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Abstract

This paper presents an event-triggered behavior-inspired decentralized control
framework for a spacecraft swarm tasked with capturing an unknown, uncooperative target.
The proposed approach integrates local swarm behaviors, event-triggered communication and
control, and distributed target perception within a unified architecture. Three local behaviors
are considered: inter-agent collision avoidance, target buffering, and sensor-pointing alignment.
To reduce communication burden, each agent updates and broadcasts its state only when
predefined local triggering conditions are satisfied. Meanwhile, onboard sensing and neighbor-
to-neighbor information exchange are used to estimate the target position, motion, and
geometry without prior knowledge of the target shape. A graduated non-convexity-based
perception module is adopted to improve the robustness of landmark-based target
reconstruction under partial observability and noisy measurements. Numerical simulations for
tumbling ellipsoidal targets demonstrate that the proposed method enables autonomous search,
chase, and pre-capture enclosure while maintaining safe inter-agent spacing and reducing
communication compared with periodic update strategies.

Keyword: Spacecraft swarm; Active debris removal; Event-triggered; Decentralized control;
Autonomous; Distributed target perception; Uncooperative target.

1. Introduction

The accelerating accumulation of orbital debris poses serious risks to operational
spacecraft and the long-term sustainability of space activities, creating an urgent need for
effective active debris removal (ADR) solutions [1]-[2]. ADR missions demand autonomous
rendezvous, close-proximity operations, and capture of non-cooperative targets while
operating under stringent sensing, communication, and actuation limitations. Most existing
robotic ADR approaches depend on a single servicer spacecraft and typically assume some
prior knowledge of the target’s geometry or dynamics [3]-[4]. In practice, however, single-
spacecraft architecture offers limited sensing coverage and reduced fault tolerance, which
motivates the development of swarm-based multi-spacecraft ADR systems.

Prior studies have examined both centralized and decentralized control methods for
spacecraft swarms. Centralized approaches can produce coordinated group behavior, but they
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are constrained by poor scalability, communication bottlenecks, and vulnerability to single-
point failures [5]. By contrast, decentralized methods, especially those influenced by swarm
robotics and biological collectives [6], generate coordinated behavior through local interactions,
thereby improving robustness and scalability [7]-[8]. In particular, behavior-inspired control [6]
has become a promising paradigm for spacecraft swarms, enabling agents to accomplish
collective tasks such as formation maintenance, collision avoidance, and target encirclement
through simple local rules. Nevertheless, many of these methods depend on continuous or high-
rate communication, which is impractical for space systems with limited bandwidth and
onboard computational capability. To address this issue, event-triggered control and
communication [9] have attracted growing interest as a means of reducing unnecessary updates
while maintaining stability and coordination performance [10]. Despite these advances, most
existing studies concentrate on formation control or cooperative tracking of known targets, and
they do not address decentralized perception together with behavior-based swarm coordination
for the capture of unknown targets.

To address these gaps, this paper develops a fully decentralized, event-triggered,
behavior-inspired control framework for spacecraft swarms operating around unknown,
uncooperative targets. The proposed framework integrates swarm-level local interaction rules
with agent-level event-triggered communication and translational control, so that each agent
updates its control input and broadcasts information only when locally defined triggering
conditions are satisfied. In this manner, unnecessary communication and onboard computation
are reduced while coordinated pursuit and enclosure behavior is maintained. In parallel, a
distributed perception module based on onboard landmark sensing, neighbor-to-neighbor
information fusion, and a graduated non-convexity (GNC) algorithm [11] is employed to
estimate the target centroid, motion, and approximate geometry without requiring prior
knowledge of the target shape.

The main contributions of this work are fourfold: (1) the development of a unified
decentralized architecture that combines behavior-based swarm coordination, event-triggered
communication and control, and distributed target perception for unknown-target operations;
(2) the design of a self-organizing local behavior set that enforces inter-agent separation, target
buffer-zone protection, and sensor-pointing alignment to support safe pre-capture enclosure;
(3) the introduction of a distributed landmark-based perception pipeline, integrated with
graduated non-convexity, for online estimation of target position, motion, and geometry under
partial observability and noisy measurements; and (4) numerical simulations with tumbling
ellipsoidal targets showing that the proposed method scales up to larger swarms, adapts to
different target shapes, and significantly reduces communication relative to periodic update
schemes.

