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Abstract. During approach to an unvisited body,
particularly small primitive bodies, much time is spent
characterizing the target and learning how to navi-
gate with respect to it. The primary means of nav-
igating with respect to these bodies typically involves
some form of optical navigation (OpNav), where ob-
servables are extracted from images of the target and
fed to a navigation filter to refine the relative posi-
tion and velocity between the spacecraft and the tar-
get. We demonstrate the performance of a recently de-
veloped, limb-based OpNav technique for the approach
time period by applying it to flight data from the Ori-
gins, Spectral Interpretation, Resource Identification,
and Security—Regolith Explorer (OSIRIS-REzx) space-
craft’s approach to asteroid Bennu.

Introduction. In the initial approach to an unex-
plored, small, primitive body, relative navigation mea-
surements between the spacecraft and the target body
are essential to enable proximity operations. These mea-
surements help to resolve uncertainty in both the space-
craft’s and the target’s state in the inertial sense, and
also dramatically reduce the uncertainty in the relative
state between them. Traditionally, these relative mea-
surements have come from a process known as optical
navigation (OpNav), where bearing and range observables
to the target body are extracted from monocular images
of the target.

During the earliest stages of approach, when the target
body appears as unresolved in the image (with an appar-
ent diameter typically less than 5 pixels), OpNav tech-
niques nearly always involve some type of model fitting,
where the observed unresolved object has some analytic
model, which approximates the point spread function of
the camera, fit to it to determine where the center of the
object lies in the image. As the target begins to grown in
the field of view to more than a few pixels, this technique
quickly degrades and alternatives are used, typically ei-
ther cross-correlation with a template or by finding the
center of brightness and correcting based on the phase
(Sun-target-spacecraft) angle. Eventually, once the tar-
get becomes fully resolved, center of brightness techniques
also quickly degrade in accuracy, leaving only cross cor-
relation or limb-based techniques, where the observed, il-
luminated limb of the target is used to extract both the
bearing and the range to the center of figure of the target.

Traditionally, limb-based OpNav approached have been
limited to regular bodies (those well modeled by a tri-axial
ellipsoid). Recently, however, a new limb-based technique
capable of working with irregular bodies (those not well
modelled by a tri-axial ellipsoid) was proposed.1 This
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new technique works iteratively to refine the a prior: es-
timate of the spacecraft to target position vector and the
pairing of the observed limbs in the image with points on
the surface of a shape model of the target. In the pre-
vious work, this method was demonstrated to work on a
wide variety of irregular bodies using simulated images of
the body, but it did not show the technique working on
actual images of irregular bodies, nor did it demonstrate
the effect the quality of the shape model used has on the
performance of the technique. In this paper we address
both of these issues through use of the rich data set gen-
erated by the Origins, Spectral Interpretation, Resource
Identification, and Security—Regolith Explorer (OSIRIS-
REx) spacecraft during its approach to Bennu.>?

Methodology. To further demonstrate the limb-
based technique for irregular bodies, we apply the tech-
nique to monocular images captured by OSIRIS-REx dur-
ing its approach to Bennu using the Goddard Image
Analysis and Navigation Tool (GIANT).4 Specifically, we
consider images from PolyCam, MapCam, and NavCam
across which Bennu spans from 50 pixels apparent diam-
eter to several hundred pixels apparent diameter. This
data set provides a wide range of viewing conditions in
apparent size and phase angle and therefore supports ex-
tensive detailing of the performance of the technique.

In order to demonstrate the effect the quality of the
available shape model of the target has on this technique,
we also make use of different shape models that were de-
veloped by the OSIRIS-REx Altimetry Working Group
during this time period. This includes the initial radar
shape model that was used before in-flight characterisa-
tion of Bennu could occur, up through the shape model
generated just as we entered into orbit at Bennu for the
first time, representing a wide range in quality of shape
models.® To demonstrate the technique in a true opera-
tional set up, we first restrict ourselves to only using the
shape model that was available when an image was cap-
tured. We then also reprocess the data using the shape
model that is available at the end of any given mission
phase to demonstrate the “best case” performance for the
technique. For each of these cases, we compared the ob-
served relative position vectors from each image with the
fully estimated trajectory from that time period to show
accuracy. We also, if time permits, perform orbit deter-
mination solutions using the observables extracted from
this technique to see how they compare to the officially
delivered trajectories.
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