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SINGLE-BEACON POSITIONING VIA RADIOMETRY RANGING

Andrea Pizzetti*, Paolo Panicucci†, Declan Mages‡ and Francesco Topputo§

Conventional optical navigation techniques extract the line-of-sight from the image
of one or multiple target beacons, without using the pixel intensity values other than
to find the target centroid. This paper introduces a technique to estimate the range to
a known celestial body from the radiometric information contained in the lit pixels of
the image. The range, coupled with the estimated line-of-sight, enables a full 3D po-
sitioning without a priori state knowledge and using a single image of the target. The
method is validated against real flight images taken by the Dawn spacecraft during
approach to Vesta and Ceres. Relative range errors below 4% for the former and 1%
for the latter are obtained. The magnitude of the relative error is mainly driven by the
albedo uniformity and the shape of the target, as confirmed by running the pipeline
on synthetic images generated using targets of increasing feature complexity. All in
all, these preliminary results demonstrate the feasibility of single-beacon positioning
in deep-space and are promising for supporting navigation in celestial triangulation
and approach scenarios without the need for redundant sensors.

INTRODUCTION

In recent years, there has been a significant rise in interest in deep-space exploration, leading to an
increasing number of missions being launched and many more being proposed. However, the pace
of these missions is constrained by the limited availability of ground control resources, which are
becoming increasingly saturated. Currently, deep-space missions rely heavily on human operators
to manage flight operations throughout every stage of the mission, which adds significantly to the
overall costs. As a result, developing autonomous capabilities has become crucial for ensuring
sustainable growth and future of deep-space exploration.

Within the navigation task, Optical Navigation (OpNav) stands out as an inexpensive and po-
tentially fully ground-independent solution to determine the spacecraft position by observation of
celestial bodies in the Field Of View (FOV) of the camera. The history of missions that used OpNav
during cruise and approach to celestial bodies spans from early planetary flybys to modern au-
tonomous rendezvous with moons and small bodies. It began experimentally with the first Mariner
missions to Mars, where images of the red planet against the star field were sent to ground to re-
fine the trajectories.1, 2 Galileo, Cassini, and Voyager missions employed ground-based OpNav to
improve navigation accuracy during planetary encounters.3–5 The breakthrough for onboard Op-
Nav came with NASA’s Deep Space 1 mission, which demonstrated the AutoNav system to exploit
distant asteroid beacons for deep-space cruise, then detect comet Borrelly’s nucleus from the im-
age mosaic constructed during the approach.6 Later, in STARDUST the system was improved to
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autonomously track the target in the FOV in the hours preceding the encounter.7 In the years that fol-
lowed, many missions such as SMART-1, Rosetta, and Dawn, employed ground-in-the-loop OpNav
for navigation to the Moon or small bodies.8–10 The collision of Deep Impact with comet Tempel
1 was aided by the vision-based navigation system.11 More recently, DART used autonomous on-
board OpNav to lock its terminal trajectory onto Dimorphos.12 Both Artemis’ Orion and JUICE
navigation algorithms are based on the extraction and processing of the planet limb for relative state
estimation.13, 14 Finally, Hera will employ centroiding and feature tracking for approach and close
proximity operations in the Didymos system.15 The CubeSats that Hera will release to map the bi-
nary asteroid environment, Milani and Juventas, will also have their own onboard OpNav system.16

Many of these missions triangulated the spacecraft position during interplanetary travel by ob-
serving known celestial objects, also called beacons, at a far distance. Celestial Triangulation (CT)
exploits synchronous measurements of the angles between at least two beacons to estimate the probe
state, provided the beacons’ positions in an inertial frame are available from e.g. ephemeris. A kine-
matic (single-epoch) solution of the problem was treated in Ref. 17, then improved and framed in
a generalized framework in Ref.18 Triangulation is typically integrated within a filter to refine the
statistical estimation over time, as described in Ref. 19. Using a filter also enables estimation
of velocity or other states, with the additional benefit of processing measurements that are asyn-
chronous.20, 21 However, the performance of celestial triangulation is strongly affected by the scene
geometry. The more distant the beacon, the higher the induced uncertainty in the estimated posi-
tion.22 Triangulation requires good angular separation between the beacons,22, 23 thereby imposing
the slewing of the platform for monocular systems, which sometimes can not be accomplished due
to operational constraints.24 Moreover, when planets align one over the other, or when the Sun’s
location makes pointing to multiple beacons hazardous for the sensor, only one beacon might be
actually be observable. Hence, a method capable of retrieving a full position solution from a single
image would be highly desirable.

