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Abstract

Space Domain Awareness (SDA) involves the detection, tracking, and characterization of space objects
through the fusion of data across the space environment. As SDA advances beyond localized or operator-
specific capabilities, there is a growing reliance on in-domain space assets for real-time, distributed sensing
and decision-making. This paper investigates the potential of on-orbit collaboration by enabling data sharing
among heterogeneous satellites as actuators within a single orbital regime. Using graph-theoretic constructs,
we define regions of spatial responsibility via Voronoi tessellations and model communication pathways
between actuators using Delaunay triangulation. We apply this framework independently to Low Earth
Orbit (LEO), Medium Earth Orbit (MEO), Highly Elliptical Orbit (HEO), and Geostationary Orbit (GEO),
and analyze each to quantify structural properties relevant to efficient communication, cooperative control,
and synchronization for SDA operations with the growth in deployments of space assets.

Keywords: Space domain awareness, distributed architectures, graph theory, consensus algorithms.
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C Closeness
D Diameter
H Hopcount
R Radius
a Actuator
A Set of actuators
d Degree
€ Eccentricity
k Coreness
R3 Three-dimensional space
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Figure 1: Distribution of active and inactive RSOs, and debris across orbital regimes (LEO, MEO, GEO, HEO
and beyond) based on [11 [2].

1 Introduction

SDA is a critical component of modern space operations, encompassing the detection, tracking, and character-
ization of RSOs across various orbital regimes. With the accelerated deployment of satellites—driven by the
commercial sector, increased accessibility of launch services, and a surge of global actors—the space environment
has become more congested, contested, and competitive, as illustrated in Fig. |[I} The resulting surge in orbital
traffic across LEO, MEO, HEO, GEO, and beyond introduces significant operational challenges for SDA, in-
cluding collision risks, tracking of non-cooperative or maneuverable objects, and persistent coverage gaps. This
growing diversity and volume of space actors, coupled with our own unsustainable practices, have intensified
the need for a more cooperative and resilient approach to space stewardship. In recent events, the FAA recently
proposed regulations offering U.S. commercial operators multiple disposal options for upper stages, including
debris removal contracts, controlled reentry, or transfer to disposal orbits [3]. However, no operational active
debris removal systems exist today, despite ongoing development by several companies. The TADC’s most recent
status report [4] underscores that adherence to guidelines alone is insufficient, and calls for active remediation
strategies to ensure sustainable orbital environments.

SDA operations are further complicated by the increasing prevalence of non-transparent behaviors in space,
including unannounced maneuvers, on-orbit interference, and proximity operations that blur the line between
benign and hostile intent. These actions, particularly when undertaken by non-cooperative or unregistered
entities, increase uncertainty in already congested environments. Traditionally, SDA has relied on ground-
based systems—such as the U.S. SSN, which employs radar and electro-optical sensors—face limitations in
responsiveness, latency, and full-spectrum observability [5]. These limitations are partially being addressed by
space-based systems, including SBSS and ORS-5, which have shown promise in extending SDA capabilities to
under-served orbits with improved temporal persistence [6], but challenges persist in achieving seamless tracking
and responsiveness in dynamic orbital regimes [7] and continuous monitoring on orbit.

These latest challenges have spurred significant research leveraging the potential for constellation-level
solutions to offer persistent surveillance and improved data fusion across platforms [8]. Additionally, emerging
enabling technologies—including sensor fusion, consensus algorithms, blockchain-secured communication [9]
10, 1T, 12], and cooperative control [I3]—present a path forward. For instance, distributed payloads have
been proposed to increase observability and coverage across large-scale constellations [I4], while consensus
algorithms are actively being developed to coordinate decisions across heterogeneous on-orbit assets [15] and
enhance tracking precision to reduce collision risks[I6].

