| systems

Article

Systemic Cognition: A Few Epistemological Clarifications

Guy André Boy

W) Check for updates

Academic Editors: He Cai and
Maobin Lv

Received: 16 November 2025
Revised: 16 December 2025
Accepted: 19 December 2025
Published: 24 December 2025
Copyright: © 2025 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

ESTIA Institute of Technology, 90 Allée Fauste d’Elhuyar, 64210 Bidart, France; guy.andre.boy@me.com;
Tel.: +33-6-73-11-79-38

Abstract

Systemic cognition combines the humanities and social sciences with systems science to
support a unified field, Human Systems Integration (HSI). It draws on complementary,
sometimes conflicting, fields of research, including phenomenology, positivism, logic, tele-
ological approaches, humanism, computer science, and engineering. It is time to gain
a deeper understanding of our approach to HSI in complex socio-technical systems. Over
the past fifty years, we have transformed our lives in unprecedented ways through tech-
nology, both in terms of useful and usable hardware and software resources. We have
developed means of transport that enable geographical connectivity anywhere and at
any time, which is now a standard feature. We have developed information systems that
will allow people to communicate with each other in seconds, anywhere on the planet,
and at any time. Systemic cognition aims to provide ontological support for discussing
this sociotechnical evolution and to develop HSI not only based on a Human-Centered
Design (HCD) approach, but also by focusing on society, which is becoming increasingly
immersed in a world equipped with artificial resources (particularly with the growing
incorporation of artificial intelligence), which separates us from nature. This article pro-
poses an epistemological approach that extends contemporary theories of systemic and
socio-cognitive modeling by integrating constructivism and research on HCD-based HSI
developed over the last three decades. Aeronautical examples are used to support the
concepts being developed.

Keywords: systems science; cognitive engineering; human systems integration; sociotechnical
systems; systemic cognition resources; complexity; modeling; epistemology; constructivism;
artificial intelligence

1. Introduction

As you begin reading this article, you may wonder why we need to develop
an approach called systemic cognition, which is proposed as a comprehensive and unified
epistemic framework of sociotechnical systems (STSs) that integrates natural and artificial
cognitive agents from a systemic perspective. STSs are large infrastructures that are incre-
mentally created and maintained in context, which can be defined by various interrelated
requirements based on economy, finance, technology, organizations, practices, and culture.
This paper on systemic cognition is the result of a compilation and rationalization of various
in-depth experiences in real-world projects using systems science [1] and engineering asso-
ciated with human-centered design [2] developed in multiple industrial sectors, such as
aerospace, energy production, defense, railways, and air traffic control. This epistemologi-
cal contribution is therefore based on experience and is transdisciplinary. It is deeply based
on constructivism. In this article, we consider constructivism to be a theory that does not
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rely on an a priori conceptual model for designing and developing new systems. Instead,
the so-called systemic cognition framework is an ever-evolving result of experiences and
social interactions, integrating new information with existing knowledge in a constructivist
manner [3,4]. More specifically, the systemic cognition framework is derived from the active
compilation of experiences acquired during the design and development of industrial
sociotechnical systems.

From this perspective, this article differs drastically from typical scientific papers, fea-
turing a more structured approach that progresses from a precise problem statement
to a clear presentation of the proposed framework’s components, and ultimately to
a demonstration of its utility through a detailed and methodical application. It is a story of
a mix of experience-based conceptual models and knowledge representations that have
emerged from real-world development using classical approaches, in search of an integrat-
ing framework. It is not a position paper that was written with supposedly good ideas
that provide a preliminary research agenda for further research and development. It is
a constructivist endeavor.

The central ingredient of systemic cognition is the concept of system. Therefore, what do
we mean by system? A “system” is considered here as a conceptual model or representation
of an artificial or a natural entity. A system is a construct of our mind, i.e., people generate
systemic knowledge and meanings from their experiences, as considered by Jean Piaget,
who posited that knowledge is the act of building knowledge [5-7].

Using systems engineering terminology, let us consider that a system is a system of
systems [8]. For example, a human being can be viewed as a system composed of organs,
which are considered systems also (e.g., a physician commonly talks about the cardiovascu-
lar system); an aircraft can be viewed as a system consisting of a flight management system,
a landing gear system, and many other embedded systems (i.e., these systems are part of
a larger system, namely an aircraft). In addition, a “system” is a continuously evolving
knowledge representation or model of a natural or artificial entity, specifically a human or
a machine [9]. A system has a life cycle and may become obsolete over time. For example,
a civilization can be considered a system with its life cycle, from birth to development,
and finally, collapse. Life “shows certain attributes, including responsiveness, growth,
metabolism, energy transformation, and reproduction” [10]. Therefore, since a system has
a life cycle, it is life-critical. It can be influenced by internal or external causes (i.e., events
can occur that contribute to modifying or damaging the system, sometimes to the point of
destroying it). Life criticality concerns technology, organizations, and people. When we
focus on people, we usually discuss safety.

Cognition can be “the states and processes involved in knowing, which in their com-
pleteness include perception and judgment” [10]. Cognition, the experience of knowing, is
usually distinguished from an understanding of feeling or willing. The proposed systemic
approach will associate them.

Systems engineering has significant connections to multi-agent artificial intelli-
gence [11] and (socio-)cognitive science [12,13], but a robust ontology for the resulting mix
is lacking. We then need to develop deeper investigations that require appropriate concepts,
terminologies, ontologies, cognitive models, and representations that homogenize systemic
and agentic approaches to human-machine teaming from a cognitive perspective. Systemic
cognition considers systems as resources for other systems, whether they are natural or
artificial, human or machine, physical or cognitive. Systems as resources are necessarily
based on trust, collaboration, and operational performance.

Ultimately, more than anything else, systemic cognition is being developed as an inte-
grated framework for human systems integration (HSI) based on systems science knowledge
and human-centered design (HCD) experience by defining appropriate life-critical concepts

https:/ /doi.org/10.3390/systems14010015


https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15

3 0f 31

and attributes within a homogeneous framework and ontology that encompasses technol-
ogy, organizations, and people [9].

2. From Reductionism to Sociotechnical Systems

Systemic cognition considers a sociotechnical system (STS) as a cognitive system of sys-
tems (e.g., mixing human and artificial intelligence). Nowadays, cars equipped with digital
technologies, for example, can perceive their environment, learn from their experiences,
anticipate the outcome of events, act to achieve goals, and adapt to changing circum-
stances [14]. This article goes beyond the current view of “isolated” cognitive systems by
expanding and associating the cognition concept from intrinsic single-agent models (e.g., em-
bodied cognition) to extrinsic multi-agent models (e.g., distributed cognition). Consequently,
systemic cognition attempts to homogenize the description of natural and artificial entities
within an STS, represented as systems, which are themselves systems of systems [9,15].

Systemic cognition extends beyond and breaks with the Cartesian body—mind duality
paradigm [16-18]. Several authors have already emphasized theories and models to de-
part from this duality and underlying reductionism, including autopoiesis [19], embodied
cognition [20], distributed cognition [21], cognition in vision science [14], and construc-
tivism [5-7,17]. Jean-Louis Le Moigne criticized the Cartesian positivist dogma, commonly
referred to as rationality, and its hegemonic status [3]. Like Ilya Prigogine and Edgar Morin,
he argued for a “new alliance” between analytical and constructivist epistemology [4].
Systemic cognition is also strongly based on the social development of intelligence [22].

STSs are complex because they are highly interconnected, internally and externally.
Most importantly, they encompass individuals who are themselves complex, as well as
numerous interconnections between human and artificial entities. They also generate
emergent phenomena, such as workload, social relationships, personality, stress, vigilance,
situation awareness (SA) [23], human errors, distraction, intersubjectivity, trust, collabo-
ration, fatigue, etc. Intersubjectivity refers to the phenomenon of shared understanding
among agents in a network of agents. Throughout our lives, we strive to determine the
limits within which an individual or, sometimes, the overall system can operate and survive.
Again, we talk about life-critical systems.

We cannot purposefully understand a system by only cumulating the comprehension
of each component. We need to observe the whole thing in action. For example, we must
realize how interconnections between components define the system’s activity, robustness,
and stability /instability. However, we will not understand why a system behaves as it
does until we have a clear awareness of its purpose, in terms of cause and effect. The
behavior of a system is more than the sum of its components’ behaviors (i.e., its activity
produces emergent phenomena embedded within the system when it creates an activity in
a specific context). For example, whenever we think and act, our brain, as a complex
system of interconnected neurons, produces consciousness as an emergent phenomenon,
as connectionist approaches attempt to replicate it [24].

In addition to the property of emergence, a complex system can adapt by managing
internal interactions (i.e., interactions between sub-systems) and external interactions (i.e.,
interactions with other systems). It is a dynamic entity that behaves according to its purpose
or function to preserve its identity. A dead or inactive entity will not be considered a life-
critical system in a cognitive science sense (e.g., grains of sand). In contrast, a life-critical
system may have properties such as homeostasis and autopoiesis. The phenomenon of
homeostasis was first coined by Walter Cannon [25] and later mathematically formalized by
Norbert Wiener as cybernetics [26], building upon the discovery of Claude Bernard, who
referred to it as “internal environment preservation” [27]. As introduced by Maturana and
Varela [19], autopoiesis is a model of the reproduction capability of a life-critical system.
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The systemic cognition approach adopts these phenomena and is deeply rooted in Vygotsky’s
“Mind in Society” work in psychology and Minsky’s “Society of Mind” work in artificial
intelligence. The former work can be summarized by the claim that “humans are the only
animals who use tools to alter their inner world as well as the world around them” [28]. The latter
work claims that “each mental agent by itself can only do a simple thing that needs no mind or
thought at all. .. yet when we join these agents in societies, in certain very special ways, this leads to
true intelligence” [12]. Departing from Meadows’ contribution to “Thinking in Systems” [29]
and based on a constructivist epistemological approach [3], systemic cognition is grounded
in the principle that the ability to understand complexity is developed gradually through
progressive familiarity. It is the contextual purpose that determines the relevance of elicited
knowledge. Complexity is at stake here.

How can we define complexity? We usually describe a situation or a system as complex
when we do not understand it! Beyond this popular statement, we may understand a com-
plex system in one context but not in another. Complexity awareness is strongly dependent
on the context and the cognitive modeling process being used. Modeling is a matter of
decision-making (i.e., making compromises). The more the modeling process is experi-
enced in various contexts, the more familiar the corresponding complex system becomes;
therefore, it is easier to comprehend and operate. Complexity is also a matter of uncertainty,
unforeseen or unexpected situations, diversity, quantity, and heterogeneity of its compo-
nents, as well as infinite overlaps between components and viewpoints, bifurcations, and
potential unpleasant effects. Our cognitive limitations, divergent interests, antagonisms,
complacency, and diverse or complementary backgrounds often influence our awareness
of complexity.

3. Systemic Cognition in the Engineering Design Context
3.1. Encapsulating Logical and Teleological Formalisms

In the engineering design context, systemic cognition requires appropriate models and
knowledge representations that encapsulate logical and teleological formalisms. Leplat
and Hoc introduced the distinction between task and activity [30], which contributes to
proposing a logical definition of a system, i.e., a system transforms a task (what is prescribed
to be done) into an activity (what is effectively done). In engineering, a “logical definition”
typically underlies linear causality, i.e., an activity is the consequence of executing a task
using a deterministic logic. In systemic cognition, activity is not predetermined but observed
in the real world or a simulated world that is sufficiently close to the real world.

A system typically uses something to produce something else. For example, people
need to eat and exercise to maintain their health and well-being, and a car cannot bring
you from A to B without fuel. Similarly, a pilot responsible for flying passengers from
airport A to airport B (i.e., the purpose or role) has a high-level prescribed task that can
be decomposed into several subtasks. Pilots must calculate the amount of fuel required
according to the planned route, considering the relevant context (e.g., weather forecast,
traffic, etc.). They have the necessary resources (i.e., systems) to execute the task (e.g., flying
skills and knowledge, as well as flight attendants caring for passengers, etc.).

Understanding the system’s functions and structures is a teleological issue [31]. We
proposed an HSI representation [9] based on the principles of teleological theory (i.e.,
goal-oriented functions that have roles or purposes within an organization). In philosophy,
teleology (from Greek telos, “end,” and logos, “reason”) explains an entity by reference
to some purpose, end, goal, or function [32]. For example, the purpose or function of an
agent, such as a letter carrier, in an agency, such as the post office, is to deliver letters. This
is how a letter carrier is defined teleologically as an agent or a system in an agency or
a system of systems.
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This teleological definition of a system, which associates role, context, and resources,
enables the declarative description of system configurations. The term “declarative” must be
considered in the psychological sense of declarative memory, which refers to memories for
facts and events that can be consciously recalled and “declared” [33]. In computer science,
a distinction is made between imperative and declarative programming. The former specifies
the control flow of computation (i.e., a sequence of instructions to be executed). Examples
of imperative languages are Fortran, C, Java, and PHP. The latter specifies the computation
logic (i.e., what program must be executed). Examples of declarative languages are LISP
and Prolog [34,35]. By metaphor, the actors’ characters in a theater play are declared (e.g.,
one is the mother of another who is empathetic and proactive). The scripts the actors
perform are the constituents of an imperative program.