During the approach or flyby trajectory to a planet or small body, a similar need arises. In this
phase, the pointing must remain stable to the target, and the Line Of Sight (LoS) measurements
are sent to the ground to improve the target ephemeris. This information is typically coupled with
Doppler and ranging data from the Deep Space Network (DSN) or ESTRACK to constrain the
position of the probe in the along-track direction and to plan trajectory correction maneuvers to
target the flyby or rendezvous location.25 The scenario rapidly changes in terms of target pixel size,
and any ground-in-the-loop image processing must be halted 12 to 24 hours before the encounter due
to round-trip light-time delays.26 The pointing guidance commands from that moment on are built
using the best available knowledge or refined, switching to a fully autonomous on-board pipeline.
In both cases, the availability of a coarse albeit useful range measurement would improve the safety
of operations and imaging performance, and possibly avoid using ground-station tracking at all.

Stemming from these needs, this work describes an optical navigation technique that exploits the
intensity content of an image to determine the range of a target object from the camera. This infor-
mation, coupled with the LoS extracted from the image, enables a 3D vector measurement between
the observer and the target. To the author’s knowledge, it is the first time that the radiometric content
of an image is used for a navigation algorithm. Radiometry-informed optical navigation could apply
to many scenarios, even not space-related. This article shows how it can be used to approach a ce-
lestial body with no a priori information on the probe state, hence without ground-station tracking,
and without imposing slewing constraints on the spacecraft, as conventional celestial triangulation
would require.



The article is structured as follows. The Methodology section derives the necessary radiometry
equations and shows how to retrieve the range and then the position of the observer from the con-
tent of an image. In the Experiment section, the feasibility of the technique is assessed using real
images taken by the Dawn spacecraft during its approach to Vesta and Ceres, and a synthetic image
simulation is carried out to analyze and explain the performance. Concluding remarks are delivered
in Conclusions.

METHODOLOGY

The methodology is based on the development of a measurement model of the total signal col-
lected by the camera in Digital Number (DN) as an explicit scalar function of the range. The
measurement is obtained from a simple processing of the image. The range is derived by plugging
the measurement into the model and inverting for the range.

The nomenclature used for radiometry quantities in the equations follows the Nicodemus stan-
dard27 and is summarized in Tab. 1. Spectral quantities are labeled by the subscript λ as in Φλ.

Table 1: Radiometry nomenclature.

Name Symbol Unit of Measure
Radiance L Wsr−1m−2

Intensity I Wsr−1

Exitance M Wm−2

Flux Density F Wm−2

Power Φ W
Projected Solid Angle Ω sr

Measurement Model

The pixel DN values are proportional to the exposure time ∆t and the analog-to-digital gain
GAD:

DN = ∆t GAD Ṅe- (1)

where Ṅe- is the electron charge rate in e- s−1. This quantity can be written as a function of the
spectral power Φλ that a pixel collects through the camera pupil:

Ṅe- =

∫
∆λ

QE(λ)T(λ)Φλ
λ

h c
(2)

where Quantum Efficiency (QE) is the photo-diode conversion efficiency from photons to electrons,
Transmittance (T) is the transmission loss of the optical system, and the term λ

h c arises from the
Planck’s relation to convert the power from watts to photons per second. The integration limits are
given by the bandwidth of the camera filter, i.e. a clear filter will have integration limits across
a broad spectrum, whereas a colored filter will have a limited bandwidth. QE and T are usually
characterized in pre-flight radiometric calibration at given wavelengths for the different filters to
capture the response of the optical system to radiometric stimuli.