Building on this momentum, one of the key milestones in the transition to distributed on-orbit architectures
has been the publication of latency estimations for distributed SDA in LEO, which demonstrate the feasibility
of such systems [I7]. This breakthrough not only validates the potential of distributed SDA in LEO but also
opens the door for new approaches to decentralized tasking and management across other orbital regimes.
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Motivation and Contributions: This paper contributes to the shift toward distributed SDA by focusing on
intra-orbit collaboration. We propose a graph-theoretic framework to structure communication and task-sharing
among satellites. The key contributions of this work are: (i) assessing distributed architectures for SDA across
different orbits, with a focus on their synchronization and coordination capabilities through the application of
graph theory, and (ii) developing consensus algorithm tailored to the specific needs of these architectures.

2 Distributed On-Orbit SDA
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S

Figure 2: Notional architecture for on-orbit distributed SDA with examples of current and future space surveil-
lance systems such as GSSAP, NEOSSat, MW /MT, and Saphire, assuming roles of actuators with their respec-
tive capabilities for enhanced SDA across various orbital regimes.

In a distributed on-orbit SDA system, as illustrated in Fig. [2] the on-orbit nodes can assume two main
roles: data source nodes and actuator nodes. Data source nodes are responsible for collecting SDA-related data,
such as tracking information, object identification, and space weather parameters. Actuator nodes, in contrast,
are equipped with the ability to perform actions based on the data they collect. This on-orbit architecture is
also expected to operate in coordination with ground-based assets, together forming a comprehensive, global,
and distributed SDA network.

In this paper, we focus primarily on the on orbit architecture with a specific emphasis on the role of actuator
nodes. Designing such an architecture requires addressing key operational questions, including: Which actuator
is best suited to communicate with at a given time? How can we identify the closest actuator to a specific data
source in real-time? Furthermore, how can we guide the efficient coordination of actuators to ensure consistent
domain awareness?

2.1 Tessellation for Responsibility Regions

An effective starting point for managing the operational scope of actuators is spatial partitioning, which divides
space into smaller, manageable regions. This approach is well represented by Voronoi tessellation, as illustrated
in Fig. [3D}a technique that partitions space into regions, or Voronoi cells, based on proximity to a predefined
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Figure 3: (a) Distribution of a set of actuators A = 30 in a sphere. (b) VD(A). (¢) DT(A).

set of “seeds”. In our context, these seeds represent actuator nodes, and each resulting Voronoi cell defines the
region of space that is closest to one actuator relative to all others.

This method naturally lends itself to SDA due to its dynamic, scalable, and geometrically grounded na-
ture. Each actuator is assigned a unique Voronoi cell, enabling it to monitor all entities within its assigned
region—whether they are data source satellites, space debris, or other RSOs. This approach has been demon-
strated for threat perception regions in [I8]. As actuators move, their associated cells adjust accordingly, main-
taining a continuously adaptive map of spatial responsibilities. This ensures that no region is left unmonitored,
even as the orbital environment evolves.

An essential feature of Voronoi tessellation is exclusivity: an actuator is associated with exactly one cell
at any given time, although this configuration changes dynamically. As the number of actuators increases, the
tessellation becomes finer, enhancing resolution and responsiveness—up to certain saturation points, which we
investigate in this work.

Formal Definition

Let A be a set of actuators in R?. The Voronoi cell of an actuator a € A, defined V,, is the set of all objects
s € R? that are closer to a than to any other actuator in A; that is,

Vo={s €R| ||s —ai] < ||z — az, Vg € A}. (1)

The union of the Voronoi cells of all generating actuators a € A form the Voronoi diagram of A, defined as
VD(A). In R3, VD(A), this results in a tessellation with the following key properties:

o Size: For a actuators, there are a Voronoi cells in V. D(A).
¢ Voronoi vertices: They are located at the centers of spheres that touch 4 actuators in A.
e Voronoi edges: They are equidistant from 3 actuators.

e Voronoi faces: They are equidistant from 2 actuators, forming the shared boundary between their
regions.

