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Abstract— Complex autonomous systems capable of 
successfully operating independently under ‘known unknowns’ 
and harsh conditions require paradigm innovation in modern 
development strategies. In the field of autonomy, developing a 
system-of-systems which can ostensibly think for itself in the 
face of ‘unknown unknowns’ is still a field of ongoing research. 
Maturing the systems architecting and modeling methodologies 
for developing henceforth named Thinking Autonomous 
Systems, which are verified with digital mission simulation, can 
potentially usher in the next generation of artificial intelligence 
for space exploration.  

The concept presented in this paper incorporates multiple 
Model-Based Systems Engineering and simulation 
methodologies combined as a new paradigm to design a novel, 
biomimetic thinking autonomy strategy. Anachronistic concepts 
from classical Kantian philosophy will be leveraged to inspire 
architectural designs that could be used for complex distributed 
systems in deep space. To accomplish this, digital 
transformation of a document-based implementation plan for 
Thinking Autonomous Systems, generated by experienced 
NASA software engineers, is implemented for NASA’s Platform 
for Autonomous Systems by creating descriptive and executable 
software models in SysML to prototype real-time operating 
capabilities.  

This conceptual implementation has been developed by 
incorporating model-based digital simulations to theorize how a 
cyberphysical thinking system would achieve specific strategies 
without crew reliance, while simultaneously being resilient to all 
operating conditions and remaining functional when devoid of 
ground communication. Additionally, ensuring that an 
autonomous system framework is an ethical Artificial 
Intelligence requires careful consideration of system behavior 
and accountability, human factors for teaming with a thinking 
autonomous system, and comparison to other modern 
approaches used for implementing true autonomy. 

This paper presents the first steps in formalizing the 
metacognition required for instantiating a truly Thinking 
Autonomous System; the approach described symphonizes 
autonomy characteristics from classical philosophical into a 
unified software architecture describing human thought. In the 
future, the foundational models described in this paper can be 
further leveraged to help advance research into thinking 
autonomy requirements for future deep space missions as well 
as for current near-term applications, i.e., living aboard crewed 
spacecraft like a NASA Gateway cislunar habitat.  
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1. INTRODUCTION

Autonomy, as defined by NASA, is "the ability of a system 
to achieve goals while operating independently of external 
control" [1]. Historically, ‘brute force autonomy’, which 
describes algorithmic processing of all possible 
circumstances before decision making based on strategies 
developed by experts offline, has been traditionally used to 
implement autonomy. However, as systems become 
increasingly complex, this method, which requires 
accounting for all “what-if” scenarios, becomes nearly 
impractical to both implement and be completely 
comprehensive, since inevitably, there will be cases which 
arise that experts overlooked [2]. Additionally, brute force 
autonomy strategies require continual maintenance and 
updates, which eventually becomes problematic for 
implementing with “real-time” systems that will be 
remote/inaccessible, like those planned for the NASA 
Artemis Gateway cislunar space habitats, Mars, deep space 
missions, and beyond. Furthermore, these methods restrict 
generalizability, requiring engineers to continuously develop 
brute force strategies ad hoc. 

Alternatively, enabling autonomy with a novel strategy, 
referred to as ‘thinking autonomy’, which is ability of a 
cyberphysical system (CPS) to implement a biomimetic 
(mimicking nature) human thought process architecture, is an 
approach that could be used to address some of the problems 
and limitations associated with the current brute force 
implementation methods described above. Thinking 
autonomy requires both a method of self-awareness for a 
system to understand its own operating conditions, as well as 
the ability to model behaviors for self-directedness to achieve 
mission objectives and goals [1]. Thinking Autonomous 
Systems (TAS) also exhibit self-sufficiency and the ability to 
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operate independently, without external support. Irrespective 
of operating conditions, a TAS must be resilient enough to 
address unforeseen events encountered that could interfere 
with the system’s ability to safely achieve mission goals and 
objectives.  

Additionally, a TAS must encompass knowledge and 
understanding of the system (itself) within the context of a 
hierarchical network comprised of other TAS systems: for 
example, a constellation of autonomous satellites [1]. New 
paradigms for implementing system autonomy would greatly 
benefit, for example, US government national goals for 
implementing Position, Navigation and Timing (PNT) in 
cislunar space, as defined by the White House Office of 
Science and Technology Policy’s Cislunar Science & 
Technology Strategy [3], [4]. Therefore, to effectively 
develop a software TAS, there is a need for specialized 
software that can manage real-time operations, simulations, 
and asynchronous operations, all of which are typical aspects 
of a complex CPS. 