The spectral power collected by the pupil is the product of the spectral intensity Iλ reflected by
the imaged surface of the celestial body with the projected solid angle Ω subdued to that surface by



the camera:
Φλ = IλΩ (3)

The reflected intensity is a spectral quantity because the targets generally have different reflection
properties depending on the spectrum of observation. The reflection properties at far range can be
synthesized by the geometric albedo pG, defined as the ratio of a body’s brightness at zero phase
angle to the brightness of a perfectly diffusing disk at the same position and with the same apparent
size.28 Geometric albedos for different bodies of the solar system and at different wavelengths are
typically available from on-ground observation campaigns.29 The spectral intensity reflected by a
spherical and point-wise (i.e., dcam >> R) target can be written as a function of the geometric
albedo as:28

Iλ = Ψ(α, λ)R2 Fλ⊙ pG(λ) (4)

where Ψ(α, λ) is the phase law which defines the attenuation of the brightness at phase angle α
and wavelength λ, R is the celestial body radius, Fλ⊙ is the spectral flux density of the light beams
impacting the body. The beams are assumed to arrive parallel, i.e., the light source is very far from
the body.

The spectral radiant flux density of a point-wise Lambertian emitter30 arriving at a point located
at a distance d⊙ is:

Fλ⊙ =
4π R2

⊙
4π d2⊙

Mλ⊙ =
R2

⊙
d2⊙

π Lλ⊙ (5)

where Mλ⊙ and Lλ⊙ are respectively the spectral exitance and radiance of the light source, and R⊙
its radius.

Finally, the projected solid angle for a distant point-wise body can be approximated by:30

Ω =
Acam cos ϵ

d2cam
(6)

where Acam is the camera pupil area, dcam is the camera distance from the body and ϵ is the off-
pointing angle between the camera boresight and the LoS of the target.

Combining Eqs. (1-6), the following expression is obtained:

DN = ∆tGAD
π R2

⊙
d2⊙

R2 Acam cos ϵ

d2cam

∫
∆λ

Ψ(α, λ) pG(λ) QE(λ)T(λ)
λ

h c
Lλ⊙ (7)

Eq. (7) is the measurement model of the total DN collected by a camera under the following
assumptions:

1. The light source is a single point-wise Lambertian emitter

2. The reflecting body is a sphere with uniform albedo

3. The observer is located at a far distance from the body

These assumptions are often justified in a space environment: the Sun can be modeled as a point-
wise Lambertian source due to the large distances involved, many planets and moons are approxi-
mately spherical, and spacecrafts typically observe targets from distances that are large compared
to the body size. Even when these conditions are not satisfied - for example, during close-approach
trajectories to irregularly shaped asteroids - the model can still provide a useful approximation, as it
will be demonstrated in the Experiment section.



Range Equation

Provided that the DN measurement can be extracted from the image, the measurement model can
be inverted for the range:

dcam =

√
∆t

DN
GAD

π R2
⊙

d2⊙
R2Acam cos ϵ

∫
∆λ

Ψ(α, λ) pG(λ)QE(λ)T(λ)
λ

h c
Lλ⊙ (8)

To solve the equation, a partial knowledge of the scene geometry is required: the distance of the
body from the Sun d⊙, the phase angle α, and the off-pointing angle ϵ. These quantities can be
derived without any a priori information on the spacecraft state. In particular, they can be computed
from the on-board ephemeris, the measured target LoS, and the estimated spacecraft inertial attitude.

The Sun-body distance d⊙ is the norm of the position vector with respect to the Sun in the inertial
frame rI

⊙, evaluated from the on-board ephemeris at the current epoch:

d⊙ = ||rI
⊙|| (9)

The phase angle α can be obtained as the angle between the Sun-body direction vector in the camera
frame r̂C

⊙ and the measured LoS vector l̂
C

:

α = arccos
(
r̂C
⊙ · l̂C

)
(10)

where r̂C
⊙ is given by:

r̂C
⊙ = AI→C

rI⊙
d⊙

(11)

with AI→C the direction cosine matrix that rotates from the inertial frame to the camera frame,
and l̂

C
is given by:

l̂
C
=

1√
û2 + v̂2 + 1

ûv̂
1

 (12)

with û and v̂ the normalized horizontal and vertical coordinates of the Center of Brightness (CoB),
namely:

û = µu
u− cu

f
(13)

v̂ = µv
v − cv

f
(14)

with cu and cv the optical center in pixels, µu and µv the pixel pitch and f the focal length.

