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Abstract

The rapid expansion of satellite-based communication, navigation, Earth observation, weather
forecasting, scientific research, and defense services has increased human dependence on near-Earth
orbital environments. This expansion has also intensified the accumulation of defunct satellites,
abandoned rocket bodies, mission-related objects, and collision-generated fragments. These objects
create significant operational risks because even small fragments can damage functioning spacecraft
when encounters occur at high relative velocities. Traditional space-debris management has relied
largely on ground-based surveillance, manually evaluated conjunction warnings, passive disposal
requirements, and operator-initiated collision-avoidance maneuvers. Although these practices remain
essential, their effectiveness may be constrained by growing orbital congestion, uncertain tracking data,
fragmented information systems, and increasing decision workloads.

This paper examines how artificial intelligence, autonomous sensing, onboard decision systems,
robotic servicing, and intelligent mission planning can support safer and more sustainable orbital
environments. A conceptual and simulation-based research design is adopted because the study does not
use proprietary spacecraft records, completed debris-removal mission data, or experimentally collected
observations. Relevant literature concerning orbital-debris modeling, space situational awareness,
collision prediction, autonomous spacecraft, robotic capture, and international sustainability governance
is synthesized to develop an integrated management framework. A transparent illustrative scenario
compares three strategies: monitoring only, autonomous collision avoidance, and integrated avoidance
with prioritized debris removal. The results suggest that enhanced monitoring improves knowledge but
cannot independently reduce accumulated environmental risk. Autonomous avoidance can stabilize
immediate operational exposure, while an integrated strategy combining prevention, tracking, avoidance,
removal, and institutional coordination offers the strongest long-term potential.

The paper identifies important limitations involving orbital uncertainty, model validation, non-
cooperative targets, cybersecurity, legal ownership, liability, dual-use concerns, and unequal access to
tracking resources. It concludes that intelligent space-debris management should be developed as a
layered and accountable orbital-safety architecture rather than as a collection of isolated technologies.
Sustainable implementation requires explainable artificial intelligence, bounded autonomy, interoperable
information systems, independently verifiable missions, and internationally accepted rules governing
proximity operations and debris removal.
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1. Introduction

Space-based infrastructure has become deeply connected with economic activity, scientific development,
public administration, environmental monitoring, and national security. Satellites support global
positioning services, telecommunications, financial timing systems, aviation, maritime navigation,
disaster management, agriculture, weather prediction, and climate observation. The reliability of these
services depends not only on the performance of individual satellites but also on the safety and stability
of the orbital environment in which they operate.

Earth orbit is physically extensive, but the orbital regions that provide specific operational
advantages are limited. Particular altitudes and inclinations are preferred because they offer favorable
coverage, revisit times, signal latency, or launch efficiency. As a growing number of satellites occupy
these regions, operational interactions become more frequent. The environment includes functioning
spacecraft as well as non-functional satellites, abandoned launch-vehicle stages, released mission
components, and fragments created through explosions or collisions.

Space debris may be understood as a human-made orbital object that no longer performs a useful
function. Large debris objects can create catastrophic consequences if they collide, while smaller
fragments may damage solar panels, antennas, optical instruments, thermal-control surfaces, and
pressure vessels. The hazard is intensified by high encounter velocities. An object that appears
physically small may therefore carry enough Kinetic energy to degrade or disable an operational
spacecraft.

The orbital-debris problem differs from conventional terrestrial waste management. Debris
cannot be collected through routine physical access, and its motion is governed by orbital dynamics
rather than static geographic location. Each object follows a trajectory influenced by gravitational
perturbations, atmospheric drag, solar radiation pressure, attitude, surface characteristics, and
interactions with the upper atmosphere. Tracking observations may also be incomplete or uncertain,
particularly for small objects.

Kessler and Cour-Palais demonstrated that collisions in sufficiently populated orbital regions can
create fragments that increase the probability of further collisions. This mechanism is commonly
associated with the concept of collision cascading. The implication is that the orbital environment may
continue to deteriorate even if future launches follow improved debris-mitigation practices. Large and
long-lived objects already in orbit can remain potential sources of future fragmentation.

Traditional debris-management strategies include limiting objects released during normal
operations, preventing accidental explosions, passivating spacecraft at the end of their missions,
performing collision-avoidance maneuvers, and disposing of satellites from protected orbital regions.
These practices are indispensable, but their practical success depends on reliable execution. A disposal
plan provides little environmental benefit if a spacecraft loses control before the plan can be completed.

Ground-based space-surveillance systems detect and track orbital objects using radar, optical
telescopes, laser-ranging instruments, and related observational technologies. The resulting
measurements are used to estimate orbital trajectories and issue warnings when two objects are expected
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to pass close to one another. Operators then evaluate the available information and decide whether a
maneuver is justified.