To begin addressing the challenges associated with 
developing a TAS, Stennis Space Center’s Autonomous 
Systems Laboratory (ASL) has created an innovative 
software tool, the NASA Platform for Autonomous Systems 
(NPAS). This platform provides direct solutions that help 
mitigate the drawbacks associated with current modeling 
languages in architecting and simulating a TAS. As shown in 
Figure 1, the drawbacks of SysML, a commonly used systems 
architecting language, include: a cumbersome simulation 
interface, a lack of native support for integrating domain-
specific digital design elements, and a limited selection of 
visualization for systems analyses [3]. NPAS enables all 
capabilities facilitated by SysML and simultaneously has the 
ability to expand these tools even further by adding the 
capability for real-time operations, autonomous strategy 
implementation, and integrated system health management 
[2].  

2. LITERATURE REVIEW 
Perhaps the largest wealth of compiled knowledge associated 
with processes that encompass human thinking and 
autonomy is derived from the work of classical philosophers 
like Immanuel Kant, Georg Hegel, and Arthur Schopenhauer. 
These philosophers have each compiled manuscripts that 
describe their interpretation of the metaphysical 
decomposition of different systems associated with human 
thought; these analyses are still used and studied to this day. 
Then, in 2013, a book was written by former JPL project 
manager and chief of Voyager general science data, Szabolcs 
de Gyurky, that established a document-based architectural 
framework for a software TAS [5]. This work coalesced 
information from these past great philosophers which then in 
turn, is used to synthesize a technical baseline for developing 
next generation “thinking” systems. 

In the following sections of this paper, this interpretation of 
creating a theoretical basis for human thinking as it applies to 
implementation of thinking autonomy is summarized, as well 
as analogous applications for existing deep-space mission 
strategies, to describe how the use of autonomous navigation 
strategies within the framework of the theorized TAS could 
be implemented. In theory, this capability would then be able 
to facilitate high-fidelity simulation of a TAS that could be 
used to make decisions, based on the system’s ability to 
“think” without human intervention, i.e., in mission settings, 
which would include, for example, remote environments 
such as cislunar space. The system’s ability to “think” would 
in turn have the potential to increase the technology readiness 
level of mission solutions and correspondingly help increase 
the safety of astronauts, who may, for example, be put in 
situations whereby instantaneous spacecraft maneuver 
decisions need to be made to avoid hazards like interception 
with space debris or another spacecraft. 

 
Figure 1. NPAS comparison to SysML for MBSE, Real-Time Operations, and Autonomy. 
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The Autonomous System: A Foundational Synthesis of the 
Sciences of the Mind— In this document-based architecture 
for TAS presented by de Gyurky and Tarbell [5], the authors 
put forth the proposition that key information about the 
hierarchical cognition systems and subsystems of human 
thinking and autonomy has to be properly defined to 
effectively model and simulate interactions which would 
formalize through software human metacognition and 
autonomy. de Gyurky and Tarbell sought to formalize these 
definitions through document-based systems engineering, by 
coalescing the processes of thought as defined by classical 
philosophers like Kant, Schopenhauer, and Hegel. 

According to de Gyurky and Tarbell’s summarization of 
these classical philosophers’ interpretation of thought, there 
are eight underlying systems which facilitate inter-system 
operations: Will, Reason, Intellect, Sensory, Understanding, 
Presentation, Decision, and most importantly a central 
Thought system. These systems are graphically depicted in 
Figure 2, as related to their roles in internal and external 
communication for operations/functionality of what is being 
defined as the Thinking Autonomous Systems (TAS).  

In theory, these systems mimic the processes that form the 
foundation of human thinking. Then, to describe how these 
systems communicate to enable human thinking, de Gyurky 
takes this interpretation one step further, and provides a 
representative analogy as follows: “Take as an example an 
object like a hand grenade, which the Will system wants to 
physically pick up, but does not know what it is. So, the 
Intellect system adds to the object being viewed, ‘That is a 
hand grenade; it is dangerous to our existence.’ The 
Understanding system provides the Form of All Possibilities 

and adds, ‘If we pick it up, it could be useful; but if it is 
booby-trapped, it will destroy us’" [5]. This descriptive and 
rich scenario provides an example of how thinking 
incorporates multiple processes and associated systems of 
thought, all of which would be necessary to implement TAS 
operations and demonstrates how this capability would be 
required for instantaneous prioritization of tasks to ensure 
human safety and survivability. 