2. Problem Formulation
2.1 Mathematical Model

Consider a spacecraft swarm and an uncooperative target (debris), as illustrated in Fig. 1.
It is assumed that the target is in a circular orbit and the relative separation between the target
and the swarm agents is negligible compared with the agents’ orbital radius. Define the Earth-

Centered Inertial (ECI) frame, £, = {OC,XC, yc,zc} , whose origin is fixed at the Earth’s center,
the X, -axis points towards the vernal equinox, the Z, -axis is aligned with the Earth’s rotation

axis (North Pole), and the ). -axis is defined to complete a right-handed coordinate frame. The



motion of each spacecraft is described relative to the target using a local-vertical local-
horizontal (LVLH) frame, E, = {Q,x,., yl.,Zi} [12]. The origin of this frame is placed at the

target’s center of mass, with the X; -axis directed radially outward from the Earth’s center, the

Y, -axis oriented along the orbital path, and the Z, -axis pointing in the cross-track direction,

consistent with the orbital angular momentum.

Z, 3D bounding box
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Fig. 1  Coordinate frames and close-up view of the spacecraft sensing ranges.
2.1.1 Spacecraft Agent Relative Motion Dynamics

Translational dynamics

Consider a swarm consisting of N spacecraft agents, denoted by 4,1 e{LK,N},

operating in orbital space. All agents are assumed to have identical dynamic characteristics,
sensing capabilities, and communication limitations. The translational motion of the i -th agent
relative to the target is described by the Clohessy-Wiltshire (CW) equations [13], expressed as

B=v,
- ()
B=A r+B v,+F/m,

cwl

3 0 0 0 2n 0
A, =0 0 0 [,B =[-2n 0 0 )
0 0 —n’ 0 0 0

where =[x, » z] €j* and v,=[R& B =&] i’ denote the relative position and

velocity of agent i with respect to the target. Here, I, represents the control force exerted by

the agent, and M2 is its mass. The matrices 4, and B, represent the gravity-gradient terms and

Coriolis coupling associated with relative orbital motion. The quantity /7 denotes the mean
angular velocity of the LVLH frame.

Attitude dynamics



Each agent is modeled as a rigid body with inertia matrix ; < ; *. Its attitude dynamics

is governed by Euler’s equation

Jd=1,-ax(Ja) 3

1

where o, =[w,,®,,®,] i * is the angular velocity of the agent expressed in its body-fixed

il>

frame and 7; is the control torque applied in the body frame.

The orientation of the i-th agent with respect to the LVLH frame is represented by the
unit quaternion ¢, = [q[o,qf;]T e * satisfying qu.H=1, where ¢, is the scalar part. The

quaternion is related to its angular velocity by
1
‘ﬁz‘:EQ(a)i)Qi (4)

where Q(a)l) is the standard quaternion multiplication matrix given by

0 -w, -,

@, 0 @5 —,
Q(a)’) - o, —@ 0 , )
i2 i3 il

Compact state-space form

Define the state vector of agent i as X, =[;3T,vf,qf,a)7]r ej” and U; as the

1

corresponding control input for the agent I

u = |:F;:| c R®™ (6)
T,

1

where F, and 7, represent the control force and control torque applied to agent i, which is

generated by the onboard actuator.

Then, the relative motion of agent i can be expressed in the following control-affine
form,

B =/ (X,)+Gu+Dd, (7

where
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Here, di = ACWIQ +B_ V. represents the orbital coupling term induced by the CW relative

motion dynamics. For robust control design, this term is treated as a bounded additive
disturbance acting on the translational acceleration channel and satisfying

]| < 4.l +8..

Hvl. H =3n’ Hrl H +2n Hvl. H . For example, consider a representative low-Earth-

orbit scenario with 7%, = 100m and V., = 0.1m/s, the disturbance yields a disturbance
3

magnitude on the order of 104 to 107 m/s?, depending on the orbital mean motion n.