Finally, the off-pointing angle ϵ is the angle between the camera boresight (+Z axis of the camera
reference frame) and the LoS l̂

C
. Therefore, the cosine of ϵ is the 3rd component of the LoS vector:

cos(ϵ) =
1√

û2 + v̂2 + 1
(15)



The rotation matrix AI→C is assumed to be furnished by the attitude determination and control
subsystem, or otherwise estimated from the star pattern using a longer exposure frame with the same
camera or with a dedicated star tracker.

Once these geometric parameters have been computed, the solution to Eq. (8) is explicit, provided
that the camera has been characterized in terms of QE, T and filter bandwidth and that the body is
known in terms of reflection properties and size (i.e., Ψ(α, λ), pG(λ) and R).

The estimated range, coupled with the LoS, enables a full 3D relative (camera-to-target) position
estimation:

rC
+ = dcam l̂

C
(16)

as well as absolute (Sun-to-spacecraft), by plugging back the Sun position and the orientation
matrix:

rI = rI
⊙ −AC→I r

C
+ (17)

Therefore, the presented methodology is suitable for single-beacon positioning without any a-
priori knowledge of current or previous spacecraft states.

EXPERIMENT

The feasibility of the navigation algorithm is assessed using a dataset of real images taken during
the approach to Vesta and Ceres by the Dawn mission.

The Vesta approach dataset covers the 10 OpNav sequences carried out between the 3rd of May
and the 24th of June 2011, for a total of 200 images (20 images for each sequence). Each sequence
is separated by approximately 1 week and Vesta’s apparent diameter in the camera pixel array in-
creases from 4 to 37 pixels between the first and last sequence. The Ceres dataset is smaller and
contains 3 sequences for a total of 60 images taken between the 13th of January and the 4th of
February 2015. This dwarf planet is much larger than Vesta and its diameter span 26 to 68 px
during the approach.

The two celestial bodies have very different characteristics: while Vesta is very bright but ir-
regular, Ceres has a quasi-spherical shape, but its albedo is much lower. Therefore, they are the
perfect candidates for testing the methodology across two diverse scenarios and evaluating how far
the underlying model assumptions can be stretched.

Parameters Retrieval

To keep the experiment realistic, only pre-arrival parameters were used when available. This
includes those estimated during standard in-orbit calibration procedures, before reaching the targets.

The Dawn camera system comprises two identical optical imaging devices (Framing Camera 1
and 2) equipped with one broad-band (clear) filter and seven narrow-band filters. The cameras
utilize a TH7888 1024x1024 pixel front illuminated frame transfer CCD detector, sensitive in the
400-1050 nm wavelength. The parameters of Framing Camera 2 (FC2) are reported in Tab. 2.



Instead of using QE and T, which should be independently estimated before-hand, it is convenient
to employ the camera responsivity function S(λ), as it embeds them together with other camera-
specific parameters. The responsivity function for the clear filter is defined as:31

S1(λ) = C1
Acam

GDA
QE (λ)T(λ)

λ

h c
(18)

where C1 is the clear filter calibration coefficient found with the first in-flight radiometric calibra-
tion in 201232 and revised later in 2019.31 The responsivity before and after calibration is plotted in
Fig. 1 as a function of the wavelength. The uncalibrated responsivity (C1 = 1) has been gathered
from the pre-launch test campaign documents, for the clear and colored filters.33

Table 2: Parameters of Framing Camera 231, 32

Name Symbol Value Unit of Measure
Pupil Area Acam 341 mm2

Focal Length f 150 mm
Resolution resu, resv 1024 px
Pixel Pitch µu, µv 14 µm

Optical Center cu, cv [511.5, 511.5] px
Bit Depth nbit 14 bits

Digital-to-Analog Gain GDA 17.7 e- DN−1

Bias DN(0) 269 DN
Responsivity Function S1(λ) Fig. 1 DNs−1W−1m2

Calibration Coefficient C1 1.1043 −
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Figure 1: Responsivity of Framing Camera 2. The first in-orbit calibration assessed a change of
about 10% with respect to the ground calibration.