Existing Autonomy Strategies—NASA Stennis Space 
Center’s Autonomous Systems Laboratory has demonstrated 
numerous autonomy applications using NPAS (built upon the 
Gensym G2 software environment) that incorporates: 
Integrated System Health Management (ISHM), domain 
model development (digital twin), mission creation and 
management, distributed autonomy, auditory Human-
Computer Interaction, and network bridges [6], [7], [8], [9], 
[10], [11]. Application domain areas include electrical, fluid, 
mechanical, communication and network systems; the 
platform is architected in a way that quickly and readily 
enables other systems (e.g., human interaction systems) to be 
added, as needed. NPAS facilitates a software mechanism to 
implement real-time thinking autonomy that can leverage the 
baseline framework that is created using SysML. In this way, 
NPAS can instantiate a TAS as identified in Figure 2 as a 
form of artificial intelligence.  

However, as previously mentioned, the way artificial 
intelligent systems for autonomy are currently developed 
involves using an approach that can be referred to as “brute 
force.” Often, brute force autonomy strategies, including 
those implemented through neural networks and machine 
learning, are custom-tailored for very specific problems or 

 
Figure 2. Thinking Autonomous System architecture based on classical philosophy [5]. 
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use-cases. Therefore, reusability and evolution of these 
implementations becomes problematic and/or extremely 
difficult to achieve; autonomy strategies in one domain space 
cannot always be transferred to other science and/or 
engineering applications [12], [13], [14], [15], [16], [17]. 
Additionally, autonomy implementations may include, for 
example, cloud computing, robot swarm coordination, 
medical diagnostics, naval or maritime situational awareness, 
and resource management. For the purposes of this paper, the 
focus will be on autonomy for deep space and cislunar 
mission applications, which then could be leveraged for 
multi-mission capabilities. 

Autonomy for Cislunar Position, Navigation, and Timing 
(PNT)—Referring back to the proposed example presented in 
this paper for implementing a TAS, PNT: currently, there are 
technology gaps associated with implementing PNT 
autonomy in cislunar space. This is because most traditional 
methods of PNT in space rely upon a spacecraft’s proximity 
to Earth. However, in cislunar space, a spacecraft would have 
to wait several seconds to receive signals from those Earth-
based positioning systems; this delay in data transmission 
receipt, in conjunction with the additional uncertainty that the 
signal may not be received at all, as well as the fact that this 
wait time for signal receipt could delay and amplify the 
uncertainty in identifying positions, all collectively could 
impact the spacecrafts ability to timely implement effective 
collision avoidance maneuvers. This circumstance arises 
because in cislunar space, spacecraft distances will be too far 
from positioning data providers, like Earth’s Global 
Navigation Satellite Systems. Therefore, this data gap 
introduces technological hurdles that must be overcome 
when implementing, for example, lunar habitats, since access 
to accurate satellite location coordinates through PNT for 
safe and trusted rendezvous and proximity operations (RPO) 
is not currently available in cislunar space [18]. 

Therefore, implementing operational autonomy far from 
Earth, for example for cislunar PNT, remains in its nascent 
stages of development, with papers only just being published 
within the last two years that define and parametrize the 
architectural design space [19]. There are other studies that 
assess specific solution feasibility, like using the timing of X-
Ray pulsar flashing to conduct ‘XNAV’ navigation in deep 
space. And still other studies assess GNSS-type systems 
placed on the moon; however, these solutions are not 
transferrable to missions operating in deep space because 
proximity to Earth’s moon is required [20], [21]. Fortunately, 
studies do exist that describe visual-based PNT solutions 
similar to XNAV using sidereal tracking and mutual 
navigation: celestial navigation, inspired by Polynesian 
wayfinding [22], [23]. These studies provide a basis for 
developing deep space navigation and autonomy using 
satellite constellations and timed measurements of starfields. 