2.1.2 Target Tumbling Kinematics

The target is assumed to be significantly larger than the agents and is modeled as a rigid
body freely floating and tumbling in space. Its geometry is represented by a set of landmarks

L. detectable by agent i, where each landmark corresponds to a geometric feature defining

the target’s shape and size. The target’s rotational motion is described by the angular velocity
» » of the target principal reference frame (TPRF) with respect to the LVLH frame, expressed

in the LVLH frame [13]. Agents detect these landmarks and exchange such information with

neighboring agents to estimate the target’s relative position and velocity in the frame £ .

To characterize the motion of target surface features, consider a point £ on the target
surface, representing either a surface feature or a contact point. The position of this point in the
LVLH frame is denoted by 7; , obtained by transforming sensor measurements from the agent

reference frames into the LVLH frame. Since the origins of the LVLH frame and the TPRF
coincide, the linear velocity of point & in the LVLH frame is given by the rigid-body
kinematic relation

v, =@y X, )

These expressions describe the motion of target surface features and contact points
induced by the target tumbling motion and are used by the agents to track moving features and
perform velocity matching during the capture phase. Furthermore, a three-dimensional
bounding box is defined to restrict the permissible region of agent motion, such that

1 max 1 max

S:{(xi’yi’zi):xnﬂng‘x'gx ’ymingyigymapwzmingz'gz } (10)

Finally, three local behaviors are defined to support decentralized coordination of the
swarm:

1. Local communication

Each agent communicates only with its neighboring agents that lie within its



communication range.
2. Collision avoidance and separation

Safe separation is maintained through inter-agent repulsive actions derived from the
negative gradient of an artificial potential field [14], together with an additional buffer-zone
potential that prevents agents from approaching the uncooperative target too closely.

3. Pointing behavior

Each agent directs its sensor toward detected target landmarks by reducing attitude and
angular velocity tracking error through a proportional-derivative (PD) controller.

Collectively, these decentralized behaviors allow the swarm to coordinate autonomously,
avoid collisions, and maintain reliable sensing performance in uncertain orbital environments.

2.2 Local Communication Protocol

Assume that each agent functions within a decentralized communication architecture
based on local interactions, sharing information only with neighboring agents located inside its

communication range R.. Information such as target-detection events is transmitted through

neighbor-to-neighbor relays, allowing the swarm to adapt collectively without requiring any
individual agent to have global knowledge of the entire group [15]. Communication delays are
neglected in the current work.

In addition, each agent is further assumed to possess a sensing range R, for detecting
target landmarks and a collision awareness range R, for identifying nearby obstacles or

neighboring agents [16]. These ranges are assumed to satisfy the relation K, <R <R

2.3 Collision Avoidance Mechanism
2.3.1 Inter-Agent Separation

To avoid collisions between agents, mutual separation is enforced through repulsive
forces derived from an artificial potential function Ulj, defined as in [17]

ikr[%;j, o<R
U,(r.r)=12"1d; R, (11)
0, d} >R,

where K. >0 denotes the repulsion gain, R, represents the maximum collision awareness range

among agents, and d,; = Hrl - er = \/ (”,- -7 )T -(ri - rj) is the Euclidean distance between agent

i and j. The repulsive force exerted on the agent i by the agent ; is obtained from the negative
gradient of the potential function with respect to the position of the agent i :
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By Newton's third law, the agent ; experiences the equal and opposite force F;" = —F;
. The total collision avoidance force on the agent I is the sum over all neighbors within range:

F;CO/ — Z F:jrep ( 1 3)

J#Ld<R,

2.3.2 Agent-Target Buffering

Since the target is both unknown and uncooperative, the agents have no prior knowledge
of its physical characteristics and are therefore unable to model detailed contact interactions or

define direct repulsive forces. Accordingly, a protective buffer zone &mﬁr is introduced around

the estimated target boundary to ensure safe approach during the pursuit and enclosure phases.

