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ABSTRACT

This article outlines a physically based rendering methodology for generating spectral images of planets, moons,
and other quasi-spherical bodies. The methodology links physical radiometric quantities such as the collected
power or the electron flux to each pixel of the synthetic image. Conversely to standard ray-tracing methods, the
image is formed by discretizing the spherical body into longitude-latitude quadrangles, which are projected
into the camera and directly gridded to the detector pixels. Despite the high number of sectors undergoing this
procedure, smart bounding, efficient sampling, and pruning of the inactive sectors enable fast and efficient
computations. Local radiometric and geometric parameters are interpolated from texture maps to enhance the
fidelity of lighting and shadows. Different reflection models can be used and mixed together. The output of
the renderer is a radiometrically-consistent image reproducing the exact interaction between the light, the
object in the scene, and the camera. The methodology is validated against analytical laws and real Moon
images acquired in orbit and from the ground. Results reveal very good consistency in luminance, contrast,
and structure. The frame rate for a Moon flyby scenario spans over 10 Hz at far range to about 1 Hz at a
closer range, consistent with current limits in CPU-based renderers. Thanks to its radiometric consistency, the
methodology proves effective for tuning the camera exposure time brackets and is essential for the operation
of hardware-in-the-loop optical stimulators. A tool implementing the methodology is released to the public as

an open-access rendering application.

1. Introduction

The physical consistency of the data used for algorithm design,
model training, and performance verification is of utmost importance
in most of the engineering sectors. Domain gap refers to the differences
that can be found between the design and the deployment environ-
ments, which lead to degraded performance in real-world applications.
Within the space sector, this issue is even more impactful given the
inherent high risks and costs involved in the missions.

Unfortunately, space is characterized by a huge domain gap, mainly
stemming from the inherent scarcity, low quality, and small variability
of ground truth data. At the same time, there is a strong push nowa-
days towards the use of data-driven algorithms, which rely on vast
amounts of diverse and high-quality data to grant generalization and
performance. Notably, these two aspects conflict with each other.
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When speaking of optical sensors and images, the consequences of
the domain gap may affect the performance of vision-based algorithms
or even impair the scientific results of the mission. For example, pose
estimation algorithms trained on synthetic images and tested against
real images showed drops in performance due to differences in visual
features and illumination conditions [1,2]. The long-range autonomous
rendezvous experiment of the PRISMA mission suffered from non-linear
unmodeled optical effects (e.g. blooming) impacting the inertial and
relative navigation solution [3]. This was also observed in the context
of the STAR Nav study, which assessed navigation solutions at mid-
range distances from the Moon using a high-Technology Readiness
Level (TRL) star tracker [4]. During the outbound powered flyby of
Artemis I, the method used to determine camera exposure settings,
purely based on phase angle variations, resulted in heavily overexposed
images due to the non-linearity of the brightness behavior at close
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Coordinates

Power W

Exitance W m™2
Intensity W sr™!
Flux Density W m™2
Irradiance W m~2
Radiance W sr~! m2
Projected solid angle sr
Solid Angle sr
Geometric Albedo —
Normal Albedo —
Phase Angle rad
Wavelength m
Power-to-Radiance sr m?

Signal e s™!

Effective Flux Density W m=2

Focal Length m
Pixel Size m
Optical Center px
Pixel Skew px
Exposure Time s

Analog-to-Digital Gain DNe ™!

Quantum Efficiency —
Transmittance —
Offset DN

Area m?

Radius m
Displacement m
Distance m
Offpointing Angle rad
Epoch s

Temperature K

BRDF sr~!

BRDF Integral —
Phase Law —
Gridded Interpolant

Object-Fixed Frame
Body-Fixed Frame
Camera-Fixed Frame
Camera-Sun Frame
Direction Cosine Matrix

Position m
Normal Direction —
Body to Sun Direction —

Body to Camera Direction —

Camera Boresight —

Azimuth rad
Coelevation rad
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D Longitude (CSF) rad

e Colatitude (CSF) rad

A Latitude (CSF) rad

) Longitude (B) rad

y Latitude (B) rad

p Bearing (C) rad

x Image Plane Horizontal —
y Image Plane Vertical —
u Pixel Array Horizontal px
v Pixel Array Vertical px
Subscripts

[OX Emission

) Incidence

), Reflection

), Spectral

); Point Index

O} Sampling Index
Superscripts

O Direction/Normalized
0] Mean/Midpoint

0) Processed

[0k Distorted

distances from the surface [5]. Over-exposure issues also occurred
during the Earth certification pass, due to stronger reflections of cloud
and ice regions [6]. All these examples show the importance of having
a reliable and validated test bed beforehand.

To overcome the domain gap, the space imaging engineering com-
munity worked in developing tools that could provide reliable data
for mission design and Verification & Validation (V&V) of algorithms.
Current state-of-the-art approaches rely on the generation of synthetic
data through render engines [7-18], optical stimulators [19-26], or with
cameras attached either to an air-bearing platform [27-30] or to robotic
arms [31-34] imaging a mock-up of the target in a simulated space
environment.

This article deals with the first approach, which is also the most
common implemented solution. In fact, in the past years, the increasing
potential of cameras as low-cost multi-purpose sensors pushed many
commercial entities, national agencies, and research institutions to-
wards the financing and development of proprietary render engines for
resolved targets, i.e. whose projection on the image spans more than
one pixel.

An example of a commercial tool tailored for space applications is
SurRender [7,8], developed by Airbus Defence & Space, which uses a
proprietary path-tracing implementation to handle multiple diffusions
and reflections. It is capable of generating images of celestial objects
from far to close range and capturing shadow effects. A fast mode
based on rasterization with OpenGL® can be used enabling higher frame
rates at the cost of physical accuracy. Another example is the Planet
and Asteroid Natural Scene Generation Utility (PANGU) [9-11], which
has been developed by the University of Dundee under ESA funding
as a versatile tool capable of generating optical, thermal, and LiDAR
images thanks to OpenGL and programmable Graphical Processing Unit
(GPU) shaders. The NAIF/SPICE system is integrated in PANGU, and
single-scattering atmospheric models are available.

Looking at the research and academia efforts, the Inter-planetary
Rendering for Imaging and Sensors (IRIS) [12] is a render engine

5 https://www.opengl.org/.
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developed by JPL that builds upon the GPU-accelerated OptiX ray-
tracing library to grant a very high frame rate, even if the effects
of indirect lighting (i.e., soft shadows) cannot be captured. Building
upon the physically-based render engine Mitsuba,® the Navigation and
Rendering Pipeline for Astronautics (NaRPA) [13] from Texas A&M
University provides a full pipeline for realistic surface rendering of
landing and rendezvous trajectories.

However, these proprietary tools are notably restricted to the gen-
eral public. This limitation led the community to tailor existing open-
source software to their necessities [14,35]. Among these, the Space
Imaging Simulator for Proximity Operations (SISPO) is based on the
open-source Blender Cycles.” The tool includes modeling of comet dust
environments [15]. Blender has also been successfully used in many
other tools, owing to its simplicity and the accuracy of its rendering
core Cycles based on path-tracing. For example, the Celestial Object
Rendering TOol (CORTO) [36] offers a powerful solution for generating
photorealistic images of celestial bodies, interfacing with the Blender
architecture through Python scripts. A Graphical Utility for Icy moon
Surface Simulations (GUISS) [18] was also developed at JPL, exploiting
a Blender interface for stereo images generation of Europa and Ence-
ladus terrains. Finally, Unreal Engine® has been used in NASA’s Digital
Lunar Exploration Sites Unreal Simulation Tool (DUST) [16] for virtual
reality applications targeting surface mobility near the lunar south pole.

These open-source tools may look interesting at first sight, but their
validation, efficiency, and radiometric consistency are still open issues.
On the other hand, proprietary tools are reliable but rarely open-acess.
All in all, most of the aforementioned implementations lack one or more
of the following desirable properties:

1. Radiometric Consistency. The light interaction with the target
and the sensor should be modeled according to physical-based
reflection models whose parameters may vary across the spatial
and spectral range. Although many open-source render engines
are useful for generating photorealistic images, they may lack
physical representativeness and/or modeling flexibility, which
limits their degree of radiometric realism [14]. Moreover, these
tools are often devoted to the human vision and they do not
possess the photometric accuracy that space sensors are sensi-
tive to [8]. Finally, an established pipeline for geometric and
especially radiometric validation is rarely present.

. Physical Correspondence. We define as physical correspondence
the ability for a rendering pipeline to link physical quantities to
each pixel in the image (e.g., photon flux, flux density) and to
the global scene (e.g., exposure time). Even when the process
is physically based, the output may lack this correspondence.
For instance, Blender does not provide spectral and physical
data along with the generated images, given that its render-
ing pipeline relies on path samples instead of actual photon
fluxes [14]. In PANGU, there is no concept of exposure time [9]:
“users simply set the relative brightness of light sources, and the
resulting pixel levels are essentially a measure of the intensity of
reflected light”.

. Rendering Performance and Precision. High frame-rate ren-
dering is desirable to enable closed-loop V&V or to generate
large datasets without prohibitive times. Unfortunately, the ren-
dering task is typically computationally intensive as it requires
the manipulation of large-size, high-resolution texture maps to
reproduce the terrain’s appearance and its interaction with light
rays. This constrains the hardware resources, especially when
moving from far to close ranges in a single simulation. In this
case, a global map of the surface is required, and the Ran-
dom Access Memory (RAM) may not be enough. For instance,

6 https://www.mitsuba-renderer.org/.
7 https://docs.blender.org/.
8 https://www.unrealengine.com/.
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Table 1
Currently available tools tailored to the rendering of celestial bodies.
Technique Core License Properties®
SurRender Path-tracing or OpenGL® Commercial 1,2, 3, 4
rasterization
PANGU Rasterization OpenGL Commercial 1, 3,4
IRIS Ray-tracing OptiX Restricted 1, 2,3
NaRPA Path-tracing Mitsuba Restricted 1,23
SISPO Path-tracing or Cycles or Open-source 1, 4
rasterization OpenGL
CORTO Path-tracing Cycles Open-source 1, 3
GUISS Path-tracing Cycles Open-source 1, 3
DUST Hybrid® Unreal Engine Restricted 1,3

2 To the authors’ knowledge and experience with the tools.
b For rasterization.
¢ Blend of rasterization and path-tracing.

Blender converts the entire displacement map into a 3D mesh,
leading quickly to RAM saturation. Another major issue is the
scale of the scene, which may cause precision losses due to
large relative distances between the Sun and the target, placed
at thousands to millions of kilometers, and the surface fea-
tures, which have meter-scale variability. This issue implies that
double-precision floating-point is desirable. To retain pixel-level
accuracy and avoid aliasing, high-density sampling is typically
employed, which involves a large number of independent con-
current evaluations. This is a task best handled by the GPU,
which could be beneficial but may require special implementa-
tion rules, such as using single-precision. All in all, deploying
dedicated memory-management and pruning techniques would
retain feasible frame rates without renouncing to fidelity and
precision, while considering the available hardware resources.
However, this is not always possible with the black-box current
available tools.

. Modeling Flexibility. In many cases, the modeling of the sensor
behavior in terms of distortion, diffraction, and noise cannot
always be simulated by post-processing the final image. This
often happens in black-box implementations where the image
is the only available output. Instead, some optical effects or
detector noises should be implemented directly inside the ren-
dering procedure, before image generation. This consideration
also applies to all those effects that are likely observable only in
a space environment, such as the light-time travel effect.

Table 1 lists all the tools available in the community, along with
their main characteristics and whether they possess such properties.

