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ABSTRACT
Minor bodies show great variability in shape and surface morphological features. Since in the

proximity of these bodies the dynamic is highly non-linear, communication windows with Earth
could not be sufficient to navigate around them. Moreover, there is a growing demand for the re-
duction of costs deriving from ground-stations operations. As a result, the need for spacecraft with
autonomous navigation capabilities both in far and close ranges. The most promising navigation
technique is the optical one which allows the estimation of state information by exploiting optical
observables extracted from images. To assess the robustness of optical navigation methods, it is
required to perform tests on a variety of body shapes and with different surface morphological
features. The importance of these tests arises from the shape and surface morphology estimation
errors of ground-based estimation techniques. In this work, a procedural minor body generator
tool implemented with an open-source 3D computer graphics software is described. The starting
point of the tool is the three–dimensional mesh of a generic minor body which is procedurally
modified by introducing craters, boulders, and surface roughness to obtain a photorealistic model
in a real-looking environment. Two families of models can be generated by default: rocky ones,
characterized by a large number of different-sized boulders, and cometary ones characterized by
the typical morphology of comets, consisting of alternating rough and smooth regions, with the
presence of small boulders.
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1 Introduction
Minor bodies exploration is an expanding field because these bodies give incomparable information on
the solar system formation and evolution, they pose a constant threat to Earth, and they are a source of
precious materials that could be exploited [1]. Up until now, several missions such as Osiris-Rex [2],
Rosetta [3], Hayabusa 1 [4], and 2 [5], Lucy [6], and DART [7] have been launched towards these targets,
while others, such as Hera [7] with its two CubeSats, Milani [8] and Juventas [9], and M-ARGO [10],
are planned for the future.
In the context of far and close range applications, the spacecraft dynamics is highly non-linear, thus, its
maneuvers must be precise to keep it along the nominal trajectory. Indeed, a small maneuver delay can
cause a large offset from the designed trajectory. Autonomous navigation is pushing forward to release
space exploration from the costs and constraints of ground-based operations.
Optical navigation is the most promising technique to autonomously navigate around minor bodies [1].
It is based on the processing of optical data taken by the onboard camera, followed by a filtering pro-
cedure that allows reconstructing the spacecraft state. The image processing (IP) performances strongly
depend on the shape and surface morphological features of the small-body, such as craters and boulders.
This implies that such methods have to be robust to these kinds of uncertainty. The uncertainty arises
because minor bodies, such as asteroids and comets, are characterized by great variability in terms of
shape and surface features which are difficult to estimate from ground-based observations. As reported
in [11], light curve analysis is the simplest way to estimate minor bodies shape and it is based on the
observation of their light curves. Practically, photometric observations of a body sampled over an ex-
tended period are used to measure the variation in the reflected light to get information on the shape.
Most available 3D models are based on this technique, which provides a rough approximation. On the
other hand, radar range-doppler imaging can be used for bodies that pass close to Earth as it exploits
radio telescopes. This method allows achieving higher accuracy with respect to the aforementioned one
in shape and spin estimation. A further technique is high-resolution imagery, exploiting a combination of
images taken at different viewing geometries and phase angles. This method is used during rendezvous
and flyby missions, and it is the most accurate, achieving uniform resolutions. Flyby targets cannot often
have global shape reconstruction, due to the limited observation time and constrained geometry. The
shape of the body is an important parameter to select the best performing visual based navigation (VBN)
method, which has to be robust due to the estimation uncertainty [12]. The robustness of the processing
techniques can be accessed by testing them on a large variety of different shapes and surface features,
which results in the need for large images datasets. Moreover, data-driven methods, such as artificial
intelligence techniques, are increasingly spreading and they constantly demand more data for training,
validation, testing, and generalization purposes [13].
Different computer graphics software are available to model and render minor bodies. High-fidelity ren-
dering engines such as ESA’s PANGU [14], and Airbus Defence & Space’s SurRender [15] are limited
by software licenses. On the other hand, software such as POV-Ray1 and Blender2 are open-source but
not specifically designed for rendering of celestial objects. The main difference between the last two is
that Blender is well documented, supports Python scripting, and has a stronger community. This is why it
has been selected in this work. Nonetheless, realistic minor bodies can be manually generated in Blender
with great effort. For this reason, a Python code is built to generate the same results in fewer steps and in
a procedural way. To realize it, the Blender/Python API is exploited, indeed, Blender embeds a Python
interpreter provided by the “bpy” module that can be imported in a script and gives access to Blender
data, classes, and functions. In this way, it is possible to access by script all the Blender functionalities.
This work presents a procedural minor body generator tool designed by the Deep-space Astrodynamics
Research & Technology3 (DART) group and it is used to support the validation and testing of IP and
VBN algorithms as well as to construct datasets for artificial intelligence applications. In this context, in

