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Overview
•Brief Introduction
•Proposed MMX project:

• MMX data analysis
• Shape model verification
• Interior modeling

•Example from OSIRIS-REx analysis
•Proposed timeline
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Brief Introduction
• Obtained PhD in Aerospace Engineering in 2005 

from Delft University of Technology, the Netherlands.
• 2003/2004+2005-2011: Fellowships/researcher at 

National Astronomical Observatory of Japan, for the 
SELENE mission

• Since 2011 at NASA/Goddard.
• Civil servant since August 2021
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Research Interests and 
Mission involvement

• Research interests:
• Orbit determination
• Gravity field determination
• Interior structure modeling
• Estimation theory

• Mission involvement:
• SELENE: gravity and shape
• GRAIL: gravity and interior modeling
• MESSENGER: gravity and interior
• MRO and other Mars data: gravity, structure of the crust
• OSIRIS-REx: geophysical parameter determination (see later)
• Juno: participating scientist for extended mission, focus on the 
flybys of the Galilean moons (Io flyby late December and in 
February!)
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Andrew Liounis’ expertise
•Obtained MSc in Aerospace, Aeronautical, and 
Astronautical Engineering from Western Virginia 
University in 2016

•Since 2016 at NASA/Goddard in the Navigation& 
Misssion Design Branch.

•Author and Maintainer of the open-source Goddard 
Image Analysis and Navigation Tool (GIANT, 
github.com/nasa/giant)
• Used extensively for OSIRIS-REx
• Includes celestial navigation
• Currently also used for a study of the Saturnian system 
with Cassini data
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Our MMX project
•Analyze MMX tracking, 
optical, and lidar data
• To determine the moons’ 
gravity

• To determine the moons’ 
rotational state

•Validate shape models
• Through combined use of 
different data types

• By estimating shape model 
parameters
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Rationale
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Our analysis will complement, not duplicate, 
the science team's efforts: 
• We use different tools and data types, 

which is important to ensure a successful 
sample return (verification and validation)

• We will provide the science team with precise 
orbits, gravity models, and rotational 
parameters. 

• Our analysis will also benefit spacecraft 
operations through the aforementioned 
products, augmented with updated attitude 
estimates, and by resolving early mission 
issues such as scale ambiguities between 
camera data and lidar data.



Differential measurements
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• The same 
landmark is 
photographed at 
different times.

• The distance d
between the sight 
lines is minimized.

• We use this for 
pairs of images of 
landmarks within 
one orbital phase 
(intra-phase), but 
also between 
different orbital 
phases.

Sensitive to:
• s/c position
• s/c attitude
• camera model
• changes in body 

orientation

See also: Centinello et al. 2015, 
doi:10.2514/1.A33224; Goossens et 
al. 2021, doi:10.3847/PSJ/ac26c4



Shape model verification
•Through the use of image and lidar data

• landmarks
• image constraints
• direct altimetry
• altimetric crossovers

•Verification/estimation of scale factors
•Direct estimation of the center-of-figure and center-of-
mass offset

• This does not use gravity degree-1 coefficients, which can 
be problematic when combined with Doppler data.
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Example landmark 
processing
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Landmark residuals on Near Earth Asteroid Rendezvous (NEAR) 
Multispectral Imager image M0131963551F4, before and after 
spacecraft position estimation.



Sensitivity to gravity terms

10MMX 7th Science Working Team meeting, November 20-22, 2023, ISAS/JAXA



GIANT capabilities
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Relative OpNav (RelNav) 
generates bearing/position 

estimates to an observed object   

RelNav

There are 3 primary types of OpNav: star-based, celestial, 
and relative.

Star based OpNav generates 
inertial pointing 
measurements

Star based
CelNav

CelNav produces bearing 
measurements to a 
number of objects



GIANT capabilities
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RelNav

Star based

Unresolved Body Extended Body

Surface Feature Navigation (SFN)
Center Finding

Model Fitting

The type of CelNav/RelNav used depends on the apparent size of the body in 
the image. 