A generalized tool that is capable of simulating any scene and at
the same time complies with all these properties does not currently
exist. Instead, it may be more convenient to focus on developing a tool
tailored to specific scenarios, so as to relax some hard requirements
that would be impossible to comply with in an all-purpose solution.
With this in mind, this article proposes an efficient solution for spectral
renderings of spherical and quasi-spherical bodies, including ellipsoids
or irregular surface bodies, yet maintaining radiometric consistency
and correspondence of physical quantities. The scenario of viability for
such a solution is the imaging at far to mid-range distances, with a
single light source and a single object in the scene. This is typically the
case for the images taken by a probe visiting a celestial body.

The article will depict techniques based on smart bounding, sam-
pling, and pruning of the discretization points, which enable relatively
fast and precise computations. Moreover, the paper will show how dif-
ferent reflection models can be used and mixed together, as well as how
the local radiometric and geometric parameters can be interpolated
from texture maps. Finally, the methodology will be validated with
an incremental validation pipeline to compare the synthetic imagery
against analytical ground truth and real images. It is worth noting that
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(a) Moon

(b) Earth

(c) Jupiter

(@ 1Io

(e) Enceladus

(f) Mars

Fig. 1. Example images of planets and moons rendered with this methodology.

the validation is an important step often not disclosed in state-of-the-art
works.

An implementation of the proposed methodology in MATLARB is left
available as an open-access CPU-based application® for interested users
and developers. The tool is flexible and easily adaptable to existing
simulation architectures, thanks to an intuitive interface and simple
configuration of input files. It is worth noting that the tool can also be
used to cross-validate existing render engines, owing to its successful
validation against real images.

To appeal to the reader’s interest, we leave in Fig. 1 some examples
of planets and moons across the solar system synthetically generated
with this technique, before entering the technical discussion.

The article is structured as follows. A brief overview of the available
rendering tools and methods within the space imaging field has been
given in this chapter. The rendering problem is articulated math-
ematically in Section 2, while the key contributions of this work
are highlighted in Section 3. A high-level solution to the problem is
provided in the first part of Section 4, with implementation details
and low-level techniques in the subsections that follow. Then, the
methodology is thoroughly validated in Section 5. Finally, results,
benchmarking, and applications are reported in Section 6 before the
concluding remarks of Section 7.

2. Problem formulation

This article addresses a problem that intersects the fields of radiome-
try and computer graphics. This problem was first presented in the form
of the rendering equation by Kajiya [37], which basically expresses the
equilibrium of energy incident to and reflected from a surface. Since
then, several rendering techniques were proposed that attempted to
solve this equation.

In this section, a general formulation of the problem is first pre-
sented to compute the signal S in electrons per second collected

9 https://github.com/andrepiz/abram.
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Table 2
Radiometry nomenclature.

Name Symbol Unit of measure
Radiance L Wsr~! m™2
Intensity I Wsr!

Exitance M Wm2

Flux density F Wm2
Irradiance E Wm—2

Power P w

Projected solid angle Q ST

Solid angle @ ST

by a camera that is observing a generic surface lit by a collimated
light source. Then, the problem of merging all the contributions from
multiple surfaces into a discrete — albeit coherent — pixel array is shown.

The nomenclature used for the radiometry quantities follows the
Nicodemus standard [38], with the only difference of using P as label
for the power to distinct from &, which refers to the generic longitude
coordinate. The nomenclature is summarized in Table 2.

The radiance is defined as the intensity per unit projected area [39]:

I

" cos(9)dA
where 0 is the angle of the light ray with respect to the normal of the
surface A and [ is the light intensity. Radiance is conserved for ideal
optical systems.

M, F and E have the same unit of measure, but they express
different quantities. The exitance is related to the light emitted by a
surface and is obtained by integrating the radiance across the solid
angle of emission. For a Lambertian point emitter, M = zL applies
as a result of spherical integration across a hemisphere [39]. Then,
while the flux density is the power passing through a unit area, the
irradiance is related to the light received by a surface with an arbitrary
orientation. This implies that E = F cos6. If the surface normal is
parallel to the light direction, the irradiance is equal to the flux density.

@
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Fig. 2. Light interaction in Object-fixed frame (O).

All the defined quantities have spectral counterparts, meaning they
can be defined per unit wavelength. The spectral quantity is labeled
with a A subscript. The bolometric quantity is obtained by integrating
the spectral quantity over the desired bandwidth.

Now consider a camera observing a generic surface A illuminated by
a collimated light source of spectral flux density F,, as shown in Fig. 2.
The BRDF links the radiance reflected by an object with its irradiance.
In the most general case, it is a function of wavelength, co-elevation
(), and azimuth (¢) angles of incidence and reflection with respect to
the normal:

L’
fH4.0,.0,.¢i.¢,) = (2)

Combining Egs. (1) and (2), the spectral power P, collected by the
optical head can be expressed as the integral of the reflected spectral
intensity over the projected spherical angle ©:

PA4=/! 1., dQ:Q,/ALMcosH,dA=Q,/Af,EA cos6,dA

=Q,F, / f,cos6; cos §,dA 3
A

Namely, 2, = w,cose, being ¢ the off-point angle of the camera
boresight with respect to the camera-to-object direction and w, the
spherical angle in the reflection direction. For small and regular sur-
faces, the two can be assumed constant throughout A and taken out of
the integral.

Eq. (3) has to be solved for each surface present in the scene. The
more regular the surface, the easier the integral is to solve. It is worth
noting that the surface can be a simple primitive (e.g., triangle, square)
that is part of a larger mesh modeling an irregular body.

Finally, the signal collected by the camera, expressed in electrons
per second, is given by

A
S= E, T, — P,dA
./AAQA Ahcﬂ

considering the lenses’ Transmittance (T) and the detector’s Quantum
Efficiency (QE). While T reduces the number of photons arriving at
the detector due to impurities and filters, QE converts photons into
electrons at detector level with a given spectral efficiency. Note that
the conversion factor (i.e., the power of a photon) is used to
transform radiant power into photon flux before the integration. This
step is necessary as the energy carried by a photon is a function of its
wavelength.

G
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Regardless of the number or shape of the surfaces, the problem of
image formation arises. The camera frame is represented as a discrete
pixel grid where each pixel collects the signal only from the part of
the scene that it sees. This does not always (almost never) coincide
with a uniform and easy-to-integrate surface. To tackle this problem,
several computer graphics techniques have been proposed in the past
years [40]. Two of the most popular are depicted in Fig. 3.

In ray-tracing [41], one or more rays are back-projected from each
camera pixel, and their intersections with the bodies in the scene are
computed. At each intersection point, a shadow ray is cast towards
the known light emitters. If the light is hit, the point is valid, and
the associated radiometric quantities can be computed. Usually, the
BRDF function is simply evaluated at the point, instead of integrating
it over the surface, so this method approximates the integral. The most
basic and first version of ray-tracing was ray-casting [42], where the ray
bounced only once back to the light source. A more advanced version
is instead represented by path-tracing [43,44], where multiple rays are
scattered back from the surface with a distribution that follows the
one dictated by the BRDF, and they can bounce multiple times against
other elements in the scene. This enables capturing soft shadows at the
cost of lower frame rates. In fact, the computational time of ray-tracing
techniques scales with the number of pixels but also with the number
of bounces.

In rasterization [45], each primitive is projected onto the pixel array,
and the energy carried by each primitive is spread over the pixels
intersected by the projected shape. This allows computing the integral
in Eq. (3) over the primitive shape instead of approximating at a single
or multiple points as done in ray-tracing. This formulation scales with
the number of primitives and is in general faster than ray tracing.
The technique enables the rendering of occlusions using depth buffer
maps [46], but it is complex to simulate the effects of multiple lights,
reflections, and shadows.

In this article the imaging of planets and moons is considered. In
most cases, these are quasi-spherical bodies mainly illuminated by a
single source of light, placed at a far distance. Moreover, the BRDF
that describes the reflection of celestial bodies is often approximated
with simplified analytical models due to the lack of observational data.
These considerations ease the resolution of the integral in Eq. (3).
Thanks to spherical geometry considerations, a rendering technique can
be devised to better manage computational resources while returning
accurate renderings without any strong approximations.
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Fig. 3. Visualization of the ray-tracing (left) and rasterization (middle) concepts compared to our approach (right).

3. Contributions

This article brings three main contributions to the field of
physically-based rendering applied to the space environment.

Physically-based rendering methodology. A novel rendering methodology
is proposed that exploits the specific application’s environment (quasi-
spherical bodies, single light source, far distances, scarce data) to
simplify the complexities involved in conventional rendering pipelines.
Most importantly, it is ensured that radiometric consistency and phys-
ical correspondence are preserved by drafting the rendering equations
from first principles of radiometry and ensuring energy conservation
along the whole process. This is a fundamental requirement for carrying
out camera design studies or using radiometrically-calibrated optical
stimulators, as non-exhaustive examples.

Efficient computer graphics techniques. Smart sampling, geometry-aware
pruning and energy-conserving gridding techniques enable computa-
tional efficiency and numerical accuracy while avoiding image arti-
facts. These features ensure the pipeline remains competitive with re-
spect to currently available tools and can be run on common hardware
resources.

Comprehensive multi-scale validation. A three-fold validation is con-
ducted using phase laws, analytical models and real images, to validate
the methodology at different metrics and scales, both globally (sphere-
integrated) and locally (pixel-wise). This validation fills a common gap
in similar works and can serve as a reference for users interested in
validating their own rendering application.

4. Methods

This section begins with a high-level overview of the methodol-
ogy, followed by detailed algorithms and techniques in subsequent
subsections. Readers familiar with computer graphics problems may
skim those parts and focus only on the first subsection. Nevertheless,
since they also present contributions by proposing tailored solutions to
these problems for the scenario of interest, readers new to the field or
interested in implementation specifics are encouraged to explore the
full details there.

4.1. Rendering methodology

Our approach lies in the middle of a rasterization and ray-tracing
algorithms, and it is based on five main steps:

1. Discretization and sampling of the visible surface of the body
with longitude-latitude quadrangles.

2. Pruning of non-contributing points through assessment of ob-
servability, illumination and occlusion conditions.

3. Generation of a 3D point cloud through integration of the ra-
diometry in spherical coordinates.

435

4. Projection, distortion and direct gridding of the point cloud
values into the discrete pixel array.
5. Application of noises and image generation.

Within the discussion of the procedure, the four frames depicted in
Fig. 4 are used:

» Body Fixed Frame (B). This frame has the origin at the center of
the target body. The X axis passes through the equator, whereas
the Z, axis points to the north pole and the Y, axis completes
the frame. This frame is where texture maps of the bodies are
defined: the point at zero longitude and latitude coordinates is
the intersection of X, with the equator.

Camera Frame (C). The origin of this frame is at the camera
location. The Z axis is aligned with the camera boresight, while
Xc and Y. axes define the horizontal and vertical coordinates
pointing respectively to the right and downward with respect to
the pixel array.

Camera-Sun Frame (CSF). This frame is centered on the target
body, with the X ¢, axis aligned with the Sun direction and
the Z¢p axis perpendicular to the plane identified by the Sun
and camera directions. The Y. ¢ axis completes the right-handed
frame.

Object-Fixed Frame (O). This is a local frame placed on a generic
point of the body surface, whose Z,, axis is aligned with the local
normal, X, points the local south direction, and Y,, completes the
frame.

The source of light for the scenario of interest is the Sun, which can
be assumed to be a point-wise Lambertian emitter [39], i.e. M =z L,
with a black body spectrum. This implies that the spectral radiant flux

density arriving at a point located at a distance d,, is given by:
47TR§M" ASMV! L (5)
i= A= ek
4 T dSZMI‘l d?ll'l
where A, is the frontal area of the sun and L,, is the emitted spectral

radiance of a black body as given by:

2hc? 1
L, = i‘; —

e Akp T _ 1

By using the values for Earth and Sun (i.e., T = 5782K, d,,, = 1 AU,
and R, = 6.95 x 108m) and integrating over the entire spectrum,
Eq. (5) returns the well-known solar flux density at Earth of about
F=1373Wm™.