1http://www.povray.org/ Last access: January 19, 2022
2https://www.blender.org/ Last access: January 19, 2022
3https://dart.polimi.it/ Last access: January 19, 2022
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[16], a showcase of the capabilities of the tool to generate a variety of bodies and surface characteristics
has been fundamental to generate a dataset for semantic segmentation purposes.
The starting point of the tool is a small-body three-dimensional model whose shape can be rough or quite
accurate depending on the observation technique used to recreate it. Thus, the important result achieved
with this tool is the possibility to procedurally change surface features to generate a real-looking minor
body. Furthermore, only a few small-bodies have been closely observed and faithfully reconstructed,
such as Bennu and comet 67P. The tool allows generating models with realistic surface morphologies
that can be used to validate and test algorithms. Moreover, there are two default surface morphology
features that the tool can recreate. Firstly, a highly rocky body, such as Bennu, that presents an elevated
number of boulders of different sizes [17]. Secondly a comet-like surface morphology, with the alterna-
tion of rough regions of rocks and smooth sand ones like 67P [18], with the presence of small boulders
evenly distributed on the body surface.
The paper is structured as follows. Section 2 reports a brief explanation of the procedural operations con-
sidered to modify the original model. In this section, a short overview of the background environment,
the rendering settings, and the possibility to introduce optical aberrations is also provided. In Section
3, a sample of results that can be achieved with the tool are presented, along with its validation with an
image taken in the Rosetta mission. Some final considerations are then discussed in Section 4.

2 Methodology
The work aims to create a tool for the procedural generation of minor bodies to create high-fidelity
images. Datasets can be easily built and exploited to validate and test the robustness of IP and VBN
algorithms as well as to train, validate, and test data-driven methods. In the following sections, the
procedure used for the generation of realistic surface morphological features is presented. The proce-
dure starts from a rough small-body model and terminates with the real-looking minor body after its
procedural modification.

2.1 Model Refinement
Above all, a model object is taken from existing databases 4, 5 and imported in Blender. The starting
model can be rough or quite accurate depending on the observation technique used to recreate the model.
In this step, it is important that the model does not exhibit mesh artifacts, resulting in a non-regular mesh
distribution, as shown in Fig. 1. To take advantage of the same settings for all the models imported in the
tool and to reduce computational effort, they are resized to the same average size, inscribing them in a 1m
sphere. To generate a realistic rocky surface it is first required to smooth the mesh of the starting model.
To accomplish this task the subdivision surface modifier6 has been exploited twice. Its function is to
split each primitive polygon contained in the mesh, increasing the vertices number of the model giving
it a smooth appearance. The Catmull-Clark [19] subdivision method is used to accomplish this task by
constructing new vertices based upon the average of the original points. After these modifiers have been
applied the smooth shading functionality is used to reach a further smoothness. Fig. 2 shows the model
surface improvements after applying the aforementioned modifiers. For models with large number of
vertices, like comet 67P and asteroid Itokawa, shown in Fig. 3, there is no need to use modifiers as they
are already highly accurate. If these modifiers are still used, the computational effort to apply them
may exceed the available computational power. A possible solution to this problem and to reduce the
rendering times, discussed later in Section 2.3.2, is to firstly use a decimate modifier in order to reduce
the number of faces. The modifier leads to models whose shape is comparable to that of highly accurate
ones and effectively reduces rendering time. The drawback is a significant increase in computational

4https://astro.troja.mff.cuni.cz/projects/damit/asteroids/browse Last access: January 20, 2022
5https://sbn.psi.edu/pds/shape-models/ Last access: January 20, 2022
6https://docs.blender.org/api/blender_python_api_2_77_0/info_overview.html
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Fig. 1 Three dimensional model visual representation of asteroid Lutetia (left) and wireframe representa-
tion with mesh artifacts in Blender (right).

Subdivision 1 Subdivision 2

Fig. 2 Progressive mesh improvement of the model after subdivision surface modifiers are applied.

Fig. 3 From left to right there are minor bodies with an increasing number of faces. On the left asteroid
Lutetia (512 faces), in the middle asteroid Itokawa (49,151 faces) and on the right comet 67P (1,309,996
faces)

4Except where otherwise noted, content of this paper is licensed under
a Creative Commons Attribution 4.0 International License.