GIANT capabilities
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The Goddard Image Analysis and Navigation Tool is an open-
source, flight proven, broad, extensible, ground software suite
for performing precision optical navigation.

Flight Proven ExtensibleBroad

Limb-Based 
OpNav

Unresolved 
center-finding

Geometric Camera 
Calibration

Attitude 
Estimation

Resolved center-
finding

Surface Coverage 
Analysis

G
IA

N
T

Image

Camera Models

Camera

Image 
Processing

Stellar OpNav

Calibration

Ray Tracer

Relative OpNav



Examples of capabilities of 
GIANT
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Orbital A sample landmark matches



Example of limb-based 
navigation
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The final 
predicted 
shape for
Comet 67P 
matches 
scale and 
position
much better.



An example with OSIRIS-REx
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https://doi.org/10.3847/PSJ/ac26c4

https://doi.org/10.3847/PSJ/ac26c4


Stating the problem
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• Shape needs to be known with 
errors < ~15 cm for TAG to 
ensure safe TAG in the 
designated target site.

• Shape models exist: based on 
camera data 
(stereophotoclinometry, SPC) or 
laser data (from OLA), but differ.

• Various parameters trade and 
need to be decorrelated: Digital 
Elevation Model (DEM) scale, 
orbit semi-major axis a, 
gravitational parameter GM, 
through Kepler’s Third Law: 
𝑃𝑃2 = 4𝜋𝜋2 𝑎𝑎3

𝐺𝐺𝐺𝐺

High orbit, 
large size? Low orbit, 

smaller 
size?



Off-nadir altimetry
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• Off-nadir altimetry 
measurements can help break 
the correlations between DEM 
scale and semi-major axis (GM).

• The orbit effect is different from 
the DEM effect, especially at 
higher off-nadir angles.

• Extra off-nadir passes were 
requested during Recon 

𝛼𝛼

Offset in orbit 
(semi-major 
axis)

Off-nadir 
angle

DEM scale 
factor increases 
modeled size of 
Bennu

Altimetry 
residual 
bias due 
to 
different  
DEM 
scale



OREx data analysis
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•Use of a multi-arc analysis: processing OrbB and 
Recon simultaneously, with image constraint 
data connecting the two periods.

•Goal: simultaneously estimate parameters such 
as GM, DEM scale factor, OLA biases, from this 
multi-sat run.

•Evaluate contribution of inter-phase image 
constraints (i.e., analysis with and without the 
inter-phase data).



Parameter values
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DEM angles (3 rotations) ensure that the DEM and pole are aligned.
LELT biases OrbB and Recon are considered instrument biases and thus constrained to be the 
same.



Data fit
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OrbB

Recon

Inter-phase

Mean in altimetry 
residuals per off-
nadir bin

Data count per off-
nadir bin



Correlations
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Timeline for our MMX project
•Project years 1 & 2 (October 2023 – March 2025):

• Key activities: preparing processing tools; calibration.
• Milestones: have an initial processing pipeline at the end 
of PY 1, with additional modifications for a final pipeline 
towards the end of PY 2.

•Project year 3 (April 2025 – March 2026):
• Key activities: Data analysis. Shape model verifications.
• Milestones: Initial solutions for Phobos rotational state 
and gravity field.
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Timeline for our MMX project
•Project year 4 (April 2026 – March 2027)

• Key activities: Data analysis with a focus on providing 
precise geophysical parameters important for landing.

• Milestones: Gravity, rotational state, and shape model 
verification for landing phase.

•Project year 5 (April 2027 – March 2028)
• Key activities: Contribute to landing phase; contribute to 
geodesy flagship paper; continued data analysis (e.g., 
interior modeling). Prepare for Deimos flyby.

• Milestones: contribution to geodesy flagship paper; final 
rotational and gravity parameters for Phobos.
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Timeline for our MMX project
•Project year 6 (April 2028 – March 2029)

• Key activities: analysis of Deimos data; writing of 
publication(s); archiving updates to GIANT, and any 
supplementary materials for publications.

• Milestones: Deimos parameters; publication 
summarizing our analysis and results.
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