The projected spherical angle that the pupil area of the camera 4.,
subdues to a point placed at distance d,,, is given by [39]:

(6)

cam

A cos
Q= S @
dcam
At this point, Egs. (5) and (7) are substituted into Eq. (3):
cos e
Py=L. Ay Acam/ > fr(4,0,,0,,d;,¢,)cos 0, cos 6, dA ®
A dsundcum
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Fig. 4. Definition of the reference frames adopted in the discussion. The
symbols § and ¢ label the directions of the Sun and the camera, respectively.
The B frame is defined by the body’s longitude-latitude coordinate system,
whereas the CSF frame depends on the relative camera-Sun geometry. The O
frame represents a generic surface patch on the body and is aligned with the
local surface normal. The frame C is aligned to the camera boresight and to
the pixel array horizontal and vertical directions.

which can be integrated over the desired bandwidth A4:

P= A:un Acam/
A

where the geometry-dependent contribution is separated from the
spectral-dependent one by introducing the Power-to-Radiance (P/L).
This coefficient only depends on the relative geometry between light,
surface, and camera. It is measured in srm?, and it can be seen as
the fraction of emitted radiance that is converted to collected power.
The separation of the (P/L) term assumes spectral independence of the
BRDF across each waveband 44, which is a valid assumption consider-
ing that the reflection properties of celestial bodies are usually available
at restricted wavelengths [47-50]. Even for well-known objects such as
the Moon, where a standard model is available (see Sato et al. [51]),
the maps of the spectral-dependent parameters are provided at separate
bandwidths.

Substituting Eq. (8) into Eq. (4), the signal .S in electrons per second
follows a similar formulation:

Wf,(ei,er,qﬁ,-,qb,)cos 0;cos6,.dA /M L,,dA (9)

sun~ cam

(P/L)

S =(/L) / QEM) T - L, dA (10)
A he

The spectral integral that multiplies the (P/L) coefficient in Egs.
(9) and (10) is a scaling factor for the total amount of light the sensor
perceives, regardless of the surface shape. It has spectral dependency,
as for each waveband, the fraction of incoming light and collected light
is different depending on the black body emission, camera detector, and
optics response.

Let us first analyze how (P/L) can be computed for a sphere and
assuming the Sun and the camera placed at far distances. Within these
approximations, ¢, d,,, and d,,, can be approximated constant and
taken out of the integration. Considering a sphere, the surface integral
can be rewritten as function of the phase angle @, parametrizing the
BRDF by the longitude & and colatitude © angles referred to the CSF
frame, as detailed in Lester et al. [52]. By definition of this frame, the
terminator lies at @ = z/2, whilst the lit limb at @ = a — z/2 (see Fig.
5). The colatitude spans 0 to z. Considering these integration limits,
the (P/L) coefficient is computed as:

Cos €
Agun Acam FEE

suncam

(P/L)= RZ/? /” £,(®,0)sin® O cos(®) cos(a — B)dOdD an
a2 Jo

pg (@)
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Zcsr

Yesr

TO OBSERVER

Fig. 5. Integration of radiometry in Camera Sun Frame. Instead of integrating
across the entire illuminated sphere domain, in our approach the integration is
split into smaller quadrangles defined by longitude and colatitude boundaries.
Source: Picture modified from [52].

Refer to Lester et al. [52] for the transformations involved in the
integral. The so-called phase law ¥(a), scaled by the geometric albedo
P> condenses the full spherical integral into a simple scalar function
and enables the computation of the integrated signal as if it was all
collected by a single pixel.

This formulation lacks generality for extended bodies, i.e., those
that project to more than 1 pixel in the image frame. In this case,
the integral could be split for each surface j = 1,..., N belonging
to the body. The main idea behind this article is to use discretized
longitude-latitude sectors, also known as quadrangles, to evaluate the
(P/L) contribution from each sector separately and fast, albeit ensuring
radiometric fidelity:

cos€;
(P/L)j = Asun AcamW

sun; ~cam;

X R? £, (®,0)sin’ @ cos(®) cos(a — P)dOdD 12)
P Jaw, Jao, "
J J

Fy (0@ 0,0, 40;.46))

where 4®; and 46, are the quadrangle longitude and colatitude bound-
aries and F,, denotes the local BRDF integral.

Eq. (12) can be used to generate an array of values that express
the fraction of total collected light for which each quadrangle on the
sphere is responsible. The transformation of the integrated quadrangle
values from the scene 3D domain to the image 2D domain is then
accomplished using Direct Gridding, as it will be explained later.

The motivation behind such a discretized formulation is fourfold:

1. The aforementioned assumptions of far distances can be relaxed
as the true values of ¢, d_,,, and d,,, can be computed for each
quadrangle. This allows for a correct rendering at closer range
distances and off-nadir boresight pointing.

. Point-wise values for the radius R;, albedo p; and incidence/
reflection angles 6;, and 6,, can be used. These can be in-
terpolated or computed from user-provided texture maps of
displacement, albedo, and normal maps, respectively.

. The CSF frame is ideal to avoid singularities and artifacts that
may occur when imaging polar regions since the camera will



A. Pigzetti et al.

Acta Astronautica 245 (2026) 430-460

Bounding Sampling Texture Pruning
Interpolation
@i, Prax Y
mins Mmax
fA<1>,AA
Image . o .
Direct jecti Point Cloud
Generation Jae San irect Gridding Projection " oint Clouc
DNuw.ax (P/L)uw (P/L);,uj,v; (P/L);, 5§

Fig. 6. Flowchart of the rendering methodology.

always lie in the XY plane. This also enables coherent sampling
and bounding of the imaged region.

. The spherical geometry favors the integration in contrast to
more complex primitive shapes. In fact, for simple BRDFs an
exact analytical solution for F, exists. For more complex models,
the integral can be solved numerically or relaxed by assuming
constant values over the integration.

The finer the discretization, the more accurate the computation
will be as the properties of each quadrangle, such as its albedo or its
distance from the camera, can be assumed to be constant throughout
the local integration. It is worth noting that even if this procedure
requires the generation of a large number of discretization points, many
of these can be pruned away before integration thanks to geometry and
visibility reasons.

The overall procedure is shown in Fig. 6. Firstly, the sampling
limits of the sphere are found, and the surface defined by such limits
is discretized with j 1,..., N quadrangles defined by their longi-
tude and latitude boundaries @; and A;. The local properties of each
quadrangle, such as albedo, displacement, and normal are extracted
and/or interpolated from textures when available. Then, points that
do not respect visibility constraints are pruned away. At this stage,
the array of (P/L); values is computed by integrating Eq. (12) across
each quadrangle. The quadrangle midpoint location ch is saved as well,
obtaining a 3D point cloud, where the value of each point embeds
the radiometric contribution of that quadrangle. Afterwards, the points
are converted to image plane coordinates to apply distortions — if any
- and then projected through the intrinsic camera matrix K to pixel
coordinates u; and v;. The corresponding (P/L); values are binned
through Direct Gridding to obtain a 2D matrix (P/L),, where each
element represents the value collected in a single pixel. The matrix is
then converted with Eq. (10) to the signal .S collected by each pixel
at that waveband. Finally, noises and detector effects are applied, and
the processed signal is integrated in time and quantized to obtain the
image in Digital Number (DN).
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For every step in the procedure, several methods and techniques
have been developed to avoid generating artifacts in the final image
and simultaneously reduce the computational burden. These will now
be addressed separately in more detail.

4.2. Bounding of longitude and latitude domains

The bounding step is carried out to define the sampling limits, thus
avoiding considering those quadrangles that fall outside the camera
FOV. This is equivalent to the frustum culling functionality in common
render engines. Pre-running this algorithm before the rendering greatly
reduces the computational time as points are sampled only from a
portion of the sphere, specifically within the [®,,,.®,,..] longitude
limits and the [A,,,, A,,,,] latitude limits.

To this aim, an efficient FOV intersection algorithm tailored for
spheres was developed from scratch. In general, the FOV can be
frustum-shaped or cone-shaped. The core of the algorithm is based on
an iterative sampling of the FOV perimeter and an intersection check of
each LoS belonging to the perimeter with a perfect sphere.

Firstly, a set of Lines Of Sight (LoSes) is sampled at coarse steps from
the perimeter, and their intersections with the sphere are computed. At
each iteration, the intersection points are transformed to longitude and
latitude coordinates in the CSF frame, and their maximum values are
saved. Then, in the following iteration, the number of points used to
sample the FOV perimeter is increased. If the resulting longitude/lati-
tude boundaries do not change over a certain tolerance, the process is
stopped. Otherwise, another iteration is carried out.

Fig. 7 shows different solutions depending on the camera relative
pose. The red points represent the intersections of the FOV perimeter,
the blue points the computed longitude/latitude limits, while the green
points the tangency circle. The tangency circle is defined as the locus
of points that lie on the surface of the sphere whose points’ directions
towards the camera and towards the center of the sphere form an angle
of 90 deg.

The solutions returned by the algorithm can be classified into three
main cases:



A. Pizzetti et al.

(a) All intersecting (b) Missing intersections

(¢) No intersections, in FOV
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(d) No intersections, out FOV

Fig. 7. Intersection of a frustum-shaped FOV at different poses. The peripheral directions of the frustum may intersect the sphere in zero or multiple points.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1. All the LoSes intersect the sphere, as in Fig. 7(a). This means
that the background is not imaged by the camera, and bound-
aries are well defined. This is often the case for nadir-pointing
close-range scenarios.

. One or more LoSes are not intersecting the sphere, as in
Fig. 7(b). This means that part of the background is imaged by
the camera, such as during mid-range and off-nadir close-range
scenarios. Nevertheless, to obtain meaningful boundaries, the
missing intersection points are substituted with the points that
belong to the tangency circle.

. No LoSes intersect the sphere. This means that either the entire
target is contained in the FOV, as in Fig. 7(c), or the target is not
visible at all, as in Fig. 7(d). This often occurs in far-to-mid range
scenarios. To distinguish between the two cases, the following is
checked: if the maximum angle spanned by the LoS projected
on a common plane is lower than the angle to the body limb, it
means the target is completely outside. To clarify this, refer to
Fig. 8.

The normal to the plane identified by the boresight direction and
the camera-to-target direction is found:

a=bnr-¢ @13)
Then, each LoS direction d is projected onto this plane:
d,,=d-(h-d)h a4

The angles of these vectors with respect to the camera boresight
b are evaluated:

6105 = arccos(h - fipmj) (15)

as well as the angle of the body direction (—¢) with respect to
the boresight:

Bpody = arccos(b - —¢&) (16)

The half angular size of the target is:

&= arcsin( R ) an
dcam

Hence, the limb angle is equal to:

Slimb = Obody — & a1s)

To have the body completely outside the FOV, the maximum
angle spanned by the LoSes must be smaller than limb angle:

max (8r0s) < Simb (19)

If this condition is true, the rendering returns a black image as no
points belonging to the body are visible. Otherwise, the tangency
angles are used as longitude/latitude boundaries.

The bounding algorithm fails to return a meaningful solution when
the observer is positioned away from the XY plane — for example,
when looking from above at the polar regions of the sphere. However,
this is not an issue since the camera will always lie in the XY plane per
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Fig. 8. When no LoSes intersect the sphere, the FOV intersection algorithm
compares the body angular size &, the angle §,,,, from the boresight to the
center of the body and the angle 6,,¢ spanned by each projected LoS.

construction, as the CSF frame is used. Therefore, the limits will always
be found regardless of the camera’s pose in the actual body-fixed frame
B.