Let X; denote the closest point on the estimated target surface to the agent i, expressed
in the LVLH frame. This point is a particular target surface point as described in Section 2.1.2,
and its motion is induced by the target tumbling kinematics. The outward unit normal at X; is

denoted by 72, . The corresponding safe offset point on the buffer shell is defined as

Xp =X, + R, 50t (14)

Based on this local geometric information, a repulsive action is activated whenever the
agent approaches the protected region, and additional damping may be introduced near the
boundary to suppress inward motion and reduce oscillatory behavior.

24 Pointing Alignment

Accurate perception requires each agent to maintain its sensor’s field of view oriented
toward detected target landmarks, which is particularly important for camera- or LIDAR-based
systems. When attitude control capability is available, each agent aligns a selected body-fixed
axis with the direction of the landmark using locally defined control laws [6]. Pointing behavior
is activated only after the chase mode is triggered, to reduce unnecessary energy consumption
during the search phase.

For the attitude subsystem, a quaternion-based nonlinear computed-torque controller is
adopted. Let the current attitude quaternion be ¢;, and ¢, denote the desired attitude
quaternion computed at each timestep by aligning the agent's body-fixed x-axis with the

direction vector from the agent toward the estimated target centroid )2” .

During chase mode, the desired pointing direction is the line-of-sight vector toward the
freshest estimated target centroid,



8, =Xy, =X, (15)

1 1

The desired quaternion is obtained via the shortest-arc rotation from [l, 0, O]T to S.

Then the attitude tracking error is defined by the error quaternion ¢,
G =494 @Y, (16)

where ® denotes quaternion multiplication and q; is the conjugate of ¢;. The sign ambiguity

of the unit quaternion is resolved by enforcing its scalar part ¢ =0. If ¢, <0, then g, is

negated to ensure the shortest rotational path is tracked. The angular velocity tracking error is
defined as

e(ul :a)i_a)id (17)

where @), is the desired angular velocity expressed in the body frame. For fixed-attitude

stabilization tasks, @, =0 is adopted, which gives €, =a.
Based on the above dynamics, the control torque is designed as [18]

Ti :a)ix(‘]ia)i)_inq‘ _Ka),-ewi (18)

lev

where K, and K, are positive definite feedback gain matrices. The first term compensates for

the gyroscopic coupling in the rigid-body rotational dynamics, while the second and third terms
provide proportional attitude correction and angular-rate damping, respectively.

Substituting the control law into the attitude dynamics yields
JB+ox(Jo)=ox(Jo)-K,q.,-K,e, (19)
Therefore, the closed-loop dynamics reduce to

"]1681( = _qu. Qiev _Ka)l ea)l (20)

This closed-loop form has a standard damped second-order structure, in which the
quaternion error term acts as a restoring component and the angular velocity feedback provides
damping. As a result, the nonlinear coupling term is explicitly canceled, which improves the
transient response and facilitates gain tuning, especially in aggressive rotational maneuvers or
tumbling target tracking scenarios. Combined with the separation and buffering behaviors, this
pointing control enables coordinated target tracking and enclosure.

3. Event-triggered Decentralized Collaborative Swarm Control

In contrast to conventional continuous or time-triggered coordination schemes, the
proposed strategy enables each agent to update its control action and communicate with



neighboring agents only when specified local triggering events occur, thereby reducing
unnecessary computational and communication burdens [19]. Within this framework, each
agent autonomously operates in one of three behavioral modes: search, chase, and dock.
Transitions between these modes are governed by explicitly defined mission events.

Event 1: Target Detection

When an agent detects the uncooperative target within its sensing range, it switches from
the search mode to the chase mode and simultaneously initiates an event-triggered broadcasting
to its neighboring agents.

Event 2: Target Information Reception

When an agent reaches the boundary of the search region, it is redirected inward by a
randomized thrust applied at the boundary, then transitions to the chase mode and joins the
cooperative pursuit and localization process through local information exchange.

Event 3: Target Perception Completion

Once the swarm has collectively obtained a reliable estimate of the target’s position and
geometric features, the agents enter the dock mode and carry out coordinated engagement with
the target.

Event 4: Event-Triggered Control Update

During the chase and dock modes, each agent adopts an event-triggered mechanism for
both the translational PD controller and local state broadcasting. State information is
transmitted only when the local deviation exceeds a prescribed threshold.

