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Abstract. We introduce a new modular, object-
oriented, and open-source MATLAB toolkit: the Soft-
ware for Optical Navigation and Instrument Calibration
(SONICE With a strong basis in projective geometry
and geometric algebra, SONIC provides seamless access
to years of optical navigation (OPNAV) research. The
toolkit’s capabilities include star identification, camera
and distortion modeling, geometric algebra operations and
analysis, reflectance modeling, relativistic optics, state-
of-the-art triangulation and pose estimation algorithms,
horizon-based OPNAV, 3D reconstruction, and more. As
the field of OPNAV grows and becomes increasingly inter-
disciplinary, we design SONIC to simplify and accelerate
the production of new OPNAV research results.

Introduction. With the rapid expansion of space ex-
ploration rendering terrestrial resources significantly con-
strained, there is a heightened demand for missions to
integrate autonomous navigation methods into their ar-
chitecture.
bilities become critical as we venture deeper into space,
where communication with Earth is subject to significant
time delays. The field of optical navigation (OPNAV),
with many decades of research dedicated to it, is now be-
coming an increasingly appealing research area to address
the need for autonomy, particularly as access to improved
computational ability and cameras is more widely avail-
able. By utilizing images of celestial bodies and star fields
as reference points, OPNAV allows for spacecraft state es-
timation while reducing the reliance on Earth-based sys-
tems, such as the Deep Space Network (DSN) and other
Space Communication and Navigation (SCaN) resources.

To contribute to the expanding field of OPNAV and
to unify many of its principal ideas, the Space Explo-
ration Analysis Lab (SEAL) at Georgia Tech has devel-
oped a new modular, open-source MATLAB toolkit: the
Software for Optical Navigation and Instrument Calibra-
tion (SONIC) Through the development of this toolkit,
we have taken inspiration from numerous existing soft-
ware libraries. Of particular note is the Goddard Image
Analysis and Navigation Toolkit (GIANT)2 which is a
widely recognized Python-based OPNAV API. Utilized
in the OSIRIS-REx mission, GIANT employs a scene-
oriented paradigm for OPNAV, allowing users to manip-
ulate the pose of objects within a defined scene and then
execute an array of OPNAV tasks. In addition to GIANT,
many individual softwares exist which address pieces of
larger OPNAV problems. For example, multiple soft-
ware libraries exist for geometric algebra computations,
such as GABLE " the Clifford Multivector Toolbox# and

Furthermore, autonomous navigation capa-

*Software available at: https://github.com/opnavlab/sonic
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NASA’s Rigid Geometric Algebra® Additionally, more
general image processing tools like OpenCV %7 as well as
astronomical image registration software such as tetra3
and Astrometry. net® also provide useful functionality for
various OPNAYV applications.

projective
geometry

object-
oriented

modular
capabilities

camera-
oriented

application

agnostic
open-

source

MATLAB
Figure 1. Overview of the design features of SONIC.

As depicted in Figure[l] we designed SONIC to comple-
ment these existing software tools and provide the OP-
NAV community with a versatile, open-sourced library
that:

1. approaches the OPNAV problem from a camera-
oriented perspective,

2. is grounded in principled algebraic projective geom-
OHI2
etry,

3. integrates various state-of-the-art state estimation
algorithms for OPNAV, and

4. adopts object-oriented
paradigm, allowing users the flexibility to assemble
OPNAV building blocks in a manner tailored to their
particular research problem.

an application-agnostic,

By capturing the intersection of various specialized do-
mains (including geometric algebra, image processing, op-
tics, and state estimation) the SONIC toolkit addresses the
growing and increasingly interdisciplinary demands of the
OPNAV research field. Our primary objective is to enable
researchers to seamlessly integrate OPNAV capabilities
into mission design and analysis, thus facilitating greater
autonomy in future space missions.

OPNAYV Functionality in SONIC. In this section, we
provide an overview of the OPNAV capabilities currently
supported in SONICY At the time of publishing, version
0.5 of SONIC is currently available for download on its
GitHub repository.l3 Along with the base software, this
download comes with multiple narrated example work-
flows demonstrating some applications of SONIC to com-


https://github.com/opnavlab/sonic

mon OPNAV problems. Several of these example use
cases are described in this section.