4.3. Sampling of quadrangles

Sampling is necessary to define the position of each quadrangle in
the scene and its integration limits. Sampling is done in the CSF frame
in the longitude and latitude domains separately.

An ad-hoc projected-uniform sampling technique has been developed
to address the issue of classical uniform sampling, where points after
projection are concentrated much more at the limbs. The idea is to have
a sampling of points such that their projection on a plane perpendicular
to the camera-to-target direction is spread uniformly.

A comparison of a classical uniform sampling against the projected-
uniform sampling is depicted in Fig. 9 for an off-nadir close-range
pose, showing a more homogeneous distribution of points for the latter
method.

This kind of sampling enhances the fidelity in those regions that
occupy a larger space in the pixel array, but using the same number
of points as a classical uniform sampling. It is also beneficial in di-
minishing the artifacts and improve the frame rate, especially in those
scenarios that are computationally expensive due to the large number
of points to process.

To understand how projected-uniform sampling is accomplished,
consider Fig. 10. A view of the XY plane of the CSF frame is shown,
with the Z axis exiting the page.

Considering a total of N, longitude points, the goal is to sample @,
for k = 1,..., N4 so that the interval projected by [®,, @, ] is constant.
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Fig. 9. A projected-uniform sampling ensures a more homogeneous distribution of points on the pixel array.
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Fig. 10. Projected-uniform sampling iteratively finds the angle step A®, such
that the projection of the arc spanned by that angle is a constant value A.

From trigonometric considerations, the interval 4 is given by:
Tk

. [ AD A,
h =2 sin cos <I>k+T—a

The full span H = h N4 can be computed by plugging the known
limits [®,,;,, @,,,,] in the same formula:

(20)

(0] -Q,; (] -P, .
H =2 sin < e 5 m”') cos <d5m,-,, + 3 - a) 21
Sampling is then carried out by solving iteratively the implicit
equation:
[ 4D, AD, H
2 X D, + —— — —— =0 22
sin ( ) cos ( P ) a> Ng (22)

starting from @, = @,,,. At each step, the angle step A®, and the
sample @, | = @, + Ad, for the following iteration are found, for each
point k up to Ng. The same scheme can also be used to sample the
latitude points by setting the phase angle to zero.

Considering a total number of quadrangles N, the number of sam-
ples in the longitude and latitude domains are given by:

N

1+cosa

N
A (23)

_ 1+cosa
Ny =Ny——

The two numbers are different due to the phase angle, which reduces
the number of longitude samples with respect to the latitude ones. The
coefficient used to scale down the number of samples is the fraction of
illuminated disk area, which is given by w Note that the latitude
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domain limits are not affected by the phase angle since the sampling is
done in the CSF frame.

After sampling longitude and latitude points separately, the coor-
dinates of each quadrangle are obtained by creating a mesh grid from
the two coordinate vectors, then turning the grid into a vector. An array
of longitude/latitude pairs (@, A); is obtained, which fully defines the
boundaries of each quadrangle, given by:

(@;,4))

0= (@j41-4))
(@15 4541)

(@, A1)

(24)

The properties of the quadrangle, such as its position, normal and
directions with respect to sun and camera have to be evaluated at a
single point. The quadrangle midpoint is chosen as reference coordinate
point:

Aj+A

2

D+,
TR

((5,/?)]:( j“) for j=1,...,N (25)

4.4. Texture interpolation

As mentioned earlier, texture maps can be included in the rendering,
when available, to increase the fidelity.

These maps are usually defined in the longitude and latitude co-
ordinates of the body-fixed frame B, so they must be interpolated
after rotating the coordinates originally sampled in CSF. In general,
by calling F the gridded 2D interpolant function of a texture map, the
following steps can be used to retrieve the texture value:

1. Convert the quadrangle location in CSF from spherical coordi-

nates [R, @;, A;] to cartesian coordinates rI.CS F

. Rotate the vector in the B frame using the Direction Cosine
Matrix (DCM) r? = Acspop r§°"
. Convert the vector rf back to spherical coordinates [R, ¢ s i ;1

4. Evaluate the gridded interpolant at the corresponding longitude
and latitude coordinates (-); = F(¢;, ;)

Note that in this way any region of the planet can be rendered,
setting the correct orientation between the two frames. For instance,
the south pole can be rendered by placing the observer at « = 90deg
and rotating the B frame so that that region coincides with the CSF
horizon, as shown with some rendering examples later in Section 6.

Three types of textures are considered, each one with different
dependencies on the output:

+ Albedo. The albedo map returns the local albedo p; = F,(¢;. 1)
at each point. An example of rendering considering only the
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(a) Albedo map

(c) Normal Local Map (NLM)

(b) Digital Elevation Map (DEM)

(d) Normal Body Map (NBM)

Fig. 11. Examples of texture maps of the Moon. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

albedo map is provided in Fig. 12(a). The local albedo only
affects the radiometry as it changes the values of each (P/L);
through fr

Displacement. The Digital Elevation Map (DEM) returns the local
displacement D; = Fp(¢;, 1;) at each point, which is summed to
the mean planet radius to obtain the local radius R; = R+ D;. An
example of rendering considering albedo and displacement maps
is provided in Fig. 12(b). The local radius affects both geometry
and radiometry as it changes the values of each (P/L); and each
rj.
Normal. The normal map returns the local normal 7 ;= Fald s p) )
at each point, which in turn changes the reflection and incidence
angles 0, and 6,. Since it outputs a vector, it also has to carry the
information on its frame of definition. We then define a Normal
Local Map (NLM) when the frame is the local frame O and a
Normal Body Map (NBM) when the frame is the body-fixed B. To
visualize the normal map, each component of the normal vector
can be encoded in the three channels of a RGB picture. For a NLM,
the texture resembles Fig. 11(c), where the color is predominant
on the blue channel as most of the normals are closely aligned to
the upward direction Z of the O frame. On the other hand, the
NBM has a rainbow pattern along the horizon as the direction of
the normal rotates around the equatorial plane. The Moon NBM
is shown in Fig. 11(d). At the north pole, the O and B frames are
aligned and so the color as well. On the problem at hand, it is
more efficient to provide the normal map already expressed in B
frame to skip the frame transformation from the O frame to the
B one. An example of rendering considering albedo, displacement
and normal maps is provided in Fig. 12(c). The local normal only
affects the radiometry as it changes the values of each (P/L);
through F,.

Albedo and displacement texture maps are often released open-
source by scientific teams and can be retrieved from different sources.
Normal maps are more difficult to find, despite their importance in
increasing the fidelity of the shadows. As a by-product of the proposed
methodology, several normal maps were obtained [53] by processing
the displacement maps with an algorithm that computed the mean of
the normals of neighboring triangle facets for each pixel.
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The closer the range, the higher the resolution of the texture map
that is required to capture small-scale features and avoid the ap-
pearance of artifacts correlated to the discrete nature of the texture
grid itself. However, this requirement puts some constraints on the
hardware to dedicate for the rendering, as with high-resolution maps
the memory gets filled up quickly. Future works involve the develop-
ment of map cropping or clip-mapping techniques to allow close-range
renderings on common hardware resources [54-56].

4.5. Pruning of inactive points

Before proceeding with the integration, it is convenient to prune all
the points that do not contribute to the energy content of the scene. To
this aim, the following conditions are evaluated:

1. FOV. Only those points that fall inside the FOV are retained,
i.e., the bearing angle of each point has to be lower than the
half-FOV. This is expressed by:

B = arccos(ff]) < %/ (26)
for a cone-shaped FOV, or by:

"] Fov, #.] Fov,
ﬁuj = arctan < < 2 A ﬂuj = arctan| —= < - 27)

Zj

for a frustum-shaped FOV, where #¢ = A, _#, and FOV, and
FOV, are the angular sizes of the FOV in the horizontal and
vertical directions respectively.
Note that this step is not equivalent to the bounding explained
in Section 4.2, which only provided the longitude and latitude
sampling limits. Points inside these limits may still be outside
the FOV.

. Observability. For the point to be observable, the reflection
angle, i.e., the angle between the local normal # and the camera
direction, must be lower than 90 deg. Namely:

G,j = aIccos(ﬁj . éj) < 90deg (28)
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(a) Albedo

(b) Albedo and Displacement

(c) Albedo, Displacement and Normal

Fig. 12. Moon limb with increasing level of fidelity.

where the local camera direction is given by:

r,—r;

&= —— (29)
lIre—r,1

where r, and r; are the camera and quadrangle position respec-

tively.

3. Illumination. For the point to be lit, the incidence angle, i.e., the
angle between the local normal 7 and the Sun direction, must be
lower than 90 deg. Namely:
t9,~j = arccos(fi; - §;) < 90deg (30)
where the local Sun direction is given by:

o rs—T;

S=wr = (31)
sl

where r; and r; are the Sun and quadrangle position respec-

tively.

4. Occlusion. When the displacement map is used, some points

may not contribute to the image content due to self-shadowing
caused by local surface morphology (e.g., craters, elevation
changes, ...). To check this condition, a ray intersection algo-
rithm is proposed as shown in Fig. 13(a).

The main idea is to check that the height of the ray H;; from tlAle
sphere surface is always positive along the ray path direction d;.
For every point k = 1,..., N, sampled along thiz ray originating
at the quadrangle location r; with direction d;, the following
condition must be verified:

B
r.
~B car2sph Jjk
rszr}g+djdk _— ik
Ajk
= Ry =R+Fp(djr A1)
- Hy=rj—Ry;>0 (32)

where r;, is the position of the ray sample k that started at the
quadrangle j and d, is the ray sample distance. Note that the
ray distances d, can be sampled uniformly, log-spaced, or with
ray-marching techniques [57].

A point can be occluded because its rays cannot reach either
the Sun or the camera. For this reason, the occlusion check has
to be done twice, setting the ray path first directed towards
the Sun and then towards the camera. Thanks to the sphere
curvature, it is possible to restrict the occlusion check only
to those quadrangles that belong to the terminator and limb
regions, provided there are no too large displacement shifts.
The longitude extensions @,,,, of these regions can be found by
considering the worst-case scenario of having the deepest point
exactly at the terminator/limb region and the highest point at
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the last intersection of the ray, as depicted in Fig. 13(b):
R + min(Fp) )

R + max(Fp)
The occlusion check is therefore performed using the Sun di-
rection for all the quadrangles that belong to the terminator
region, i.e. whose longitude in the CSF frame is between z/2 —
@,,,, and 7/2 + @,,,,, and using the camera direction for all
the quadrangles that belong to the limb region, i.e. between

a—-rn/2-D,,,anda—n/2+ D

Dy = ArCCOS < (33)

span span*

For better clarity, the boolean masks corresponding to each one of
the afore-mentioned conditions are depicted in Fig. 14, together with
the overall mask of the active points obtained as the intersection of
these boolean masks. The masks cover the sampled space of longitude
and latitude coordinates: points outside the red box have been excluded
from the sampling because of the initial bounding algorithm.

4.6. Integration and point cloud generation

Once all the energy-contributing quadrangles have been identified,
the integration of the corresponding BRDF is carried out to obtain
the 3D point cloud of (P/L); values. This step is similar to the task
performed by fragment shaders in modern rendering pipelines [58]:
determining the final color of a fragment based on material proper-
ties, light interaction, and viewing direction. While in ray-tracing the
fragment is the pixel itself, in this case the fragment is a quadrangle
condensed into a point of the cloud.