  

3. METHODOLOGY 
To develop a TAS natively capable of operating on-board a 
spacecraft, the intent here is to use Model-Based Systems 
Engineering (MBSE) to plan and architect a TAS first, prior 
to software porting or interoperability with the autonomy 
platform, NPAS. MBSE requires a modeling language, a 
methodology for that language, and an authoring tool: for this 
study’s system architecting endeavor to define the 
architectural hierarchy of a TAS for autonomy and PNT, the 
language SysML, its associated Object-Oriented System 
Engineering Methodology (OOSEM), and Cameo Systems 
Modeler authoring software were used.  

Cameo Systems Modeler’s Simulation Toolkit plugin allows 
execution of SysML diagrams, which are forms of code 
abstracted through visual programming languages. Through 
the capabilities afforded by this simulation toolkit (Cameo), 
SysML models can connect to external software, for example 
NPAS, using digital thread, forming the foundation of a TAS 
digital twin [24]. Then, with the knowledge that NPAS 
provides a suitable toolset to model a TAS with real-time 
asynchronous communications between them, system 
engineers can manifest the type of thinking system described 
by de Gyurky and Tarbell [25].  

Therefore, to attempt to construct a truly “thinking” 
autonomous system, engineers and architects must approach 
understanding the TAS architectural framework from all 
prospective levels, including a top, mid, and lower-level 
viewpoint to capture the hierarchical functions to code 
processing systems for thinking and system communication. 
Table 1 defines a summary of the descriptions for the top-
level systems in the proposed “thinking” system-of-systems 
that provides an overview of each of respective system’s 
responsibilities and is represented here as a compiled 
synopsis of published literature [26].  

Figure 3 represents a hierarchical structural decomposition, 
showing subsystems of a TAS, and includes some lower-
level descriptive components to help illustrate the next level 
of complexity that is involved with this system-of-systems 
hierarchy. In this figurative subsystem representation, 
systems are grouped according to likelihood of 
interoperability with one another; each system also identifies 
the philosopher whose work can be attributed to the 
underlying rationale behind this biomimetic strategy for 
implementing “thinking” autonomy. Each subsystem will 
still require further development to determine respective 
representation within a CPS.  

For TAS implementation, this theoretical ‘thinking” system 
will predominantly rely on leveraging capabilities enabled by 
NPAS, which is comprised of knowledge bases - containing 
rules and laws for the Reason system, logic for handling 
abstract concepts in Intellect system and operations in the 
Will system, as well as leveraging the field of computational 
ontology, which can bridge knowledge across systems, to 
establish ‘intra-system’ system communications. The field of 
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ontology provides the foundational definition of objects, as 
well as corresponding interrelations, and formally represents 
knowledge components of a domain or knowledge models 
[27]. Furthermore, since a TAS should constantly evolve and 
learn, ontologies should be dynamic and change over time: a 
thinking system should be able to change what it ‘knows’ as 
it receives or generates new information. From an ontological 
perspective, NPAS can simulate the modeled system-of-
interest (the mind) in its respective environment of interest 
through knowledge bases [28].  

Notionally, the TAS is architected in a way that takes into 
consideration performance metrics for cislunar PNT and PNT 
beyond Geostationary Earth Orbit (xGEO). Though a fully 

functional TAS implementation is beyond the scope of this 
paper, once a functioning technical baseline is developed, 
PNT performance could be used as a foundational parameter, 
which in turn, could be used to compare against conventional 
PNT technical performance measures and key performance 
parameters. Furthermore, some metrics, aside from Size, 
Weight, and Power considerations (SWaP), for assessing 
PNT performance that could also be integrated as TAS 
parameters include: positioning precision in units of distance 
within acceptable statistical error, data transmission speed, 
areal coverage of the PNT network, and portability to 
different operating environments (e.g. different cislunar 
orbits, low lunar orbit, asteroids, Mars, etc.) [21], [29], [30], 
[31], [32].  

Table 1. Top-level description of subsystems in a Thinking Autonomous System. 