2.2 Mesh-Building for Communication Paths

While Voronoi tessellation helps define the regions of responsibility for each actuator in space, the next step is
to determine communication pathways among them. This is where Delaunay triangulation—the geometric dual
of the Voronoi diagram—becomes essential. As illustrated in Fig. Delaunay triangulation connects actuators
that share a boundary in the Voronoi diagram.

The Delaunay structure is proximity-driven: it links actuators that are spatially adjacent by drawing edges
between them. These edges indicate potential communication channels, thereby defining a topology that is both
adaptive and optimized for locality.
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Formal Definition

Let A be a set of actuators in R?. The Delaunay triangulation DT (A) is a triangulation of the convex hull of
A such that no actuator in A lies inside the circumsphere of any simplex in the triangulation,

VYo C A, circumsphere(o) N A = 0. (2)

That is, each simplex in the Delaunay triangulation has an empty circumsphere—no other actuator lies
within the sphere defined by its vertices, which ensures that we do not create edges that would span over a
closer actuator. This ensures the locality mentioned before. This also results with following interesting key
properties:

o Euclidean Minimum Spanning Tree: : The MST of the actuator set A is always a subgraph of DT'(A).
This means that the Delaunay triangulation captures the minimal infrastructure needed for connectivity.

e Spanner Property: Delaunay edges serve as a good geometric spanner, offering near-optimal paths
between actuators. That is, the path between two actuators in DT(A) is not much longer than the direct
Euclidean distance, making it suitable for efficient routing.

¢ Closest Pair Property: The closest pair of actuators in A are guaranteed to be directly connected in
the Delaunay triangulation. This ensures that immediate neighbors are always part of the communication
mesh.

2.3 Graph Metrics

To assess the performance of the networks formed by the dual Voronoi-Delaunay graphs over time, we rely
on graph-based metrics that can be categorized into two main groups: (i) topology-based metrics, which are
governed by the spatial distribution and relative arrangement of the nodes in the graph; and (ii) service-based
metrics, which capture operational characteristics of the nodes as well as the links.

Since the graph’s structure is dictated by the communication pathways between actuators based on prox-
imity and spatial arrangement, we propose evaluating the network’s performance through topological graph
metrics which include distance-based as well as connectivity-based metrics. These metrics help us understand
various aspects of the network configuration and its implications, including:

e Communication efficiency, by quantifying how quickly information can propagate between actuators.
e Synchronization potential, by examining how central or peripheral nodes are in the overall network.

o Cooperative control feasibility, by identifying strong substructures or weak links that impact collective
behaviors and distributed decision-making.

These topological metrics thus offer both diagnostic and design value, helping identify bottlenecks, optimize
actuator placement, and assess how structural changes could influence the goal we set for the system. While
our current focus is on topology-based metrics, these findings will later serve as a scaffold for service-level
evaluations that incorporate the operational characteristics.

2.3.1 Distance metrics

These metrics characterize the shortest-path properties of the network and directly influence communication
latency and the ability of actuators to synchronize actions.

Hopcount: For any two actuators a; and aj, the hop count Hg;,; is defined as the number of edges in the
shortest path between them,
Haiﬁaj = minke[l,A—l](Pai‘)aj (k))ﬂ (3)

Furthermore, the distribution of hop counts for different k& values allows us to assess the expected number
of hops in common communication scenarios, helping to evaluate how efficient or costly routing might be in
sparse vs. dense deployments.

Rationale: Hop count is directly related to latency. By minimizing the average and worst-case hop
counts, we can improve the end-to-end delivery between the two most distant actuators.
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Closeness: For a given actuator, on average, the closeness measures how close it is to all the rest in the

network. For an actuator a;,
-1
C; = ( Z Ha._,aj> . (4)
}

aj€A\{ai

Rationale: High closeness score suggests that an actuator can disseminate information quickly and
is likely to play a critical role in time-sensitive mission operations. Actuators with lower scores are
more isolated and may experience higher.