This model becomes increasingly demanding as the number of active satellites and conjunction
messages grows. Human analysts may need to interpret uncertain information, communicate with other
operators, evaluate fuel constraints, and select maneuvers within limited periods. Repeated alerts can
create operational fatigue, while delayed coordination may reduce the range of safe responses.

Artificial intelligence and autonomous spacecraft technologies can potentially improve this
process. Machine-learning systems may identify faint objects in sensor data, associate observations with
existing tracks, estimate changes in orbital behavior, prioritize conjunction warnings, and generate
collision-avoidance alternatives. Autonomous spacecraft may respond locally when communication with
ground stations is unavailable or when a hazardous event develops too rapidly for conventional approval
procedures.

Robotic technologies may also support active debris removal. A servicing spacecraft could
approach, inspect, capture, stabilize, and redirect a selected object. Other concepts propose nets, tethers,
drag devices, ion-beam shepherding, or laser-based momentum transfer. These interventions are
technically challenging because debris targets are normally non-cooperative. They may lack navigation
aids, stable attitudes, standardized capture fixtures, or reliable structural information.

Intelligence in this context should not be equated only with machine learning. Intelligent debris
management requires coordinated sensing, physical modeling, uncertainty assessment, decision support,
autonomous control, robotic action, verification, and governance. A technically capable system that
cannot explain its decisions, authenticate its data, or operate within internationally accepted rules would
not constitute a complete sustainability solution.

The present study therefore examines intelligent space-debris management as a connected cyber-
physical and institutional system. Its central argument is that monitoring, avoidance, and removal must
be integrated. Monitoring alone provides awareness without directly changing environmental conditions.
Avoidance protects individual spacecraft but may leave accumulated hazardous mass in orbit. Removal
can reduce long-term environmental risk but requires accurate tracking, safe autonomy, international
authorization, and careful target selection.

2. Review of Literature
The literature on space-debris management has developed across several fields, including orbital
mechanics, aerospace engineering, robotic servicing, artificial intelligence, environmental modeling,
space law, and international governance.

Early research concentrated primarily on the physical evolution of debris populations. Later
studies expanded toward mitigation standards, active removal, conjunction assessment, autonomous
navigation, and sustainability policy.

2.1 Orbital-Debris Growth and Environmental Stabilization
Kessler and Cour-Palais provided one of the foundational explanations of how collisions among
artificial objects could generate a growing debris population. Their work established that collision-
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generated fragments may increase the frequency of future impacts. This insight changed the perception
of orbital debris from a collection of isolated objects into a dynamic environmental system.

Liou and Johnson subsequently examined the risks posed by orbiting debris and emphasized that
long-term sustainability depends on controlling the future production of fragments. Their work
suggested that the removal of selected large objects could have a disproportionate environmental benefit
because large spacecraft and rocket bodies can generate many fragments if they collide or explode.

Liou conducted a parametric investigation of active debris removal for environmental
remediation in low Earth orbit. The study demonstrated that removal effectiveness depends on target
selection, removal frequency, compliance with mitigation practices, and the long-term behavior of the
orbital population. The results indicated that active removal should complement rather than replace
debris mitigation.

Castronuovo explored preliminary mission concepts for active debris removal and evaluated the
technical demands of rendezvous, capture, stabilization, and disposal. The study showed that removal
missions require multidisciplinary coordination among propulsion, navigation, robotics, mission design,
and safety engineering.

Bonnal, Ruault, and Desjean reviewed developments in active debris removal and described the
growing recognition that mitigation alone might not stabilize densely populated orbital regions. They
emphasized technological feasibility, mission cost, legal authorization, and target selection as closely
connected concerns.

Pardini and Anselmo investigated previous collisions involving cataloged objects and examined
the meaning of catastrophic fragmentation. Their work reinforced the importance of object mass,
material composition, impact velocity, and orbital location when estimating environmental
consequences.

The literature consistently indicates that not all debris objects create equal long-term risk. Large,
massive, and long-lived objects in densely used regions are generally more significant sources of
potential future fragments than isolated small objects. Target selection should therefore consider
expected environmental benefit rather than relying only on object size or ease of access.

2.2 Autonomous Tracking, Prediction, and Collision Avoidance
Space situational awareness depends on detecting, identifying, and tracking objects while maintaining
estimates of their future motion. Radar systems can provide range and velocity-related information,
while optical systems can observe broad regions and may be particularly useful for higher orbital
regimes. The two approaches are complementary but affected by different operational limitations.