 

 
Figure 3. Diagram of classical autonomous subsystems, with sourcing from philosophers or engineer experience. 
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Then, a digital space mission engineering software ANSYS 
Systems Tool Kit (STK) and its associated Orbit 
Determination Toolkit could provide the computational 
toolset to rapidly assess the performance of the proposed TAS 
SysML models developed through, for example, using 
ANSYS ModelCenter digital thread integration, which 
enables the use of physics-based simulations for high-fidelity 
performance analysis for the proposed baseline thinking 
system [3], [24], [33]. This digital simulation approach would 
demonstrate empirical validation that the proposed thinking 
system autonomy strategy for PNT could perform similarly 
to other strategies in the context of present-day case studies.  

4. RESULTS 
The intent proposed in this paper is to have initiated model-
based engineering of systems technology which biomimics 
the human mind, by combining all the information required 
to enable a TAS, synthesized from the treatises of Kant, 
Hegel and Schopenhauer and presented by de Gyurky and 
Tarbell. The initial steps for development include 
accumulating information resulting from research into 
techniques used for implementing modern and classical 
autonomous cislunar PNT system, which in turn facilitated 
the first steps in the digital transformation from document-
based descriptions of a software TAS to a formalized MBSE 
platform [34]. This proposed technique enables model 
reusability and data sharing that can, in turn, be used to 
architect system-of-systems that can integrate operations that 
would become magnitudes too complex to implement with 
traditional brute force autonomy approaches and/or without 
human intervention [10], [35], [36]. Figure 4 depicts a 
SysML Block Definition Diagram (BDD) which represents 
the proposed structure for a TAS within this operational 
context.  

In Figure 4, the systems in Figure 2 exist as SysML ‘part 
properties’ over the overall system-of-interest. Each of these 
part properties is ‘typed’ by a Block, like the ones describing 
the concept of CPS, NPAS, and the System of Interest (SOI). 
The stick figure Block represents a SysML ‘Actor,’ an atomic 
unit within SysML that cannot have part properties. The 
interaction between these part properties is summarized in 
Figure 5, which is an internal block diagram (IBD) of the 
system-of-interest Block. An IBD provides a ‘White Box’ 
view of the ‘Black Box’ Blocks in a BDD. The Figure 5 IBD 
combines the structural information of Figures 2 and 3 in a 
method accessible to programming languages.  

For a hierarchical low-level view of the software components 
in a TAS, Figure 6 describes the proposed interpretation of 
communication modes described for the Sensory system in a 
TAS, again based on Kantian terminology. The small square 
port linking a connector to the outside of the system border 
in Figure 6 is the same port as in Figure 5: an example of the 
overall model viewed differently through different cross-
cutting diagrams and context viewpoints. While Figure 5 
does contain some ‘White Box’ elements, details are limited 
and reserved for graphical simplicity; Figure 6 shows greater 
TAS system fidelity in the SysML model, meaning that a 

deeper hierarchy is defined for subsystem and software 
program sets. SysML and OOSEM create hierarchy within 
systems by defining composition of blocks as a grouping of 
parts and references. This provides a basis for modeling TAS 
structure and component interactions such that several design 
alternatives for intra-system communications can be rapidly 
assessed.  
 
The top left of Figure 6 shows a part of the TAS sensory 
system: the autonomous system state subsystem. For the 
representative example implementation used for this paper, 
this subsystem would house operations and algorithms that 
facilitate PNT methods of low computational overhead. With 
the digital transformation of classical metacognitive 
philosophy into a new framework for autonomy, xGEO PNT 
can now be described in a Kantian Framework. The following 
paragraph is an example of how this TAS could be 
instantiated from this descriptive framework (described 
above), illustrated as a novel TAS spacecraft implementation: 
 
First, the system’s Will system creates a requirement for the 
spacecraft to know where in its environment it is located . The 
Intellect system then draws from experience, identifying 
locations of nearby waypoints like planets, stars, or other 
recurring deep space objects as reference. The overall TAS 
tasks the Sensory system to provide additional data to the 
Reason system by communicating through the central Nexus 
Cogitationis in the Thought system. Then, the Understanding 
system assimilates all the synthesized information, creates a 
representation of the situational reality; the Presentation 
system simplifies this information for ingestion into the 
Decision system, which finally actuates subsystems to adjust 
the system as necessary to achieve the desired position and 
orientation to accomplish autonomous PNT.  
 
The sequence for a TAS conducting PNT described in the 
previous paragraph can be modeled and simulated by 
extending the NPAS SysML structural model with cross-
cutting sequence, activity, state machine, and parametric 
SysML diagrams. Then, upon modeling completion, digital 
transformation of this PNT TAS sequence could be tested and 
simulated in ANSYS STK as the subject of future research. 