3.2. Logical and Teleological Definition of a Sociotechnical System

The various systems of a system of systems may not have the same purposes. They
may even be conflicting. In a society based on maximizing individual interests, specific
natural or artificial systems may compete for the same resources, which can undermine the
system’s robustness and stability, particularly when resources become scarce. The concept
of resource is crucial in systemic cognition, as it can refer to a matter or state, such as water or
the amount of available water, or a system or process, such as a water supply system or
a purification process.

Let us now describe how the overall system works (Figure 1). Logically, a system
transforms a task into an activity. Teleologically, a system is defined by its purpose or role
(e.g., in the case of corporate policy, the objective will differ depending on whether the
model is democratic, liberal, or authoritarian), a context of validity, and a set of available
resources [9,36]. The fact that these resources are systems themselves captures the notion
of a system of systems at the heart of the definition of a sociotechnical system.

Interconnections

System of Systems

\, Purpose

Role

Natural Structure -A ivi
ctivi
and/or Artificial |- & Context | ty
System Function

Natural
and/or Artificial Elements
Systems ] " asResources

K as Resources /

Figure 1. The logical and teleological definition of a sociotechnical system.

A system can be described by its structure and function, which can be expanded,
either upstream or downstream, depending on the required degree of detail, natural
and/or artificial, physical and/or cognitive (i.e., conceptual), and, more specifically, human
and/or machine. Figure 1 depicts the declarative definition of an STS, which makes the
system-of-systems recursive property explicit.

In Meadows’s terminology (in red in Figure 1), a system is defined by its elements that
are resources (i.e., systems), its purpose, which is its role in the system of systems where
it belongs, and interconnections that can be internal (i.e., a system is a system of systems)
and external (i.e., a system belongs to a bigger system of systems). Once the purpose is set,
regardless of whether we change its elements and interconnections, the system’s behavior

https://doi.org/10.3390/systems14010015


https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15

6 of 31

will likely remain the same throughout its lifetime until this purpose becomes obsolete.
This life-cycled stabilization could be called culture.

The declarative definition of a system proposed in Figure 1 has a remarkable reciprocity
property (i.e., a system can be a resource for another system and may have this other system
as a resource). For example, in the cockpit of an aircraft, the captain has a first officer as
a resource, and vice versa in some cases (e.g., pilot flying [PF] and not-flying [PNF] or
monitoring [PM] are functions that can be allocated to the captain or the first officer). As
another example, astronauts are equally trained in leadership and followship (i.e., in some
cases, the flight commander may ask one of the crew members to take charge of certain
critical operations because of their specific skills).

4. Systemic Cognition Resources (SCRs) of a Sociotechnical System

Meadows claimed that stocks and flows are the foundation of any system. They are
observable elements of the system. “Stocks represent the accumulations within a system, while
flows represent the stock changes over time. Understanding the dynamics of stocks (quantities that
build up or deplete) is critical for comprehending system behavior.” [29].

4.1. How Do Systemic Cognitive Resources and STSs Interact?

Systemic cognitive resources (SCR) are defined as stocks capable of providing various
types of services to an STS, as defined by Meadows. A pilot flying an airplane requires
multiple kinds of SCRs (e.g., workload, workload management systems, competences,
skills, regulations, and mechanical instruments that support interaction between them and
the airplane, among others). These SCRs can be physical, cognitive, or social in nature.
They can also be systems themselves (i.e., a system may require the support of another
system to execute a demanding task).

For example, people accumulate skills, knowledge, self-confidence, love, anger, stress,
and other things that shape their personality and behavior (i.e., emergent phenomena). We
can imagine a stock as a metaphor for a reservoir of water that can be used at any time
to provide either water to another system or to receive water from another system. It is
the same for a medical cabinet that contains medicines available in the event of illness.
Whenever a water reservoir is used, its level decreases and must be restocked to maintain
a reasonably safe level (Figure 2). The same is true for the medical cabinet: anytime
a medicine product is taken from the cabinet, it must be replaced by another of the same
type, and so on. Maintaining the right level of stock is a continuous process. Note that
stocks can be considered as resources (e.g., a water reservoir is a resource that provides
water when needed).

SCR
SCR Restocking
Capacity

Figure 2. SCR capacity use and restocking.

We will use the term SCR instead of stock in the rest of this article. For example,
an airline, considered as an STS, has several processes, considered as SCRs, such as flight
booking, safety assurance, marketing, and technical. Each SCR has the capacity to reach
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the goal it is assigned. SCRs are situated and can be distributed. Available SCRs define an
STS’s capability, capacity, and availability to execute a task and transform it into an activity.

An SCR, such as workload, can be a state (e.g., the amount of workload that is
reasonably acceptable for a human being to perform a task correctly) or an STS (e.g.,
a workload management system, which may be a system responsible for managing the
utilization and regeneration of workload). More generally, any STS requires an appropriate
set of SCRs that contribute to its proper functioning and survival (Figure 3). For example,
an airplane, with its crew and passengers, requires an appropriate set of SCRs, including
flight controls, seats, fuel, food, cabin crew, and various onboard systems, to ensure a safe

and comfortable flight.
SCRs
supports requires
STS

Figure 3. A sociotechnical system (STS) requires systemic cognition resources (SCRs) to support it.

More specifically, if we consider work capacity as a stock, and therefore an SCR of
an STS that can be a simple agent (human or machine) or a multi-agent system, a prescribed
task requires the estimation of the related taskload, which must be compatible with the
SCR’s work capacity. The execution of this task resulted in an activity (Figure 1) that
ultimately determines the effective workload.

A taskload metric (TL) can be defined as the ratio between the required time (tgr)
and the available time (t5), expressed as TL = tgr/ta, to execute a given task. TL could
be considered a good indicator of workload capacity. If your TL is less than one, your
availability to perform the corresponding task is good. If your TL is more than one, your
availability to execute the corresponding task can be poor. In practice, subject matter
experts adapt their workload between hypo-vigilance and stress thresholds. When they
are skilled, they even need enough workload to be effective (e.g., adrenaline keeps expert
pilots focused!). This is why taskload analysis, a prescriptive technique, supports other
workload assessment techniques [37].

SCRs can be limiting (i.e., handicapping) or supporting (i.e., helpful). For example,
workload can handicap work when it is too high (i.e., over the stress threshold) or too low
(i.e., under the hypo-vigilance threshold). Workload can also help keep people in the work
loop between stress and hypo-vigilance thresholds.

Among the aircraft pilot’s cognitive resources are the technical crew’s cognitive re-
sources, including the pilot, as well as other cognitive resources (e.g., onboard embedded
systems, air traffic controllers, and flight attendants). Onboard embedded systems are
technological resources that deal with handling qualities, navigation, collision avoidance,
and fuel management. Each SCR involves human, organizational, and technological factors,
which can be considered stocks of valuable and necessary resources in context (e.g., stocks
of situation awareness and survivability resources; a pilot’s awareness of the remaining
quantity of fuel to reach the destination, for example).

4.2. Schemas, Information Flows, and SCR Metrics

SCRs of individual systems are extended to systems of systems as emergent support
(Figure 4). They are mutually inclusive, involving recursive modifications through multiple
experiences and learning.
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SCRs as emergent support

supports requires

STS as a system of systems

SCRs
STS
=y aupports & rocules
supports requires supports recuires ||

—

STS l

supports requires

SCRs
supports requires
SCRs

supports requires

Figure 4. SCRs of a system of systems as emergent support.

SCREs are reservoirs of dynamic and reconfigurable patterns or schemas [3,4,38,39] man-
aged by an STS. They vary in quantity and quality as input and output information flows
vary. They are dynamic, evolutionary, context-sensitive, and interactive with each other.
Schemas are typically regarded as procedures. They can be more generally represented as
interaction blocks or iBlocks [40]. An iBlock is defined by its context of validity, triggering
conditions, tasks to be executed, goal(s), and abnormal final conditions. The iBlock repre-
sentation has been successfully utilized in aeronautics for defining and validating cockpit
instruments on board commercial aircraft.

Not only are SCRs dynamic, but interactions among STSs, equipped with their SCRs,
are highly dynamic. At this point, let us try to reconcile Piaget’s and Vygotsky’s contradic-
tory arguments on their respective theories of cognitive development. For Jean Piaget, the
cognitive system assimilates and adapts to social interactions, whereas for Lev Vygotsky,
cognition is the highest form of social behavior and, in essence, inherently social. SCRs
could very well fit into both theories.

Consequently, at each level of granularity, the behavior of the STS in play results from
activating schemas, which are reconfigurable systems of systems that interact to achieve
their purposes. These schemas can be procedures or problem-solving systems, considered
as chunks incrementally constructed from experience.

5. Systemic Cognition Methodology

Several concepts have been defined, including systems that involve structures and
functions, as well as SCRs, which are necessary services to support STSs. At this point,
a systemic cognition methodology must be proposed. More specifically, since an STS re-
quires appropriate SCRs, various mechanisms must be defined, such as the identification
and integration of emerging SCRs, SCR chunking, and strategies for dealing with unex-
pected events, redundancy, and resilience. But first, let us introduce the PRODEC method,
which enables the creation and refinement of an STS.

5.1. The PRODEC Method for Incremental Emergent Function Discovery and Allocation

At this point, we will introduce the PRODEC method, which utilizes meedural
knowledge (commonly referred to as scenarios) to generate declarative knowledge (widely
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referred to as configurations) [36,40]. The implementation and further analysis of procedu-
ral timelines for tasks and activities enable the incremental generation and consolidation of
systems’ structures and functions, as presented in Figure 1. PRODEC belongs to the family
of scenario-based design “techniques in which the use of a future system is concretely
described at an early point in the development process” [41]. Figure 5 presents the PRODEC
as an iterative, closed-loop process.

TARGET

AUDIENCE ACTIVITY ANALYSIS

OPERATIONS AN PROTOTYPE FUNCTION

INTENT PEOPLE ANALYSIS

SUBJECT MATTER
EXPERTS

STORY TELLING > TASK ANALYSIS

Figure 5. PRODEC multi-looped process.

Traditionally, engineering begins by declaring technological requirements and then
developing and verifying objects and machines that satisfy them. When technology is
developed, it adapts to end-users by creating user interfaces and operational procedures
that often compensate for design flaws generated by applying non-HCD approaches.
Instead, systemic cognition supports coherent and effective scenario-based design. More
specifically, PRODEC typically starts with task analysis, followed by the development of
virtual prototypes that enable human-in-the-loop simulations (HITLS), allowing for the
analysis of the observed activities.

Developing virtual prototypes as digital twins of sociotechnical systems requires
flexible declarative systemic models based on the declarative representation depicted in
Figure 1. These models are not defined forever. They evolve as they are put to work.
They are dynamic and modifiable, which may become obsolete. They are developed
incrementally and eventually stabilized.

A legitimate question is: How do we discover emerging features that suggest con-
sidering new structures and functions when we design a new system using PRODEC?
PRODEC is a scenario-based design method that should be applied from the beginning of
the design process and throughout the system’s life cycle. Based on appropriate operational
scenarios, PRODEC considers function allocation as a dynamic process. This process helps
avoid the development of technological black boxes, which are based solely on a priori,
deliberate function allocation. Instead, allocating the proper functions to the right human
and machine structures considerably simplifies the creation of user interfaces.

Emerging functions being discovered using PRODEC can be iteratively added. How-
ever, we need to be careful to check how they interact with each other. Indeed, they are likely
to interact using various systemic interaction models [9], such as supervision, mediation,
cooperation, or sometimes competition. The accumulation, appropriation, articulation, inte-
gration, anticipation, and action of systems (functions and structures) within the system of
systems being considered must be thoroughly understood and mastered. Regulatory rules
must be established to ensure the system of systems remains operational, which also means
that it preserves each system it encompasses. This is the already introduced homeostatic
property of living systems [25,26]. The more systems become autonomous within a system
of systems, the more mandatory regulatory rules are required (e.g., a football match cannot
be played without rules, as we have road rules to keep each vehicle safe). Bernard-Weil’s
agonistic-antagonistic systems science (AASS) illustrated these phenomena in physiology and
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medicine to elucidate phenomena associated with conflict and cooperation [42]. They can
be easily extended in the sociotechnical world.

