needed. For this, we use the ARRI D5, a daylight 
lamp originally used in film shots. This metal-halide lamp 
with a fresnel lens emits light with a color temperature of 
6000 Kelvin and an extremely even light distribution [1], 
and therefore is a good resemblance of sunlight.  
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With an angle of beam of 56° and 575 Watt it illuminates 
the models completely and with a high intensity. The lamp 
weighs 5.9 kg and can thus be positioned even by one of the 
robots to examine different sun positions in the mockup. 
The  commercial cameras which are used are a Nikon D700 
DSLR (digital single-lens reflex), a Canon EOS 5D3 and a 
Canon EOS 5Ds R with different lenses. 
 

B. Satellite Models 

The standard surfaces of physical satellites were analyzed. 
The widely used gold Multi-Layer Insulation (MLI) foil was 
used for BRDF measurement [7] as shown in figure 6 and 
was used in the first renderings of the virtual satellite.    
Since the very high price for the original foil another very 
similar material was used as a coating for the satellites hull.  
To allow the simulation of different distances within the 
mockup, three models of varying size were built. These 
satellite models are scaled 1:5, 1:12 and 1:40 as shown in 
figure 7. These materials are used for the rendering of 
virtual docking scenarios.  
 

 
Figure 7: Physical models of a Galileo OHB satellite scaled 1:5, 1:12 and 

1:40 

  
 
 

IV. RESULTS 

A. Iterative Calibration Procedure 

The Calibration of the different modules of the Virtual 
Space Robotics Testbed is carried out in an iterative process 
as shown in figure 8. With a physical mockup, designed to 
conduct reference experiments, a first draft of the virtual 
model is derived. The simulation is run and the results are 
compared to the reference experiments. If the validation 
does not satisfy the requested simulation accuracy, 
adjustments are made to the virtual model and the 
simulation is rerun iteratively until the simulations accuracy 
is satisfying. The resulting validated virtual model allows 
for the generation of reliable data for the development of 
new algorithms [11]. 
 

 
Figure 8: Iterative process for model validation [11] 

 
To validate the digital model, the ZF5006h, a 3D laser 
scanner by Zoller & Fröhlich, is used to scan the complete 
physical mockup. The scan is done with a resolution of 
20000 lines/360° and a depth resolution of 0.1 mm. The 
resulting point cloud is integrated in the simulation system 
to compare the digital model and the scanned mockup. In 
figure 9 the scanned point cloud is visualized as an overlay 
of the digital model. 
 

 
Figure 9: Scan of the Planetary Landing Mockup as an overlay of the 

digital model 

 
According to the scan, the positions of the linear axes on the 
cage and the exact positions of the robots are corrected. 
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B. Evaluation with Test-Images 

For the verification of the camera and light simulation, real 
images of the physical mockup are compared to the 
rendered images of the Virtual Testbed. During the first test 
process the camera in the physical mockup is moved to 
several fixed positions under different light directions to 
simulate varying times and light conditions for an on-orbit 
servicing scenario as shown in figure 10. 
 

 
Figure 10: Simulation of a rendezvous and docking mission with an 

aerospace camera prototype 

 
 The positions of the camera and the light source in the 
physical mockup are used together with the optical 
characteristics as described in section II-B to obtain 
rendered images in the Virtual Testbed. 
The real and virtual camera model deliver very similar 
scenes. The field of view, distortion and depth of field 
effects of the real scene are achieved in the simulation as 
shown in figure 11. 
At the moment structures and reflections in the background 
deliver many unwanted features which are not part of the 
simulated images since the moving cables and reflecting 
glass panes are not visualized in the virtual scene. 
Therefore, the background of the physical mockup will be 
covered in a dark matte fabric in the near future which 
should eliminate these interference factors. 
 

 
Figure 11: Simulated image (left) and real image from an aerospace 

prototype camera 

 

V. CONCLUSION AND FUTURE WORK 

In this paper we described the validation of the camera and 
light simulation in the Virtual Space Robotics Testbed. We 
gave details on the simulation modules and the calibration 
process and presented the physical mockup used. Thus, 

artificially generated image data can be compared to real 
reference images. 
The next steps in optimizing the quality of the rendered 
images will include enhancements of the geometric model 
of the scene, covering the cables and structures next to the 
model. Furthermore, structure in the background will be 
covered in fabric to minimize unwanted reflections and 
features for computer vision algorithms.    
The results of the camera simulation so far encourage the 
further use of the Virtual Space Robotics Testbed for 
upcoming simulations and verifications of computer vision 
algorithms for trajectory planning and on-orbit servicing 
maneuvers. Therefore, the model of a docking port will be 
constructed to simulate docking-maneuvers at the 
International Space Station (ISS). This is already done in 
virtual mission scenarios as shown in figure 12 and will be 
compared to images from a physical model.   
 

 
Figure 12: Simulation of a docking maneuver at the International Space 

Station (ISS) 

 
Further tests in a larger scale were made, to test the 
simulation in a more realistic environment. Therefore, the 
INVERITAS test facility was used. This test was done in 
two steps. First the environment was scanned with the 3D 
laser scanner and a realistic, true to scale 3D model of the 
environment was generated as shown in figure 13. This 
model consisted of 4 different colored laser scans which 
were combined to a single point cloud.  

 
Figure 13: 3D laser scan of the INVERITAS test facility 

 
Based on the point cloud a polygon based 3D model was 
made. This final model was used for planning and 
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simulation of trajectories for complex maneuvers inside our 
simulation system VEROSIM as shown in figure 14. 

 
Figure 14: Planning an simulation of trajectories inside the simulation 

system VEROSIM 

 
This allowed the simulation of a complex Rendezvous and 
Docking scenario in a large scale. The camera prototype 
was mounted on the long-distance movement simulation 
system as shown in figure 15. 

 
Figure 15: Left: Prototype mounted on the testing rig; Right: Setup of the 

testing scenario 

 
The measured values of the camera prototype and the 
simulation environment were played back into the 
simulation system as described in IV-A to check if the 
simulation leads to realistic results. One of this images is 
shown in figure 16. 

 
Figure 16: Left: real image; right: simulated image of a camera prototype 

 
As seen in this figure 16 the materials inside the simulation 
system need further improvements to perfectly match the 
physical model. This will be done in the next time inside the 
project.  
Since the successful simulation of optical systems a 
subsequent project is already authorized and will research 
the simulation of Light detection and ranging (LiDAR) used 
in a rendezvous and docking scenario between satellites. 
Therefore, the mockup will be expanded with the latest 
KUKA LBR IIWA 14 R820 robots [2] which are capable of 
handling 14 kg payload needed for aerospace LiDAR 

systems.  This allows for more simulation scenarios since 
we are able to use four lightweight robots to position light 
source, camera and targets inside our simulation mockup. 
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