The proposed concept explored in this paper examines a 
methodology for comparing thinking autonomy to brute force 
autonomy, using PNT as a test case. In the future, this test 
case could be leveraged for assessing utility in, for example, 
a NASA Gateway system that would be required to use PNT 
to determine its own location for rendezvous and proximity 
operations with an incoming spacecraft/vehicle [38], [39]. To 
date, existing deep space PNT methods typically use brute 
force calculations during Initial Orbit Determination (IOD) 
[40]; in future iterations of the TAS software, PNT 
performance could be numerically compared directly to a 
brute force pulsar-based navigation architecture for the 
NASA Gateway, and assessed as a potential means for 
developing true thinking autonomy [41].  
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Figure 5. SysML IBD; digital transformation of Figure 2. 

 
Figure 4. TAS in context with NPAS and its CPS host. 



8 
 

Furthermore, because thinking autonomy can in some ways 
be compared to Artificial General Intelligence (AGI), the 
development methodology presented in this paper also 
recommends future testing against benchmarks set for 
contemporary large language models (LLMs) and other 
current approaches that are used to mimic human behavior. 
One such benchmark that has been considered as a 
performance metric for the proposed TAS discussed in this 
paper is the Abstract and Reasoning Corpus for Artificial 
General Intelligence (ARC-AGI), a tool commonly used by 
tech companies like Google and OpenAI to measure 
efficiency of their developed tools [42]. Future iterations of 
the proposed TAS could focus on adapting its NPAS 
implementation to satisfy the computational requirements put 
forth by ARC-AGI that benchmark AGI performance and 
measure the humanness of the AI intelligence by proxy.  

In this notional ARC-AGI use case, the TAS developed 
would diverge from the proposed PNT use case for NASA’s 
Gateway cislunar space habitat. and transition towards an 
implementation that requires addressing ethics; in this way, 
the TAS development lifecycle methodology would benefit 
from both incorporating ethical considerations associated 
with the potential transitioning of AI use cases, and 
adherence to best practices in developing unbiased and safe 
autonomy solutions [43]. Source material for ethical artificial 
intelligence design guidelines could stem from a range of 

sources, including government and academic research [43]. 
Additionally, computer science industry leaders produce 
ethics reports which could also guide TAS development; for 
example, IEEE’s Ethically Aligned Design provides 
information for developing Autonomous and Intelligent 
Systems [44]. These types of documents could supplement 
guidelines created by the United States and international 
intelligence communities for better understanding AI ethics 
and the implications of using autonomy strategies designed 
for a specific intended purpose in different domain areas [45], 
[46].  

5. CONCLUSION 
This work presented in this paper has delved into the 
foundational architectures required for implementing true 
thinking autonomy, which is required for enabling further 
expansion into novel strategies for complex cyber-
mechanical systems to act autonomously in known/unknown 
scenarios, while simultaneously being resilient to all 
operating conditions as well as potential lack of external 
communication. Developing an autonomous CPS with the 
advanced cognitive skills of a human being is by no means a 
simple task; research presented here in this paper has only 
provided the preliminary foundation for advancing the 
development of a paradigm for architecting these thinking 
autonomous systems.  

 
Figure 6. SysML low-level IBD for the Sensory system. 
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The theory presented directly lends itself towards advancing 
engineering capabilities required to develop, for example, an 
autonomous PNT system that meets NASA Artemis cislunar 
space habitat mission notional autonomy needs. However, 
implementing a fully functional TAS constellation using any 
tool, including NPAS, requires additional research beyond 
the scope of this paper. Furthermore, ethical scrutiny to guide 
engineering capabilities and ensure appropriate system use 
cases must also be considered when developing a software 
system that is intended to function fully autonomously, like 
the human mind. Based on compiled research to date, and the 
theory presented in this paper, ethical behavioral rules are 
housed within the Reason subsystem [47]. 

Due to the current size and resolution of the SysML model 
created for this research, traditional document-based 
reporting precludes the inclusion of all diagrams in their 
entirety; however, using Cameo Systems Modeler allows the 
ability to zoom and scroll through the larger diagrams of 
interactions in the cognitive systems. Little if any information 
postulated by de Gyurky and Tarbell mentions interactions of 
multiple TAS in swarm/constellation, and/or in hierarchical 
structure. These types of communications would be 
characteristic of operations in an autonomous constellation 
designed to complete multiple missions. Conceptualizing this 
software equivalent of ‘mind-to-mind’ system 
communication remains a subject of future research.  