The reproduction and distribution with attribution of the entire paper or of individual
pages, in electronic or printed form, including some materials under non-CC-BY 4.0
licenses is hereby granted by the respective copyright owners.



time due to the high cost of faces reduction. As a result, for models with an arbitrary number of vertices
higher than 10,000 only smooth shading is applied. Concerning models with a low count of faces, as
Lutetia in Fig. 3, the decimate modifier effectively reduces the computational times. In this case, the
final model will be smoother with a less realistic distribution of shadows, especially along the terminator
resulting in a segmented line, as illustrated in Fig. 4. Since the saved time is not significant compared to
the realism of the final model this modifier has been discarded.

(a) (b)

Fig. 4 Binarized image of Bennu asteroid generated with and without the decimate modifier. (a) Model
with 98,304 faces. (b) Model with 768 faces.

2.2 Surface Morphology
Surface morphology is the most important aspect in order to have a model visually resembling a minor
body. As a result, it is important to modify its surface introducing morphological features such as
roughness, craters, and boulders. A material is applied to the object to achieve a rough surface with
craters, while boulders are physical three-dimensional objects randomly scattered across the surface.

2.2.1 Surface Roughness
The surface roughness is the first step in order to accomplish real-looking minor bodies. The material is
applied to the model mesh exploiting the node tree available in the shading editor in Blender. First of
all, to break uniformity of the color, a noise texture is inserted as illustrated in Fig. 5. The noise texture
is then fed into a bump node that allows to normally displace the surface of the object in order to recreate
the typical roughness of rocky bodies.

(a) (b)

Fig. 5 Surface roughness generation. (a) Noise texture applied on the model. (b) Displacement of the
surface exploiting the bump node.
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2.2.2 Craters
Craters are depressions made by impact events and are characterized by a rough circular shape. The
shape is the result of the ejection of material in all directions after impact. These features are generated
from the voronoi texture, characterized by multiple circles. To get the effect of an excavation, a color
ramp node has been added with four different shades of black. It is then required to combine this
texture with the surface roughness one. This is the reason why the mix node has been used. It works
on the individual and corresponding pixels of the two input textures as reported in 7. The main problem
to solve is given by the protraction of the nearby roughness features inside the crater. Thus, the first
operation performed is the subtraction of the craters texture from the surface roughness one. The result
is a texture that presents the same pattern of the surface roughness one, but with white circles distributed
on it. In order to give the impression of an excavation the craters must be black so that the software
moves them towards the inner part of the model. Therefore, a multiplication is performed between the
previously generated texture and the craters one. As described above, the bump node is exploited to
move the surface of the object and recreate a realistic rough surface with craters on it. This approach can
be performed different times in the node tree starting from different sizes voronoi textures to generate
overlapping craters of different sizes and positions. The procedure followed for the craters generation is
shown in Fig. 6.

Roughness texture

Craters texture

Fig. 6 Craters generation procedure. The operations performed on the textures are schematically reported
along with the final result depicted on the bottom right. ⊗ represents the mix node multiplication, while �

is the bump node application.

7https://docs.blender.org/manual/en/latest/render/shader_nodes/color/mix.html
aaa Last Access: January 20, 2022
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2.2.3 Boulders
Boulders are distributed over the surface of a minor body and their size can range from small to large.
Fifty random rocks are created thanks to the rock generator8 tool in Blender and the same material
described in Section 2.2.1 is applied to each of them. This small number is selected to keep the com-
putational burden low. However, the number of generated rocks are sufficient as they are placed on the
body surface exploiting a particle system. As illustrated in Fig. 7, it is a particular Blender functionality,
and it allows to duplicate and place objects on a surface if the “hair” type is selected. The number of
particles or rocks can be chosen along with their size, phase angle and randomness. The last parameter
is set up at the maximum value possible in order to get the most random configuration and avoid rep-
etitions. In Fig. 7, a configuration with an elevated number of boulders is shown. As for the craters, a
different number of particle systems can be generated, resulting in a large variety of boulders dimension,
position, and orientation. By default, three different particle systems are set up, for small, medium, and
large boulders.

In Fig. 8 the main building blocks of the Python code have been synthetically summarized, while in
Fig. 9 a simplified version of the designed node tree for the introduction of craters and surface roughness
on the minor body surface is presented. Finally, the entire procedural change process, from the rough
3D model to the refined one is depicted in Fig. 10.

