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Abstract: The contemporary defense landscape requires a shift toward the human-centric principles of
Industry 5.0 to bridge the "complexity-control gap" in military operations. This paper proposes a unified
theoretical architecture integrating Stafford Beer’s Viable System Model with Al-driven Digital Twins and
Cognitive Logistics. We analyze the strategic necessity of transitioning from fragile, efficiency-optimized
models to antifragile systems across the three pillars of military logistics: production, in-service, and
operational. By leveraging Human-Machine Teaming, the framework addresses the cognitive load and
ethical challenges of autonomous systems. The results offer a roadmap for sustaining combat power in
contested environments while preserving human moral agency within the strategic, operational, and

tactical command chains.
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1. INTRODUCTION

The trajectory of the military-industrial
complex in the 21st century is defined by a
fundamental tension between the increasing
complexity of the operational environment and
the cognitive limits of human decision-making.
The "peace dividend" era, characterized by the
adoption of commercial Just-in-Time (JIT)
logistics and efficiency-optimized
manufacturing [10], has given way to an era of
great power competition where redundancy,
resilience, and adaptability are paramount. The

emergence of disruptive technologies—
hypersonic weapons, autonomous swarm
systems, and cognitive warfare—has
compressed the OODA (Observe-Orient-

Decide-Act) loop to timeframes that challenge
traditional hierarchical command structures
[11].

The central problem addressed in this paper
is the fragility of the current defense industrial
base (DIB) and its logistical arteries. Recent
geopolitical shocks, including the conflict in
Ukraine and global supply chain disruptions,

have exposed the vulnerability of lean, linear
supply chains to kinetic and non-kinetic
interdiction.

To address the vulnerabilities of the defense
industrial base, this framework differentiates
between the three core components of military
logistics. Production logistics focuses on the
defense industry's capacity to design and
manufacture  robust systems. In-service
logistics manages the sustainment and
maintenance of equipment at logistics bases.
Finally, operational logistics ensures the
delivery of combat power at the tactical level in
contested environments. A truly resilient
defense enterprise must integrate Al across these
domains to maintain service continuity

Furthermore, the integration of Al into
defense has often been piecemeal, focusing on
discrete optimization tasks rather than systemic
viability. There is a critical lack of theoretical
frameworks that unify the deterministic
precision of Industry 4.0 (automation) with the
stochastic adaptability required for survival in
modern warfare, a gap that the emerging
paradigm of Industry 5.0—with its focus on
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resilience, sustainability, and human-centricity -
is uniquely positioned to fill.

Description of the problem: How can the
military industry transition from a "fragile-
efficient” posture to a "resilient-adaptive"
posture using Artificial Intelligence, without
ceding human control or succumbing to the
"human crisis" of de-skilling and cognitive
overload?

What is done by other people: Extensive
literature exists on the application of Al in
specific military domains. Research into
Predictive Maintenance has demonstrated the
efficacy of Machine Learning (ML) in
forecasting component failures, with platforms
like the F-35 utilizing Autonomic Logistics
Information Systems (ALIS) to enhance
readiness.

What the authors did: This research
conducts an exhaustive, multidisciplinary
review of multiple sources, synthesizing insights
from classical cybernetics [4] industrial
engineering, and modern defense strategy [9].
We apply the Viable System Model (VSM) to
map the defense enterprise, identifying how Al
acts as a "variety amplifier" for the force and a
"variety attenuator" for the commander.

What is new: We propose the concept of

""Cognitive-Cybernetic Resilience."" Unlike
traditional resilience, which 1is reactive
(bouncing back), cybernetic resilience is

anticipatory (feed-forward). We delineate the
specific role of Generative AI and Digital
Twins not just as tools, but as the structural
"System 4" (Intelligence) of the defense
enterprise, enabling it to simulate and adapt to
future states before they occur. We also
introduce a framework for ''Prescriptive
Logistics'' that transcends predictive analytics
to autonomously execute mitigation strategies.
What is our contribution: The primary
contribution is the development of a unified
theoretical architecture that integrates Industry
5.0 principles into military logistics. We
demonstrate that the "Human-in-the-loop" is not
a bottleneck to be removed, but a cybernetic
necessity for handling high-order complexity
and ethical ambiguity. This paper offers a
roadmap for military planners to design systems
that are robust, ethically aligned, and capable of

sustaining  combat contested
environments.