The overall event-triggered decentralized control architecture for collaborative swarm
capture of an unknown and uncooperative target is illustrated in Fig. 2.

Yes No g
[Initia]ize Agents] Target Detected?)-)(cna;e ‘f;: EncloseHTar geSt p ;ll’ Csptl()ﬂJ
the Target table?

l, l No
h 4 lYes
[Random-V.Valk Tarset Yes Broadcast to J
DD Informgation Neighbors [Duck or Capture
No Received? y the Target
( Boundary ] [Target Localization
Bouncing and Mapping

Fig.2  Event-triggered decentralized swarm control pipeline.
3.1 Random Walk Exploration with Energy-Constrained Bouncing Maneuver

To mitigate the risk that individual agents may fail to detect the target, the search mode
incorporates a stochastic exploration mechanism. In this phase, each agent follows a random
walk strategy combined with a boundary-bouncing maneuver to prevent it from drifting beyond
the prescribed search region. When an agent reaches the boundary of the search region, it is
redirected inward by a randomized thrust applied at the boundary,



F.=[r. 5 1] 1)

with
_F;hr b x> xmax _F;hr b y > ymax _F;hr > z> Zmax
fo=9 Fus X<Xpin fy: Fhs V<Vuin » Jo=93 Fps 2<2y, (22)
0, otherwise 0, otherwise 0, otherwise

where F, , =aF, -rand (1) , I, >0 denotes a constant thrust magnitude, , is a scaling factor
associated with the stochastic perturbation, and rand (1) generates a random number in the

interval [0, 1]. The resulting term £, represents the stochastic control input applied to the
agent.

To improve energy efficiency, a limited boundary penetration is permitted to balance fuel
consumption against strict enforcement of the search-region constraint.

3.1.1 Penetration depth

For a specified outward normal velocity at the instant of boundary crossing v, >0, the

penetration depth under a constant inward thrust is given by & (vn) = mvj / ( 2F;hr) . To ensure

that &(v,) <6, forall v, <V, the thrust must satisfy Fj, > mv / (25max ), where O, is

a tunable design parameter. This relationship indicates a trade-off: reducing the allowable
penetration requires a larger corrective thrust and, consequently, greater fuel expenditure, and
vice versa.

In summary, during the search mode, the translational control input is composed of the
inter-agent collision-avoidance force and the boundary-bouncing thrust, whereas the rotational
control input is provided by the pointing torque that maintains the desired sensor orientation.

F, +F<
ui,search = |: e l } € RGXI (23)

2-pnt

3.2  Chase and Enclose the Target

Once the target is detected, agents switch from the search phase to the chase phase. This
transition is regulated by a decentralized event-triggered PD controller [19], which coordinates
both agent motion and local state broadcasting among neighboring agents. Agents that either
directly detect the target or receive target related information initiate the localization and
mapping process, refining target geometry estimates and propagating them through neighbor-
to-neighbor communication. The control input in the chase phase is formulated as follows:

F- + F-EDI
uiv(.haw :|: i,chase i :IE R6><1 (24)

7'-pnt

3.2.1 Event-Triggered Broadcasting Strategy

10



Given the inherent limitations in inter-satellite communication bandwidth and onboard
power availability, it is necessary to adopt a control framework that minimizes both
computational and communication demands. In this context, event-triggered strategies are
particularly suitable for decentralized coordination in resource-constrained multi-agent
systems [19]. Accordingly, an event-triggered broadcasting mechanism is integrated with the
decentralized PD controller.

The chase-mode control law for the agent i is expressed as follows:

F;,chase :_Kp (’/;_rIl')_Kv (Vi—V;) (25)
where Kp and K are positive control gains selected to yield a damped convergent response.

Based solely on locally accessible information, each agent determines whether its current
state should be transmitted to neighboring agents. Let 7, (t,’( ) denote the most recently broadcast

position of the agent i, where # represents the k-th triggering instant of the agent i. An
analogous definition is used for the velocity state.