The BRDF integral term F, in Eq. (12) can be computed with three
methods of integration:

1. With the integral method, the following equation is solved:
O +AD; 0,+40;
F,/ = / / f,j (D,0) sin® O cos(®) cos(a — P)dOdD
@ 9;

(34

either exactly, when the analytical solution for the integral is
available, or otherwise performing adaptive quadrature integra-
tion. Note that the latitude coordinate A where the quadrangles
are defined must be converted to colatitude © before integration.
As an example for an exact integral solution, the Lambert reflec-
tion model, whose BRDF is given by f, = py /7, allows to solve
the integral exactly and write it as a function of its integration
limits:

PN

F,

r

J

% (2(0)) - 8(©; + 46))) (m(®; + 4D}, a) — m(P;, a))

(35)
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7

(b) Definition of limb and terminator regions

(a) Intersection algorithm

Fig. 13. The occlusion algorithm verifies whether a ray sampled from the quadrangle can reach the camera and the light by evaluating the local elevation along
its path at different sample distances. The occlusion check is performed only on quadrangles belonging to the limb and terminator regions.
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Fig. 14. Pruning of the inactive points on a sphere. The sampled domain is represented by the red longitude-latitude rectangle. Points that satisfy the condition
are colored in yellow. A point is considered active, and therefore survives the pruning, if it satisfies all four conditions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

where:
£(0) = cos(30) —9cos(O)

(36)
m(®, a) = sin(a — 2®) — 2@ cos(a)

and py is the Normal albedo.

. The trapezoidal method performs a numerical integration via
the trapezoidal rule across the quadrangle boundaries at the
specified integration points. The number of integration points
can be chosen adaptively depending on the angle spanned by
the quadrangle. This method is a trade-off between accuracy
and rendering time, as shown in Fig. 15. The integration error
and the integration time reduction with respect to the integral
method are reported for different BRDF considering a quadran-
gle spanning 2 degrees with an increasing number of integration
points. An empirically derived rule of thumb is to set at least 5
integration points per degree spanned along the sphere surface.
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Following this rule, we obtain integration times between 0.02%
and 0.1% with respect to the integral method for the most
complex BRDF, with only a decrease in accuracy lower than
0.1%.

. The pointwise method evaluates the BRDF at the quadrangle

midpoint - similarly to a ray-tracer — and multiplies the result
by the unit-less quadrangle area to approximate the integral:

F, =1,,0.0,.0;.¢,)cos0; cosd, A; 37
where:
A; = A®; (sin(A; + AA;)) —sin (A))) (38)

If the points are sampled very fine, the point-wise integration
accuracy increases while maintaining better performance than
the previous methods. Therefore, when the random-access mem-
ory is large enough to store all the data points, this method



A. Pigzetti et al.

10% ¢
| Lommel
Area
——— Specular
— Phong
X 100 L Oren
o Hapke
&
=
3
-
20
= 1072¢
=
104 . . . .
0 10 20 30 40

Integration points [#]

(a) Difference in the integrated value

Acta Astronautica 245 (2026) 430-460

1 A A A
v W Lomumel ¢*
Area
——— Specular
x Phong
- Oren
QE) 107} Hapke
=
:
=
-
107t
T
—_
102 /\/\/J ‘ ‘ |
0 10 20 30 40

Integration Points [#]

(b) Integration time reduction

Fig. 15. Evaluation of accuracy and performance of the trapezoidal method with respect to the integral method for different reflection models. Accuracy is
quantified as the absolute difference between the integral solved via the trapezoidal rule and the one solved analytically or with adaptive quadrature. Performance
is represented by the lower computation time that is obtained when using this approximation.

CECICE

(a) Lambert (b) Area (c) Lommel-Seeliger
(d) Phong (e) Oren (f) Hapke

Fig. 16. Comparison of different BRDF for a sphere with constant albedo and phase angle of 60 deg. The parameters used in the Phong, Oren, and Hapke models

were chosen arbitrarily.

is preferable due to its speed, especially when using complex
BRDF.

The BRDF function and its parameters are inherently linked with
the surface properties of the body and how it interacts with light.
Consequently, different BRDF models shall be used depending on the
body that is observed. Rendering examples of different BRDFs for a
texture-less sphere are shown in Fig. 16 for the sake of completeness.

The Lambert model assumes light reflected isotropically, so that it
depends only on the incidence angle. Conversely, the energy reflected
with the Area model is independent of both the incidence and reflection
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directions. A Lambert model is commonly used as a first approximation
to model the reflection of planets with an atmosphere [59,60]. For
airless bodies with dark and diffuse surface such as asteroids, the
Lommel-Seeliger model better approximates the regolith behavior [61].
Unfortunately, it predicts a strong opposition effect, and it is based on
single scattering only. To overcome this limitation, the Hapke model
was introduced [62,63] and it has become the standard model of
reflection for the Moon and small bodies in the past years. Other
reflection models exist, such as the Oren-Nayar [64], which models
reflection of rough surfaces, and the Specular model, which is exploited
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Fig. 17. 3D point cloud of (P/L) values normalized to the maximum. Each
point of the cloud represents a quadrangle, and its value is the fraction of light
emitted by the Sun that gets collected by the camera.

to render shiny surfaces. Finally, the Phong model is obtained as a
weighted combination of Specular and Lambert models.

After each quadrangle is integrated, its (P/L); coefficient is com-
puted using Eq. (12). At this point, the 3D point cloud of quadrangle
midpoint locations ,jC and corresponding (P/L); values, shown in Fig.
17, can be projected and gridded to the pixel array.

4.7. Projection and distortion of points

At this stage, each point of the cloud is projected into the image,
applying optical distortions, if any. The distortion model is applied to
the undistorted normalized coordinates in the image plane x = r< /rC
and y = rf /r€.

An example of a commonly used model is the Brown distortion
model [65,66] which returns the distorted normalized coordinates x’
and )’ based on three radial distortion terms k,k, and k3 and two
tangential distortion terms p; and p,:

/ 2 2
[;] = (1+ k2 + kyr* + kyr®) [;C] + [2p1xy+p2 (2 +22%)

39
! pi (r2 + 2y2) +2pyxy (39

where r = y/x2 + y2. Then, the intrinsic camera matrix K is used to map
the points in the pixel array:

u f/”u s cu x,
vl= 0 fluy, cf|Y (40)
1 0 0 1 1
—_—
K

Applying distortions before the gridding allows an energy-
conserving result in the final rendered image as the energy carried by
each point is distributed to a location displaced consistently with the
optical ray paths. Conversely, applying the distortion after the gridding
would imply interpolation between pixels, leading to a lack of energy
conservation in the image generation pipeline. This can be seen in Fig.
18, where four different distortions are applied to a texture-less sphere
characterized by an area reflection model. The regions with a higher
concentration of rays are brighter than the original values as the total
energy focused on them is larger.

4.8. Direct gridding to pixel array
In this step, each value of the point cloud (P/L); is assigned to the

corresponding pixel in the image array (P/L),, at horizontal and verti-
cal coordinates u and v, respectively. When shifting from the continuous
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point cloud domain to the discrete pixel domain, care must be taken to
assign the correct intensity to the neighboring pixels. The main problem
that is encountered during this operation is the phenomenon of aliasing
and the appearance of artifacts in the final image. At the same time, the
method should be energy-conserving to ensure radiometric consistency
before and after the gridding.

The fragment shader in a typical rasterization pipeline interpolates
the values at the vertices of the primitive surface to return the value
at the center of the pixel. Conversely, in this work, the scattered data
points refer to the midpoint of the quadrangle, and the values already
embed the full radiometry contribution of that surface. In this case,
direct gridding techniques can be used as they allow binning values
from highly sampled scattered data points into a discrete grid. These
techniques have been used for the generation of DEM from LIDAR
data [67] and for image reconstruction in the remote sensing field [68].
Note that direct gridding does not interpolate data: the total sum of
the values before and after gridding remains constant, and this ensures
energy conservation.

The simplest direct gridding method is nearest-neighbor gridding,
where the value of each point is assigned to the closest pixel. Although
fast, this method gives rise to aliasing due to spherical geometry and the
discrete nature of the problem. This is confirmed by the rendering in
Fig. 20(a), which suffers from visible ringing artifacts. For this reason,
the following alternative techniques were developed:

» Weighted gridding. A novel gridding method is proposed that
splits the values of each point to the neighboring pixels according
to the percentage of quadrangle area that, once projected into
the image plane, falls into each pixel. The concept is depicted in
Fig. 19(a). The weights must be computed such that their sum
always equals 1 for energy conservation. By calling d,, and d,,
the horizontal and vertical distances of the point j from the center
of k = 1,...,N, neighboring pixels, two different weighting
algorithms are proposed:

1. Area weighting. It assumes the quadrangle projection as a
1-pixel size square centered on the point. The weights are
computed only on 4 neighboring pixels and given by the
fractions of the square area that falls on each pixel:

_ (l—duk) (l—dvk) d, <1 or d, <1

Wi .
0 otherwise

(41D

. Gaussian weighting. It assumes a Gaussian distribution
of the value centered on the point. Initial weights are
calculated by evaluating the distribution function at the
location of the neighboring pixels:

2 2
_ i+

1
Wik = 2r6?
and then normalized to the sum of all the weights to ensure
energy conservation:

e 262

(42)

wjy
NM/'
k=1 Wik

W)y = (43)
The standard deviation is chosen by default so that the 3¢
is at the edge of the window.

Once the weights to the neighboring pixels are computed for all

the points, the value at the pixel (u, v) is obtained with a weighted

conditional sum:
N,

(P/D)yp= Y, (

J
lujl=u
lvj1=v

N,

wjk(P/L)j> (44)
k=1
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(d) Vertical decenter (e) Horizontal decenter

Fig. 18. Distortion models applied to a sphere with constant albedo and an Area reflection model. Brighter or darker regions are not caused by reflection
geometry, but by the projection of the rays falling more or less concentrated than in the case without distortions.
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neighbor), the entire value would be assigned to the
pixel labeled with 5. With area weighting, the value
would be split to pixels 1, 2, 4, and 5. With Gaussian
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(b) Supersampling. The gridding is run on a virtually
increased resolution grid. Then, the upsampled matrix
is resized to the original resolution using a reconstruc-
tion filter.

Fig. 19. A Direct Gridding method is used to assign the values of scattered data points to a discrete grid. Weighted gridding enables splitting the value into the
neighboring pixels proportionally to the area that the point occupies. Super-sampling can be used to virtually increase the resolution of the grid.

where |u;] = u and |v;] = v enforce the requirement for the
points discrete coordinates u; and v; to fall inside the correspond-
ing integer pixel (u, v).

Super-sampling. Super-sampling is an anti-aliasing technique
inherited from the computer graphics field [69]. The gridding
algorithm runs on a pixel array up-sampled with a given gran-
ularity. Then, the image is resized to the correct resolution with
a reconstruction filter such as Box, Bilinear, Lanczos, or Gaussian
filters. Before resizing, the image can be convolved with an anti-
aliasing Gaussian kernel. The concept is depicted in Fig. 19(b). A
more accurate distribution of the values of each point is achieved
as the granularity increases, since we get closer to the continuous
domain. However, the higher the granularity, the larger the pixel
array to process and the RAM required.

At parity of discretization points, artifacts can be effectively re-
moved using one or more of these methods. Super-sampling has a
milder effect (see Fig. 20(b)), while weighted gridding is more effective
(see Fig. 20(c)), especially when using the Gaussian weighting method
(see Fig. 20(d)), where no artifacts are visible. It is worth noting that
both methods can be combined at the same time, depending on the
image resolution and RAM constraints.

Before the application of detector noises, optical effects such as
defocusing and aberrations caused by the finite Modulation Transfer
Function (MTF) could be applied. These effects almost always make
real images blurrier than synthetic equivalents. They are typically
modeled via Point Spread Function (PSF) convolution [70] on the final

image. Nevertheless, a Gaussian PSF may be mimicked in this step
as a first approximation by tuning the size of the window and the
standard deviation employed in the Gaussian-weighted Direct Gridding
algorithm. More complex effects have not been implemented, but can
be included either at this stage of the rendering or when post-processing
the final image, without affecting the overall pipeline.