For all these reasons, system-of-systems development requires attention, as we may
quickly end up with a can of worm:s if rules supporting self-organization are not identified
for stability purposes (e.g., road rules to stabilize road traffic). These rules can be event-
driven (e.g., the system must adopt the best strategies and tactics to survive reactively)
or goal-driven (i.e., coordination rules must be followed to maintain the overall system’s
safety, efficiency, and comfort). In practice, it is a mix of the two (e.g., coordination rules are
established iteratively, considering event-driven experience and the viability of goal-driven
purposes). This is the primary objective of HCD, where STSs must be effectively designed
with the operational context in mind [2].

5.2. Identification and Integration of Emerging SCRs

Marvin Minsky proposed a model of human intelligence in his philosophical essay,
The Society of Mind [12], where he postulated that intelligence results from interactions
between atomic elements called agents, which can be straightforward. He also postulated
that an agent can be a society of agents. This concept is very close to the “system of systems”
concept in systems engineering.

Harmonization within a system of systems results from individual learning of all its
elements and from an incremental integration of organizational principles and rules used by its
internal systems. In Tuomi’s organizational learning sense, these organizational regulations
bring to life SCRs, which are incrementally integrated, using five main functions (Figure 6):
anticipation, appropriation, articulation, accumulation, and action [43].

Action

Appropriation Anticipation

Learning

as
Integration

Articulation Accumulation
\—/

Figure 6. SCR generation and integration as a learning mechanism based on Tuomi’s 5-A model.

Comparing the homeostatic system from cybernetic control theory, which focuses on
regulation [27], with an autopoietic system, which focuses on reproduction [19], Tuomi
proposed the 5-A model of knowledge generation, which reconciles positivism [44] and
phenomenology [45], connecting behavior through observable cues and the creation and
maintenance of meaning. Positivism is supported by scientific and quantitative research
approaches (i.e., experimental and primarily based on data science and statistics). In
contrast, phenomenology relies on qualitative and subjective approaches (i.e., primarily
based on in-depth interviews).

The dynamics of SCR generation, whether individual or organizational, can generally
be stable, except in chaotic situations where a bifurcation occurs (for example, in stock
markets, sudden price falls, and disasters). This is a challenging systemic property, which
should lead to more investigations into resources considered as shock absorbers, such
as capacitors. Highly experienced individuals possess this stabilization capacity because
they have accumulated and integrated sufficient knowledge and skills to respond correctly
when an event occurs, even a dangerous one. This is the same for mature organizations.
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This phenomenon can be referred to as rational sociotechnical inertia. Consequently, the
quality and quantity of life-critical properties can be assessed using life-critical indicators
(e.g., safety, stability, resilience, trust).

5.3. SCR Chunking Mechanism

Meadows's concept of stock, considered a life-critical factor and resource, is compelling
from the perspective of chunking. Chunking, the process of breaking down knowledge into
manageable chunks, has been presented as a general human learning mechanism [46] based
on the concept of chunking, further developed by Allan Newell in his unified theories of
cognition [47]. In this article, chunking is expanded to encompass the dynamics of SCRs,
allowing us to discuss chunks of SCRs.

Analogously, we anticipate limitations, such as limited capacity, which is typically
represented by seven plus or minus two chunks of knowledge [48], expanded to several SCR
chunks to be discovered. It is essential to note that this cognitive limitation is a heuristic
that should be used with caution. This 7 +/— 2 heuristic is in line with Piaget’s psychology
of intelligence theory [3,4], but not with Vygotsky, who believed that human performance
is never stable, because every new experience is an opportunity for new development, and
therefore new capacities, which no one can predict how far they may go. This may be
interpreted as the difference between using and refining procedures and learning problem-
solving processes. That is the scientific debate between Jean Piaget and Lev Vygotsky. Still,
from a social and systemic perspective, we must establish standards at some point and
create a typical frame of reference to avoid drifting towards rigid doctrines that fail when
events occur outside their context of validity.

5.4. The SPO Case

For example, the number of technical flight crewmembers in commercial cockpits for
transatlantic flights decreased from five at the beginning of the 1960s to two at the start
of the 1980s. The aviation industry is considering going to single-pilot operations (SPO).
Regarding life-critical properties, flying with a captain and a first officer maintains sufficient
usable SCRs in the event of pilot incapacitation, which is likely to render a pilot unable to
perform their job. Consequently, in the SPO context, we need to demonstrate that either
an artificial copilot or a ground remote operator could take care of the rest of the flight
(refer to Figures 1 and 4).

Reducing the number of technical crew members from three to two demonstrated that
the airplane can be landed with only one pilot onboard in the event of the incapacitation of
one of the crew members. We must now demonstrate that reducing the technical crew from
two to one allows the aircraft to land without anyone on board if the sole pilot is unable to
perform their duties. This is a singularity because with zero pilot onboard, the aircraft is no
longer a classical airplane but a drone (or an uncrewed aerial vehicle). This means that SPO
requires us to design and develop drones for commercial transportation and determine
who will be ultimately responsible for flying them, implying that new emerging SCRs must
be elicited and properly defined. This is a systemic problem that requires identifying the
right systems/agents that need to take care of the overall safety, performance, and comfort
of the flight. In the SPO case, will the professional person onboard have the function of
a pilot, an engineer, a flight attendant, or all three? What will be the potential assistants?
It is therefore crucial to investigate corresponding SCRs regarding safety, efficiency, and
comfort, and allocate them appropriately.

In addition to schemas and information flows, SCR metrics must be defined to observe,
understand, and evaluate STS behavior, and more specifically, comprehend how the STS is
or should be regulated and stabilized. For example, workload is an SCR metric that needs
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to be controlled. Workload as a state should be neither too high to avoid stress, nor too
low to prevent hypo-vigilance and maintain a reasonable level of proactivity. Workload
regulatory processes, understood as SCRs, could be intrinsic or extrinsic. For example,
inherent workload regulation can be achieved through learning and training to form expert
cognitive patterns that enhance information processing, motivation, and time management
under pressure. Extrinsic workload regulation can be achieved through collaboration with
partners who can handle specific tasks. Both types of regulation are life-critical within
the framework of systemic cognition. All information flows go from one system to another,
whether elementary (i.e., a simple system as presented in Figure 1) or complex (i.e., a system
of systems as presented in Figure 3).

5.5. Intrinsic and Extrinsic SCRs

In the same way, a distinction between intrinsic and extrinsic workload was made;
intrinsic and extrinsic SCRs of an STS can be distinguished. Indeed, it is crucial to identify
the association of STSs within or outside an STS that determines a relevant SCR for this
STS. Keep in mind that an STS may represent a human, a machine, or a group of humans
and machines interacting with each other, at various levels of granularity.

Figure 7 presents a relevant intrinsic SCR (iSCR) of an STS considered as a system of
systems; in this case, the SCR is an association of internal STSs, which are parts of the STS.
Figure 8 presents a relevant extrinsic SCR (eSCR) of the association of STSs external to the

STS being considered.

iSCR

Figure 7. An intrinsic SCR (iSCR) of an STS is considered a system of systems (gray zone).

This distinction provides a useful conceptual tool for identifying SCRs of an STS
considered as a system of systems, which is included in a larger system of systems. iSCR
can be seen as competencies, and eSCR as support of an STS. These competencies and
support resources are incrementally structured by assimilation and accommodation, in
Piaget’s sense [5-7]. Indeed, we learn by acquiring and adapting cognitive functions in
the form of iSCRs (e.g., acquiring skills for debating in society), as well as socio-cognitive
support from outside in the form of eSCRs (e.g., recognizing that we can rely on certain
people or organizational structures). To illustrate human-machine coupling, a pacemaker is
an instance of an iSCR, which is a system that is part of the human body (i.e., considered as
a system of systems), or an eSCR, if we consider the pacemaker as an external support that
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activates the heart. The first option is probably correct because the pacemaker iSCR also
requires adaptation with other internal body systems to prevent rejection. At this point,
one may contest the use of STS terminology to denote the human heart or the pacemaker,
but they are both part of a society of agents (systems) trying to work together. Therefore,
STS terminology can be kept as a generic concept for organizational setups of human and
machine systems.

Figure 8. An extrinsic SCR (iSCR) of an STS, constituted as an association of external STSs (gray zone).

5.6. Dealing with the Unexpected, Redundancy, and Resilience

In the context of artificial intelligence, a rational STS has no emotion or affectivity
between systems, etc. This view is acceptable when everything can be expected. Conversely,
it is a utopian view of a real human-machine system in unexpected situations. Human
operators follow appropriate procedures or monitor automation in a rational world where
everything is expected. In unexpected, rare, or unknown situations, human operators must
solve problems in real-time, which shows the need for a constant search for emerging SCRs
that can be integrated into the STS being considered.

STSs are continually evolving through a multi-regulation process. Experience feedback
is incrementally processed, and new knowledge and skills are reinjected into life-critical
resources, both iSCRs and eSCRs. Artificial SCRs, such as operational procedures and
automation (i.e., eSCRs), have been successfully developed and used in expected situations.
However, they can be very rigid in unexpected situations, where new types of iSCRs
are required, which can be problem-solving skills when we need to deal with unforeseen
situations, and creativity. Note that both problem-solving and creativity can be the functions
of an eSCR. These cases require a high degree of flexibility, in-depth knowledge, and skills,
as well as the coordination of multiple agents and systems. Consequently, other types of
technological, organizational, and human SCRs must be designed and made available for
unforeseen or rare situations. We have already provided some ideas [9].

SCRs constitute situational redundancy, which our market-based forces us to optimize.
This optimization is currently focused on financial and short-term considerations. Indeed,
the market economy must consider SCRs to prevent major disasters, rather than optimizing
financial resources alone. For example, the Boeing 737 Max disasters are typical in this
regard. Instead of choosing a less costly solution to reduce fuel consumption, they should
have opted for reliable solutions that would not have ultimately grounded all aircraft of
this type for months (e.g., the choice of a higher landing gear to allow the insertion of
larger-diameter engines under the wings, to avoid potential instability problems caused by
the solution of inserting the new engines in front of the wings).

Another solution could have been to make the aircraft’s angle-of-attack measurement
system more redundant to prevent excessive movement of the horizontal stabilizer in
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response to a single failure, along with appropriate training for the airline’s crew. More
generally, safety nets are reasonable solutions, but they require pilots to be aware of the
potential actions they can take when contributing to them.

Regarding flight stability, a matter of physics, corresponding SCRs were not consid-
ered seriously. It should not be forgotten that the aircraft is a complex and life-critical
artefact with which pilots need to familiarize themselves, particularly with the limits of
the flight envelope. It is a life-critical system coming from the analytic thinking of engi-
neers who understood that flying is a matter of thrust and lift, which, when combined
correctly, enable humans to fly. Modeling the corresponding STS as a system of systems
and considering the relevant SCRs would have explicitly highlighted the dilemma be-
tween a short-term, cost-driven solution and a medium-term, HSI-driven solution, thereby
avoiding a financial disaster.

Aircraft have been successfully modeled using specific mathematical equations from
aerodynamics, mechanics, electronics, and computer science algorithms. However, aircraft
have become increasingly complex over the years because they are systems of systems, inter-
connected within a complex network of systems. A significant question has emerged: how
much time is required to become familiar with this new complexity? To answer this ques-
tion, we must first distinguish between the complexity of engineering and operations.
They are linked, of course. The former is an engineering issue that involves developing
technology to support flight, while the latter requires piloting skills that extend beyond
hardware and software engineering. The former is usually a question of technological
robustness, availability, and safety. The latter concerns human skills, compliance with
regulatory rules, knowledge of the aviation environment, and airmanship. What makes
all these requirements complex is that they are highly interrelated. In addition to the
deliberative knowledge about an aircraft, emergent flying phenomena must be known and
embodied (i.e., learning about aircraft pieces and their assembly differs from feeling the air
before detecting a stall in flight, for example).

Flight safety is an SCR that pilots must fully integrate into their minds and bod-
ies. In particular, the issue of stability will always be a crucial concern in aviation. It
is a technological SCR that can be partly supported by the human situation awareness
SCR, which is enhanced by highly sophisticated software that helps reduce the pilot’s
cognitive load.

More generally, technological, organizational, and human SCRs are intimately related
in context. For example, the Challenger and Columbia space shuttle accidents were driven
by organizational SCRs (i.e., organizational complacency was a major SCR) [49]. This is
why we need to better understand complexity issues and potential solutions that systemic
cognition can propose.

6. Systemic Cognition Complexity

Today, an airplane is no longer just a maneuverable artifact resulting from our skills
and intellectual reasoning, translated into a manageable mechanical object; it is a life-critical
system with an artificial brain that collaborates with pilots as part of a human-machine
team. As a result, we have developed drones that require new kinds of management and
will be electronically interconnected with other aircraft for self-separation challenges, for
example. Complexity arises from the number of entities and the interconnections between
them when they are put to work. As this number increases, so does complexity.