Geometric Objects. Projective geometry and geomet-
ric algebra serve as the foundational elements of SONIC.
Accordingly, the toolkit offers convenient representa-
tions of essential geometric objects in projective spaces,
such as points, lines, planes, multivectors, conics, and
quadrics.g’ L2 Classical geometric computations involv-
ing these objects can be performed easily, including the
analysis of their meets, joins, and projections. Addition-
ally, SONIC includes several algorithms for ellipse fitting
as part of its suite of conic analysis tools LHL2

Camera Models. The SONIC toolbox intuitively handles
the representation of various camera models. With the
Camera class, the user can define a camera object to pro-
cess images or generate synthetic images as shown in Fig-
ure [2} In addition to the classical pinhole camera model,
SONIC accommodates various optical distortions, such as
the Brown-Conrady model2*17 The Camera class also
provides flexibility in defining the camera object, allowing
users to either specify the camera calibration parameters
or provide the camera’s field of view and image resolution.
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Figure 2. Synthetic image generated of Arcturus
and the surrounding star field using a Brown-
Conrady camera model and accounting for stel-
lar aberration, with the spacecraft travelling at
29.8 km/s.

Image Processing. The SONIC toolbox integrates vari-
ous image processing routines specific to OPNAV, which
users can easily perform in a few simple lines of code. A
few notable examples are highlighted here, such as:

1. CCD smear removal 12 as demonstrated in Figure

2. Quick generation of parallel scan lines, as shown in
Figure [4] or scan lines with arbitrary directions in
order to analyze image intensity profiles.
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3. Support for edge detection and centroiding routines,
which are useful for implementations of horizon-
based OPNAV, star identification, and more.

Original image of Bennu CCD smear removed

Figure 3. CCD image smear removal of an image
of the asteroid Bennu.
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Figure 4. Generating parallel scan lines, and an-
alyzing intensity profile along the gold-highlighted
scan line.

Reflectance Models. Various OPNAV techniques rely
on the ability to predict how planets, moons, asteroids,
and comets will appear in an image, typically requiring
reflectance modeling of these bodies. Reflectance model-
ing has a wealth of literature supporting it, but can often
become a point of confusion in implementation due to
the wide range of terminology and convention used. To
address this, SONIC provides a host of consistently im-
plemented reflectance models to predict lighting condi-
tions. Specifically, the current version of SONIC supports
the Chandrasekhar718’19 Hapke720’22 Lambert,23 Lunar-
8 and Oren-Nayar“’ re-
flectance models. Figure[5]shows an example of rendering
an orthographic projection of a sphere using the Lommel-
Seeliger and Oren-Nayar reflectance models.

Stellar Mapping. In addition to its other capabilities,
SONIC provides an interface to the Hipparcos star cat-
alog;,28 enabling users to easily access, filter, and then
evaluate the catalog. Furthermore, SONIC can readily in-
corporate stellar aberration, a relativistic optical effect,
when generating a synthetic image of a star field. An il-
lustration of synthetic image generation (accounting for
both Brown-Conrady modeled distortion and stellar aber-
ration) is shown in Figure [2] depicting the star Arcturus
and its surrounding star field.

Lambert,24’ 25 Lommel—Seeliger,2
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Figure 5. Rendering an orthographic projection of
a sphere using the Lommel-Seelige'r’% and Oren-
Naya7'27 reflectance models, at a phase angle of 45°.

State Estimation and 3D Reconstruction. Within
SONIC, various techniques for pose estimation are read-
ily available, offering solutions to both classical and novel
OPNAV problem scenarios. These methods encompass
statistically optimal triangulation algorithms,29 horizon-
based OPNAV,30 and attitude determination from iden-
tified stars. Triangulation involves localizing the camera
using known positions of key points. Conversely, by re-
versing this problem, one can achieve 3D reconstruction,
which entails localizing key points on an object’s surface
using multiple images captured from known camera loca-
tions. An example of this process and the resulting 3D
reconstruction is illustrated in Figure[6] In this example,
we accomplished 3D reconstruction of the asteroid Vesta
using the Linear Optimal Sine Triangulation (LOST) al-
gorithm29 and the image dataset from AstroVision 31

3D Reconstruction of Vesta

Camera Positions around Vesta

Figure 6. 3D reconstruction of the asteroid Vesta,
using data from Astro Vision.*1 The left plot shows
the camera positions around Vesta as red points,
while the right shows a close-up of the 3D recon-
struction of the asteriod.

Upcoming Features. While the version 0.5 of SONIC
is released and publicly available on GritHub,13 this is an
evolving software that will adapt to the needs of the OP-
NAV community and forthcoming research. In the near
term, future versions of SONIC will include interfaces for
the United States Naval Observatory (USNO) Guidance,
Navigation, and Control (GNC) star catalog®>3 and the
Robbins Crater Database®® to support crater-based OP-
NAV strategies.
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Community Support. For those interested in con-
tributing or reporting bugs, we invite you to visit our
GitHub repository and submit an issue through the ‘Is-
sues’ tab, following the provided instructions. As we
strive to make SONIC reflect the needs of the OPNAV
community, we greatly appreciate feedback to shape fu-
ture releases.
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