The architectural integrity of the modern
defense industrial base (DIB) rests upon three
interdependent pillars: production logistics,
ensuring the robust design and manufacture of
systems; in-service logistics, managing
sustainment via logistics bases; and operational
logistics, delivering tactical combat power.

This research synthesizes insights from an
extensive multidisciplinary review—drawing
upon the foundational logic of over 300
secondary sources ranging from classical
cybernetics to modern defense strategy—to
bridge the 'complexity-control gap'. By
analyzing these components through the lens of
Industry 5.0, we move beyond the fragility of
'Just-in-Time' models toward a system where
strategic production and tactical execution are
unified via a cognitive digital thread.

In this paper, the design of robust technical
systems capable of sustaining combat power in
contested environments is treated explicitly as a
function of production logistics, understood as
the defense industrial base’s capacity to design,
manufacture, qualify, and regenerate weapon
systems under disruption. This is not a separate
engineering topic, but the upstream logistical
foundation of readiness: robustness is created in
the production domain through resilient
industrial architectures, secure sub-tier supply
chains, and design-for-maintainability
principles that directly determine downstream
in-service  sustainment and  operational
availability. Accordingly, when the paper
discusses technical robustness, digital thread
integration, or industrial surge capacity, these
arguments should be read as addressing the
production logistics component of military
logistics.

We establish that modern military logistics is
no longer a support function optimized for
efficiency, but a strategic determinant of combat
power under disruption. By distinguishing the
three components of military logistics -
production, in-service, and operational - the
paper frames resilience as a systemic property
spanning the defense industrial base, logistics
bases, and frontline sustainment. The central
research gap is therefore not the absence of Al
tools, but the absence of an integrated cybernetic

power in



architecture capable of governing Al-enabled

logistics across strategic, operational, and
tactical domains.
2. INFORMATION

2.1 Theoretical Framework and Definitions

To navigate the intersection of military
strategy and advanced technology, precise
definitions grounded in systems theory are
required.

2.1.1 Cybernetics and the Feedback Loop
Cybernetics, defined by Norbert Wiener as
"the scientific study of control and
communication in the animal and the machine,"
provides the essential logic for military
Command and Control (C2). At its core is the
feedback loop: the circular process where a
system’s output is measured against a goal, and
the error signal is fed back to adjust input.
First-Order Cybernetics: Focuses on
observed systems and homeostasis (stability). In
logistics, this is the thermostat-like function of
automatic inventory replenishment.
Second-Order Cybernetics: The
"cybernetics of observing systems,” which
includes the observer (commander) within the
loop. This is critical for Al systems where the
human operator's trust and cognitive state are
variables that affect system performance.
Requisite Variety: Ashby’s Law states that
"only variety can destroy variety." A control
system (the military force) must have a
repertoire of responses (variety) at least as
nuanced as the problems (disturbances) posed by
the enemy. Al is the primary mechanism for
generating this requisite variety in the face of
modern battlefield complexity.

2.1.2 The Viable System Model (VSM)

From a VSM perspective, production
logistics (specific to the defense industry)
represents the strategic foresight of System 4.
In-service logistics (logistics bases) operates
within System 2 and 3 to coordinate resource
flow. Operational logistics (combat forces)
constitutes the frontline operations of System 1.
This  synthesis ensures that functional
interrelationships are maintained across the
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strategic, operational, and tactical domains. The
integration of production logistics within
System 4 (Intelligence) of the VSM is
particularly critical for the defense industrial
base. While System 1 units focus on the physical
manufacturing of hardware, System 4 utilizes
Al-driven 'Supply Chain Illumination' [5] to
anticipate geopolitical disruptions that could halt
production. This ensures that the defense
enterprise maintains its viability by proactively
qualifying  alternative = material  sources,
effectively transforming production logistics
from a static manufacturing process into a
dynamic, anticipatory cybernetic function.