In theory, future scaling possibilities of, for example, 
thinking autonomy implemented across multiple satellite 
constellations in xGEO in different swarm configurations, 
could be made possible by the scalability functionality 
afforded by NPAS [37], [48]. Additionally, future testing on 
the types of novel autonomy strategies presented in this 
paper, using high-fidelity digital simulation, may require 
large computing power to test performance against 
conventional PNT methods; then, once a TAS is tested, 
verified, and validated as a functioning system, the goal 
implementation would be for a system like NASA’s proposed 
Gateway space habitat to require less brute force 
computational power for on-board processing when 
conducting IOD [49].  

This autonomy paradigm is not meant to completely supplant 
traditional methods of machine learning based on training 
data and classification; instead, it seeks to include them 
collectively within an overall framework that reduces the 
overall computational overhead of an onboard system: a 
necessary feature in remote, uncommunicable environments. 
By using digital thread technology to connect real-time 
NPAS models to system data sources, the intent is to create 
an algorithm repository that can be used to conduct trade 
studies of PNT solutions in cislunar space using simulation 
software like ANSYS STK [24], [33]. Furthermore, other 
important goals for any TAS use case include, but are not 
limited to, abiding by ethical AI standards, cybersecurity 
standards, and overall sustainability and equality goals of the 
international space community [50], [51]. Additionally, other 
areas of future investigation include: 

• Low-level software component architecture. 
• Human-computer interaction between TAS and crew. 
• Trust metrics for Human Autonomous Teaming. 
• Comprehensive ethical AI analysis on the potential use 

TAS for unintended purposes beyond space autonomy. 
• Integration of SysML/STK software on NPAS. 
• Developing generalized thinking autonomy strategies. 

 
The longer-term goal is to develop a comprehensive digital 
basis for a trade study to optimize the architecture of a TAS 
that would be utilized for deep space operations. As the field 
of MBSE grows and SysML version 2 and its core language 
KerML becomes more widely available to users, additional 
capabilities for architecting autonomy may arise; however, to 
date, NPAS has preliminarily demonstrated the ability to 
afford the capability to support on-board real-time autonomy 
and scalability, and therefore has a greater technological and 
space-readiness advantage over modern SysML.  

An additional noteworthy concept related to implementation 
of a TAS is the psychophysical action of implementing 
theoretical thinking autonomy in a real-world robotic 
example; this application creates the potential for new 
cybersecurity vulnerabilities that might not emerge or 
become evident until a fully realized TAS is functional in an 
operational capacity. In an effort to mitigate potential system 
security issues introduced by using a lower technological 
readiness system in a cybersecurity environment, heuristics 
compiled from several international space system standards, 
as well as the US Department of Defense System Engineering 
Research Center, can be leveraged. [50], [52], [53], [54]. 
Digital transformation of these heuristics leads to the 
development of requirements and corresponding use cases 
that define verification schema for system security [43]. The 
SysML and OOSEM methodology proposed in this paper, in 
combination with the notional TAS introduced, provides a 
platform to afford the formalization of cybersecurity 
requirements, and, in conjunction with the Cameo Systems 
Modeler Simulation Toolkit, would enable a means to 
automate verification to demonstrate that the TAS has met 
those requirements in relevant operating scenarios.  

While not necessarily obvious to engineers without an 
education in classics, philosophy and the science of human 
nature has much to offer for architects seeking to develop 
system and system-of-systems autonomy. Historical concepts 
like classical philosophy and wayfinding can inspire 
solutions and design, leading to the development of 
functional systems which have the potential to revolutionize 
the field of thinking autonomy for complex constellation 
systems, as well as the field of artificial general intelligence.  

The theories of the mind postulated by classical philosophers 
are difficult to test empirically; yet, emergent from this 
research is a novel schema by which to compare and contrast 
different architectures defining thinking autonomy from 
historical or contemporary sources. Designs for TAS swarms 
working in concert must transcend classical metacognitive 
philosophy, towards the field of Artificial Superintelligence. 
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