!

Pose Estimation of Uncooperative Spacecraft using Monocular Vision
Sumant Sharma, Simone D’Amico

Space Rendezvous Laboratory
Department of Aeronautics and Astronautics, Stanford University, Stanford, CA - 94305

{sharmas,damicos} @ stanford.edu
people.stanford.edu/damicos

Motivation

General Pose Estimation Architecture

Results: Initial Pose Estimation

Recent advancements have been made to utilize monocular vision navigation as
an enabling technology for formation-flying and on-orbit servicing missions (e.g.,
PROBA-3 by ESA1, ANGELS by US Air Force, PRISMA by OHB Sweden). These
missions require approaching a passive target from large distances (e.g., >30 km)
in a fuel efficient, safe, and accurate manner. Simple modification of low cost
instruments (e.g., star trackers) can enable relative pose estimation.

A high fidelity virtual testbed to evaluate PnP solvers is setup in MATLAB. MonteCarlo simulations emulating measurement errors of space imagery3 from the
PRISMA mission (700km altitude, 10m inter-spacecraft separation) are carried
out. The spacecraft 3D model is reduced to save computational effort. Edge
features are selected for object detection due to their invariance to changes in
illumination and computational efficiency.

The result of comparative assessment is a qualitative decision matrix based on
four performance measures for each of the PnP solvers. NRM is the most
accurate but is an order of magnitude slower due to the calculation of a 6x6
Jacobian matrix at each iteration. It requires initialization with an attitude with
less than 60o error. POSIT performs poorly in minimizing image plane error but is
fastest with a runtime on the order of 1ms (2.4 Ghz Intel Core i5). EPnP is
marginally more robust to Gaussian noise in pixel measurements but is
computationally less efficient than POSIT and is unreliable at large distances
along the optical axis.
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Preprocessing

This study seeks to design and implement a robust, fast, and globally optimal
vision system to estimate the pose of a non-cooperative space resident using
monocular vision, given its three dimensional geometric representation. Use of
state-of-the-art pose estimators designed for terrestrial applications is
challenging in space due to limited on-board processing power, low carrier to
noise ratio, and high image contrasts. Feature descriptors such as the Scale
Invariant Feature Transform2 (SIFT) are too computationally expensive and yield
poor results for space imagery3. Moreover, spacecraft geometry is often highly
symmetrical resulting in ambiguity in attitude determination.
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In a typical pose estimation architecture, Perspective-n-Point (PnP) solvers are
used iteratively to yield 3D-2D perspective transformation given a set of n
correspondences between the model and the image.
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As a preliminary step, and for the first time in literature, we focus on the
performance characterization of three solvers for initial pose estimation in the
context of formation-flying missions.
POSIT 4: Based on a scaled orthographic assumption, POSIT is an iterative
solver which requires at minimum four non-coplanar point correspondences
and uses 24n calculations each iteration.
EPnP 5: Based on singular value decomposition, EPnP is an O(n) non-iterative
solver which requires four general point correspondences. It expresses the
model points as a weighted sum of four non-coplanar virtual control points.	

Newton-Raphson Method (NRM): Based on linearized relationships between
image plane reprojection error and current pose estimate, NRM requires
three general point correspondences and an initial pose estimate.
Each of the methods implicitly assume perfect model and image
correspondences and neglect ambiguous pose solutions.

Outliers [%]

Superior

Par

Inferior

Number of
Features

Noise

Outliers

Distance
to Camera

Posit
Epnp

Solvers

Validate 2D
Features

Project Model
to 2D

Posit+
Newton
Raphson

Conclusions
Initial Pose Estimates
Initial Pose Estimate
selected for refinement

Fine Pose Estimation

References
Journal of Space Science and Engineering 2, no. 2 (2014): 171–89.
1. Tarabini Castellani, Lorenzo, Jesús Salvador Llorente, José María Fernández Ibarz, Mercedes Ruiz, Agnes Mestreau-Garreau, Alexander Cropp, and Andrea
4. Dementhon, Daniel F., and Larry S. Davis. “Model-Based Object Pose in 25 Lines of Code.” International Journal of Computer Vision 15, no. 1–2 (1995): 123–41.
Santovincenzo. “PROBA-3 Mission.” International Journal of Space Science and Engineering 1, no. 4 (2013): 349–66.
5. Lepetit, Vincent, Francesc Moreno-Noguer, and Pascal Fua. “EPnP: An Accurate O(n) Solution to the PnP Problem.” International Journal of Computer Vision
2. Lowe, David G. “Distinctive Image Features from Scale-Invariant Keypoints.” International Journal of Computer Vision 60, no. 2 (2004): 91–110.
81, no. 2 (February 2009): 155–66. doi:10.1007/s11263-008-0152-6.
3. D’Amico, Simone, Mathias Benn, and John L. Jørgensen. “Pose Estimation of an Uncooperative Spacecraft from Actual Space Imagery.” International

The strength of each PnP solver lies in different regimes and calls for a strategy
to exploit the identified synergies. Future work will implement a PnP mode
switcher based on the obtained decision matrix to yield a fast and robust solution
to the perspective equations under diverse operational scenarios. Preliminary
results indicate that the runtime of a PnP solver is on the order of 10ms when
embedded in a spaceborne microprocessor (~30MHz). Since the solvers perform
poorly in the presence of feature outliers, an iterative statistical approach will be
necessary to achieve pose convergence in real-world applications.