Eccentricity: For a given actuator, ¢; reflects the worst-case communication delay from there to any other
in the network. For an actuator a;,

€; = INaXg; EA(H(Li—Mlj)' (5)

Rationale: Actuators with lower eccentricity are more central and better suited for coordinating
global tasks. Eccentricity also reveals structural bottlenecks and potential communication vulnerabil-
ities.

Diameter: For the network, D is the maximum of all actuator eccentricities and represents the longest shortest
path in the network,
D = maxg,cale;). (6)

Rationale: A larger diameter suggests that information could take longer to propagate through the
network and indicate long chains of actuators.

Radius: For the network, R is the minimum of all actuator eccentricities and indicates how close the most
"central" actuator is to the rest,
R = ming, ca(e;). (7

Rationale: It helps identify highly accessible actuators in the network and the most central in terms

of reachability.

2.3.2 Connection metrics

These metrics capture the direct interaction patterns and structural robustness of the network and consider the
cohesive groups that can be formed from within; these would be subgroups among actuators that have strong,
direct, and frequent ties.

Node Degree: For a given actuator, d refers to the number of immediate connections it has to other actuators,

A
di =Y ai, (8)
j=1

where a;; = 1 if a direct link exists between a; and a;, and 0 otherwise if no links (In our case, this doesn’t exist
due to the properties of the DT). In addition, the average and variance of the node degree across the graph is
evaluated to provide insights into network redundancy and balance.

The degree distribution for a set value k is useful for understanding resilience:

Pr[D =k] = d—:, (9)

where dj; is the number of actuaors with degree k.

Rationale: High-degree actuators facilitate rapid information spread and coordination. The shape
of the distribution also reflects network resilience.

Coreness (k): For the network, the k-core is the maximal subgraph in which every actuator has at least
degree k. Coreness of an actuator is the highestkfor which it belongs to a k-core.

Rationale: High coreness implies structural centrality and deep embedding within the network. Such
actuators are stable candidates for leading synchronization tasks or initiating cooperative control due
to their topological influence.
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3 Simulation Framework for Orbital Actuator Distribution

We retrieve orbital data from Space-Track [19] in TLE format, which we then propagate into space-time coor-
dinates using the satellite-js library [20]. These satellites serve as proxies for actuator positions, grouped by
their respective orbits, as follows: LEO: 2,564, MEO: 183, GEO: 839, and HEO: 182. Our aim is to simulate
the scale of these constellations as well as di erent orbital regime distributions.

0 NEOSSAT

1 39089U 13009D 18115.60454839 +.00000035 +0060D +27923=4 0 9992

2 39089 098.5303 320.4424 0012356 092.9866 267.2733 14.34421818270178

For instance, the TLE entry above describes NEOSSat with three key lines: (i) Line 1 is the satellite's
name. (ii) Line 2 contains the NORAD ID, classi cation, epoch, and drag info. (iii) Line 3 encodes orbital
elements: inclination, RAAN, eccentricity, argument of perigee, mean anomaly, and mean motion.

Algorithm 1 Generation of the VD and DT over time.

Require: An orbital regime, a set of actuators A, a percentage of actuators to extract
Require: A list of TLE elements for all extracted actuators
Require: Time step for periodic updates
Ensure: Updated VD(A), DT (A), and actuators positions over time
Initialize Earth projection with geoOrthographic() for visualization
Set time for simulation start (e.g., current timestamp)
Initialize data storage (CSV for results)
Set the duration for simulation to 24 hours
while simulation time < 24 hours do
Propagate actuators positions based on TLE data and current timestamp
for each actuatordo
Compute actuator's position at current time using actuator.propagate()
Convert position to Earth-centered geodetic coordinates
Store actuator's position and timestamp
end for
GenerateV D(A) diagram based on actuator positions
GenerateDT (A) from Voronoi diagram
Save current positions,V D(A), DT (A) to CSV
Update simulation time by adding time step
end while
Finalize CSV export with complete actuator data and topologies.