(a) (b)

Fig. 7 Boulders generation. (a) It is possible to see how the Blender’s particle system works. (b) Final
result with all the boulders placed on the surface of the model.

Mesh Re nement

Check Vertex Number

Check the number of
vertices of the model

yes
�� < 10,000

Subdivision

Application of two
subdivision surface

modi ers and smooth
shading

no

Smooth

Application of smooth
shading

Boulders Generation

Basic Boulders

Fifty random boulders
are generated

Surface Re nement

Material textures are
applied to each boulder

with the same scheme
used before

Particle System

Boulders are duplicated
and randomly placed on

the surface with di erent
sizes and orientations

Surface Re nement

Material Generation

Textures are applied to
the surface of the model

Roughness

Application of textures
to reproduce surface

roughness

Craters

Application of textures
to reproduce craters

Final Surface

Combination of surface
roughness and craters

Fig. 8 Main building blocks of the Python script to procedurally modify minor bodies surface.

8https://github.com/versluis/Rock-Generator Last access: January 20, 2022
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Fig. 9 Node tree associated to the surface refinement block for introducing surface roughness and craters.

2.3 Enviroment
In this section, the environment settings in Blender are specified, along with the rendering engine ones.
The possibility to introduce optical aberrations is also briefly described.

2.3.1 Background
The background environment of a minor body consists of the presence of a light source (the Sun) and of
a dark or stellar background.
The Sun light is directly available in Blender, and its direction and strength can be regulated. These are
parameters that the user can change in order to get the most realistic scene possible.
Regarding the stars, they are easily obtained thanks to the world node tree characterized by a noise
texture and a color ramp using black and white colors.

Subdivision 1

Subdivision 2

Craters

Roughness Boulders

Fig. 10 Full process from the starting rough 3D model to the final refined one. First of all the mesh of the
model is improved exploiting the Blender modifiers. Lately, a rough surface with craters and boulders is
obtained.
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2.3.2 Rendering
In Blender, the images are rendered in a simple way by placing a camera in a well suited position and
selecting the rendering engine desired.
For this purpose, there are two main rendering engines:

• Eevee: a real time rendering engine which allows fast renders. It is usually used for long animations
to ease the computational burden. Its main drawback is the need of optimization to make lights and
shadows look correct.

• Cycles: the lights and shadows are much more realistic as it is an unbiased path-tracer rendering
engine, which requires a higher computational effort.

The NVIDIA GTX 1050 Ti graphic card is exploited to run the renderings. The current implementation
of the tool runs in Blender 2.83. With Cycles, a rendering sample of 128, and the default Blender camera
at a distance of four times the average dimension of the model, about 120s are required to render an
image. Clearly, the rendering time strongly depends on the user settings and on the camera distance: the
closer the camera is to the model the longer is the rendering time. For what concerns the model surface
properties, Blender’s default reflectivity model, Principled BSDF (Bidirectional Scattering Distribution
Function), is exploited and constant albedo is assumed.

2.3.3 Optical Aberrations
Optical aberrations can be considered exploiting the compositing editor6 that could be used to post-
process the rendered images and to introduce some errors by cameras.
Firstly, the body image can be blurred thanks to the blur node that provides several blur modes. Secondly,
it is possible to introduce chromatic aberration that consists of the fact that rays of lights are bent at a
different amount depending on their frequency. As a result the image can look blurred or noticeable
colored edges can appear around the object. This effect is achieved thanks to the lens distortion node.
Glare node allows the presence of light smearing caused by the reflection of the Sun light. In Tab. 1 all
the default environment settings are reported.

Table 1 Default environment settings

Render Engine Cycles
Integrator Path Tracing
Samples 128

Camera Resolution 1024×1024 pxl
Frame rate 24 fps
Color BW
Color depth 8
Compression 15%

Light Type Sun
RGB color (1,1,1)
Strength 1
Max bounces 1024
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3 Results
In this section, different asteroid images realized with the tool are shown as a sample of its capability
to generate a variety of models. In Figs. 11 and 12 it is possible to see images of the solar system’s
minor bodies that can be achieved with the tool. It should also be remarked that aberrations are not
included and the models are those directly generated with the default settings. They can be further
modified to make them even more realistic. In Fig. 11, two regular shaped bodies are rendered from
the same perspective and lighting condition with increasing number of boulders. The image shows the
tool capability in surface features generalization, in this case, by changing boulders number. Irregular
and elongated shaped bodies are shown in Fig. 12, rendering them from three different perspectives and
under various lighting conditions. It is possible to appreciate that the tool achieves real-looking rendering
regardless of body shape, orientation, and illumination.