Concerning the modeling of Vesta and Ceres, the mean radius, geometric albedo, and Hapke
model parameters are reported in Tab. 3.

The geometric albedo in the clear filter is extrapolated from the geometric albedo measurements
in the 7 different color filters of FC234, 35 and depicted in Fig. 2. The extrapolation is carried out by



weighting the integral of the camera responsivity to the Sun spectrum in each filter bandwidth for
the corresponding albedo value. The geometric albedo extrapolated in this way already refers to the
clear filter bandwidth and is therefore a constant quantity with respect to the wavelength. It can be
taken out of the integral in Eq. (8).
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Figure 2: Geometric albedo measurements of Vesta and Ceres in the seven filters of Framing Camera
2

The reflection model considered for both celestial bodies is the Hapke model.36, 37 The phase law
for an Hapke model and its component functions are explicitly reported in Appendix A: Hapke Phase
Law. The selected Hapke parameters are assumed not to depend on the wavelength throughout the
clear filter bandwidth, so the phase law can be extracted from the spectral integral as well.

Table 3: Size and reflection parameters of Vesta34 and Ceres.35 Refer to Appendix A: Hapke Phase
Law for the explanation of the Hapke parameters.

R̄ [km] p̄G [-] w [-] bHG [−] cHG [-] θ [deg] B0 [−] h [-]
Vesta 255 0.34 0.49 -0.27 -1 18 1 0.054
Ceres 460 0.09 0.14 0.37 0.081 20 1.6 0.06

Image Processing

The DN measurement at each frame is obtained by running a relatively simple Image Processing
(IP) pipeline to obtain the center and size of a Region of Interest (ROI).

Firstly, the image is filtered with a box filter of 5 px size to reject cosmic rays and hot pixels.
Then, the image is thresholded by discarding the pixels whose value is less than the mean image
intensity plus three standard deviations. At this point, all the remaining pixels are grouped into



blobs. The ROI center is found as the center of brightness (based on image moments) of the largest
blob, while its size is found as the equivalent radius of a circle with an area equal to the number of
pixels in the blob plus a fixed offset of 5 px. Fig. 3 shows the effectiveness of the IP algorithm for
a sample frame of 5 different sequences during the Vesta approach.

(a) Centroiding

(b) ROI Segmentation

(c) ROI Segmentation (false color)

Figure 3: Image processing of frames belonging to different OpNav sequences taken during the
Vesta approach

The intensity of each pixel is affected by several noise and error sources, such as shot noise,
dark current, and bias, amongst others. To show the effectiveness of the technique with minimal
knowledge of the camera model error parameters and a simple as possible IP pipeline, it was decided
to correct only for the bias. In the case of Dawn the bias was observed to have a slight dependency
on the detector temperature (about 1.1 DN/K) and a spatial standard deviation across the pixel array
of around 1.5 DN.31 These effects were not characterized before launch, so just the pre-defined
value of DN(0) = 269 is used.

Therefore, the DN measurement consists in the sum of the intensities of each pixel inside the ROI
after bias subtraction:

DN =
ROI∑
u,v

(DNu,v − DN(0)) (19)

where DNu,v is the pixel value at row u and column v of the ROI.



Range Estimation

With the simplifications introduced previously, Eq. (8) can be rewritten for the Dawn scenario as:

di =

√
π R2

⊙R2 pG

∫
∆λ

S1(λ)Lλ⊙

√
Ψ(αi)

d2⊙i
cos ϵi

DNi
∆ti

(20)

The first square root term in the formula is a constant term, while the second term changes at every
frame depending on the camera exposure time, the geometry of the scene and the image content.