4.9. Noise and image generation

The last step in the rendering procedure is the generation of the im-
age as an array of quantized DN values. To do so, the pixel-wise signal
in terms of electrons per second at that waveband is first computed, in
accordance with Eq. (10), using:
Suvar=P/L), / QE (1) T(4) hi L, dA (45)

Ak €

For a multi-channel image, if (P/L),, is spectral-independent, the
values in each channel can be obtained simply by computing the correct
spectral integral along the corresponding waveband, speeding up the
rendering process. Otherwise, (P/L),, has to be computed for every
waveband separately.

Before applying time integration and quantization of the signal,
the array can be processed with various sources of detector-dependant
noises, which work on the raw electron content rather than on the
quantized DN value. A non-exhaustive list of the most important ones
are herein reported:
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(a) Nearest-neighbor

(c) Area-weighted

(b) Supersampled nearest-neighbor

(d) Gaussian-weighted

Fig. 20. Rendering of the Moon using different direct gridding methods.

Photon Shot Noise. It models a random variation in the number
of photons detected during the exposure. Usually, it is modeled
by a Poisson distribution with variance equal to the number of
electrons collected in each pixel [71].

PRNU. It defines a different photo-response among the pixels and
is often modeled with a multiplication factor of the electron count
that is normally distributed around one [71].

Dark Current. It is a function of temperature and exposure time.
It has a fixed-pattern component, which may be estimated at
calibration with the generation of a master frame, and a time-
dependent one, which is again characterized by a Poisson dis-
tribution on each pixel with variance equal to the dark cur-
rent charge collected [71]. In the absence of calibration data,
the fixed-pattern component can be modeled with a Gaussian
distribution [72].

Readout Noise. It arises from various sources in the electronics
involved during the reading of the signal. It is often assumed to
have a Gaussian distribution centered on zero to model the over
and under-reading of the signal [71]. Minor effects such as flicker

and row/column noises are not treated here due to their small
influence and low understanding [71].

Motion Blur. This effect is caused by the relative motion of the
objects in the scene with respect to the camera during the inte-
gration time, which causes point light sources to create streaks in
the images and blur extended objects. This effect can be modeled
by stacking multiple renderings taken at shorter exposure times
than the original one, one frame over the other.

Blooming. This effect arises at saturation when the electron
count in a pixel overcomes the Full Well Capacity (FWC) limit.
If this happens, the electrons that are collected over this limit
may spread to the neighboring pixels, creating a sort of halo
around the saturated region and increasing the apparent size
of the imaged object. This is a highly non-linear effect, and
few sources have been found in the literature that attempted to
characterize it [4,73,74]. Sources on existing models are even
less, and restricted to unresolved objects [75].

There exist many other detector and electronic artifacts — smearing,

rolling shutter, residual images, ghosts, electromagnetic interference,
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Fig. 21. Effect of different noises on the image as additive electron masks. Shot noise and PRNU affect only charge-collecting pixels, whereas dark current and
readout noises act on the entire pixel array. Black pixels correspond to zero noise.
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Fig. 22. Validation of the methodology against phase laws at different phase angles using three reflection models. The plots show the difference between the
expected value from the phase law and the one measured from the image. The rendering would perfectly match the phase law only at infinite distance, where

the phase law assumptions are verified.

among others. Being highly camera-dependent (varying by sensor type
like CCD/CMOS, readout architecture, and shielding), they have not
been thoroughly investigated and can be treated as tailored features to
be added, if needed, to the consolidated pipeline.

The impact of several noise sources on the electron content of the
image for an example scenario is shown in Fig. 21. The noise masks
are additive, and they stack on the actual scene electron signal before
proceeding with the analog-to-digital conversion.

After application of noises, the signal is integrated in time and
capped between the zero-level and the FWC:

e, p.42 = Max (0, min <FWC, /A Su,u,A/l dt>>
1

where S is the processed signal in electrons per second after application
of the aforementioned effects.

(46)

447

The electron array is then converted to the DN values in the desired
bit depth, using the Analog-to-Digital (AD) gain and offset. Finally, the
closest unsigned-integer rounding is carried out to retrieve the quan-
tized value, and the result is capped again to the converter bit depth:

DN@Mml=nmx<oJmn(2Nws—1,[DNWX+GAD~53MA4)) (47)

The image is now available as an array of quantized values in
the desired bit depth and within the desired waveband. A multi-

spectral image can be obtained by stacking the different images on each
channel.

5. Validation

For a physically based rendering methodology, geometric and ra-
diometric validation are of the utmost importance to generate reli-
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able images for the training and testing of algorithms. The validation
pipeline of this work follows a bottom-up approach. First, ground-
truth analytical models are used to validate simplified scenarios, then
the rendering validation complexity increases up to an end-to-end
comparison against real images of the Moon acquired in space and from
the ground.

5.1. Validation against phase laws

Analytical phase laws are available for several reflection models that
embed the signal variation with respect to the phase angle. These phase
laws are derived under two fundamental assumptions [52]:

1. Far Distances. The reflecting body is far from the light source
and the observer. This means that the incoming and reflected
rays that hit and bounce from the surface are parallel to the
directions linking the center of the body with the light and
camera, respectively. This assumption also implies that there are
no unobservable regions due to tangency. A close-range observer
placed at the equator would not be able to see the polar regions.
Instead, when placed far away, those regions would be visible,
and they would contribute to the energy content.

. Homogeneous Ideal Sphere. The reflecting body is an ideal
zero-displacement sphere with constant surface parameters, such
as the albedo.

These assumptions — often made in planetary photometry — allows
to write the phase law as a function of phase angle only. Analytical
phase laws for three reflection models are reported hereunder:
W1 ambert = 1/ ((r — @) cos(a) + sin(a))

W prea = 1/2 (1 + cos(a))
1 ommer = 1 + sin(a/2) tan(a/2) log(tan(a/4))

(48)

A first validation could then be accomplished by comparing the
total radiometric signal extracted from the rendered image with the
one returned by the full sphere integrated phase law. This would
check the correctness of the BRDF implementation and the validity of
the discretized integration and gridding approach. To remain under
the assumptions mentioned above, a texture-less sphere placed at 1
Astronomical Unit (AU) from the Sun is rendered at increasing distance-
to-radius ratios from the camera. The measured phase law can be
obtained by extracting ¥ from Eq. (11) and using the total radiometric
signal (i.e., the sum of the values of the (P/L),, matrix):

2P/ L)y,
A

meas —

5 (49)
A cam ﬁ R? Pc

sun

If the measured phase law matches the expected value, it means
the total radiometry signal is consistent and conserved throughout the
rendering procedure.

The comparison is shown in Fig. 22 for the three phase laws at
different phase angles, in terms of relative absolute error with respect
to the expected analytical phase law value. At high d_,,, /R ratios, the
far distance assumption is increasingly justified and consequently the
error drops. At closer range, phase laws are not generalizable for the
reasons explained previously, and only the rendering is able to capture
the correct amount of light collected by the camera.

From this analysis, we can conclude that the total radiometric
content delivered by the rendering is consistent with the one expected
from the reflection models used.

5.2. Validation against analytical model
An additional step in the validation pipeline is the comparison of the

pixel-wise value expected from an analytical model based on the well-
known camera equation [39]. According to this equation, the irradiance
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Fig. 23. Intersection of a Line-of-Sight (LOS) with a sphere. A triangle can
be identified from the sphere radius R, the distance d,,, of the camera from

cam
the sphere center, and the distance d,,,, of the camera to the LoS intersection
point.

inter

incident on the image E; is proportional to the radiance reflected by the
scene L,.:

cos* (5 L0 S)
f2

In particular, the irradiance falls off with the fourth cosine of the
angle 6;,¢ between the optical axis and the imaged object, i.e., the
angle of the LoS of the pixel.

Based on this equation, an analytical model can be derived that
gives the irradiance collected by each pixel from an on-axis Lambertian
sphere with constant albedo and at zero phase angle. The reflected
radiance for this scene is a function of the incidence angle 6, of the
light on the sphere surface, which is in turn dependent on §; g:

E, =L.A

i r

(50)

cam

L,(6ros) = p7N F cos (0,(6.05)) (51)

where the BRDF of a Lambert model ”7"’ has been plugged in. The
incidence angle can be obtained with trigonometric considerations, as
sketched in Fig. 23. The distance of the camera to the LoS intersection

point d,,,,, is firstly obtained with:
dimer = dcam cos 5LOS - v R? - dgzgm Sinz 5LOS (52)
Then, the cosine of the incidence angle is computed with:
d.gm—d; cos(6
cos (gi(aLOS)) — _cam inter ( LOS) (53)

R

At this point, Egs. (50), (51) and (53) are combined, and the
irradiance is multiplied for the collecting pixel area A, to obtain the
power collected by each pixel as a function of the LoS angle only:

cos* (5 LOS )
f2

where F is the solar flux density at 1 AU for this particular scenario.

The LoS angle is mapped from each pair of pixel coordinates « and v:

2 2
d10s = arctan \/((u—c,)%) + <(u—cu)%)

Combining Egs. (54) and (55) an analytical image is obtained in
terms of collected power for each pixel (u, v).

As per the image to validate, the measured power can be computed
by plugging the matrix of (P/L),, coefficients in Eq. (9):

p
P(6ros) = Ap)c?N F c0s (0;(6,05)) Acam (G

(55)

Pmeas(u’ U) = (P/L)u,v / Lel da (56)
AL
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Fig. 24. Validation of the methodology against an analytical model of the collected power per pixel. To capture the 4th power variability, a wide-angle camera
with FOV = 85deg was used. The rendering can capture details at a sub-pixel scale.

The images of collected power and their relative error are shown
in Fig. 24. High values of relative errors are only found on the limbs,
where the rendering can capture the steep decrease in brightness at the
sub-pixel level, not visible in the analytical model being accurate only
up to the pixel scale. The image median relative error across all the
pixels is under 0.3%. The difference in the total power collected (sum
of the values of all the pixels) is less than 0.002%. This implies that
local differences are only due to minor artifacts, with the total energy
collected practically equivalent.

From this analysis, it can be stated that the rendering procedure in
this idealized scenario can deliver the correct radiometric content and
light distribution, both locally (pixel-wise) and globally.

5.3. Validation against real images

A last necessary step in the validation campaign is a direct end-to-
end comparison of synthetic images against real images, either captured
by a previously flown mission or taken directly from the ground. The
Moon is chosen as a validation target due to its well-known geometric
and radiometric characterization, implying knowledge of its surface
parameters.

For what concerns space-borne images, the SMART-1 mission [76,
771 is selected since it has a large image database that includes hun-
dreds of pictures acquired in different poses and labeled with exposure
time and epoch metadata. Moreover, SPICE kernels are available to
link the epoch of each image with the camera pose and the Moon
orientation. Each image is extracted from the database following the
procedure depicted in Fig. 25. From the image metadata, the camera
temperature T, the exposure time Az, and the current epoch ¢ are
extracted. The raw image is corrected by subtracting the bias and dark
current, computed from the calibration master frames B and DC:

DN,, = DN,y — (DN(I%) +(B+DC-4n)-f (T)) (57
where f(T) is function of the temperature of the detector and DN(l%) =8
is the fixed gain offset in 10 bit depth as reported in Grieger [78].