(a) (b) (c)

(d) (e) (f)

Fig. 11 Rendered images of asteroid Lutetia (from (a) to (c)) and Didymos (from (d) to (f)). By moving
from left to right there is an increasing number of boulders: 0 small, 0 medium, 0 large in (a) and (d),
10,000 small, 400 medium, 3 large in (b) and (e), 300,000 small, 800 medium, 8 large in (c) and (f).

As already specified, the tool allows to generate two configurations of minor body surface features by
default, which are the most common characteristics that have been found by visiting these bodies. The
two families are distinguished only by a different parameters setting. In detail, the first family has
300,000 small rocks, 800 medium boulders, and a random number between 1 and 8 for large ones.
Two craters types are defined, small and large ones, that are not clearly visible due to the massive
presence of rocks that cover them. The second family consists of comet-like surface features, indeed
it is characterized by the alternation of smooth and rough regions, achieved differently from the rocky
body thanks to the multiplication of musgrave and noise textures in the surface roughness generation.
These bodies are characterized by the scarce presence of craters, which are also small. The boulders are
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(a) (b) (c)

(d) (e) (f)

Fig. 12 Rendered images of two irregular shaped minor bodies from three different perspectives. From (a)
to (c) comet 67p and from (d) to (f) asteroid Itokawa.

smaller in size with respect to the other family and their number is the following: 1000 small rocks, 100
medium boulders, and from 0 to 1 big ones. Some examples of the two families achieved with the tool
are shown in Figs. 13 and 14, while a summary of the most important parameters characterizing them is
given in Tab. 2.

(a) (b)

Fig. 13 Rendered images with the surface morphological features of the first family. (a) Bennu (b) Thisbe.
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Table 2 Minor bodies default families

Rocky Comet-like

Roughness Texture Noise Noise and Musgrave

Craters Dimension Small and Large Small
Texture Voronoi Voronoi

Boulders # Small 300,000 1,000
# Medium 800 100
# Large 1–8 0–1

(a) (b)

Fig. 14 Rendered images with the surface morphological features of the second family. (a) Itokawa (b)
Eros.

3.1 Tool Validation
To validate the tool, it was tried to replicate an image of comet 67P taken by Rosetta’s navigation camera
(NavCam) at 21:50:13.052 on April 17, 2016 UTC. The raw processed image is shown in Fig. 15 and its
features are clearly visible, as high resolution images are available since this comet has been studied ex-
tensively9. To get the same configuration, the comet’s model was appropriately positioned in the camera
view and the illumination conditions were set up in order to get the most similar lighting environment.
The image photorealism is achieved combining the highly realistic lighting environment in Blender
with the tool’s capability to obtain models very different from each other in terms of craters, rocks and
surface morphology. The surface roughness appears like a real terrain thanks to its irregularities and
non-periodicity as there are not unwanted repetitions. Boulders are not the main feature that it is noticed
from images at elevated distances but they assume more and more importance the closer the camera gets.
Although only 50 basic rocks have been generated, when multiple duplicates are placed on the surface,
they seem all different from each other because of their various size and orientation. The craters’ shape is
slightly different from the circular one thanks to the noise texture applied on it. It must also be remarked
that the photometric model used is the Principled BSDF. The use of more accurate photometric models
[20] would result in an even more realistic image.

9https://archives.esac.esa.int/psa/ Last access: January 20, 2022
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Fig. 15 Image reproduction of comet 67P taken during the Rosetta mission. In the image on the left there
is the synthetic image generated with the tool while in the image on the right there is the actual comet photo
taken by Rosetta’s navigation camera (NavCam) at 21:50:13.052 on April 17, 2016 UTC.

4 Conclusions
In this work the design of the DART’s minor bodies synthetic image generator tool, a Python code
running on Blender used to create realistic minor body models in a real-looking environment is presented.
This tool is used by the DART group to validate and test IP and VBN algorithms as well as to create large
images dataset to feed artificial intelligence algorithms. The procedure to introduce surface morphology
features such as roughness, craters, and boulders is illustrated. Families of small-bodies that can be
achieved are presented as well as a validation assessment reproducing a real space image taken during
the Rosetta mission of comet 67P. The authors believe such type of tools could be critical to assess VBN
and IP performances for ongoing space missions [10, 21, 22] and projects of the DART’s group.
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