The image content is returned by the IP module, while the geometry parameters for each frame
are computed using Eqs. (9-10) and Eq. (15), as explained in the Methodology section. In the
context of this experiment, the reconstructed attitude from SPICE kernels is used to simulate the
estimated attitude at each frame, and no clock drift or bias is assumed on the epoch of the ephemeris
evaluation. These effects are not included to avoid coupling their error with the range estimation
error. In any case, they are not expected to contribute significantly to the range error. Concerning
the LoS, the ROI centroid is used, without any phase angle correction. A phase angle different
from zero would cause a bias in the LoS as the CoB of the body shifts away from the center of
mass. However, correcting for phase angle would require the knowledge of this parameter, which
is instead derived as output of Eq. (10) from the LoS itself in the current pipeline. In any case, the
centroiding performance is not the focus of this work, and the positioning error caused by LoS error
will be negligible with respect to the range error contribution, as it will be shown later.

The estimated range d, the absolute error δd = d − dtrue, and the relative error δd̂ = δd/dtrue
are shown in Fig. 4 and in Fig. 5 for the Vesta and Ceres approach, respectively. The true range
dtrue is assumed to be the one provided by SPICE kernels, which gives the best-available ground
truth up to orbit determination errors. The discontinuities in the estimated range are due to the fact
that, between each sequence, some days pass without any imaging operations.
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Figure 4: Ranging performance for the Vesta scenario. The dataset comprises 10 sequences of 20
images each. Note: the range estimation error is shown in log scale, so the negative error is inverted
in sign and labeled in red.

The performance remains under 4% in terms of relative range error for Vesta and under 1% for
Ceres. This order of magnitude was expected as in-flight radiometric calibration accuracies have
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Figure 5: Ranging performance for the Ceres scenario. The dataset comprises 3 sequences of 20
images each.

been assessed to be around 5% in several missions.31, 32, 38–41 It is worth stressing that the errors
shown refer to single-point kinematic solutions: the error could be smoothed and reduced over
time by embedding the dynamics in an appropriate filter, as typically done in on-board implemen-
tations.21

To assess the multiplicative effect on the estimated range of the variables that vary over time in
Eq. (20), each component is isolated and normalized to the value in the first frame. Fig. 6 shows
that for the Vesta approach trajectory, the predominant contribution is given by the measured signal
in DN/s, as expected by the steep range decrease throughout the dataset. The variation caused by
off-pointing is negligible as the target is often aligned to the boresight and the FOV of the camera is
narrow. On the other hand, the phase law and the distance of Vesta from the Sun should be known
with good accuracy as they account for up to 15% and 1.5% in the change of the estimated value,
respectively. It is worth noting that for a different scenario, such as during celestial triangulation,
the predominant contribution could be given by the phase law instead of the signal itself, depending
on the relative geometry between the probe and the beacon.

For the approach scenario, it is clear that the oscillations of the DN signal during a given sequence
are the main cause of deviation of the estimated range from the ground truth. The period of these
oscillations is linked with the relative spacecraft-target rotational motion. In particular, the relative
error oscillations could be traced back to albedo heterogeneity and the irregular shape of the targets.
In fact, the albedo used for the range estimation was considered as a constant uniform value, while
the spacecraft observes different regions characterized by different local albedos while approaching
the target. Moreover, the measurement model assumes a sphere with no local displacement, but this
is not the case for the two targets. These effects would also explain why the error is lower for Ceres,
which possesses a better sphericity and a more homogeneous albedo across its surface than Vesta.
For example, the Rheasilvia basin of Vesta is about 10% brighter than the global average.34 This
claim will be later confirmed in the Synthetic Simulation section.
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Position Estimation

As shown in the Parameters Retrieval, by coupling the measured LoS with the estimated range,
Dawn’s relative position to the target can be obtained, as well as its inertial position from the Sun.
The inertial positioning performance is reported in Fig. 7 and in Fig. 8 for Vesta and Ceres, respec-
tively.
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Figure 7: Positioning performance for the Vesta scenario. The estimated state is the position of
Dawn from the Sun. The components are expressed in the camera frame (the boresight is aligned
with the Z-axis).