2.1.3 Industry 4.0 vs. Industry 5.0

The defense sector is currently navigating the
transition between these two paradigms.

Industry 4.0 (The Smart Factory): Driven
by the Internet of Things (IoT), Big Data, and
Cloud Computing. Its ethos is optimization and
automation. While efficient, Industry 4.0
systems can be brittle; a hyper-optimized supply
chain has no buffer against disruption.[2]

Industry 5.0 (The Resilient Enterprise):
Emerging from the European Commission’s [4]
critique of Industry 4.0, this paradigm re-centers
the human. Its pillars are Resilience
(robustness), Sustainability, and Human-
Centricity.

For the military, Industry 5.0 is strategic; it
prioritizes "antifragility"—the ability to survive
and improve under stress—over pure cost
efficiency. It leverages.

Collaborative Robots (Cobots) and
Augmented Reality (AR) to empower the
soldier-technician  rather than replacing
them.[3][8]

Table 1

Paradigmatic shift in military logistics

Dimension Legacy paradigm New paradigm Key enablers

System goal fficiency /IT Viability / resilience / antifragility VSM, cybernetic governance

Supply chain Linear, forecast-based ~ Cogpitive, sensing + adaptive Agentic A, real-time data

fusion

Sustainment Preventive (schedule) Prescriptive + self-healing Digital twins, PIML

Human role Automation replaces Human-machine teaming (human AR, cobots, XAl

moral agency)
Monte Carlo, Real Options

Risk Historical, Gaussian Deep uncertainty, extreme risk
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2.2 Cognitive Logistics and Supply Chain
Resilience

The traditional military supply chain is a
linear pipe: requirements enter one end, and
supplies exit the other. In the era of Al this is
transforming into Cognitive Logistics - a
networked, self-organizing ecosystem.[8]

2.2.1 From Forecasting to Sensing

Traditional logistics relies on time-series
forecasting (moving averages) which fails
during the '"non-linear" spikes of combat.
Cognitive logistics employs Deep Learning
(DL) models, specifically Long Short-Term
Memory (LSTM) networks and Transformers, to
ingest multi-modal data.

Case Study - DLA: The US Defense Logistics
Agency has operationalized 55 Al models that
analyze not just consumption data but also
"unstructured" signals—geopolitical tensions,
weather patterns, and raw material pricing—to
predict supply bottlenecks months in advance.
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Mechanism: This shifts the paradigm from
Preventive (replacing parts based on schedule)
to Prescriptive (replacing parts based on the
probabilistic model of their condition). The
system pushes supplies to the point of need
before the unit requests them, closing the
cybernetic loop faster than the enemy can disrupt
it.

2.2.2 Supply Chain Illumination and Graph
Theory

The opacity of sub-tier suppliers is a critical
risk. A Tier 1 contractor may be secure, but if
their Tier 3 chip supplier relies on neon gas from
a conflict zone, the entire weapon system is
compromised.

Al Application: Graph Neural Networks
(GNNs) allow the military to map the supply
chain as a knowledge graph. Al agents "crawl"
global trade data, bill-of-lading records, and
corporate filings to illuminate these hidden

dependencies. This "Supply Chain
Illumination' enables the calculation of
"network resilience scores," allowing

commanders to proactively qualify alternative
suppliers for critical nodes.

By mapping these hidden dependencies
through Graph Neural Networks [11], the
military can bridge the gap between in-service
logistics (stored reserves) and operational
logistics (deployment needs). If a critical sub-
component is identified as a high-risk node, the
Al agent triggers an 'Option to Pivot' [9], re-
routing in-service assets to the tactical level
before the shortage impacts frontline combat
power. This functional interrelationship is what
enables the system to sustain combat power in
deep uncertainty.

2.3 Prescriptive Maintenance and Digital
Twins

The Digital Twin is the technological
cornerstone of Industry 4.0/5.0 in defense. It
represents the "System 4" capability of the
VSM—the ability to model the system's
behavior in virtual space.[8]

2.3.1 Physics-Informed Machine Learning
Pure data-driven models can be dangerous in

defense because failure data for new weapon

systems is scarce (the "cold start" problem).