6.1. Simplifying the Complicated and Familiarizing with the Complex

At this point, we need to better understand the distinction between complicated
and complex. A complicated artifact can be simplified if the general laws of physics
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are satisfied (i.e., useful SCRs of complex systems are usually based on physics laws,
specifically mechanics in engineering). A mechanical watch, for example, consists of
a winding mechanism (i.e., the crown winds the movement and sets the hands), a barrel
that stores the energy of the mainspring, a gear train that transmits the energy, a pallet
fork and escape wheel that distribute the energy, a balance wheel and balance spring that
regulate the energy, and hands that indicate the time and any other functions. A mechanical
watch can be dismantled and rebuilt. This is not very easy, but it is doable!

A complex system cannot be simplified by taking it apart and rebuilding it, except
for some parts that are separable (e.g., a human being is a complex system that cannot be
simplified!). In other words, a complex system is more than the sum of its parts. It involves
other properties, such as the emergence of phenomena, which are not included in any of the
parts. It is complex by chance and necessity [50]. We can become familiar with its complexity
and, consequently, find it simpler, creating increasingly easier relationships. Research
scientists incrementally discover such properties and behaviors of complex systems (e.g.,
separability or non-separability of biological systems). Consequently, useful SCRs of
complex systems can be incrementally defined by discovering these emergent properties.

6.2. Digital Society Complexity

Fifty years ago, we could clean the carburetor, change the lights, and perform other
valuable maintenance tasks to keep our car running smoothly. Today, we cannot touch
anything when our vehicle fails. Well, nobody even thinks about repairing their car.
We must go to the shop. Somebody takes a tablet, connects it to the USB socket under
the steering wheel, and tells us how much we will have to pay! The systemic cognition
resource we had in our heads and hands fifty years ago, which helped us repair the car, has
shifted toward a network of STSs, which are increasingly machine-driven and decreasingly
human-driven. These STSs are generally helpful, but an unexpected failure can lead to
huge recovery problems due to a lack of familiarity with them. An example is a flawed
diagnosis (i.e., a technological SCR) that may be concealed in the complexity of the entire
STS, especially when reimbursement is at stake (i.e., a financial SCR).

However, no matter how complex, an STS always has a purpose and is the product
of previous purposes. Regarding the Boeing 737 Max 8 disaster, the software of its new
Maneuvering Characteristics Augmentation System (MCAS) was designed to prevent the
aircraft from stalling by automatically pushing the nose of the plane down when a high
angle of attack (AOA), or nose-up condition, was detected. This anti-stall life-critical resource
was created and developed to address safety concerns (e.g., with too little instability margin).
Even if all licensed pilots know that when an aircraft stalls, they must immediately lower
the nose, some pilots think that the aircraft “does not want to take off,” and their reflex is
to pull back on the stick to straighten the aircraft’s nose. A few of them did not consider
that it was because the MCAS was compensating for an excessive angle of attack. Indeed,
a conflict existed between the pilots and the MCAS in both accidents: the Indonesian Lion
Air Flight 610 on 29 October 2018, and the Ethiopian Airlines Flight 302 on 10 March 2019.
The pilots did not have sufficient situation awareness (i.e., a systemic cognitive resource
regarding knowledge and expertise) to understand that the MCAS was attempting to
compensate for a stall. Why could this kind of thing happen?

6.3. Short-Term Versus Longer-Term Complexity Management

It is not by considering issues of automation and technology maturity in a reductionist
way that we will find the real cause of the problem. We must consider the system holistically.
We must analyze the system’s complexity by considering engineering, operations, finance,
and business. Why did Boeing build such a system as the MCAS? The answer to this
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question is extensively developed in the report produced by John Sterman and James
Quinn of the MIT Sloan School [51].

Let us start a complexity analysis based on the following paragraph of this
report: “Officially, Boeing, including CEO Dennis Muilenburg, repeatedly declared °... the
737 MAX is safe.” However, as investigative reporter Peter Robison documented, ‘Behind the
scenes, some of the largest and most respected airlines in the world were screaming that Boeing had
hidden the existence of potentially deadly software inside their planes.” Internal communications
that Boeing handed over to the U.S. Department of Justice and Congressional investigators would
later show that the company’s engineers and test pilots knew about the MCAS problem well before
the crashes.” Again, here, the distinction between task and activity is essential. We must
observe and analyze activity instead of limiting design and development decision-making
to system architecture and task analysis.

Boeing’s initial intention was to change engines to reduce fuel consumption and
pollution, and another crucial purpose was to compete with Airbus. The problem was
that the Boeing 737 aircraft had been in service since the 1960s with engines smaller than
those produced by the modern propulsion industry. When comparing the Boeing 737 to
its competitor, the Airbus A320, a noticeable height difference is evident. Consequently,
a straightforward engineering solution was to change the landing gear before installing
new, larger-diameter engines. This was costly. This is why Boeing did not decide to change
the landing gears. Instead, Boeing management asked its engineers to find an alternative
solution. The solution was to install new, larger engines ahead of the wings. Since it was
clear that this solution would modify the propulsion center, a software system had to be
designed and developed to compensate for possible stalls, especially during takeoff. From
a cognitive engineering perspective, it is never a good idea to add layer after layer of
automation, which contributes to separating human operators from the real world and,
consequently, significantly reduces situation awareness and tangibility.

6.4. SCR Management by Looking for Physical and Figurative Tangibility

Here is an example of conflicting systemic cognition resources (SCRs). The Boeing 737
Max 8 disasters present a life-critical design and engineering dilemma, where engineering
and flight tests (SCR;) were less influential than finance and business (SCR;), likely due
to a lack of SCR;’s powerful and authoritative explanation of the danger inherent in the
sociotechnical solution adopted. Additionally, some pilots may struggle to understand
and perceive it, particularly when they are unaware of its internal logic and external
behavior. This issue may be due to a lack of communication between designers and pilots
(SCR3), as well as inadequate in-depth training for pilots and their limited understanding
of the aircraft design (SCRy). Furthermore, even if we understand the design logic of the
MCAS, the most important thing is understanding its behavior in life-critical situations,
such as takeoff.

This discussion is related to physical and figurative tangibility [9]. The MCAS raises
issues of physical tangibility due to the potential for stall (i.e., the pilot cannot grasp flight
physics correctly), and figurative tangibility because it is counterintuitive for some people
(i.e., the pilot does not understand why the aircraft does not take off). In other words, the
MCAS affordance is improper [52]. An affordance is the relationship between an object
and its user in terms of the action suggested by the object to its user. Some handles suggest
pushing a door, others pulling it. In the former case, the handle’s affordance is “push”; in
the latter, the affordance is “pull.” People can adapt to many things, but some take longer
to assimilate and accommodate. The MCAS is one of them. Using an HSI approach, human-
in-the-loop simulations would have shown this lack of affordance, situation awareness,
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and tangibility (i.e., pilot’s operational SCRs). Consequently, different design decisions
could have been made.

7. Modeling, Simulation, and Digital Twins
7.1. The Modeling and Simulation Need

At this point, we have seen that modeling SCRs could help prevent disasters. How
can we become aware of the right SCRs we must know? What are they? As the MIT Sloan
School report stated, some individuals were mindful of MCAS issues (i.e., the systemic
cognitive factors induced by the MCAS design rationale, which are potential instability
factors and possible decision-making conflicts between pilots and MCAS). Why were they
not considered in time by decision-makers before it was too late, and disasters occurred?
What kind of life-critical and technical structures and functions should be found to support
choices of that type concretely and effectively? This article proposes a systemic approach to
systemic cognition that can provide valuable answers to these questions, where a system is
typically defined by its structure and function [53].

Today, digital engineering tools, such as virtual prototypes, provide valuable support
for modeling and human-in-the-loop simulation at design time and during the whole life
cycle of an STS. In other words, in aeronautics, these digital tools contribute to anticipating
and sometimes replacing flight tests. Their development leads to the concept of digital
twins (e.g., a digital replica of a real aircraft). The idea of digital twins originated during the
Apollo missions, although it was not coined as such at that time, when NASA personnel
involved needed virtual representations of physical objects. Remember the Apollo 13’s
successful accident when ground personnel used a simulation of the capsule, oxygen
tanks, and other things to put together a CO, scrubber. This “digital twin” supported
the development of a procedure that enabled the astronauts on board to build this CO,
scrubber using various devices available in the capsule. Today, digital engineering allows
the development of digital twins that can be extremely tangible.

7.2. Digital Twins: Active Support for the Design Process and Its Solutions

These digital twins can then be utilized at any stage of the STS life cycle to elicit SCRs
in practice, not just theoretically. It is an excellent tool for discovering emergent behavior
in complex systems [54]. An STS can be tested early during the design and development
phases, and relevant and practical SCRs can be validated. Designing, developing, testing,
and using digital twins of a system of systems enables the identification of the real systems’
purposes and potentially conflicting purposes.

In the Boeing 737 Max 8 case, the aircraft is a system of systems, part of a larger system
(e.g., the Boeing system within the commercial aircraft market). This system of systems
includes pilots who are “subunits,” in Meadows’s terminology (i.e., pilots as systems
in the aviation system of systems), having conflicting purposes with other subunits. In
the MCAS case, before the accidents, there was a higher-level conflict between at least
four STSs: the manufacturing subunit, Boeing’s senior management subunit, the design
engineers’ subunit, and the test pilots” subunit.

The main problem in developing complex STSs in various industrial sectors, such as
aeronautics or the nuclear industry, is keeping a reasonable level of familiarity with the
system’s complexity at all levels of the organization. The problem is that we are constantly
being asked to simplify. It is time to understand that we cannot always simplify a complex
system of systems; instead, we can become more familiar with it, and this may take time.
In some cases, we can identify parts that can be isolated from the system of systems. This is
the separability property of complex systems [55,56].
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Digital twins are an excellent way to familiarize yourself with a complex STS as early
as possible. As a result, we need to adapt the current short-term practices imposed by the
market economy and allow for a further maturity period (i.e., technology maturity and
maturity of practice and sociotechnical culture). As virtual twin technology continues to
improve, simulations can be run, and activities can be observed, analyzed, and evaluated.
Therefore, digital twins and human-in-the-loop simulation enable us to run testing as early
as possible and avoid terrible mistakes, such as the Boeing MCAS case, and an unavoidable,
painful recovery later in the life cycle. The aerospace industry has been using aircraft
simulators for five decades. However, the kind of thing digital twins offer today represents
a much wider field of exploration than just aircraft mechanics and handling qualities.
Digital twins facilitate the integration of social, organizational, and financial perspectives,
making them useful for informed decision-making, particularly regarding medium- and
long-term consequences. The Boeing 737 Max 8 case is a typical example of this support
that could have been used to anticipate catastrophic situations.

This analysis prompts us to explore the concept of context, as any systemic cognition
resource is dynamic and evolves in space, as well as in many other dimensions. The SCR
concept could be likened to life-critical capital, encompassing culture, knowledge, and
mindsets. Indeed, we need to capitalize on many SCRs to handle complex STSs (e.g.,
consider the years of study and experience a medical doctor requires to achieve a safe level
of autonomy).

8. Systemic Cognition in Context
8.1. What Do We Mean by Context?

Systemic cognition is necessarily situated (i.e., STSs and their SCRs must be relevant in
their operational context). Terry Winograd [57] (pp. 401-419) claimed that something is in
context “because of its operational relevance at a given time, not because of its inherent properties.”
This is why subject matter experts are essential in analyzing, designing, and evaluating
STSs: they understand the complexity of context.

The notion of context has long been explored. The term “context” originates from the
Latin “contextus,” meaning “assembly” or “gathering.” In linguistics, it contributes to giv-
ing a text meaning (i.e., different contexts result in different meanings). Still, it is also used
in the social sciences (i.e., various societies and cultures are examined in other contexts).

In philosophy, Dummett proposed the “context principle” to mark Frege’s princi-
ple [58]: “Never to ask for the meaning of a word in isolation, but only in the context of a sen-
tence” [59] (p. xxii). In psychology and cognitive sciences, context is related to the notions of
situation, field, milieu, distractor (e.g., in perception psychology), and background. Context
is often viewed as a set of situational elements that include the processed object [60,61].
Brézillon considers context a matter of focus, where only a few situational elements are
relevant to characterize it [62]. Contexts can be viewed as categories, such as flight phases
in aviation (e.g., takeoff, initial climb, cruise, approach, and landing, among others), where
context elements are persistent situation patterns within specific ranges [63,64]. Anind Dey
defined the concept of context in human—computer interaction and discussed how context-
aware applications function [65] (pp. 4-7). Lavelle proposed analytical, phenomenological,
and pragmatic perspectives on technology in context [66].

