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Introduction:  The shape model of asteroid 

(101955) Bennu is an essential deliverable for the sci-
ence and operations of the OSIRIS-REx mission.  
Many key science products use the shape model to 
compute local topography, adjust for geometric factors 
(incidence and emission angles), and provide global 
context. Due to the low gravity of Bennu, traditional 
navigation techniques using only Radiometric data 
cannot provide the navigation accuracies required by 
the OSIRIS-REx mission design. Optical images corre-
lated with a shape model provide a body-fixed naviga-
tion solution with the accuracies required for small 
body exploration.   

The shape model is a critical component of this ef-
fort because it is the "roadmap" from which navigation 
is conducted. 

For the OSIRIS-REx mission, we use stereophoto-
clinometry (SPC) software created by Gaskell [1] to 
generate the shape model that is used for both science 
and navigation.  This technique has been used to sup-
port science on several objects:  Phoebes, Tethys, Eros, 
Itokowa, Vesta, Ceres, and most recently Ryugu with 
the Hayabusa2 mission. 

Operational Use of  Shape Models: As the space-
craft imagery improved during Approach, we generat-
ed improved SPC-derived shape models as needed by 
operational requirements. Evaluation of the model’s 
accuracy is an important part of this effort and is dis-
cussed in  [2]. There several stages of the mission op-
erations that require a shape model, and the fidelity of 
the model evolved throughout these stages (Table 1). 

Distant Approach.  The navigation team began op-
erations using the ground-based radar shape model [3]. 
When Bennu became a disk-resolved object, the navi-
gation team used the radar shape model to conduct 
centroiding for position determination. 

Approach: 8 to 23 November 2018.  Once the 
OSIRIS-REx spacecraft was within 200 km of Bennu, 
the image pixel size became large enough to make 
accurate shape models that improved upon the radar 
shape model.  We used rotation “movies” with images 
every 10° using a limb-based model generation tool 
called LIMBER.  This tool detected limbs within im-
ages and generated a point cloud of Cartesian points 
that were turned into a shape model by generating a 

spherical harmonic solution that minimized the residu-
als, or by connecting the limb points with spline 
smoothing.  The estimated vertical accuracy of the first 
model was 3-4 m with a pixel size between 2.5 m and 
1.6 m.   

At this point, we used traditional SPC techniques 
[1, 4] of solving for the topography of a small surface 
patch (maplet) using photoclinometry and its position 
in 3D space using stereogrammetry.  In these early 
models, the topographic accuracy of the limb-based 
models was better than the corresponding SPC models, 
but the SPC shape model included albedo (surface 
brightness).  The albedo is very important for land-
mark-based navigation because it greatly improved the 
identification of the control points (landmarks). 

Close Approach: 25 November to 2 December 
2018.  Once the pixel scale of the images was better 
than 2 m/pixel, we generated the shape model using 
the full SPC technique [1]. These images had sufficient 
resolutions for shape modeling but the entire Approach 
phase of the mission occurred with the spacecraft near 
the equator and therefore has incomplete viewing ge-
ometries. Thus, the quality of the model was limited to 
about 2 m with limited fidelity in the polar regions.  

Preliminary Survey.  The next improvement of the 
shape model occurred during Preliminary Survey.  
This mission phase consisted of three passes over the 
north pole, with the first and third pass collecting 75-
cm/pixel images.  Following the north pole passes, 
OSIRIS-REx flew over the equator to get higher-
phase-angle images (both morning and afternoon) and 
then completed a pass over the south pole, collecting 
data both before and after closest approach.  This mod-
el had a 75-cm ground sample distance (GSD) and was 
provided to facilitate the transition to landmark naviga-
tion during Orbital A.  The uncertainty of the model 
was estimated at 1.5 m. 

Orbital A.  During Orbital A, the navigation team 
focused on the operational evaluation of the SPC mod-
el. This analysis used NavCam images, Doppler, 
landmark-based navigation solutions, and gravity data 
to identify the quality of the shape model in regards to 
the following: 

 1. Center of mass and center of figure offset:  
The SPC shape model is centered at the center of mass 
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of Bennu. The navigation team estimated an offset of 1 
to 2 m between the center of figure and center of mass. 
This offset was incorporated into the shape model be-
cause even a small offset results in larger residuals in 
the navigation solution. 

 2. Size bias:  Because SPC updates both the 
position of the landmarks and the spacecraft position, 
the overall model size is affected by the uncertainty in 
the spacecraft position. Orbiting Bennu will allow the 
navigation team to identify remaining size bias. 

 3. Final pole determination:  With the high 
resolution data from Orbital A OpNav images, the 
right ascension, declination, and rotational period will 
be calculated and published in an updated SPICE ker-
nel and fed back into the shape modeling process.  
Currently a pole correction of less than 1/2° in RA and 
Dec is expected. 

 4. Quality of landmarks.  During Orbital A, 
the NavCam will be used to provide the imagery with a 
field of view that completely covers Bennu.  The SPC 
model has several hundred landmarks that the naviga-
tion team identifies in each NavCam image.  When 
these landmarks are identified on the shape model, it 
provides an estimate for the spacecraft position.  A 
correct shape model and landmark detection results in 
a consistent orbit that reflects gravity variations and 
small-forces, such as the solar wind.  Errors in the 
model result in a poor fit to the data or a non-
continuous flight path.  These results are used to cor-
rect the shape model. 

 
Conclusion: After using the images from Ap-

proach, Preliminary Survey, and preliminary naviga-
tional analysis during Orbit A, the Altimetry Working 
Group produced a 75cm GSD shape model for use 
during operations and science use. This model has an 
uncertainty of approximately 1 m.   
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Table 1.  Data used and performance of SPC shape model  
Shape Model  Dates Distance 

[km] 
Pixel 
Size 
[m] 

Uncer-
tainty 
[m] 

Approach 8-22 Nov  162-100 2.2-1.4 4 
Close  Ap-
proach 

25 Nov - 
7 Dec 

82-23 1.1-.3 2 

Preliminary 
Survey-draft 

4-16 Dec 11-7 .8-.5 1.5 

75 cm all all all 1.0 
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