From the epoch, the position and orientation of the AMIE camera
and the Moon are extracted using SPICE routines and used as input
configuration files to the render engine. The camera parameters are
read from SPICE kernels — if available — or extracted from mission
documents otherwise. For example, Fig. 26 reports the transmittance
T trend across the AMIE bandwidth retrieved from a hand-written
calibration datasheet'® and its piecewise interpolation fitting used in
the rendering. A Hapke reflection model is considered for the rendering,
with the parameters derived in Sato et al. [51].

The comparison for 5 example images '!'211415 at different dis-
tances, phase angles, and exposure times is shown in Fig. 27. To be

10 SPECTRAL_RESPONSE.PDF, last accessed in Dec. 2025.
11 AMI_EE3_040819_00169_00010.IMG, last accessed in Dec. 2025.
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concise, each image has been labeled with a number. The parameters
and label used for each image are reported in Table 3.

The AMIE images have been shifted due to uncertainties in the pose
provided by the SPICE kernels, which inherently introduce errors in
the comparison [79]. This problem is highlighted in Fig. 28 using
as an example image AMIE2. The expected Moon shape coming from
the SPICE kernels’ state and orientation is plotted on top of the real
image in Fig. 28(a), showing an error shift of some pixels that will be
inherently carried after in the rendering. This shift is consistent with the
one noticed in previous studies of the AMIE images [80]. To counteract
this issue, the images are aligned by finding the optimal shift with
Normalized Cross-Correlation (NCC). An Alignment Picture can be used
to assess the quality of the alignment. The red channel of this picture
contains the mask of raw image values that are above the noise thresh-
old, while the blue channel contains the mask of rendered image values
that are nonzero (i.e., light-collecting). If a pixel is colored magenta,
it means the same pixel is active in both images. The comparison of
the alignment masks without and with NCC alignment is shown in Fig.
28(c) and in Fig. 28(d), confirming the effectiveness of the technique.

Following this pre-processing, a quantitative assessment can now
be performed. To check the similarity of the images, the Structural
Similarity Index Measure (SSIM) [81] is evaluated in their foreground.
In fact, we are not interested in the similarity of the background noise
pattern, but rather in the consistency of the object texture shading and
light interaction. Comparing the background would also cause a skewed
positive effect on the structure figure of merit, being the background
characterized by an almost-homogeneous flat gray shading variation for
every image. The background is detected by selecting all pixels with
an intensity lower than a threshold, which is different for each image.
This threshold is computed as the median plus one standard deviation
of the intensity values of the inactive pixels. Inactive pixels refer to
those pixels in the real image that are located at the same positions as
non-charge-collecting pixels in the rendered image.

An example of similarity assessment considering AMIE2 is shown
in Fig. 29. The aggregated values for each image, obtained as the
mean figures with one standard deviation uncertainty on all the active
pixels, is also reported in Table 4. Luminance and contrast match pretty
well (>95%) for all images, indicating consistency in the mean bright-
ness and in the pixel intensity ranges between the real and synthetic
images. On the other hand, the structure metric compares the spatial
patterns, and therefore, the similarity is slightly lower, especially for
image AMIE4. This difference can be traced back to the kernel state

Jn

2 AMI_EE3_040819_00208_00030.IMG, last accessed in Dec. 2025.
3 AMI_EE3_041028_00269_00005.IMG, last accessed in Dec. 2025.
14 AMI_EE3_041111_00008_00040.IMG, last accessed in Dec. 2025.
5 AMI_EE3_041111_00070_00018.IMG, last accessed in Dec. 2025.
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Fig. 25. Overview of the pipeline for extraction and processing of the AMIE images.

Table 3

Scene geometry and camera parameters for the real images validation campaign.

Space-borne Ground
AMIE1 AMIE2 AMIE3 AMIE4 AMIES BFS1 BFS2
Phase angle [deg] 106 105 7.5 144 142 50 51
Distance-to-radius [-] 114 114 387 49 47 218 218
Exposure time [ms] 10 30 5 40 18 0.114 0.08
Detector temperature [K] 286 286 297 289 290 N/A N/A
Focal length [mm] 154.7 154.7 154.7 154.7 154.7 50 25
55 Table 4
-~ - -Measurement Aggregated SSIM metrics (mean and standard deviation) for the real images
50 | - s—Fit validation campaign.
. \ Space-borne
> < \
45 + /,/ \”( = AMIE1 AMIE2 AMIE3 AMIE4 AMIES
/,” N Luminance 0.981 +0.04 0.980+0.05 0.982+0.06 0.967+0.05 0.968 +0.05
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é ) \ Structure 0988 +£0.02 0.940+0.09 0.985+0.03 0.853+0.17 0.955+0.06
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Fig. 26. Transmittance of AMIE camera.

inaccuracies, which could not be completely eliminated by the NCC
alignment.

Additionally, an end-to-end validation using real images acquired
on-ground is carried out. The sensor used is a Blackfly FLIR BFS-U3-
3154 camera body coupled with two different optical systems: a
50 mm- and a 25 mm-focal-length objective. The images were taken
in northern Italy during a clear-sky night to reduce at minimum the
degradation on the image quality due to the atmosphere. From the
known camera location longitude and latitude on Earth and acquisition
epoch, the ephemeris of the Sun and the Moon were extracted and

16 BFS-U3-31S4 Spec, last accessed in Dec. 2025.
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compared to their rendered counterparts in Fig. 30. Again, very
good matching (>95%) is obtained in luminance and contrast, and
good matching (about 85%) in structure. The higher difference in the
structure may be traced back to light scattering and the blurring effect
caused by the atmosphere. All in all, the SSIM metrics for the ground
images validation campaign (see Table 4) are consistent with the ones
found within the space-borne images validation.

Following this extended and incremental validation campaign, the
rendering methodology is demonstrated to be validated against the
available analytical models and real images from both a geometric and
a radiometric point of view.

6. Results

This section will provide a brief overview of the capabilities of
the render engine, followed by a benchmark against open-source and
commercial tools. Finally, some examples of applications are given.
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(a) AMIE images

(b) Rendering

Fig. 27. Validation of the methodology against space-borne images. The AMIE images have been corrected for bias and dark current, and they have been slightly
shifted to account for SPICE uncertainties. Zoomed insets have been overlaid to facilitate the reader in the qualitative assessment of rendering quality across

features at different scales.

S/

(a) Expected moon shape from SPICE kernels

superimposed on real image.

(b) Rendering

(c) Alignment picture before NCC shift

(d) Alignment picture after NCC shift

Fig. 28. Alignment of space-borne images through normalized cross-correlation. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

6.1. Rendering capabilities

6.1.1. Close-range

Rendering examples have previously been shown for mid-range
distances in Fig. 1 using as targets different planets and moons of the
solar system. Being the Moon a target of interest for near-future human
exploration missions, Fig. 31 depicts some renderings at a closer range
for this particular scenario.

6.1.2. Chromatic aberrations

Building on the flexibility of the techniques and algorithms used
within the methodology, chromatic aberrations can be included, pro-
vided the knowledge of relative differences of refraction and focusing
at each wavelength.

On one hand, lateral chromatic aberrations can be modeled by mod-
ifying the distortion parameters used for projection (see Section 4.7)
depending on the waveband. On the other hand, longitudinal chromatic
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Fig. 29. Similarity assessment of image AMIE2 using SSIM. Luminance compares the overall brightness, Contrast measures the deviation from the mean intensity,
and structure correlates the local patterns.

(a) Moon image taken on ground (f = 50 mm) (b) Rendering

(c) Moon image taken on ground (f = 25 mm) (d) Rendering

Fig. 30. Validation of the methodology against ground images of the Moon taken during a clear-sky night in northern Italy.

(a) South pole (b) Off-nadir limb (c) Off-nadir terminator

Fig. 31. Moon at close-range distances. The high fidelity of shadows is noticed especially in the proximity of crater limbs.
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(a) Lateral

Fig. 32. Rendering of chromatic aberrations. The parameters have been exaggerated to make the effects noticeable to the reader.

(b) Longitudinal

(For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

aberrations can be modeled as spectral-dependent focus shifts, by tun-
ing the standard deviation and window size of the Gaussian-weighted
direct gridding algorithm (see Section 4.8).

Examples of lateral and longitudinal chromatic aberrations are
shown in Figs. 32(a) and 32(b). In the first image, the colored fringes
at the corner radially increase in shift due to the relative change in
distortion between the different ray colors, as expected [82]. In the
second image, the focusing is different for each waveband, and as a
result, red/violet regions are alternated with greenish ones due to the
combination of the colors [82].

6.1.3. Small bodies

An interesting aspect to evaluate is the break point of the procedure
when going away from the sphericity assumption. In fact, dwarf planets
and asteroids like Ceres, Vesta, or Phobos are characterized by large
displacement differences across their surface. In these cases, the DEM is
defined with respect to a reference ellipsoidal shape or explicitly given
in absolute meters from the center. Some rendering examples are shown
in Fig. 33 compared against real images'”'®'° captured by missions that
flew to these bodies (i.e., Dawn and Viking). Note that in this case, no
quantitative comparison was made, as established global albedo maps,
reflection models, and parameters are not yet available for these bodies.
This simple visual comparison only aims to show how far the model can
be stretched from its assumptions without compromising the overall
photorealism.

6.2. Benchmark

The characterization of the rendering performance is an important
step that drives the choice of a tool over another. The higher the image
generation frame rate, the smaller the time required to generate large
datasets for algorithm training and validation. Moreover, in the case of
closed-loop testing applications, a high frame rate allows a smooth and
fast testing of algorithms in an integrated Hardware In the Loop (HIL)
framework. At the same time, it is almost impossible to express with

17 FC21A0034721_15115071008F11FIT, last accessed in Dec. 2025.
18 FC21A0003042_11204181903F11.FIT, last accessed in Dec. 2025.
19 Phobos-viking1.jpg, last accessed in Dec. 2025.
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a single number the performance of a tool as this last largely differs
depending on the scene, geometry, as well as the number of points or
mesh size to process.

For this reason, it is common to compare the performance on
a benchmark scenario. Within this article, a Moon orbit scenario is
employed with large variations in distance, pointing, and phase angle.
The attitude is set so as to have the Moon limb always in the FOV
to allow optical navigation. The initial conditions corresponding to
a Near-Rectilinear Halo Orbit (NRHO) are propagated for two orbits.
This kind of orbit is the one expected for future Moon exploration
missions [83].

The performance is benchmarked in terms of frame rate (FPS)
against the ones provided by current state-of-the-art tools on the same
trajectory. For the scenario of imaging of planets and moons, Blender is
the natural competition choice, being widely adopted within the open-
source space imaging community. To this aim, the Python interfaces
available in CORTO [36] are used as they are convenient for generating
the images programmatically, even if not optimized yet in terms of
caching and memory management. For this comparison, a Lambert
model is used as an Hapke model is not available in Blender naturally.
The same global albedo and displacement maps are provided to both
tools (16 pixel-per-degree resolution). Note that the normal map is
not used in Blender, as shadows are inherently generated by how
the ray-tracing technique works. The same camera parameters of the
ground validation campaign are used, only changing the resolution to
1024 x 1024 px for a fair comparison against the frame rates declared
by the commercial tools.

The rendering performance is reported in Fig. 34 compared to that
of Blender Cycles using 128 rays per pixel on a common laptop CPU
equipped with a 6-core AMD Ryzen 5 5600H (3.3 GHz). Frame rates
spanning 1 to 10 Hz are achieved between mid and far range. The
performance exceed Blender for the entire trajectory and are in line
with the ones declared by commercial tools, such as SurRender (about
0.2 Hz on CPU for a Moon flyby scenario, an image size of 1024 pixels
and 128 rays per pixels [8]) and PANGU (2-5 Hz for Mars in full
FOV [10D).

