OBSERVABILITY ANALYSIS AND OPTIMIZATION FOR ANGLES-ONLY NAVIGATION OF
DISTRIBUTED SPACE SYSTEMS

Justin Kruger*and

Simone D’Amicof

keywords: angles-only navigation, observability analysis, design optimization, , ,

Angles-only methods, in which observer spacecraft
obtain bearing angles to target space objects using
on-board vision-based sensors, are compelling for sw-
arm and constellation navigation. Navigation is both
distributed and self-contained with resultant advan-
tages in autonomy, responsiveness and scalability; and
cameras are ubiquitous, accurate, miniaturized sen-
sors with passive measurement capability. Such as-
pects have spurred development of new angles-only
architectures and mission proposals.®* However, bear-
ing angles are also characterized by weak observabil-
ity. System properties such as orbit geometry, sen-
sor quality and measurement availability can affect
state observability significantly and unpredictably.® 5
Despite this complexity, comparatively little atten-
tion has been paid to the critical problem of how
angles-only systems may be practically designed to
achieve the required navigation performance for a
scenario. In response, this paper constructs a new,
unified angles-only observability analysis and design
framework from three interrelated components: ana-
lytic observability analysis, numeric observabil-
ity analysis, and global optimization. Analysis
methods are modified for a more general and flexible
treatment of observability, thus enabling designers to
1) analytically determine whether the system is ob-
servable, 2) numerically estimate expected navigation
performance, and 3) simply and intelligently optimize
the system to meet navigation requirements.

Analytic observability is investigated by devel-
oping a system graph topology representation. Ob-
servers and targets are graph nodes and directed graph
edges display measurement flow from target to ob-
server. In contrast to previous research,® global in-
stantaneous measurement availability is not assumed
for a more realistic treatment of distributed systems.
Weighted and self-loop edges are introduced to char-
acterize an observer receiving 1) multiple measure-
ments of a target from remote observers, and 2) mea-
surements of itself from remote observers, both of
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which improve observability. A node’s subgraph con-
tains itself, its targets, and remote observers it re-
ceives measurements from. Resultant conditions for
subgraph observability stem from the Lie-derivative
criterion,! where observability matrix O, is full rank
if the system is ¢’'th-order locally weakly observable.
For state x, measurement model h(x), and dynamics
model f(x), the matrix O, is
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An observer is a ‘beacon’ and attains absolute orbit
observability for itself and its targets if O, for its sub-
graph is full rank. Topologically, the observer must
fulfil at least one of the following conditions:

1. It is the sink of an edge with weight w > 2 and
the measurement source is a target.

2. Tt is the sink of an edge with weight w > 2 and
the measurement source is a beacon.

3. It possesses a self-loop edge and the measure-
ment source is a beacon.

If every node is itself a beacon or the target of a bea-
con, the system is observable by definition. In Figure
1, Observer 3 gains beacon status via Conditions 1-3.
Numeric observability for observer subgraphs is
assessed by computing a lower bound for estimated
state covariance Py using the observer measurement
sensitivity matrix Yes; and measurement noise matrix
R.? Noise contributions include sensor noise Rmeas,
uncertainty in a-priori information Rpyior, and dy-
namics noise Rqy,. Past work has assumed Rgy, =
0, whereas this analysis introduces time-varying phys-
ically correlated dynamics noise to account for mis-
modeled perturbations. Peg is computed from

(Rmeas + Rprior + Rdyn) = Y;:stPestY;;rt [2]
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Fig. 1: Topology for an example four-spacecraft sys-
tem. Edges are labelled with their weight.

Quantitative navigation requirements can then be di-
rectly related to state components in P,g with inclu-
sion of realistic system-level errors and uncertainties.
New observability assessments are performed for aux-
iliary states including inter-satellite clock offsets, bal-
listic coefficients and sensor biases. Combined orbit
and auxiliary states are observable when there exists
sufficient relative motion between objects. To prove
the analytic observability conditions, all two-, three-
and four-object subgraphs are enumerated and Peg
is computed. Systems which fulfil at least one topo-
logical condition possess a maximum position uncer-
tainty of <0.05% of the orbit radius. Systems which
do not possess a minimum position uncertainty of
>50% of the orbit radius. The conditions are there-
fore considered sufficient for observability.

Global optimization is performed by fusing the
analytic and numeric methods into a unified tool such
that angles-only systems can be automatically op-
timized to fulfil mission requirements. The objec-
tive function is quadratic as per J, = a';;anga'max,
where oax is Worst-case state uncertainty across all
system members and @, is a weighting matrix. Op-
tional cost terms account for system size; deviation
from nominal orbits; sensor quality; communication
range; and visual coverage, versus corresponding per-
formance improvement. Optional penalty terms en-
sure maximum allowable state uncertainty is met and
redundancy in case of observer failure. Gradient de-
scent minimizes the defined cost. Analytic methods
provide an initial indication of behavior and graph
edges are dependent on target visibility as per sensor
attitude, field of view (FOV), target visual magni-
tude, and eclipse periods. Numeric methods provide
the final output and include spherical harmonic grav-
ity, atmospheric drag, solar radiation pressure (SRP)
and third-body gravity perturbations, with default
bearing angle measurement noise of 20” and orbit-
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specific dynamics noise.

The automatic optimization is applied to two case
studies. First is a distributed science swarm in low
Mars orbit desiring position uncertainty of <500m,
clock uncertainty of <0.1s, and adherence to a nom-
inal in-train formation. The swarm is initialized as
three spacecraft. Preliminary tests meet requirements
by expanding to six spacecraft with higher-quality
sensing (i.e. halved measurement noise) and relative
motion of ~500m in magnitude. Second is an SDA
constellation in frozen lunar orbit, desiring position
uncertainty of <100m with estimation of SRP bal-
listic coefficients and redundancy in case of single-
observer failure. The constellation is initialized as
four observers in equally-spaced orbital planes. Pre-
liminary tests meet requirements by expanding to
four observers per plane, with a minimum 30°FOV
to maintain target visibility without active pointing.

In conclusion, achieving sufficient observability for
angles-only navigation presents a complex design prob-
lem. This work extends analytic and numeric analysis
methods in combination with a flexible optimization
framework to propose a powerful tool for distributed
system design under realistic operational constraints.
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