Orbit determination converts observations into estimates of an object’s position and velocity.
These estimates include uncertainty because observations contain measurement errors and because
future motion cannot be predicted perfectly. Atmospheric drag is especially difficult to model because
upper-atmospheric density changes with solar and geomagnetic conditions.

Artificial intelligence can support object detection in optical imagery, measurement association,
maneuver recognition, anomaly detection, sensor scheduling, and drag estimation. Data-driven methods
may discover complex relationships that are difficult to represent through fixed rules. Nevertheless,
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machine-learning predictions can fail when operational conditions differ from the data used during
training.

For this reason, hybrid physics-informed approaches are particularly relevant. Orbital mechanics
can provide physically meaningful constraints, while machine learning can estimate residual errors or
recognize patterns in sensor data. The resulting system can achieve greater flexibility without
abandoning established physical knowledge.

Conjunction assessment identifies predicted close approaches between orbital objects. A
conjunction warning is not a direct statement that a collision will occur. It represents an estimate based
on current trajectories, uncertainties, object characteristics, and prediction time. Operators often wait for
updated observations because risk estimates can change substantially as the encounter approaches.

Autonomous conjunction assessment can help manage increasing alert volumes. An intelligent
system may rank events, evaluate covariance quality, estimate the value of additional observations,
generate possible maneuvers, and screen those maneuvers for secondary conjunctions. Explainability is
essential because operators must understand why a particular warning has been assigned priority.

Autonomous collision avoidance can be implemented at different levels. At the lowest level, the
system only recommends a maneuver. At an intermediate level, it prepares a maneuver for human
approval. Under conditional autonomy, the spacecraft may act without immediate authorization when
predefined thresholds and safety conditions are satisfied.

High autonomy can be useful when communication is interrupted or the remaining decision time
is too short for ground intervention. However, independently maneuvering spacecraft can create
coordination problems. Two vehicles may select conflicting responses unless they share compatible
rules and authenticated maneuver intentions.

2.3 Robotic Capture, Contactless Removal, and Governance

Flores-Abad, Ma, Pham, and Ulrich reviewed technologies for on-orbit servicing and demonstrated that
rendezvous and robotic interaction involve complex perception and control requirements. Servicing a
cooperative spacecraft with markers and docking interfaces differs substantially from approaching an
uncontrolled debris object.

Nishida and colleagues examined a small-satellite debris-removal system and highlighted the
importance of relative navigation, capture mechanisms, and post-capture attitude control. A captured
object changes the combined system’s mass distribution and rotational dynamics. The removal vehicle
must therefore stabilize both itself and the target before disposal.

Shan, Guo, and Gill compared contact and contactless capture methods. Contact methods include
robotic arms, nets, harpoons, clamps, and tethers. These methods provide direct control but may
generate impact forces or structural damage. Contactless methods reduce physical interaction but
normally produce smaller control forces and may require longer operational periods.

Forshaw and colleagues described the RemoveDEBRIS technology-demonstration mission,
which examined several debris-removal-related capabilities. Such demonstrations are important because
many concepts that appear feasible in simulation must still perform under actual orbital illumination,
communication limitations, microgravity, and sensor uncertainty.
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Legal and political scholarship emphasizes that debris does not necessarily become ownerless simply
because it is non-functional. A state or organization cannot safely assume authority to capture or remove
an object belonging to another actor. Authorization, jurisdiction, liability, and verification must be
addressed before intervention.

International sustainability guidelines encourage registration, information sharing, responsible
operational practices, and long-term environmental protection. However, many guidelines remain
voluntary, and national implementation differs. Autonomous remediation will therefore require technical
standards and institutional agreements that are more detailed than general sustainability principles.

The dual-use nature of rendezvous and capture technology is another major concern. A
spacecraft designed to remove debris may also possess the technical capacity to approach or interfere
with an operational satellite

Table 1: Selected Literature Supporting the Analytical Framework

. Methodological .
Study Primary area . g Relevance to this study
contribution
Kessler : : . . .
and Cour Debris-population Collision-frequency Establishes cascading-risk
. rowth analysis logic
Palais g y g
. . Parametric environmental | Supports selective-removal
Liou Active removal . .
modeling strategies
Flores-
. - . Identifies robotic servicin
Abad et On-orbit servicing Technology review i g
al requirements
Shan et Comparative technical Distinguishes contact and
Capture and removal .
al. review contactless methods
Forshaw Technology Mission-system Connects removal concepts
et al. demonstration description with orbital testing

The reviewed scholarship provides strong foundations for tracking, collision prediction, autonomous
spacecraft, and active debris removal. Nevertheless, the fields are often considered separately. A gap
remains in understanding how sensing, prediction, autonomous decision-making, robotic action,
cybersecurity, and international authorization can operate as one accountable management architecture.
The present study responds to this integration gap.