(a) GEO (b) MEO

Figure 4: Voronoi diagrams illustrating spatial coverage of actuators in GEO and MEO.

To compute the Voronoi and Delaunay diagrams, the actuator positions are projected to their respective
zenith points on Earth. These projections are then used to generate Voronoi diagrams and corresponding
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Delaunay triangulations using the d3-geo-voronoilibrary [21]. The input for the Voronoi computation consists
of arrays of [longitude, latitude] coordinates for each actuator. For context, we overlay the actuator network on
1:10m Cultural Vector data from Natural Earth [22], following the visualization framework described in [23].

Next, we extract 24-hour intervals of the generated topologies, with a snapshot shown in Fig. 4, to capture
the temporal evolution of the network. Algorithm 1 describe all above operations where we vary the initial
actuator participation from 5% to 95% to study how partial deployment in uences the network structure and
resilience over time. These time-series topologies include altitude, longitude, latitude, satellite name, orbit type,
and timestamps, and are derived from Delaunay triangulations. The resulting data is exported and analyzed
using the metrics outlined in Section 2.3.

4 Analysis and Discussion per Orbital Regime

Table 1: Summary of graph metrics across orbits for varying percentages of actuators.

]Orbit \%Actuators Mean \Max \Mean D | Mean R | Min R

10 4.000 4 4.000 2.000 2
30 3.951 4 3.951 2.000 2
LEO 50 3.672 4 3.672 2.000 2
70 3.246 4 3.246 2.000 2
90 2.852 4 2.852 1.869 1
10 3.096 4 3.096 2.000 2
MEO 30 4.652 6 4.652 2.888 2
50 5.175 6 5.175 3.045 2
70 5.726 7 5.726 3.242 2
10 2.941 4 2.941 2.000 2
HEO 30 4.037 5 4.037 3.000 3
50 4.906 5 4.906 3.350 3
70 5.063 6 5.063 3.998 3
10 5.513 6 5.513 3.000 3
GEO 30 6.653 8 6.653 4.000 4
50 7.231 8 7.231 4.560 4
70 8.276 9 8.276 4.997 4

We begin by analyzing key distance metrics across the orbital regimes which are summarized in Table 1
and represent averaged values over the simulation time frame for each orbital regime and varying actuator
percentages. In LEO, the network structure demonstrates improved performance as more actuators are added.
The mean graph eccentricity and diameter both decrease steadily from 4.0 at 10% to approximately 2.85
at 90%, which that as more actuators are introduced, the graph becomes more compact, leading to shorter
communication paths. The radius mean remains constant at 2.0 until it drops slightly to 1.87 at 90%, and
the radius minimum also drops to 1 which overall demonstrate that the LEO networks scale e ciently and
bene t from increased actuators density, maintaining low communication latency and strong overall connectivity.
However, MEO shows a reverse trend, where network compactness deteriorates as actuators increases. The
mean graph eccentricity rises from approximately 3.1 at 10% to 5.7 at 70%, and the graph diameter follows
a similar pattern; which indicate that the network becomes less centralized and more fragmented at higher
actuators density levels. This degradation suggests that MEO constellations are more susceptible to structural
ine ciencies under increased node density, due to larger inter-satellite distances. Similar pattern is observed in
HEO and GEO, beginning with relatively e cient connectivity at 10% in their respective orbit which deteriorate
as actuator percentage increases.

Next, we report in Figs. 5, 6, 7, and 8 the performance metrics for the actuator network topology over
time to show the MST, degree variance and average path length in 3D. For LEO, the MST shows signi cant
variation but remains the lightest due to short distances between actuators, with uctuations caused by bridging
to farther nodes. Degree variance stabilizes despite occasional peaks, likely due to node velocity and their in-
and-out movement in the frame and the average path length decreases as more actuators are added, bene ting
from higher node density. In contrast, higher orbits (MEO, HEO, and GEO) show a consistent increase of
trend in MST as actuator percentages increases, with the degree variance increasing, indicating less uniform
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