The position vector is expressed in camera frame to highlight the range error contribution (Z-axis,
i.e., boresight direction) with respect to the LoS error (X and Y axes). The boresight direction in
conventional OpNav techniques has low observability due to the nature of the vision-based solu-
tion. In fact, systems are often equipped with an altimeter15 or a lidar16 to provide a measurement
along this direction, or they fuse the LoS measurements with ground-station tracking. Radiometry-
informed optical navigation provides a coarse albeit useful observable along this direction, hence
enabling a full positioning solution without the need for redundant sensors.
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Figure 8: Positioning performance for the Ceres scenario.

In most of the data points, the range error is larger than the LoS error of at least one order of
magnitude, as expected by the much larger uncertainties that enter into play when using radiometry
ranging. However, in many frames the error drops to hundreds of km for both scenarios, which is in
line with Deep-Space 1 filtered celestial triangulation performance of 700-1000 km.6 Although this
is an approach scenario and the body is closer and larger in the FOV, the results looks promising.
It is worth noting that the centroiding performance are not discussed as they are not the focus of
this work and they could likely be improved considering, for example, phase angle corrections,
improving the overall performance as well.

Synthetic Simulation

A physically-based rendering simulation environment could enable the generation of synthetic
images along the same approach trajectory, but using targets of different complexity. Such analysis
could explain the oscillations observed in the relative error by separating them into components
caused by specific features of the target.

To this aim, the Vesta scenario is recreated in ABRAM*. This render engine allows for high-
quality radiometrically-consistent images thanks to its physically-based nature and the possibility
of using high-resolution albedo and displacement maps, as well as a Hapke model and an accurate
modeling of the camera response.42, 43

The image generation pipeline is validated against close-range flight images acquired during the
Rotational Characterization (RC) phase of Vesta. A comparison of a real flight image against the
rendered counterpart is depicted in Fig. 9. An excellent match is obtained, which confirms the
possibility of using the tool to recreate the approach imaging scenario.

The simulation comprises 9 different cases with different target complexities, as shown in Fig. 10.
The most basic case is a perfect Lambertian sphere with uniform albedo. A first layer of complexity
is the change of the shape, firstly from a sphere to an ellipsoid, then using a full displacement map.
The second layer of complexity involves the albedo: instead of using a uniform albedo, the albedo
map is employed, first with a simple Lambertian reflection model, then using the more realistic
Hapke model. The highest-fidelity scenario has all the effects combined and is truthful to reality,
matching the real flight images.

*github.com/andrepiz/abram

https://github.com/andrepiz/abram


(a) Real image (b) ABRAM rendering

Figure 9: Qualitative validation of the synthetic image generation pipeline. Zoomed insets have
been added to the pictures to highlight the accuracy in the rendering of lights and shadows from the
render engine.
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Figure 10: Overview of the datasets of synthetic images produced. 9 targets of different complexity
are simulated, with incremental addition of features for each case.



The range estimation pipeline is run across all these scenarios. The plot in Fig. 11 depicts how
each feature contributes to the overall relative error with its own effects. The baseline case is the
perfect sphere, where the error is zero as all the model assumptions are respected. The shape effects
mainly cause a drift of the error, with some minor oscillations that offset from the mean error trend.
Interestingly, the difference between the full shape model and the ellipsoid model is not small,
i.e., an ellipsoid is not a good approximation for the effects caused by shadows and occlusions.
The albedo map introduces larger oscillations than the shape features, but not a recognizable drift.
Moreover, a Lambertian target generally returns errors that are more bounded than an Hapke model,
owing to the lower complexity of the Lambert reflection model and its phase law. Finally, when all
the features are combined, the highest fidelity model returns a relative error that matches the one
obtained previously with the real images.
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Figure 11: Relative range error obtained using different datasets of synthetic images. The error
drifts or oscillates differently depending on the complexity of the target body. A perfect Lambertian
sphere returns zero error, while the error obtained with the highest fidelity model is both drifting
and oscillating, and it matches the trend of the real image dataset.