3. Objectives
The purpose of this research is to develop a comprehensive conceptual framework for intelligent space-
debris management. The study does not treat artificial intelligence as an isolated computational tool.
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Instead, it investigates how autonomous technologies can be combined with orbital mechanics, robotic
systems, human oversight, and institutional governance.

The analysis focuses on both immediate operational safety and long-term environmental
sustainability. Immediate safety concerns the prevention of collisions involving operational spacecraft.
Long-term sustainability concerns the reduction of future debris generation and the preservation of
useful orbital regions for subsequent generations.

The principal objectives are as follows:

1. To examine the technological foundations of autonomous space-debris detection, characterization,
and tracking.

2. To analyze the contribution of artificial intelligence to orbit determination, conjunction assessment,
and collision-risk prioritization.

3. To assess the operational role of onboard and distributed autonomous collision-avoidance systems.

4. To compare contact-based and contactless approaches to active debris removal.

5. To develop an integrated architecture connecting observation, prediction, decision-making, physical
intervention, and verification.

6. To evaluate technical, legal, ethical, cybersecurity, and governance barriers affecting autonomous
debris management.

7. To compare monitoring-only, autonomous-avoidance, and integrated avoidance-and-removal
strategies through a transparent conceptual scenario.

8. To propose research and policy priorities for the development of safe and internationally trusted
orbital-management systems.

The study is guided by the following research questions:

1. How can heterogeneous orbital observations be converted into reliable and explainable autonomous
decisions?

2. Which debris-management activities are suitable for automation, and which require direct human or
institutional authorization?

3. How should objects be prioritized for active debris-removal missions?

Can autonomous collision avoidance independently produce long-term environmental sustainability?

5. Which governance conditions are necessary for internationally acceptable autonomous debris-
management operations?

e

4. Research Methodology

The research adopts a conceptual and simulation-based design. This classification is necessary because
the study does not claim to report completed removal missions, confidential conjunction records,
experimentally observed collision reductions, or measurements collected from operational satellites. The
simulated component is limited to a transparent comparison of hypothetical risk trajectories.

4.1 Research Design and Evidence Identification
A structured literature-review procedure was used to identify relevant scientific and institutional sources.
The review focused on orbital-debris population modeling, conjunction assessment, artificial
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intelligence, autonomous spacecraft, robotic capture, active debris removal, space-traffic coordination,
and long-term sustainability governance.

The information sources considered included peer-reviewed aerospace and space-policy
literature, NASA technical resources, European Space Agency publications, Inter-Agency Space Debris
Coordination Committee guidance, and United Nations sustainability documents. Search concepts

29 ¢

included combinations of “space debris,” “orbital debris,” “autonomous collision avoidance,” “active

2 e 2 ¢

debris removal,” “space situational awareness,
“orbital sustainability.”

Eligible sources were required to make a meaningful theoretical, technical, operational, or
governance contribution. Documents consisting mainly of promotional claims, unverified mission
projections, unsupported technology descriptions, or sources lacking identifiable publication information
were not treated as central evidence.

The search was limited to literature published within the study’s historical evidence boundary.
Sources were reviewed for relevance, methodological clarity, and contribution to the integrated
framework. The final bibliography also contains selected contextual sources used to explain established
concepts.

robotic servicing,” “conjunction assessment,” and

4.2 Data Extraction and Analytical Coding

Relevant information was extracted into six analytical categories: debris-environment evolution, sensing
and tracking, risk prediction, autonomous decision-making, robotic remediation, and governance. The
extracted evidence was then compared across three dimensions: technological purpose, operational
limitation, and system-level dependency.

A qualitative coding process was used because the reviewed literature applied different methods,
including mathematical modeling, technology reviews, mission analyses, policy assessment, and
demonstration descriptions. Direct statistical aggregation would not have been appropriate across such
heterogeneous evidence.

The analysis distinguished between technologies that improve knowledge and technologies that
physically change the orbital environment. Tracking systems increase awareness, while avoidance
systems modify the trajectory of operational spacecraft. Removal systems alter the long-term debris
population by redirecting selected non-functional objects.

Table 2: Analytical Coding Framework

Analytical

Key question Primary evidence extracted
category

Orbital

. What objects can be detected? Sensor type, coverage, and uncertainty
observation

Risk prediction | Which encounters require attention? | Trajectory, covariance, and probability

Autonomous ) Constraints, priorities, and
.. What action should be selected? P )
decision explanations
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Analytical . . .
y Key question Primary evidence extracted
category
Robotic Capture method, stability, and abort

How can a target be controlled?

intervention options

Who can authorize and verify

Governance .
action?