During the interval between two successive triggering instants, lfc and 7 ,lc .1 » the control
input is held constant using the latest transmitted state:

F, e (£) ==K [1:(6) =1t = K, v (1) = v (1] (26)

The corresponding sampling errors in position and velocity are then defined as
M) =r(t,)—r({) and Wt)=v(,)—V.(f). Based on these errors, the event-triggering
condition in the LVLH frame is formulated as

fi(2.%1),941)) >0 27)

)
1)
where €, G, B ,and C,; are prescribed design parameters. Following [19], the parameters are

selected as ¢, =0.05, ¢ =0.2499, p-0.1, ¢,=1.0.

(%) 841)) =

—(co +ce” +cddmax) (28)

Consequently, the triggering-time sequence for the agent 7 is recursively determined by
t, =inf {t:> 1, f (6. 741), 9(t)) > 0} (29)
3.2.2 Unknown Target Localization and Mapping

Since neither the shape nor the size of the target is known a priori, each agent uses
onboard sensors (e.g., LIDAR) to detect target landmarks and infer the target state from locally
available measurements. Once landmarks are detected, the agent updates its estimate of the

11



target centroid and motion using the visible landmark set. To improve robustness under noisy
measurements, partial observability, and possible outliers, a GNC [11] algorithm is employed
to extract a consistent local target representation from the sensed landmarks. This

representation is then used to update the target centroid estimate )ACT,,- , velocity estimate \7“ ,

and, when available, geometric parameters describing the local target shape.

When direct measurements are unavailable, agents exploit local communication and
update their target information using neighboring estimates received within the communication
range. In general form, the distributed update is given by

Xri = Z WiXrj>  Vri = Z WiVr.,j (30)

JEN; JEN;

where W, > 0 and Z w, =1. The same decentralized fusion principle can be extended to any
JeN;

geometric parameters estimated from the target observations. In this way, the swarm

collectively reconstructs target position, motion, and approximate geometry through local

sensing and neighbor-to-neighbor information exchange, without requiring global knowledge

of the swarm or prior knowledge of the target shape.

33 Dock or Capture the Target

During the chase phase, the agents perform target detection and state broadcasting while
progressively forming a hovering enclosure around the target, thereby establishing a pre-
capture configuration for the subsequent docking stage. Once the target position and relevant
characteristics have been estimated with sufficient reliability, the swarm transitions to the final
docking phase for capture. During this phase, the agents continue to exchange information to
coordinate their approach, synchronize their motions, and update their trajectories in real time,
thereby ensuring cohesive collective operation and reducing the risk of collision.

4. Simulation and Discussion

The proposed event-triggered decentralized swarm control framework is verified via
numerical simulations on a laptop with an AMD Ryzen 5 4600H processor (3.00 GHz) and
16GB of RAM. The simulation time step is 0.05 s, and each run lasts 550 s. The agent

parameters are defined based on a representative 8U CubeSat platform: #2 = 10 kg, 7. =

0.01 Nm, and F., = F, =0.1 N. The target translational velocity and angular velocity are 1,
=10.01, 0.01, 0.0] m/s and o, =0.72 deg/s. Other parameters are listed in Table 1.

Table 1. Numerical simulation parameters

Symbol Parameter Value

FOV  Field of view angle 75°

12



[g Attitude proportional gain diag([1.8, 1.8, 1.8])

K@ Attitude derivative gain diag([0.25, 0.25, 0.25])
[g Translational proportional gain 0.5
K Translational derivative gain 1.2
k Inter-agent repulsion gain 8.0
knmrgd Repulsive gain between agent & target 0.4

Rbuﬁ,er Buffering zone around the target (m) 1.0

R Communication range (m) 9.5
R Collision awareness range (m) 5.5
R Sensing range for landmarks (m) 8.5

4.1 Simulation Scenarios

All agents in the swarm share identical physical and control parameters. Two
representative mission scenarios were designed as follows:

(1) Ten agents are randomly initialized within a 3D space of [-10, 10]x[-10, 10]x[-10, 10] m,
with a minimum inter-agent separation of 2 m. The target is an ellipsoidal body with semi-
axes [2.6, 1.9, 1.4]T m. It is initially at [0.0, 0.0, 0.0]T m and moves with constant velocity
[0.01, 0.01, 0.0]T m/s. The target also tumbles about the normalized axis [0.2, 0.1, 1.0]T,
with initial attitude quaternion [1.0, 0.0, 0.0, 0.0]T.