In this article, “context” denotes what surrounds something to give it meaning. It is
often understood as milieu, social environment, or even framework. More specifically,
a system should be carefully thought out and, even more importantly, thoroughly tested
in various situations. For example, in a house (context-1), a table refers to an object that
usually has four legs and a flat surface on which to place objects. In contrast, in a book
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(context-2), a table can serve as a table of contents, where numbers are used to retrieve
specific information.

People think with a context in mind, either guided by an intention (i.e., goal-driven)
or circumstances created by the environment (i.e., event-driven). HSI requires engineering
designers to explore how an STS will impact our lives before it is too late (e.g., before
prejudicial, unexpected events occur). As Meadows described, “unlike random collections,
systems maintain integrity and exhibit properties like adaptation and self-preservation.”
This claim encourages considering homeostatic life-critical systems in context (i.e., recogniz-
ing that a system behaves according to its retroaction loops within its environment) [25,26].

8.2. Examples of Systemic Cognition in Context

Let us take the example of the American way of considering a home mailbox, which
serves two purposes: receiving and sending letters. This mailbox has a “red” lever that
indicates to the mail carrier if letters are to be sent when it is up (Figure 9a). In France, there
is no such possibility; mailboxes are only defined as receiving letters or parcels. If you want
to send a letter, you must find a public mailbox in the street (Figure 9b) or at the post office
where your mail will be sent. Therefore, the definition of a mailbox as an SCR depends on
the cultural context resulting from long-standing habits learned over time. Consequently,
expectations differ: in the French context, nobody expects to receive letters sent from their
mailbox at home, whereas in the US context, everybody does.

(a) (b)
Figure 9. (a) An American home mailbox and (b) a French public mailbox.

Another example is the Uberlingen accident in 2002. The TCAS (Traffic Alert and
Collision Avoidance System) was developed during the 1980s, following a decision of
the U.S. Federal Aviation Administration based on a special type of airborne transpon-
der capable of establishing communication between aircraft. It is an interrogative and
cooperative system. It detects another aircraft near the plane on which it is installed. It
provides two alerts, a “climb” for one aircraft and a “descent” for another. Pilots must then
comply with these alert orders. One climbs and the other descends. After the TCAS was
installed onboard, it had priority over an order from the air traffic controller (ATCO) on the
ground (Context-1). The pilot must obey the TCAS. In the past, the ATCO was the boss
(Context-0)! That is, the pilot had to follow the ATCO. In 2002, two aircraft collided over
Uberlingen, Germany. They were equipped with TCASs. One received the “Climb” order,
the other the “Descent” order from the TCAS. Unfortunately, the ATCO sent a “Descent”
order to the former, who obeyed without considering the contradictory TCAS order (i.e.,
two contradictory SCRs). Consequently, both aircraft descended and collided with each
other. This is a context-driven accident, where the context was confused by one of the crew

https://doi.org/10.3390/systems14010015


https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15

20 of 31

members. This can happen when relatively new systems are introduced that break with
long-standing habits.

Systemic cognition could have helped to support a safer HSI approach. Indeed,
introducing the TCAS profoundly modified how collision avoidance was implemented. In
the past, the ATCO had the authority regarding control and accountability. The pilots were
executors. The authority was on the ground and owned by humans. With the TCAS, pilots
must still follow the instructions, but they report to the ATCO that they are climbing or
descending. In practice, the ATCO knows what the aircraft is doing afterward. Therefore,
it would have been safer to implement a link between the TCAS and a corresponding
ground system to advise the ATCO about the conflict (i.e., a new Secondary Radar, or SCR).
If this technological link had been in place, the Uberlingen accident would probably not
have happened.

9. Systemic Cognition and Human-AI Teaming
9.1. SCR Categories

Let us consider three types of SCRs in Rasmussen’s sense [67]: skill-based, rule-based,
and knowledge-based. These types must be cross-referenced with three other factors of
SCRs in the TOP model sense [36]: technological, organizational, or human (Table 1). For
example, technological or organizational SCR rules or human SCR skills and knowledge
could exist.

Table 1. Types versus factors of SCRs.

SCR Types/Factors Technological Organizational Human
Knowledge Al-based and .data—drlven Cultures Deep expertise
machines and experience
Rules Rule-based machines Regulations Procedure following
Skills Vision and speech Habits and traditional Routine experience and
machines experience proprioceptive skills

This cross-referencing property is essential. Indeed, a rule-based technological SCR
automates operational procedures typically handled by people, while a skill-based tech-
nological SCR automates human skills. Consequently, the shift in SCRs from people to
technology can benefit people. Still, it is also likely to handicap people because it provides
prostheses that remove human skills and competencies—the same thing for new organiza-
tional SCRs that may change cultures, regulations, and habits. Today, the renaissance of Al,
with its intensive use of natural language generation, is distancing people from writing
and speaking practices.

Doctolib is a French online booking platform allowing patients to book appointments
with general practitioners or specialists. It is a very effective SCR in everyday situations
(i.e., when there is no unexpected event). However, when unforeseen events occur, the
health system’s complexity contributes to challenging and sometimes unpleasant situations.
Let us provide a real example: a meeting was planned a month ago, and the patient went
to the medical office. However, the secretary informed him that his appointment was
canceled because the doctor was unavailable due to personal issues. The patient came
from 120 km and was 73 years old. He was already tired and annoyed at having wasted
a whole day traveling, as well as the cost of the fuel. He complained to the secretary,
who said she was not responsible for this unexpected situation. He then asked who was
responsible. She could not provide a name, except to suggest that the patient contact
the virtual secretary dedicated to rescheduling an appointment. The problem here was
trust. The patient, therefore, called the virtual secretary (i.e., another SCR), who gave him
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an appointment for 15 days later. He was not at all convinced about the commitment.
Doctolib, as a technological rule-based SCR, turned out to be highly rigid and challenging
to use effectively. Why? In addition to creating a complex problem-solving process due
to its technology-centered engineering (i.e., not human-centered, by the fact that it does
not consider traveling necessities for some people and unforeseen situations), it did not
have the necessary skills to find a satisfactory solution to this unexpected situation for the
suffering patient (e.g., instead of speaking with a real secretary who clearly explained what
happened, the virtual secretary SCR had no clue about the traveling necessities).

9.2. The Shift from Control to Management to Collaboration

STSs involve shared awareness, communication, trust, and collaboration. People
train to work in teams by learning to share situational awareness [68,69]. For example,
making a commercial aircraft requires strong organizational business models, multi-agent
complexity analysis, and personnel training. We must ensure that all team members,
regardless of their size, either share the same corporate culture and values to work together
and achieve objectives or can understand their cultural differences to adapt their situational
awareness and behaviors accordingly.

Human operators transitioned from controlling mechanical machines to managing
highly computerized systems. This shift started in aviation during the 1980s. Human
operators also shifted from manual to cognitive skills, from doing to thinking. Nowadays,
we are exploring the shift from using a tool to collaborating with a technological partner.
The single-agent era must give way to multi-agent frameworks, where agents encompass
both humans and machines; we must master. Artificial agents will progressively learn from
interactions with their environment, adapt to rapidly changing contexts, make independent
decisions, and ultimately take critical roles within human—AlI teams. Artificial agents will
not be passive tools, but pro-active partners proposing solutions that can be discussed and
challenged. However, it is essential to understand at which level these artificial agents will
learn. In Rasmussen’s sense [67], it could be at the skill, rule, or knowledge-based level.
Machine cognitive resources have changed from solid automation to supervisory control to
human-machine teaming (Figure 10).

Goal(s)
Decisi Cognitive engineering Human-  [RLEUERITLE
Knowledge | Identification [— h::ll(?:gn —»|  Planning Humanities m Machine asa
Social sciences Teaming Partner
S
2
(&)
g 0 ional research : Case-based
S ituati ituati pefatona upervised :
8 Rules Situation | | Situation(s) | | = Tasks [Optimization 1980s Sup Supervised
Recognition / task(s) (procedures) Expert systems Control Learning
o0
3 i Electrical engineering gl Solid Images
g Skills Sensors —_—eeett  Effectors Mechanical engineering Rt 3 Speech
S Control theory 1930s utomation ML &DL
3 T i A
3 Environment
(%)

HUMAN MACHINE SE/HSI 4 Al

Figure 10. The evolution of automation is based on Rasmussen’s model of human behavior, which
shows the various types of artificial intelligence (AI) approaches.

9.3. Artificial Intelligence Has Multiple Cognitive Facets

Artificial intelligence (Al) also has several facets illustrated in Figure 7, where image
and speech recognition, natural language processing, and connectionist machine learning
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can handle the skill-based behavioral level. Case-based reasoning, rule-based expert
systems, and supervised machine learning are at the rule-based behavioral level. At the
knowledge-based level, Al systems are no longer just tools but have become partners that
require negotiation, delegation, and highly interactive capabilities. Regarding embedded
Al systems, while we are increasingly confident about those at the skill-based and rule-
based levels, the knowledge level remains exploratory. Indeed, when it is knowledge-
based, human-AI teaming [70-72] requires considering Al-based technology not as a tool
but as a partner. With this kind of new SCRs, where partnership, shared responsibilities,
delegation, and authority are at stake, the pilot’s job changes profoundly.

Another change is the shift from following procedures to solving problems involving
different cognitive resources. Before solving a problem, we need to state it correctly.
This is something we hardly learn, if at all, at school. As a result, we often formulate
problems incorrectly, and it is not surprising that the solutions are unsatisfactory. Teamwork
between humans and artificial intelligence will require even more attention in this respect.
Problem statements must be clearly established, shared, and discussed cooperatively
within a human-machine team.

Moreover, Al is not limited to data processing tools. Al can be a partner that enhances
human capabilities. It can learn from experience. People using Al need to familiarize them-
selves with the different personalities that Al partners can have. A long anthropological
journey will be required better to understand the mutual familiarization of human agents
and machines. Key issues include human—AI team coordination, regulatory and social
rules, and the development of new human behaviors, knowledge, and skills. Mastering
these issues is crucial to ensure effective situational awareness, informed decision-making
processes, collaboration, trust, and optimal operational performance. We have modeled
these vital resources, as illustrated by the results of the MOHICAN project [72].

9.4. Looking for Technological, Organizational, and Human Autonomy

The autonomy issue deserves more attention. In Figure 7, autonomy is attributed to
the knowledge-based behavioral level, assuming that the rule-based and skill-based levels
are sufficiently mature to manage the overall maturity of the system under consideration.
SCRs are attached to each behavioral level. The appropriateness and consistency of these
SCRs determine the system’s maturity. In addition, the autonomy of a system of systems
(refer to Figure 4) depends on the maturity of the STSs and the appropriate dependencies
among them (i.e., each STS can be supported by others through their SCRs).

The novelty of human—AlI teams lies in the social/organizational perspective combined
with the task execution duties. The syndrome of a human facing a single machine, which
requires the development of user interfaces, is a thing of the past. We are entering an era of
human and machine multi-agent collaborative work (i.e., a system of human and machine
systems). Human—AI teams require more robust models of systemic cognition that define
the distinct elements involved (i.e., human and machine models), as well as multi-agent
architectures that outline the interconnections and the various achievable objectives or
purposes of these teams. These models should integrate the knowledge needed to address
complexity issues at various behavioral levels.

10. Systemic Cognition and Cost Management

Managing an STS, such as an aeronautical company, involves all the above, which
must be associated with costs, benefits, and potential losses. Let us compare the technology-
centered engineering process toward an STS A and the human systems integration involv-
ing possible futures (scenarios) that require human-in-the-loop simulations (HITLS) that
support assessing potential activities. In the Boeing 737 Max MCAS disaster case, the cost
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of SCR,, which necessarily includes design flow management compensating for the lack of
human-centered design (HCD), has been demonstrated to be much higher than the cost of
SCRg, which would have included HITLS and HSI methodology since the beginning of the
design process (Figure 8).

Management is often reluctant to invest in HSI during the design and development
phases, as it is perceived as an unnecessary and additional process. However, if we do
not consider human and organizational factors in the early stages of design, correcting
the defects caused by this omission will be much more expensive. Furthermore, the HSI-
centered design will make the STS B better than the STS A from an operational point of
view, as it is based on usage and experience scenarios. (Figure 11).

SCR,
|

| —

Technology-Centered Development Design Flaws STS
Engineering & Manufacturing Management A

HIS (HCD & SE) Human-In-The-Loop L Development STS
Possible Futures Simulations & Manufacturing B

|
SCRg

Figure 11. Comparing technology-centered engineering and HSI processes.

Consequently, it is imperative to develop fair cost analyses that compare the invest-
ment in an HSI infrastructure with the recovery costs that would be incurred without such
investment. A first set of calculations can be performed by considering relevant aircraft
accidents. Therefore, it is recommended that such cost analyses be conducted whenever
a new STS project is initiated, and that the calculations be updated incrementally to reflect
ongoing changes. Such calculations are crucial to support decision-making throughout the
entire life cycle of an STS, but most importantly, from the beginning.