Ownership, liability, and transparency

4.3 Simulation Logic and Scenario Assumptions

A normalized orbital-risk index was constructed to compare three hypothetical management strategies.
The index begins at 100 for all strategies. It does not represent a measured debris count, official collision
probability, or published environmental forecast.

The conceptual index combines four dimensions:

Rt=w1Dt+w2Ct+w3Ut+w4Ft

where:

o Rtrepresents relative orbital risk at time t;

o Dt represents the density of hazardous objects;

o Ctrepresents exposure to potentially dangerous conjunctions;

o Ut represents uncertainty in available orbital information;

» Ftrepresents expected fragmentation consequences; and

o w1 to w4 represent conceptual importance weights.

Three management strategies were examined. The monitoring-only strategy assumes improved tracking
without substantial expansion of autonomous avoidance or debris removal. The autonomous-avoidance
strategy assumes faster detection-to-maneuver decisions but no systematic removal of accumulated
hazardous objects. The integrated strategy combines monitoring, autonomous avoidance, disposal
compliance, target prioritization, and selective removal.

5. Analysis

Intelligent space-debris management requires a closed-loop architecture in which information is
progressively transformed into verified physical action. The proposed sequence consists of observation,
estimation, prediction, decision, action, and verification. Each stage depends on the reliability of the
preceding stage, and an error introduced early in the process may affect every subsequent decision.

Observation begins with radar, optical, laser-ranging, and space-based sensors. Intelligent sensor
scheduling can direct observational resources toward poorly characterized objects or urgent
conjunctions. A surveillance network should not simply maximize the number of observations. It should
maximize the information gained from available sensor time.

Estimation converts raw measurements into orbital states. Artificial intelligence may assist with
image detection, measurement association, track classification, and maneuver recognition. However,
orbital dynamics should remain central. A machine-learning output that violates physical constraints
must be rejected or investigated.
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Prediction identifies future close approaches and evaluates how risk may change as new observations
become available. Collision probability alone may not provide sufficient information. A decision-
support system should also report miss distance, covariance quality, time remaining, object dimensions,
maneuverability, and sensitivity to new measurements.

Decision intelligence generates alternative responses. A collision-avoidance planner must
consider residual collision risk, fuel expenditure, mission disruption, communication availability,
spacecraft health, and secondary conjunctions. The smallest maneuver may not be the safest if it shifts
the spacecraft into another hazardous encounter.

A simplified maneuver-selection function may be written as:
J=aPc+BAv+yLm+6Sc+eU

where Pc represents residual collision probability, Av represents maneuver cost, Lm represents
mission disruption, Sc represents secondary-conjunction exposure, and U represents decision
uncertainty. The coefficients express policy priorities and should be established before autonomous
operation.

Physical action includes collision avoidance, inspection, capture, stabilization, relocation, and
disposal. An autonomous system must operate within approved safety boundaries. It should maintain
minimum separation, protect fuel reserves, preserve emergency modes, and retain a safe abort trajectory.

Verification completes the management cycle. Independent sensors should confirm whether a
maneuver occurred as expected and whether the updated trajectory remains safe. Verification is
particularly important for debris removal because target capture and disposal may have environmental,
legal, and security consequences.

Autonomous collision avoidance can reduce response time, but cooperation among spacecraft is
essential. If two operational satellites independently maneuver, they may select incompatible
trajectories. An authenticated exchange of maneuver intentions can reduce this risk. Operational
protocols should establish which spacecraft has maneuver priority and how a maneuver commitment is
communicated.

Prioritization is equally important for debris removal. Removing every object is technically and
economically unrealistic. A target-priority model should evaluate mass, collision exposure, orbital
lifetime, fragmentation potential, mission accessibility, structural condition, and ownership status.

A conceptual target score can be represented as:

Ti=CiOiGiMiPiEiLi

where Mi represents fragmentation potential, Pi represents encounter probability, Ei represents
environmental consequence, Li represents remaining orbital lifetime, Ci represents mission cost, Oi
represents operational difficulty, and Gi represents governance complexity.
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Graph 1: Illustrative Orbital-Risk Trajectories Under Three Management Strategies
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The graph indicates a clear strategic difference among the three management approaches. Under
monitoring only, the relative risk index increases from 100 to 146. This trajectory reflects the
assumption that improved awareness does not independently remove hazardous objects or prevent every
future fragmentation event.

Autonomous avoidance reduces the index from 100 to 90. The initial decline is more substantial
than the later change, indicating that autonomous maneuvers can reduce immediate encounter exposure
but may reach a practical limit when accumulated debris remains in orbit.