When the Moon enters the full FOV or the pointing is strongly
off-nadir, performance drops under 1 Hz due to the large number
of discretization points to process. This is also highlighted in Fig.
35, which reports the fractions of time taken by each step of the


https://sbnarchive.psi.edu/pds3/dawn/fc/DWNCAFC2_1A/DATA/FITS/20150424_RC3/20150425_EQUATORIAL_LIMB_001/FC21A0034721_15115071008F1I.FIT
https://sbnarchive.psi.edu/pds3/dawn/fc/DWNVFC2_1A/DATA/FITS/2011123_APPROACH/2011204_OPNAV_019/FC21A0003042_11204181903F1I.FIT
https://commons.wikimedia.org/wiki/File:Phobos-viking1.jpg
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(a) Ceres imaged by Dawn

(c) Vesta imaged by Dawn

(e) Phobos imaged by Viking

(b) Ceres rendering

(d) Vesta Rendering

(f) Phobos rendering

Fig. 33. Real images of dwarf planets and asteroids compared to rendering. For Ceres and Vesta, the rendering reflects the real pose of the Dawn camera in that
frame. The picture of Phobos is a composite montage of three separate images, hence the camera used for the rendering is different, and a manual alignment

had to be made.

procedure as a function of the fraction of FOV covered by the Moon
in the frame. We notice that this metric is proportional to the number
of discretization points to process, which spans 35 thousand to 6.3
million for the frames where the Moon covers the entire frame or the
orientation is largely off-nadir.

Despite the clear over-performance of the proposed method with
respect to the ray-tracing-based technique, no drawbacks in accuracy
and fidelity are found, as shown by the direct comparison of one of the
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closest-range frames in Fig. 36. Note that for this comparison, Blender
had to be globally “radiometrically calibrated” using the procedure
described in [17,84], being its DN values unlinked with physical reality.
Nevertheless, for what concerns local features, shading and geometry
are reproduced with very good consistency by the methodology with
no visible artifacts.

For some frames, our method is even better than Cycles in rejecting
artifacts and rendering morphology features. We notice this in the
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Fig. 34. Benchmark of the frame rate against Blender Cycles for a NRHO orbit around the Moon. The phase angle changes along the trajectory with excursions
spanning from 40deg to 150deg, while the altitude covers a range from 1500km to 70000 km. Performance drops for both methods during close-range off-nadir
phases.
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Fig. 35. Rendering time split between sampling, gridding, and integration steps as a function of FOV coverage and number of discretization points.

(a) Blender Cycles (after calibration) (b) Our method

Fig. 36. Comparison of Moon full disk rendered using Blender Cycles vs. our method.
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(a) Blender Cycles (after calibration)

(b) Our method

Fig. 37. Comparison of small-scale features on the Moon rendered using Blender Cycles versus our method.

zoomed boxes of Fig. 37, where minor artifacts and a straight horizon
appear in the Cycles rendering. Note that if not correctly rendered,
these features may lead to an inaccurate assessment of the perfor-
mance of computer vision techniques such as limb-fitting navigation
algorithms.

This benchmarking campaign reveals the tool is a competitive
choice against state-of-the-art available techniques, especially when
rendering objects at far and mid ranges. We highlight that the tool is
coded in MATLAB as of now, and it is therefore not code-efficient like
the competitors, so performance may be even improved.

6.3. Applications

The most straightforward use of this tool would certainly fall into
the generation of images for the testing of vision-based navigation
algorithms or for the training of data-driven techniques. However, the
authors would like to highlight in this section some of the applica-
tions for which only a tailored render engine that outputs physical
and radiometry quantities can be used. Note that this is a desirable
property that often lacks in open-source render engines, as they are
more addressed at the artistic community rather than the scientific one.
Conversely, when this information is available, the rendering method-
ology can be used for two example applications: in parallel with an
HIL optical stimulator to test algorithms with radiometric consistency,
or to carry out camera design studies, for instance to tune the optimal
exposure time for taking well-exposed pictures during the approach to a
target known body.

6.3.1. HIL optical stimulator

An optical stimulator is an HIL test bench based on three main
elements: a screen emitter, a camera, and a set of lenses/collimators
placed between them. The camera, preferably identical to the one that
will fly in the real domain [19], is stimulated by the screen. The lenses
and collimators are used to focus and adjust the image ratio to the one
expected [24,25].

When using an optical facility, it is of paramount importance to
maintain geometric and radiometric consistency. In both cases, a cal-
ibration is required to extract the facility-induced distortions for the
former and to compute the mapping between the DN that any pixel of
the screen should emit to deliver the correct radiant flux density to the
camera for the latter. The reader is redirected to Panicucci et al. [85]
and Ornati et al. [86] for more details on this procedure.
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After the calibration is accomplished, the facility can be used, but
if and only if the image of effective radiant flux density at screen level is
available. The effective radiant flux density as defined in Ornati et al.
[87] is given by:

QE()T(A) A
Fgp= | ————c—r )
, max; (QE(4) T(4) 4)

Thanks to the radiometric calibration, this quantity is converted to
screen DN, and the camera can be stimulated with the true radiometric
content.

The effective radiant flux density can be written as a function of the
(P/L) coefficient and of the signal .S as:

(58)
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where Egs. (8) and (10) have been used.
Ultimately, this means that to map the signal S with the matrix of
F¢ the following scalar coefficient can be used:

kg p = he
ff A, max; (QE(A) T(A) A)
Using the same setup of the ground image validation campaign (see
Fig. 30), an end-to-end comparison is carried out between the rendered
image, the real image, and the image as captured by the same hardware
in the facility.
The RETINA optical facility available at DART Lab is used for this
purpose [26]. The overall procedure is shown in Fig. 38. The following
are the necessary steps to generate the image in the facility:

(60)

1. A matrix of F. is generated from the image rendered using the
HIL facility parameters and the mapping coefficient of Eq. (60).
Note that in general the HIL image has a different resolution,
focal length, and pixel pitch with respect to the image rendered
for the end-to-end comparison.

. The F. matrix is converted to a screen image in DN through
the radiometric calibration curve (see Ornati et al. [86] for more
details).
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Fig. 38. To use an optical stimulator with radiometric consistency, a matrix of effective radiant flux density must be generated and converted to screen DN so
that the sensor can acquire an image with the correct radiometric content for each pixel.
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Fig. 39. Zoomed comparison in false color scale of BFS1 image (see Section 5.3) generated in different domains. The optical facility returns the correct radiometric
content thanks to the physically-based nature of the rendering methodology. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

3. The screen image is displayed on the screen of the facility,
and the camera acquires an image. This image has the desired
radiometric content and the correct resolution, as the hardware
used is the same of the one used for the night-sky image.

Considering the BFS1 image (50 mm) of the ground validation
dataset, a HIL image is generated in RETINA and compared to the
real and rendering counterparts in Fig. 39, showing consistency and
matching. A small focus difference is noticeable close to the limb
between the image acquired in the facility and the rendering, traceable
to unmodeled optical aberrations in the latter. This claim is confirmed
by the presence of blurring in the real image, where these effects are
inherently present being the sensor used to capture the real image the
same one deployed in the facility.

It is important to stress that the generation of physical quantities
associated with the scene (i.e., the signal .S in electrons per second) is
necessary to use the optical facility with radiometric consistency, hence
the need to have a rendering tool such as the one presented in this
work.

6.3.2. Optimal exposure time

Picture planning during the approach to a target body is a result
of cooperation between the engineering and science teams. Navigation
performance informs the design of the science plan, but the science
objectives may be met only if enough usable pictures are gathered [88].
Exposure times are typically preset in tabulated brackets according
to the predicted camera relative pose to the target and the differ-
ent engineering needs, such as limb extraction, feature detection, or
background star field processing.

Even when the body is well known, the choice of an exposure time
delivering good-exposure images could be problematic, mainly due to
approximate modeling of the target body brightness variations along
the imaging trajectory. In fact, even if the overall albedo is known,
regional variations or specific relative camera and/or Sun geometry
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conditions could cause surges or drops of brightness in the image. For
the Earth certification pass of Artemis I, the preset camera exposure
resulted in very over-exposed images due to the bright clouds and
Antarctic ice sheet [6]. During the Moon flyby, the same happened
due to the large phase angle excursion and the non-linearity of the
brightness behavior at close distances from the surface. A simplified
rendering model was put in place to determine exposure time brackets
on the ~ 0.1 ms order of magnitude as a function of distance from the
lit limb to the terminator [5].

The tuning of the exposure time could be aided by the usage of
a physically-based, validated render engine. Let us focus on the same
trajectory of Section 6.2, restricted to the frames generated during the
periselenium passage, shown in Fig. 40(a). This passage is charac-
terized by a large excursion angle of the phase angle spanning from
about 40deg to 150deg. For each frame, the image can be segmented
based on the amount of pixel illumination with respect to the noise
and saturation thresholds. An example for the first frame is shown in
Fig. 40(b).

The optimal exposure time range is now defined as the one that
allows for at least X% of the active pixels above the noise threshold
and at maximum 1 — X% of the active pixels under the saturation level.
Values outside these boundaries are considered a loss of information.
Fig. 41 reports the trend of the information loss along the entire
trajectory for different exposure times. It is worth noting that this is
equivalent to plotting the empirical Cumulative Distribution Function
(CDF) for the time before saturation and the Complementary CDF (CCDF)
for the time before noise for each active pixel. These two quantities are
explicitly written in Eqgs. (61) and (62) respectively, being Dynamic
Range (DNR) the ratio in dB of the signal at saturation versus the
minimum detectable signal.

FWC

At (61)

sat =

ch/(loDNR/20)
S

Atnoi se = (62)
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(a) Example images along the trajectory
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(b) Exposure segmentation for the first image

Fig. 40. Segmentation of exposure time quality during a Moon flyby with large phase angle excursion. A pixel is considered well-exposed when its value is under

the saturation level and over the noise threshold.
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Fig. 41. Tuning of optimal exposure time brackets along a Moon flyby trajectory. The information can be lost either because of over-saturation or under-noise
pixels. The sweet spot lies in the middle of these two regions. The optimal exposure time range shifts as the trajectory progresses in time.

The optimal exposure time range lies in between the two curves.
As the trajectory progresses and the phase angle increases, both curves
shift to the right, indicating, as expected, that a longer exposure time
is required to maintain a well-exposed image.

Using a X = 10% threshold, the optimal exposure time range for
the scenario and camera considered lies between 0.2 ms and 0.6 ms. If
the threshold were lower, the boundaries of the optimal exposure time
range would narrow to ensure the desired level of information retrieval
throughout the entire trajectory.

The picture planning team is now able to refine one or more
exposure time brackets at the different mission phases. Alternatively,
the camera design parameters that are linked with the light collection
capabilities (e.g., A.on. #, QE, T, etc...) could be tuned to find the
desired exposure time design space.

7. Conclusions

The article presented a physically-based rendering technique for
the generation of images of celestial bodies with radiometric and
geometric consistency. Each pixel of the image can be linked with
clear physical and radiometric quantities. The methodology has been
thoroughly validated against multiple tests, using both analytical laws
and real images. The rendering performance is competitive with respect
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to existing available tools. The proposed methodology was shown to
be useful for a variety of applications, such as the use of HIL optical
stimulators or the tuning of optimal exposure time brackets.

In this sense, this article aimed to present a flexible and efficient
solution, particularly well-suited for scenarios where the complexity
of more computationally demanding techniques is unnecessary. Rather
than positioning itself as a one-size-fits-all solution, it offers a valuable
and practical alternative, especially at mid-to-far ranges, where the
influence of secondary surface illumination is considerably reduced,
and more complex ray-tracing techniques might not be required.

In particular, the rendering technique supports a variety of appli-
cations, including optical navigation experiments involving planetary
limbs, feature tracking of craters and other surface elements, and
general radiometric studies for camera system design and optimization.
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