These findings suggest that the amplitude of oscillations could be lower for targets with a more
homogeneous albedo distribution or characterized by a smoother spherical surface, such as airless
planets.

A residual difference is also present in the error obtained with the highest-fidelity synthetic model,
bounded between −3% and 3%, and the real images, bounded between −4% and 4%. This differ-
ence could likely be explained by the presence of noise in the real images, which is not present in
the synthetic images. Dark current, smear, flat field variations, and in-field stray light were not com-
pensated for and might have a non-negligible contribution to the error. For future works, it could be
beneficial to investigate their impact using radiometrically-calibrated images (i.e., radiance images),



instead of raw DN files. This consideration applies as well to light-effect perturbations, including
light-time delays and light aberrations.44 Although these last effects are expected to play a negligi-
ble role considering the current model performance, a generalized formulation that accounts for all
these error sources may be beneficial to develop and is deferred to future work.

Finally, there might be the possibility to correct for these features by using, for example, a varying
geometric albedo or a changing radius depending on the relative spacecraft-target rotational state.
The error could be reduced by exploiting the albedo map, the shape, and the rotational state directly
in the estimation, if these are known from, e.g., a mission that already flew to that body.

CONCLUSIONS

This study assessed the feasibility of using pixel intensities as an observable to estimate the range,
hence the position (when coupled with the LoS) of the observer. Applied to the space navigation
scenario, the presented method provides a full 3D state estimation solution without a priori knowl-
edge of the probe state and using a single image of a known target illuminated by the Sun. Using
precise radiometric models and thorough camera calibration, it is demonstrated how to estimate
the range and reconstruct the spacecraft position with a small knowledge of the scene geometry -
specifically, the target ephemeris and the inertial camera orientation - and a simple image processing
pipeline.

Validation with Dawn spacecraft flight imagery during its approach to Vesta and Ceres shows a
range relative error performance throughout the dataset below 4% and 1%, respectively, confirming
the feasibility of the technique for interplanetary navigation under realistic operating conditions.
Surface albedo heterogeneity and irregular shape are the main causes of error oscillations, as con-
firmed by the performance obtained on synthetic images in the same scenario but generated using
targets of different feature complexity.

Radiometry-informed navigation removes the operational constraint of conventional celestial tri-
angulation techniques, which require multiple beacons in view for a feasible solution. The technique
can also be used to support state estimation during approach trajectories to known bodies, when
ground-station tracking or redundant sensors are not available. Collectively, these findings indicate
that radiometry-informed optical navigation represents an advancement toward greater autonomy in
space exploration missions.
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APPENDIX A: HAPKE PHASE LAW

In this work, an Hapke reflection model without Coherent-Backscattering Opposition Effect
(CBOE) and without porosity effects is employed. Its phase law is:36

Ψ(α) = K(α, θ)
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where pG is the geometric albedo, which for an Hapke model can be written as:36

pG = C(w, θ)
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r0 is defined as:

r0 =
1− γ

1 + γ
(23)

with:

γ =
√
1− w (24)

where w is the Single-Scattering Albedo (SSA).

B(α) is the Shadow-Hiding Opposition Effect (SHOE):

B(α) = 1 +B0
1

1 + tan(α/2)
h

(25)

where B0 is the SHOE amplitude and h the SHOE width, and P (α) is the Single-Particle Phase
Function (SPPF):45
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1 + c
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where a double-term Henyey-Greenstein (HG) function is used with shape parameter b and asym-
metry parameter c.

Finally, K(α, θ) and C(w, θ) are empirical functions to account for the macroscopic roughness
θ. The reader is redirected to Ref. 46 for the formulation of these two terms.


	Introduction
	Methodology
	Measurement Model
	Range Equation

	Experiment
	Parameters Retrieval
	Image Processing
	Range Estimation
	Position Estimation
	Synthetic Simulation

	Conclusions
	Appendix A: Hapke Phase Law