Integrated avoidance and removal reduces the index from 100 to 55. The scenario assumes that
preventing new debris, improving disposal reliability, avoiding dangerous encounters, and removing
selected high-risk objects reinforce one another.

The graph should not be interpreted as proof that integrated management will produce a
particular numerical reduction. Its purpose is to demonstrate why strategies that change both spacecraft
behavior and environmental conditions may be more sustainable than strategies limited to observation or
avoidance.

Key Finding: Autonomous collision avoidance can improve operational safety, but long-term orbital
sustainability requires an integrated strategy that also limits debris creation and selectively removes
objects with high fragmentation potential.

6. Challenges

The first major challenge is the incomplete and uncertain character of orbital information. Tracking
quality differs across objects, sensors, altitudes, and observation conditions. Small fragments may be
observed infrequently, while atmospheric-drag uncertainty can affect predictions for objects in lower
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orbits. Autonomous systems must communicate this uncertainty rather than presenting risk estimates as
exact facts.

False associations create another problem. Measurements from two different objects may be
mistakenly assigned to one orbital track, or a maneuvering spacecraft may be incorrectly classified. An
autonomous system that operates on incorrect identification data could recommend an unnecessary or
unsafe maneuver.

Artificial intelligence introduces model-generalization risks. A model trained on historical sensor
data may perform poorly when used with a new instrument or under unusual orbital conditions. Rare
events, including major fragmentation events, are especially difficult to represent because limited
examples are available.

Explainability is essential in high-consequence decisions. An operator should be able to
determine which observations produced an alert, how uncertainty was treated, what constraints affected
the maneuver, and why alternative responses were rejected. A probability score without supporting
reasoning may be unsuitable for accountable operational use.

Verification and validation remain difficult because terrestrial test environments cannot fully
reproduce orbital conditions. Microgravity, thermal cycling, radiation, communication delay, lighting
variation, and uncontrolled target motion must be represented through complementary testing methods.
Software simulation alone cannot demonstrate that a robotic system will operate safely.

Cybersecurity must be treated as an orbital-safety requirement. An attacker who corrupts
tracking data, spoofs maneuver messages, compromises a machine-learning model, or obtains
unauthorized command access could create a physical collision risk. Encryption, authentication, access
control, redundant observations, and anomaly monitoring should be incorporated from the beginning of
system design.

Non-cooperative debris presents difficult guidance and control problems. A target may tumble
rapidly, contain flexible components, or possess residual fuel. Structural information may be incomplete.
A capture attempt could destabilize the target, damage the removal spacecraft, or create additional
fragments.

Legal ownership is another barrier. A non-functional object does not automatically become

legally available for removal by another operator. Consent, jurisdiction, and responsibility must be
established before a servicing spacecraft approaches or captures the object.
Liability arrangements must address possible damage during rendezvous, capture, transportation,
disposal, or re-entry. Responsibility may involve the object owner, removal contractor, launching state,
licensing authority, tracking provider, and insurer. Unclear allocation may discourage investment in
remediation.

The dual-use nature of rendezvous and capture systems creates strategic concerns. A spacecraft
capable of moving debris may possess capabilities that could be directed toward an operational satellite.
Transparency measures, mission notification, shared telemetry, and independent verification can reduce
uncertainty but require international participation.

Economic incentives are also incomplete. Debris removal may benefit many operators, while the
cost is concentrated on the organization conducting the mission. Commercial markets may not
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independently provide sufficient investment. Public procurement, insurance incentives, operator funds,
and international cost-sharing mechanisms may be required.

Unequal access to orbital data can create further sustainability concerns. Established space actors
may possess advanced tracking networks, while emerging participants depend on externally supplied
information. A sustainable governance framework should improve safety without creating exclusive
control over essential orbital information.

7. Discussion

The findings indicate that intelligent debris management should be evaluated as a layered system rather
than through the performance of an isolated algorithm or removal device. Reliable tracking cannot
guarantee safety unless warnings are converted into timely actions. Autonomous avoidance cannot
ensure environmental recovery if hazardous objects continue accumulating. Removal cannot operate
safely without accurate tracking, validated control systems, and clear legal authorization.

7.1 Relationship Between Autonomy and Orbital Sustainability

Autonomy is valuable because orbital operations can involve large data volumes, repeated alerts, limited
communication windows, and time-sensitive decisions. Machine-supported screening can reduce analyst
workload and identify events that deserve immediate attention. Onboard autonomy can also protect a
spacecraft when ground communication is unavailable.

However, autonomy does not automatically produce sustainability. An autonomous system may
optimize the safety of one spacecraft without considering environmental effects or the behavior of other
operators. A maneuver that resolves one conjunction could create another. Sustainability must therefore
be incorporated into the objective function, operational constraints, and coordination rules.