(i) Twenty agents are randomly initialized within [-10, 10]x[-10, 10]x[-10, 10] m, with a
minimum inter-agent separation of 2 m. The target is an ellipsoidal body with semi-axes
[4.0, 1.3, 1.0]T m. It is initially at [0.0, 0.0, 0.0]" m and moves with constant velocity [0.01,
0.01, 0.0]" m/s. The target also tumbles about the normalized axis [0.2, 0.1, 1.0]T, with
initial attitude quaternion [1.0, 0.0, 0.0, 0.0]™.

13



4.2 Scenario (i) — 10 agents

The pre-capture enclosure process for the ellipsoidal target is shown in Fig. 3. The target
translates along the x- and y-directions while tumbling, and the agents gradually transition
from dispersed search to target-oriented motion. In the early stage, the agents search for the
target while adjusting their headings according to the sensing and pursuit requirements. As
time progresses, more agents acquire the target and move toward the buffering zone
surrounding the ellipsoid. The snapshots show that the swarm progressively gathers around the
moving target and forms a distributed hovering pattern around its body, while maintaining safe
inter-agent spacing and respecting the target buffer shell. By approximately 200-300 s, most
active agents have converged to the neighborhood of the target and remain coordinated around
it.

t=550s
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Fig.3  Hovering of 10 agents around the ellipsoidal target.

Fig. 4 shows that the position time histories (top) of the agents progressively align with
the target trajectory (red dashed line). In particular, the target drifts linearly in the x- and y-
directions and remains constant in z, and most agents gradually follow this translational trend.
The velocity time histories (bottom) remain bounded and show partial synchronization during
the chase phase, although some dispersion persists because the ellipsoidal target induces
geometry-dependent motion and the agents do not acquire the target at the same time.
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Fig.4  Time histories of agent and target positions and velocities for the ellipsoidal
target (10 agents).

Fig. 5 shows that the attitude angle error and angular velocity error are relatively large
during the initial search phase, since the agents start from dispersed configurations and must
rapidly adjust their pointing directions while trying to detect a translating and tumbling
ellipsoidal target; however, both swarm-mean errors (black curves) decay quickly and remain
small for most of the mission, indicating effective attitude tracking once pursuit is established.
The occasional spikes in individual-agent curves should not be interpreted as instability, but
rather as transient responses to abrupt updates in the desired pointing direction caused by target
tumbling, target-estimate refreshes, and asynchronous switching from search to chase mode.
Therefore, the main conclusion is that the attitude controller maintains bounded and generally
low tracking errors at the swarm level.
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Fig. 5  Attitude tracking errors of the agents for the ellipsoidal target case (10 agents).

Fig. 6 shows the sample error norms of all agents relative to the trigger threshold (dashed
line), confirming that the decentralized event-triggered strategy keeps the tracking error
bounded while avoiding continuous communication. Most agents exhibit the typical event-
triggered pattern, in which the error evolves close to the threshold and is reset after
communication events. The different error profiles also reflect the asynchronous nature of
target acquisition: agents that detect the target early generate more updates, whereas agents that
join the chase later show delayed activation in their error histories. This indicates that the
decentralized strategy remains effective even when the target is not acquired simultaneously
by all agents.
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Fig. 6 Agent sample errors with trigger threshold for the ellipsoidal target case (10
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agents).

Fig. 7 shows that the online GNC-based ellipsoid reconstruction remains consistently
close to the ground-truth semi-axes throughout the simulation, with the estimated semi-axes
staying near 2.6 m, 1.9 m, and 1.4 m, respectively. After a short initial transient, all three
estimates settle rapidly and fluctuate only within a narrow band around their true values,
indicating that the perception module can reliably recover the target geometry despite
measurement noise, target tumbling, and decentralized sensing. Overall, this figure confirms
that the proposed GNC-based shape estimation provides an accurate and stable geometric
description of the moving ellipsoidal target, which in turn supports the geometry-aware
buffering and tracking behavior observed in the swarm.
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Fig.7  GNC-based ellipsoid semi-axis estimation versus ground truth for the
ellipsoidal target case (10 agents).