Finally, HSI-centered cost management must be intimately linked to sociotechnical
issues, with long-term considerations, rather than being restricted by short-term benefits,
to contribute effectively to the overall sustainability of STS.

11. Four Contributing Projects

Four primary industrial research and development projects have substantially con-
tributed to the development of the systemic cognition framework by providing experience-
based knowledge over the last six years, in a constructivist manner. These projects were
carried out as part of the duties coordinated by the author within the FlexTech Chair. Let
us examine them briefly.

11.1. The Air Combat Virtual Assistant Project

The MOHICAN human-machine teaming (HMT) project was dedicated to design-
ing an air combat virtual assistant for fighter pilots [72]. It combined perspectives from
systems engineering, artificial intelligence (Al), and human-centered design (HCD) to
achieve human systems integration (HSI) through the development of an integrative sys-
tems representation that encapsulates human and machine attributes and properties. Its
objective was to explore the main factors contributing to performance, trust, and collab-
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oration between human experts and increasingly autonomous machines. The PRODEC
method was born during this project to support HSI by improving the agile HCD of ad-
vanced sociotechnical systems at work, which was denoted “human-machine teaming.”
During the MOHICAN project, the PRODEC method has been incrementally designed and
developed using an F-14 simulator equipped with a Jester virtual assistant (considered
a digital twin). From its inception, PRODEC has been associated with the concept of digital
twin. A preliminary systemic cognition representation was developed and utilized, along
with metrics for evaluating human-machine teams. This research effort was essentially
methodological (see Figure 5). In practice, PRODEC has been used and validated in the
MOHICAN project, which dealt with integrating pilots and virtual assistants on board ad-
vanced fighter aircraft [72]. It enabled the development of appropriate metrics and criteria
of performance, trust, collaboration, and tangibility (i.e., issues of complexity, maturity,
flexibility, stability, and sustainability), which were associated with the identification of
emergent functions that help redesign and recalibrate the air combat virtual assistant as
well as fighter pilot training.

In conclusion, MOHICAN demonstrated that PRODEC is an effective method to
address the crucial issue of how Al systems can and should influence the requirements
and design of sociotechnical systems that support human work, particularly in contexts
of high uncertainty. In practice, PRODEC remains a work in progress, supported by the
systemic cognition framework. It relies on advanced visualization techniques and tools that
are currently being developed to increase physical and figurative tangibility [9,36].

11.2. The Telerobotics Project

A telerobotics project was initiated within the context of an oil and gas drilling plat-
form, where mobile robots replaced human operators. The PRODEC method was used and
further developed over a period of five years [40]. The distinction between procedural and
declarative knowledge was therefore studied in a different context from the one presented
above. Unlike the MOHICAN project, which was based on evolutionary technology, the
telerobotics project was based on the revolutionary replacement of people by robots, which
involved more creative choices during design and development. We had to identify SCRs
that were not already available and involved radically new technologies, organizations,
and jobs. PRODEC was iteratively used to discover emerging structures and functions,
which were then incrementally integrated into the STS being developed.

Additionally, the telerobotics project started as a pure software-based design and
development process, which has been incrementally tangibilized (e.g., robots” digital
twins were step-by-step transformed into real-world robots). New SCRs were identified
during several humans-in-the-loop simulations of the STS being developed. For example,
analysis of emerging new SCRs has led to a redefinition of the roles of robots, oil and gas
infrastructure, and the human operators involved.

11.3. The Virtual Tower Project

Air traffic management is undoubtedly an industrial sector where systemic cogni-
tion is deeply rooted. The never-ending digitalization of air traffic centers and aircraft
requires deeper investigations, more specifically on the new concept of remote virtual
tower (RVT). RVT activities have been analyzed during the last four years, showing the
crucial importance of context [73]. Again, like in the previous application, the complexity of
sociotechnical systems manifests itself in practice through the emergence of properties and
functions that are usually difficult to anticipate at design time, considering the conceptual
frameworks currently used. This is why Human Systems Integration (HSI) methods and
techniques are currently being developed to acquire as much knowledge as possible about
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a system of interest early in its lifecycle, to detect these emergent properties and adapt the
system’s architecture accordingly. HSI breaks with the technology-centered approach that
has long prioritized engineering over human adaptation. Since HSI proposes human- and
organization-centered approaches, it is now crucial to support it by providing an integrated
systemic cognition framework. More specifically, since the RVT project experienced the
PRODEC multi-looped process (Figure 5), it highlighted the difficulty of identifying those
emerging properties and functions early enough to be appropriately integrated during
the design process [73]. We realized that the notion of context remains poorly or vaguely
defined in the literature, and the tools, methods, and models traditionally used in systems
engineering processes do not allow for capturing and modeling this contextual informa-
tion at the right level of granularity. The RVT project has been a good support for the
development of the contextual part of appropriate SCRs (Figures 1-4).

11.4. The Automated Train Operations Project

The introduction of Automatic Train Operation (ATO) into currently manually oper-
ated trains promises more efficient, greener, and more precise rail operations. Consequently,
human roles and responsibilities are changing with the increasing automation of the rail-
way system. It follows that rail safety needs to be thoroughly re-examined, taking into
account the evolution of human and organizational factors. The ATO project contributed
to the realization of a safety-oriented human-system integration, based on an appropriate
combination of PRODEC with a classical risk analysis method [74]. Human-in-the-loop sim-
ulations have been run to provide practical procedural knowledge of human activities. By
comparing the activities observed during simulations with the prescribed tasks, designers
could identify emerging properties and functions to be integrated into the system being de-
signed. The ATO project demonstrated how limited SCRs can impact system development.
The use of PRODEC within a safety-critical environment also demonstrated how systemic
cognition can influence human- and organization-centered engineering design in terms
of prioritization. More specifically, an incident analysis of the current French rail system
(AS-IS) was used to identify safety-critical elements in the existing manual driving system.
Interviews with train drivers complement these results with the field knowledge of experts.
The identification of safety-critical SCRs from observing various activities in human-in-the-
loop simulations was crucial for design decisions. Once again, the ATO project, like the
other projects mentioned above, demonstrated that the appropriate visualization of tasks
and activities increases the identification of emerging behaviors and phenomena.

12. Discussion
12.1. Systemic Cognition Promotes Eliciting Emergent Behavior and Phenomena

The analysis of Boeing 737 MAX accidents illustrates how the systemic cognition frame-
work can be applied in accident investigations. However, the most important contribution
here is the bottom-up construction approach, based on the four projects mentioned in this
article. Therefore, significant questions arise. How does the systemic cognition framework
differentiate from established concepts in systems engineering, cognitive engineering, and
distributed cognition? How does the systemic cognition framework move beyond current
theories of sociotechnical systems?

The systemic cognition framework emerged from the co-development of industrial
research projects and a thorough investigation of various state-of-the-art concepts in com-
plexity science, cognitive engineering, systems engineering, and, more specifically, human
systems integration (HSI). It emerged as a need to support the development of the PRODEC
method, which is currently being “mechanized” as a software platform for HSIL
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Systems engineering methods and frameworks, such as SysML [75], appear to be
overly rigid in considering the human element seriously and correctly, as the emergence of
critical human and organizational factors is not adequately addressed.

Cognitive engineering methods and frameworks, such as task analysis, cognitive work
analysis, cognitive modeling, and usability testing, appeared to be a weak complement in
human-centered engineering design, which is not sufficiently integrated within an overall
solid design and development framework.

The distributed cognition framework is an approach that facilitates the integration of
systems engineering and cognitive engineering by introducing multi-agent models that
incorporate cognitive components into systems-of-systems. It was also a good incentive to
coin the term systemic cognition.

Therefore, what really distinguishes existing approaches, such as systems engineering,
cognitive engineering, and distributed cognition, from the systemic cognition approach is the
unavoidable consideration of emerging behaviors and phenomena that lead to redefining
the STS being developed consistently.

We realized that all these approaches have been exciting individually, but they lack
an integrating framework, which leads to the creation and development of the systemic
cognition framework. More specifically, the relationship between procedural knowledge
and declarative knowledge is crucial in HSI. Additionally, the concept of SCR encompasses
a major framework that integrates logical and teleological knowledge representations.

12.2. Systemic Cognition Promotes Action in Complexity Rather than Systematic Simplification

Within the reductionist framework, scientists such as Thales, Descartes, Newton,
Laplace, and many others have attempted to rationalize and formalize the world through
mathematical equations. Reductionist science aims to reduce the disorder and chaos of com-
plexity. Contemporary engineering persists in this direction because chaotic phenomena are
complex to model and represent too long-term an effort in our short-term-focused society.
As a result, technology is evolving too rapidly and is becoming increasingly complex for
users to master appropriately. Some people are beginning to withdraw from their hectic
socio-technical lives, resulting from an inability to consider the complexity of nature, un-
foreseen situations due to the hypertrophy of the market economy, and, more importantly,
the relentless technological development presented as the solution to save the world [76].
Systemic cognition considers these complexity issues from a life-critical systems perspective.

Systemic cognition shifts from the current reductionist engineering to operations-
centered design of complex STSs, where more research efforts are needed on complexity
analysis for HSI, including design creativity and human-centered development. Complex-
ity science has been a long-standing field of study [77]. More specifically, design creativity is
a form of chaos that leads to attractor solutions. From this perspective, a design room can be
considered a complex system, a collection of “many elements which are interacting in a dis-
ordered way, resulting in robust organization and memory” [78]. However, attractor-based
design solutions are always context-sensitive. Unfortunately, the context that engineering
designers often implicitly consider is not the future context of operations [73]. Therefore,
HSI models, such as the one in Figure 1, must include operations contexts. Systems and
operations contexts must be articulated as soon as possible during the design process. If
not, it becomes the responsibility of operations personnel to do so, which could lead to
unforeseen, even dangerous, situations that often occur too late. In other words, more chaos
will be introduced. This is another incentive to use systemic cognition theory, specifically,
knowledgeable resources of operational expertise and experimental tests.

On the one hand, we can simplify and rationalize a complicated engineered system
because, most of the time, it was mainly poorly done. We can make it usable. This
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reductionist approach has contributed to dazzling advances in understanding various
phenomena, but is now leading to dead ends in neuroscience, for example [79]. On the
other hand, we need to find separable subsystems in a complex system to simplify its
analysis, design, and evaluation. The separability property is crucial in complex systems.
At this point, the question is: how can we determine that a system is separable from the
system of systems to which it belongs?

It is helpful to remind that Occam’s razor principle is based on the idea that the
simplest explanation is generally correct. In philosophy, “razor” means eliminating unnec-
essary explanations of a phenomenon. Based on the works of Aristotle, Thomas Aquinas,
and other philosophers, the 14th-century philosopher William of Ockham posited that
the simplest theory is more likely to be true. This principle has been applied in artificial
intelligence, specifically machine learning, to select the most suitable algorithm for the
task. More generally, it leads to the principle of parsimony, also known as the principle of
simplicity, which promotes explaining a phenomenon using the minimum number of ele-
mentary causes. However, we must be cautious when evaluating the practical application
of these principles. In his Nobel lecture, Herbert Simon said, “In whichever way we interpret
Occam’s principle, parsimony can be only a secondary consideration in choosing between theories,
unless those theories make identical predictions.” [80].

This is the reason why it is mandatory to familiarize oneself with them. For example,
humans are complex and cannot be “simplified,” so complex human phenomena cannot
be reduced to the exploration of a set of components, as simple as possible, that can be
reconstructed to understand the whole thing. Separable organs can be studied, treated,
and, in some cases, replaced. What is true for the human body has become true for large
interconnected systems such as the airspace, which must be considered a complex system
with emergent properties that need to be understood. This is where holistic human-in-the-
loop simulations have become formidable tools.

Nevertheless, even if every model or, for that matter, a virtual twin, is a reduction of
the thing it represents, it can be helpful in three respects:

1. It forces identification of the distance that separates it from the real thing.
2. It helps identify and explain complex emerging behaviors.
3. Itis based on a finality in the teleological sense of the term and is used as such.

Systemic cognition relies on models of the world that are necessarily limited due to the
need for simplification and abstraction. Relying on these models may lead to surprises,
as reality often differs from what we expect. We make errors induced by these models.
However, SCR’s identification and assessment improve when we learn from these surprises
and model-induced errors. They account for biases and are incrementally redesigned
structurally and functionally.