The scenario analysis supports this distinction. Autonomous avoidance improves the relative risk
trajectory but reaches a plateau because it protects maneuverable spacecraft without removing the
sources of potential fragmentation. Integrated management performs better conceptually because it
combines short-term protection with long-term environmental intervention.

Human involvement remains important. Routine calculations, sensor scheduling, and constraint
checking may be highly automated. Decisions involving uncertain target identity, removal of another
actor’s object, directed-energy systems, or elevated re-entry risk should remain subject to explicit
authorization.

7.2 Integration of Tracking, Decision, and Robotic Action
The proposed architecture emphasizes the continuity of the debris-management process. Observation
quality affects orbit estimates; orbit estimates affect conjunction predictions; conjunction predictions
affect maneuver decisions; maneuver decisions affect future traffic. The system should therefore
preserve data lineage so that each recommendation can be traced to its supporting observations and
assumptions.

Digital twins may support this integration by maintaining an updated computational
representation of the spacecraft, target, sensors, and operational environment. A proposed maneuver or
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capture action could be tested in the digital twin before execution. The system could also monitor
differences between predicted and observed behavior.

Digital twins are not automatically reliable. Their value depends on model accuracy, timely data,
and explicit uncertainty. A highly detailed model may still produce misleading results if it contains
incorrect assumptions. Continuous calibration and independent verification are therefore necessary.

The integration of robotics introduces additional demands. During debris capture, perception,
guidance, and control must operate under strict time constraints. The system should identify when its
confidence is inadequate and transition to a safe holding position rather than continuing an uncertain
approach.

Future spacecraft could simplify debris remediation by including standardized grapple fixtures,
navigation markers, and reliable end-of-life interfaces. Designing for future servicing may reduce the
complexity of autonomous capture and create opportunities for repair, refueling, and life extension
before disposal becomes necessary.

7.3 Governance, Trust, and International Coordination

Technical capability cannot independently establish legitimacy. Autonomous debris management
involves objects registered by different states, commercial operators with different priorities, and
technologies that may be interpreted as strategically sensitive. Trust must therefore be designed through
institutional as well as engineering measures.

A credible governance structure should contain four connected levels. The technical level should
provide compatible data formats and uncertainty representations. The operational level should establish
conjunction communication and maneuver-priority rules. The regulatory level should define licensing,
cybersecurity, and proximity-operation requirements. The institutional level should address consent,
liability, verification, and dispute resolution.

Independent observation can improve confidence in debris-removal missions. Third parties may
verify the target identity, approach trajectory, capture event, and final disposal orbit. Transparent
reporting can demonstrate that the mission remained within its authorized purpose.

International cooperation should also include capacity building. Emerging space participants
require access to safety information, training, and communication systems. Orbital sustainability cannot
depend only on the capabilities of a small number of states or commercial organizations because unsafe
conditions affect all users.

The most durable governance approach is likely to combine international principles with detailed
technical standards and national licensing. International principles can establish shared expectations,
while technical standards can define machine-readable procedures. National regulators can then apply
these requirements to operators under their jurisdiction.

8. Conclusion

The increasing use of near-Earth orbital environments has transformed space debris from a specialized
engineering concern into a significant infrastructure and sustainability challenge. Defunct spacecraft,
abandoned launch stages, and collision fragments create immediate operational hazards and may also
contribute to long-term environmental instability. Conventional mitigation and tracking practices remain
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essential, but increasing traffic and decision complexity require more scalable and responsive
approaches.

Artificial intelligence can support object detection, observation association, orbit estimation,
conjunction prioritization, maneuver planning, and target selection. Autonomous spacecraft can respond
within shorter decision windows, maintain safe separation, and perform complex proximity operations.
Robotic and contactless technologies may allow selected debris objects to be stabilized, redirected, or
removed. These capabilities are complementary rather than interchangeable.

The conceptual scenario presented in this paper indicates that monitoring alone may improve
awareness while leaving the underlying environmental risk unresolved. Autonomous avoidance can
reduce immediate collision exposure, but its long-term effect is constrained when hazardous objects
remain in orbit. Integrated management offers the strongest strategic potential because it combines
prevention, tracking, avoidance, disposal reliability, selective removal, and international coordination.

The findings should be interpreted within the limitations of a conceptual and simulation-based
design. The graph values are illustrative and do not represent measured mission outcomes or an official
forecast. The framework requires future validation through high-fidelity modeling, hardware-in-the-loop
testing, controlled demonstration missions, and transparent operational evidence.