4.3 Scenario (ii) — 20 agents

The pre-capture enclosure process for the elongated ellipsoidal target is shown in Fig. 8.
The target translates along the x- and y-directions while tumbling, and the agents gradually
transition from dispersed search to target-oriented motion. In the early stage, most agents
search for the target, while a few agents detect it immediately and enter the chase mode. As
time progresses, more agents acquire the target and move toward the buffering zone
surrounding the ellipsoid. The snapshots show that the swarm progressively gathers around the
moving target and forms a distributed hovering pattern around its elongated body, while
maintaining safe inter-agent spacing and respecting the target buffer shell. By approximately
200-300 s, most active agents have converged to the neighborhood of the target and remain
coordinated around it.
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Fig. 8  Hovering of 20 agents around the elongated target.

Fig. 9 shows that the position time histories (top) of the agents progressively align with
the target trajectory (red dashed line). In particular, the target drifts linearly in the x- and y-
directions and remains constant in z, and most agents eventually follow this translational trend.
The velocity time histories (bottom) remain bounded and show partial synchronization during
the chase phase, although the spread is larger than in the 10-agent ellipsoidal-target case
because the elongated target induces more complex geometry-dependent motion and some
agents enter the chase mode later than others. Overall, the plots confirm that most agents
achieve sustained target-following behavior under the moving and tumbling target condition.
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Fig. 9  Time histories of agent and target positions and velocities for the elongated
target (20 agents).

Fig. 10 shows that the attitude angle error and angular velocity error are relatively large
during the initial search phase, since the agents start from dispersed configurations and must
rapidly adjust their pointing directions while trying to detect a translating and tumbling
elongated target; however, both swarm-mean errors (black curves) decay quickly and remain
small for most of the mission, indicating effective attitude tracking once pursuit is established.
The occasional spikes in individual-agent curves should not be interpreted as instability, but
rather as transient responses to abrupt updates in the desired pointing direction caused by target
tumbling, target-estimate refreshes, and asynchronous switching from search to chase mode.
Therefore, the main conclusion is that the attitude controller maintains bounded and generally
low tracking errors at the swarm level.
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Fig. 10  Attitude tracking errors of the agents for the elongated target case (20 agents).

Fig. 11 shows the sample error norms of all agents relative to the trigger threshold (dashed
line), confirming that the decentralized event-triggered strategy keeps the tracking error
bounded while avoiding continuous communication. Most agents exhibit the typical event-
triggered pattern, in which the error evolves close to the threshold and is reset after
communication events. The different error profiles also reflect the asynchronous nature of
target acquisition: agents that detect the target early generate more updates, whereas late-entry
agents trigger fewer events. Notably, agent 6 did not enter the chase phase and therefore never
triggered events. This indicates that the decentralized strategy remains robust even when not
all agents acquire the target simultaneously.
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Fig. 11 Agent sample errors with trigger threshold for the elongated target case (20 agents).

Fig. 12 shows that the online GNC-based ellipsoid reconstruction remains consistently

27



close to the ground-truth semi-axes throughout the simulation, with the major axis estimate
staying near 4.0 m and the two minor-axis estimates remaining close to 1.3 m and 1.0 m,
respectively. After a short initial transient, all three estimates settle rapidly and fluctuate only
within a narrow band around their true values, indicating that the perception module can
reliably recover the elongated target geometry despite measurement noise, target tumbling, and
decentralized sensing. Overall, this figure confirms that the proposed GNC-based shape
estimation provides an accurate and stable geometric description of the moving ellipsoidal
target, which in turn supports the geometry-aware buffering and tracking behavior observed in
the swarm.
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Fig. 12 GNC-based ellipsoid semi-axis estimation versus ground truth for the elongated target
case (20 agents).
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Highlights

Event-triggered distributed control in autonomous spacecraft swarms
Behavior-based local control for target autonomous search, chase, safe enclosure
Distributed local sensing detect target motion and geometry collectively

Robust reconstruction handles noisy, partial landmark observations.

Simulations demonstrate feasibility and scalability of swarm control.
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