Moukheiber mentions that neuroscience, for example, has two kinds of brain
models: localists and distributists. The former assumes that local brain areas are respon-
sible for functions such as vision, speech, and locomotion. A public view of the brain is
the famous lateralization that separates the right and left hemispheres, which have precise
functions that are not based on scientific proof. This statement supports the latter school of
thought (i.e., cognitive functions are distributed, and both hemispheres of the brain work
in concert). This localism-distributism distinction can be extended to studying context in
systemic cognition.

This brief neuroscience discussion requires an understanding of modeling from both
teleological and logical perspectives, articulating the purpose and means. Consequently,
systemic models are necessary to understand the specific purposes of systemic cognition
and behavioral observations. Additionally, a significant claim is that the more familiar
we become with a complex STS, the better we understand its behavior, properties, and

https:/ /doi.org/10.3390/systems14010015


https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15

28 of 31

internal mechanisms. Familiarity is a matter of maturity acquired by assimilation and
accommodation of emerging functions, in Piaget’s sense [6,7,81,82]. This learning process
is strongly supported by making operational contexts as explicit as possible to help build
confidence. We talk about “context thinking”.

13. Conclusions and Perspectives

In summary, systemic cognition integrates systems science and cognitive science from
a holistic systems perspective. Systems science was established by Ludwig von Berta-
lanffy [83,84] and followers who participated in developing systems engineering. Cognitive
science, as considered here, was established by contributors such as Marvin Minsky [12],
Francisco Varela, Eleanor Rosch, and Evan Thompson [20], Péter Erdi [85], and Noam
Chomsky [86].

More specifically, this article proposes a constructivist and epistemological approach
to “systemic cognition” that extends contemporary theories of systemic and socio-cognitive
modeling by integrating systemic complexity [55] and research on HCD-based HSI devel-
oped over the last three decades [6]. Previously developed knowledge representations have
been upgraded (Figure 1). The concept of SCR has been introduced, based on Meadows’
stocks (i.e., factors resulting from and influencing systems’ activities), and information
flows can be represented by iBlocks [39]. It is a fundamental contextual link between
teleological and logical representations.

Systemic cognition cross-fertilizes and articulates logical (procedural) and teleologi-
cal (declarative) representations, capturing domain experience from the bottom up and
constructing STSs incrementally from the top down. As a dual procedural-declarative
approach, systemic cognition supports the concrete development of the PRODEC method
and platform. Four concrete real-world applications have been developed and should be
expanded to other business cases to construct the systemic cognition framework further.

Therefore, this article should be seen as a springboard for further systemic cognition
research, which must be closely linked to current complexity science investigations from
a social science perspective. More specifically, we should transition from the linear societal,
economic, and financial models we use today to non-linear models, which consequently
leads to moving from reductionist optimization (i.e., maximizing utility) to satisficing
purposes (e.g., making people happier individually and collectively). The term “satisficing”
encapsulates the notion of “good enough solutions,” considering various criteria, such as
cost, constraints, well-being, etc. People tend to make decisions by sufficing and satisfying
rather than optimizing [87]. It is time to ask ourselves whether we believe our future lies
in technological reductionism rather than trying to understand the complexity of people,
sociotechnical organizations, and nature. We need to ensure that the rapid development of
digital technology and artificial intelligence, which is currently accelerating our dependence
on increasingly autonomous technologies, is more focused on the safer, efficient, and
comfortable autonomy of natural entities, including all of us.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: This work builds upon the author’s previous research as the FlexTech Chair
holder at CentraleSupélec (Paris Saclay University) and the ESTIA Institute of Technology. The
authors give thanks to the people involved in the development of HSI in various organizations,
including FlexTech, as well as the INCOSE HSI Working Group and industrial partners who provided
real-world applications that led to the emergence of the systemic cognition framework.

Conflicts of Interest: The author declares no conflict of interest.

https:/ /doi.org/10.3390/systems14010015


https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15 29 of 31

References

1. Hieronymi, A. Understanding Systems Science: A Visual and Integrative Approach. Syst. Res. Behav. Sci. 2013, 30, 580-595.
[CrossRef]

2. Boy, G.A. Orchestrating Human-Centered Design; Springer Nature: London, UK, 2013.

3. Le Moigne, J.-L. La Théorie du Systéme Général: Théorie de la Modélisation; Presses Universitaires de France: Paris, France, 1994;
ISBN 978 2130465157. Available online: https://www.intelligence-complexite.org/media/document/ateliers/theorie-systeme-
general/open (accessed on 3 November 2025).

4. Morin, E.; Le Moigne, ].-L. L'intelligence de la Complexité; L'Harmattan: Paris, France, 1999.

5. Piaget, ]J. Part I: Cognitive development in children: Piaget’s development and learning. J. Res. Sci. Teach. 1964, 2, 176-186.
[CrossRef]

6.  Piaget, J. Genetic Epistemology; W.W. Norton and Company: New York, NY, USA, 1970.

7. Piaget, J. The Psychology of Intelligence; Basic Books: New York, NY, USA, 1970.

8.  Mobus, G.E.; Karlton, M.C. Principles of Systems Science; Springer: New York, NY, USA, 2025.

9.  Boy, G.A. An epistemological approach to human systems integration. Technol. Soc. 2023, 74, 102298. [CrossRef]

10. Britannica Encyclopedia, 2025.  Available online: https://www.britannica.com/search?query=life (accessed on 10
November 2025).

11.  Wooldridge, M. An Introduction to MultiAgent Systems; John Wiley & Sons: Hoboken, NJ, USA, 2002; ISBN 978-0-471-49691-5.

12.  Minsky, M. The Society of Mind; Simon & Schuster: New York, NY, USA, 1986.

13.  Cicourel, A.-V. La Sociologie Cognitive [Cognitive Sociology]; Presses Universitaires de France: Paris, France, 1979.

14.  Vernon, D. Cognitive System. In Computer Vision: A Reference Guide; Katsushi, I., Ed.; Springer Nature: London, UK, 2021;
pp- 157-164.

15.  Popper, S.; Bankes, S.; Callaway, R.; De Laurentis, D. System-of-Systems Symposium: Report on a Summer Conversation; Potomac
Institute for Policy Studies: Arlington, VA, USA, 2004.

16. Cottingham, J.; Stoohoff, R.; Murdoch, D.; Kenny, A. The Philosophical Writing of René Descartes, 1984-1991; Cambridge University
Press: Cambridge, UK, 1984; Volume 3.

17.  Skirry, J. Descartes and the Metaphysics of Human Nature; Thoemmes-Continuum Press: London, UK; New York, NY, USA, 2005.

18.  Damasio, A. Descartes’ Error: Emotion, Reason, and the Human Brain; Penguin Books: London, UK, 2005; ISBN 978-0143036227.

19. Maturana, H.; Varela, F. Autopoiesis and cognition—the realization of the living. In Boston Studies the Philosophy of Science; D.
Reidel Publishing Company: Dordrecht, The Netherlands, 1980.

20. Varela, F; Thompson, E.; Rosch, E. The Embodied Mind; MIT Press: Cambridge, MA, USA, 1991.

21. Hutchins, E. Distributed Cognition. In Technical Note IESBS Distributed Cognition; University of California: San Diego, CA, USA,
2000. Available online: https://arl.human.cornell.edu/linked%20docs/Hutchins_Distributed_Cognition.pdf (accessed on 18
December 2025).

22.  Doise, W.; Mugny, G. Le développement social de I'intelligence; InterEditions: Paris, France, 1981.

23. Endsley, M.R. Toward a theory of situation awareness in dynamic systems. Hum. Factors ]. 1995, 37, 32—-64. [CrossRef]

24. Guevara, R.; Mateos, D.M.; Pérez Velazquez, ].L. Consciousness as an Emergent Phenomenon: A Tale of Different Levels of
Description. Entropy 2020, 22, 921. [CrossRef] [PubMed] [PubMed Central]

25. Cannon, W.B. Physiological regulation of normal states: Some tentative postulates concerning biological homeostasis. In A Charles
Richet: Ses Amis, Ses Collegues, Ses Eléves; Pettit, A., Ed.; Les Editions Médicales: Paris, France, 1926; p- 91.

26. Wiener, N. Homeostasis in the individual and the society, 1951/1986. In Collected Works: Cybernetics, Science, and Society; Ethics,
Aesthetics, & Literary Criticism; Book Reviews and Obituaries; Masani, P.R., Ed.; MIT Press: Cambridge, MA, USA; Volume 5, p. 380.

27. Bernard, C. An Introduction to the Study of Experimental Medicine, 1865; Dover, Ed.; Macmillan & Co., Ltd.: London, UK, 1927.

28. Vygotsky, L.S. Mind in Society: The Development of Higher Psychological Processes; Harvard University Press: Cambridge, MA, USA,
1978; ISBN-13: 978 0674576292.

29. Meadows, D.H. Thinking in Systems: A Primer; Chelsea Green Publishing, Rizzoli: New York, NY, USA, 2008; ISBN-13: 978
1603580557.

30. Leplat, J.; Hoc, ].M. Tiche et Activité dans L’analyse Psychologique des Situations [Task and Activity in the Psychological Analysis of
Situations]; Cahiers de Psychologie Cognitive: Paris, France, 1983; Volume 3, pp. 49-63.

31. Lombrozo, T.; Carey, S. Functional explanation and the function of explanation. Cognition 2006, 99, 167-204. [CrossRef]

32. Britanica Encyclopedia, 2025. Available online: https://www.britannica.com/topic/teleology (accessed on 30 October 2025).

33. Cohen, NJ.; Squire, L.R. Preserved Learning and Retention of Pattern-Analyzing Skill in Amnesia: Dissociation of Knowing How
and Knowing That. Science 1980, 210, 207-210. [CrossRef]

34. Steele, G.L. Common Lisp: The Language, 2nd ed.; Digital Press: Bedford, MA, USA, 1990; ISBN 1-55558-041-6.

35.  Colmerauer, A.; Roussel, P. The birth of PROLOG. ACM Sigplan Not. 1993, 28, 37. [CrossRef]

36. Boy, G.A. Human Systems Integration: From Virtual to Tangible; CRC Press—Taylor & Francis Group: Boca Raton, FL, USA, 2020.

https://doi.org/10.3390/systems14010015


https://doi.org/10.1002/sres.2215
https://www.intelligence-complexite.org/media/document/ateliers/theorie-systeme-general/open
https://www.intelligence-complexite.org/media/document/ateliers/theorie-systeme-general/open
https://doi.org/10.1002/tea.3660020306
https://doi.org/10.1016/j.techsoc.2023.102298
https://www.britannica.com/search?query=life
https://arl.human.cornell.edu/linked%20docs/Hutchins_Distributed_Cognition.pdf
https://doi.org/10.1518/001872095779049543
https://doi.org/10.3390/e22090921
https://www.ncbi.nlm.nih.gov/pubmed/33286690
https://pmc.ncbi.nlm.nih.gov/articles/PMC7597170
https://doi.org/10.1016/j.cognition.2004.12.009
https://www.britannica.com/topic/teleology
https://doi.org/10.1126/science.7414331
https://doi.org/10.1145/155360.155362
https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15 30 of 31

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.
66.

Casner, S.M.; Gore, B.F. Measuring and Evaluating Workload: A Primer; NASA/TM—2010-216395; NASA Ames Research
Center: Moffett Field, CA, USA, 2010.

Vygotsky, L.S. Problems of method. In Mind in Society, 1931/1978. The Development of Higher Psychological Processes; Vygotsky, L.S.,
Ed.; Harvard University Press: London, UK, 1978; pp. 58-75.

Boy, G.A. Cognitive Function Analysis; Praeger: Westport, CT, USA, 1998.

Boy, G.A.; Masson, D.; Durnerin, E.; Morel, C. PRODEC for Human Systems Integration of Increasingly Autonomous Systems.
Syst. Eng. 2024, 27, 805-826. Available online: https://incose.onlinelibrary.wiley.com/doi/full/10.1002/sys.21751 (accessed on
18 December 2025). [CrossRef]

Rosson, M.B.; Carroll, ].M. Scenario-Based Design. In Human-Computer Interaction Handbook: Fundamentals, Evolving Technologies
and Emerging Applications; Jacko, J., Sears, A., Eds.; Lawrence Erlbaum Associates: Mahwah, NJ, USA, 2002; pp. 1032-1050.
Bernard Weil, E. Précis de Systémique Ago-Antagoniste, Introduction aux Stratégies Bilatérales; L'Interdisciplinaire: Paris, France, 1988.
Tuomi, I. Corporate Knowledge: Theory and Practice in Intelligent Organizations; Metaxis: Helsinki, Finland, 1999.

Bourdeau, M. Auguste Comte. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Nodelman, U., Eds.; 2023. Available online:
https:/ /plato.stanford.edu/archives/spr2023/entries /comte (accessed on 18 December 2025).

Smith, D.W. Phenomenology. In Stanford Encyclopedia of Philosophy; Stanford University: Stanford, CA, USA, 2013. Available
online: https://plato.stanford.edu/entries/phenomenology (accessed on 18 December 2025).