Safe autonomy must be bounded, explainable, cybersecure, and auditable. Systems should
identify when uncertainty exceeds acceptable limits and should preserve human or institutional authority
for decisions with substantial legal or political consequences. Independent verification is especially
important for debris capture and removal.

Intelligent space-debris management should ultimately be treated as shared orbital-safety
infrastructure. Its success will depend on the quality of sensing and control technologies, but also on
trust, interoperability, authorization, liability arrangements, and equitable access to safety information. A
sustainable orbital environment cannot be achieved by automation alone. It requires coordinated
responsibility among governments, space agencies, commercial operators, researchers, and international
institutions.

References

1. Bonnal, C., Ruault, J.-M., & Desjean, M.-C. (2013). Active debris removal: Recent progress and
current trends. Acta Astronautica, 85, 51-60. https://doi.org/10.1016/j.actaastro.2012.11.009

2. Castronuovo, M. M. (2011). Active space debris removal—A preliminary mission analysis and
design. Acta Astronautica, 69(9-10), 848-859. https://doi.org/10.1016/j.actaastro.2011.04.017

3. European Space Agency. (2020). ESA’s annual space environment report. ESA Space Debris Office.

4. Flores-Abad, A., Ma, O., Pham, K., & Ulrich, S. (2014). A review of space robotics technologies for
on-orbit servicing. Progress in Aerospace Sciences, 68, 1-26.
https://doi.org/10.1016/j.paerosci.2014.03.002

5. Forshaw, J. L., Aglietti, G. S., Navarathinam, N., Kadhem, H., Salmon, T., Pisseloup, A., Joffre, E.,
Chabot, T., Retat, I., Axthelm, R., Barraclough, S., Ratcliffe, A., Bernal, C., Chaumette, F., Pollini,
A., & Steyn, W. H. (2016). RemoveDEBRIS: An in-orbit active debris removal demonstration
mission. Acta Astronautica, 127, 448-463. https://doi.org/10.1016/j.actaastro.2016.06.018

AJAMRI Volume 8, Issue 4, July-August 2026 54




American Journal of Advanced Multidisciplinary
Research and Innovation (AJAMRI)

10.

11.

12.

13.

14.

15.

16.

-\
AJAMRI E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com
6. Inter-Agency Space Debris Coordination Committee. (2020). IADC space debris mitigation

guidelines (IADC-02-01, Revision 2).

Kessler, D. J., & Cour-Palais, B. G. (1978). Collision frequency of artificial satellites: The creation
of a debris belt. Journal of Geophysical Research, 83(A6), 2637-2646.
https://doi.org/10.1029/JA083iA06p02637

Liou, J.-C. (2011). An active debris removal parametric study for LEO environment remediation.
Advances in Space Research, 47(11), 1865-1876. https://doi.org/10.1016/j.asr.2011.02.003

Liou, J.-C., & Johnson, N. L. (2006). Risks in space from orbiting debris. Science, 311(5759), 340—
341. https://doi.org/10.1126/science.1121337

Mark, C. P., & Kamath, S. (2019). Review of active space debris removal methods. Space Policy,
47, 194-206. https://doi.org/10.1016/j.spacepol.2018.12.005

National Aeronautics and Space Administration. (2019). U.S. government orbital debris mitigation
standard practices. Orbital Debris Program Office.

Nishida, S.-l., Kawamoto, S., Okawa, Y., Terui, F., & Kitamura, S. (2009). Space debris removal
system using a small satellite. Acta Astronautica, 65(1-2), 95-102.
https://doi.org/10.1016/j.actaastro.2008.10.037

Pardini, C., & Anselmo, L. (2014). Review of past on-orbit collisions among cataloged objects and
examination of the catastrophic fragmentation concept. Acta Astronautica, 100, 30-39.
https://doi.org/10.1016/j.actaastro.2014.03.013

Shan, M., Guo, J., & Gill, E. (2016). Review and comparison of active space debris capturing and
removal methods. Progress in Aerospace Sciences, 80, 18-32.
https://doi.org/10.1016/j.paerosci.2015.11.001

United Nations Office for Outer Space Affairs. (2019). Guidelines for the long-term sustainability of
outer space activities of the Committee on the Peaceful Uses of Outer Space. United Nations.
Wormnes, K., Le Letty, R., Summerer, L., Schonenborg, R., Dubois-Matra, O., Luraschi, E., Cropp,
A., Krag, H., & Delaval, J. (2013). ESA technologies for space debris remediation. In Proceedings of
the Sixth European Conference on Space Debris. European Space Agency.

AJAMRI Volume 8, Issue 4, July-August 2026 55



https://doi.org/10.1029/JA083iA06p02637