Laird, J.E.; Rosenbloom, P.; Newell, A. Towards Chunking as a General Learning Mechanism. In Proceedings of the National
Conference on Artificial Intelligence, Austin, TX, USA, 6-10 August 1984.

Newell, A. Unified Theories of Cognition; Harvard University Press: Cambridge, MA, USA, 1990.

Miller, G.A. The Magical Number Seven, Plus or Minus Two: Some Limits on our Capacity for Processing Information. Psychol.
Rev. 1956, 63, 81-97. [CrossRef]

Hall, J.L. Columbia and Challenger: Organizational failure at NASA. Space Policy 2003, 19, 239-247. [CrossRef]

Monod, J. Chance and Necessity: An Essay on the Natural Philosophy of Modern Biology; Alfred A. Knopf: New York, NY, USA, 1971;
ISBN 0-394-46615-2.

Sterman, J.; Quinn, J. Boeing’s 737 MAX 8 Disasters; Report 20-199; MIT Sloan School: Cambridge, MA, USA, 2023. Available
online: https:/ /mitsloan.mit.edu/sites/default/files /2024-04 / Boeing %275 %20737%20MAX%208%20Disasters_0.pdf (accessed
on 18 December 2025).

Gibson, ].J. The Theory of Affordances; Erlbaum Associates: Hillsdale, NJ, USA, 1977.

Czichos, H. The System Concept. In Introduction to Systems Thinking and Interdisciplinary Engineering, Synthesis Lectures on
Engineering, Science, and Technology; Springer: Cham, Switzerland, 2022. [CrossRef]

Grieves, M.; Vickers, J. Digital Twin: Mitigating Unpredictable, Undesirable Emergent Behavior in Complex Systems. In Trans-
Disciplinary Perspectives on System Complexity; Kahlen, F.-J., Flumerfelt, S., Alves, A., Eds.; Springer: Cham, Switzerland, 2016;
pp- 85-114.

Morin, E. La Méthode, Tome 1: La Nature de la Nature; Seuil: Paris, France, 1977.

Morin, E. From the concept of system to the paradigm of complexity. J. Soc. Evol. Syst. 1992, 15, 371-385. [CrossRef]

Winograd, T. Architectures for context. Hum.-Comput. Interact. 2001, 16, 401-419. [CrossRef]

Dummett, M. Frege, Philosophy of Language; Duckworth: London, UK, 1973.

Frege, G. Die Grundlagen der Arithmetik, 1884. In The Frege Reader; Breslau, W.K., Translator; Beaney, M., Ed.; 1997. Available on-
line: https://dll.cuni.cz/pluginfile.php/767005/mod_resource/content/0/Frege%20-%20Reader.pdf (accessed on 18 December
2025).

Bastien, C. Contexte et situation. In Dictionnaire des Sciences Cognitives; Houdé, O., Kayser, D., Koenig, O., Proust, ]., Rastier, E,
Eds.; Presses Universitaires de France: Paris, France, 1998.

Bazire, M.; Brézillon, P. Understanding Context Before Using It. In Proceedings of CONTEXT'2005; Dey, A., Koki-
nov, B., Leake, D., Turner, R., Eds.; LNAI3554; Springer: Berlin/Heidelberg, Germany, 2005; pp. 29-40. Available
online: https://www.researchgate.net/publication/221032455_Understanding_Context_Before_Using_ It (accessed on 18
December 2025).

Brezillon, P. Research on Modeling and Using Context Over 25 Years; Springer Nature: Berlin/Heidelberg, Germany, 2023. [CrossRef]
Boy, G.A. Knowledge Elicitation for the Design of Software Agents. In Handbook of Human-Computer Interaction; Helander, M.G.,
Landauer, T.K., Prabhu, P.V,, Eds.; North-Holland: Amsterdam, The Netherlands, 1997.

Boy, G.A. Semantic correlation in context: Application in document comparison and group knowledge design. In Proceedings of
the AAAI Spring Symposium on Cognitive Aspects of Knowledge Acquisition; Stanford University: Stanford, CA, USA, 1992.

Dey, A K. Understanding and Using Context. Pers. Ubiquitous Comput. 2001, 5, 4-7. [CrossRef]

Lavelle, S. Technology and Engineering in Context: Analytical, Phenomenological and Pragmatic Perspectives. In Engineering in
Context; Christensen, S.H., Delahousse, B., Meganck, M., Eds.; Academica: Copenhagen, Denmark, 2008; ISBN 978-87-7675-700-7.

https://doi.org/10.3390/systems14010015


https://incose.onlinelibrary.wiley.com/doi/full/10.1002/sys.21751
https://doi.org/10.1002/sys.21751
https://plato.stanford.edu/archives/spr2023/entries/comte
https://plato.stanford.edu/entries/phenomenology
https://doi.org/10.1037/h0043158
https://doi.org/10.1016/j.spacepol.2003.08.013
https://mitsloan.mit.edu/sites/default/files/2024-04/Boeing's%20737%20MAX%208%20Disasters_0.pdf
https://doi.org/10.1007/978-3-031-18239-6_2
https://doi.org/10.1016/1061-7361(92)90024-8
https://doi.org/10.1207/S15327051HCI16234_18
https://dl1.cuni.cz/pluginfile.php/767005/mod_resource/content/0/Frege%20-%20Reader.pdf
https://www.researchgate.net/publication/221032455_Understanding_Context_Before_Using_It
https://doi.org/10.1007/978-3-031-39338-9
https://doi.org/10.1007/s007790170019
https://doi.org/10.3390/systems14010015

Systems 2026, 14, 15 31 of 31

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Rasmussen, J. Skills, rules, knowledge: Signals, signs, symbols, and other distinctions in human performance models. IEEE Trans.
Syst. Man Cybern. 1983, 13, 257-266. [CrossRef]

Salas, E.; Prince, C.; Baker, D.P.; Shrestha, L. Situation awareness in team performance: Implications for measurement and training.
Hum. Factors 1995, 37, 123-136. [CrossRef]

Endsley, M.R. A Model of Inter and Intra-Team Situation Awareness: Implications for Design, Training, and Measurement. In
New Trends in Cooperative Activities: Understanding System Dynamics in Complex Environments; McNeese, M., Salsa, E., Endsley,
M.R., Eds.; Human Factors and Ergonomics Society: Santa Monica, CA, USA, 2001.

Quandt, R. Human-Al Teaming: Review of the NAS Report. In Human Factors in Robots, Drones and Unmanned Systems. AHFE
(2023) International Conference; Tareq, A., Waldemar, K., Eds.; AHFE Open Access, AHFE International: New York, NY, USA, 2023;
Volume 93. [CrossRef]

Lou, B,; Lu, T,; Santanam, R.; Zhang, Y. Unraveling Human-AI Teaming: A Review and Outlook. arXiv 2025, arXiv:2504.05755.
[CrossRef]

Boy, G.A.; Morel, C. The Machine as a Partner: Human-Machine Teaming Design using the PRODEC Method. Work A ]. Prev.
Assess. Rehabil. 2022, 73, S15-530. [CrossRef] [PubMed]

Disdier, A.; Masson, D.; Jankovic, M.; Boy, G.A. Defining and Characterizing the Operational Context for Human Systems
Integration. Syst. Eng. 2024, 27, 1103-1115. [CrossRef]

Sun, Y; Boy, G.A.; Sango, M.; Barros, A. Function analysis for Human-Machine Teaming for semi-automated trains. In Proceedings
of the INCOSE/IEA International Conference on Human Systems Integration, Jeju, Republic of Korea, 27-29 August 2024.
SysML Specifications: Current Version-OMG SysML 1.7, 2024. Available online: https://sysml.org/sysml-specs/ (accessed on 18
December 2025).

Rughinis, C.; Flaherty, M.G. The Social Bifurcation of Reality: Symmetrical Construction of Knowledge in Science-Trusting and
Science-Distrusting Discourses. Front. Sociol. 2022, 7, 782851. [CrossRef] [PubMed]

Castellani, B. Map of the Complexity Sciences, Art & Science Factory, 2018. Available online: https://www.art-
sciencefactory.com/complexity-map_feb09.html (accessed on 18 December 2025).

Ladyman, J.; Lambert, J.; Wiesner, K. What is a complex system? Eur. J. Philos. Sci. 2013, 3, 33-67. [CrossRef]

Moukheiber, A. Neuromania; Allary Edition: Paris, France, 2024.

Simon, H. Rational Decision-Making in Business Organizations, 1978. Nobel Memorial Lecture, 8 December. Available online:
https:/ /cemi.ehess.fr/docannexe/file /2364 /simon.pdf (accessed on 27 June 2025).

Piaget, J. Biologie et Connaissance [Biology and Knowledge]; Gallimard: Paris, France, 1967.

Piaget, J. L'équilibration des Structures Cognitives [The Balancing of Cognitive Structures]; PUF: Paris, France, 1975.

Von Bertalanffy, L. An Outline of General System Theory. Br. J. Philos. Sci. 1950, 1, 134-165. [CrossRef]

Von Bertalanffy, L. General System Theory: Foundations, Development, Applications; George Braziller: New York, NY, USA, 1968.
Erdi, P. Neurodynamic System Theory. Theor. Med. 1993, 14, 137-152. [CrossRef] [PubMed]

Chomsky, N. Language and the Cognitive Science Revolution(s). Text of lecture given at Carleton University, 8 April 2011 (Partial
transcript courtesy of David P. Wilkins). Available online: https://chomsky.info/20110408 (accessed on 28 May 2025).

Simon, H.A. Rational choice and the structure of the environment. Psychol. Rev. 1956, 63, 129-138. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/systems14010015


https://doi.org/10.1109/TSMC.1983.6313160
https://doi.org/10.1518/001872095779049525
https://doi.org/10.54941/ahfe1003758
https://doi.org/10.48550/arXiv.2504.05755
https://doi.org/10.3233/WOR-220268
https://www.ncbi.nlm.nih.gov/pubmed/36214030
https://doi.org/10.1002/sys.21775
https://sysml.org/sysml-specs/
https://doi.org/10.3389/fsoc.2022.782851
https://www.ncbi.nlm.nih.gov/pubmed/35224088
https://www.art-sciencefactory.com/complexity-map_feb09.html
https://www.art-sciencefactory.com/complexity-map_feb09.html
https://doi.org/10.1007/s13194-012-0056-8
https://cemi.ehess.fr/docannexe/file/2364/simon.pdf
https://doi.org/10.1093/bjps/I.2.134
https://doi.org/10.1007/BF00997272
https://www.ncbi.nlm.nih.gov/pubmed/8236061
https://chomsky.info/20110408
https://doi.org/10.1037/h0042769
https://www.ncbi.nlm.nih.gov/pubmed/13310708
https://doi.org/10.3390/systems14010015

	Introduction 
	From Reductionism to Sociotechnical Systems 
	Systemic Cognition in the Engineering Design Context 
	Encapsulating Logical and Teleological Formalisms 
	Logical and Teleological Definition of a Sociotechnical System 

	Systemic Cognition Resources (SCRs) of a Sociotechnical System 
	How Do Systemic Cognitive Resources and STSs Interact? 
	Schemas, Information Flows, and SCR Metrics 

	Systemic Cognition Methodology 
	The PRODEC Method for Incremental Emergent Function Discovery and Allocation 
	Identification and Integration of Emerging SCRs 
	SCR Chunking Mechanism 
	The SPO Case 
	Intrinsic and Extrinsic SCRs 
	Dealing with the Unexpected, Redundancy, and Resilience 

	Systemic Cognition Complexity 
	Simplifying the Complicated and Familiarizing with the Complex 
	Digital Society Complexity 
	Short-Term Versus Longer-Term Complexity Management 
	SCR Management by Looking for Physical and Figurative Tangibility 

	Modeling, Simulation, and Digital Twins 
	The Modeling and Simulation Need 
	Digital Twins: Active Support for the Design Process and Its Solutions 

	Systemic Cognition in Context 
	What Do We Mean by Context? 
	Examples of Systemic Cognition in Context 

	Systemic Cognition and Human–AI Teaming 
	SCR Categories 
	The Shift from Control to Management to Collaboration 
	Artificial Intelligence Has Multiple Cognitive Facets 
	Looking for Technological, Organizational, and Human Autonomy 

	Systemic Cognition and Cost Management 
	Four Contributing Projects 
	The Air Combat Virtual Assistant Project 
	The Telerobotics Project 
	The Virtual Tower Project 
	The Automated Train Operations Project 

	Discussion 
	Systemic Cognition Promotes Eliciting Emergent Behavior and Phenomena 
	Systemic Cognition Promotes Action in Complexity Rather than Systematic Simplification 

	Conclusions and Perspectives 
	References