Physics-Informed Machine Learning (PIML)

combines the inductive power of Al with the

deductive laws of physics. [1]

* Application: In the F-35 program, the digital
twin does not just look for statistical
anomalies; it simulates the structural stress on
the airframe based on the specific G-forces
and thermal loads experienced during a
sortie. [2]

* Prescriptive Action: The system doesn't just
flag a potential failure; it prescribes the
mitigation. "Turbine blade #4 shows micro-
fracturing probabilities. Prescription: Limit
engine thrust to 90% and schedule
replacement at Base X in 15 flight hours."



2.3.2 The Self-Healing System

In a fully realized Industry 5.0 architecture,
the Digital Twin is coupled with the logistics
system. When the twin predicts a failure, it
autonomously triggers the supply chain (System
3) to 3D print the spare part at the forward
operating base and schedules the Cobot-assisted
maintenance crew. This creates a self-healing
defense ecosystem.

In conclusion, the coupling of Digital Twins
[4] with autonomous logistics systems enables a
transition from reactive maintenance to a self-
healing ecosystem. This integration is vital for
reducing the 'logistics tail' while increasing the
operational availability of assets in high-
intensity conflicts.[7]

2.4 Human-Machine Teaming (HMT) and the
""Human Crisis"

Prof. Boscoianu’s work on the "Advent of Al
as a Human Crisis" highlights the existential risk
of technology outpacing human adaptation.
Industry 5.0 addresses this through Human-
Centricity.[1]

2.4.1 Augmented Intelligence vs. Artificial
Intelligence

The goal in military maintenance and
logistics is not to replace the human but to
reduce their Cognitive Load.

Augmented Reality (AR): Maintenance
technicians operate under extreme stress. AR
headsets overlay digital "step-by-step” guides
onto the physical equipment, highlighting bolts
to be turned and displaying torque values.
Computer vision algorithms track the work,
verifying quality in real-time. This reduces the
mental burden of memorizing technical manuals
and prevents errors.

Cobots: Collaborative robots take over the
"dull, dirty, and dangerous" physical tasks—
lifting heavy munitions, handling hazardous
chemicals—while the human operator provides
the fine motor skills and judgment. The Al
ensures the robot adapts to the human's pace and
intent, fostering a symbiotic relationship.

While maintenance is a technical function, it
is inherently an integral part of operational
military logistics. The use of Augmented Reality
(AR) and Cobots in maintenance directly
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supports the logistics goal of maximizing
combat readiness while minimizing the
cognitive load on human technicians.

2.4.2 The Cybernetics of Trust

For Human Machine Trust to function, the
human must trust the Al This requires
Explainable AI (XAI). A "black box" neural
network that recommends a supply route change
without explanation will be ignored by a combat
commander. XAl techniques provide the "why"
behind the decision (e.g., "Route A is
recommended because satellite imagery shows a
70% probability of flooding on Route B"). This
transparency is essential for maintaining the
human's role. [1][12]. Trust in Al-driven
prescriptions must be calibrated across the three
domains of military art. At the strategic level,
XAI provides the transparency needed for policy
decisions regarding long-term production
logistics. At the tactical level, real-time
transparency allows the operator to trust
autonomous re-routing during operational
logistics missions. Without this transparency,
the human 'System 5' [3] remains isolated,
leading to a breakdown in the cybernetic loop
and a potential human crisis of de-skilling.

2.5 Risk Management in Deep Uncertainty

Traditional risk management relies on
Gaussian distributions and historical data.
However, modern warfare involves ''Extreme
Risks'" and "Black Swans"—events with low
probability but catastrophic impact.

2.5.1 Extreme Risk Assessment Methodology

Adapting methodologies proposed by us and
other authors, Al systems utilize Monte Carlo
simulations and Real Options Analysis (ROA)
to value flexibility. In logistics, this means
valuing the "option" to switch suppliers or
transport modes. Al agents continuously re-
evaluate these options based on unfolding
events, allowing the system to pivot instantly—
a quality known as agility.

2.5.2 Antifragility

Beyond resilience (surviving the shock), the
goal is antifragility (improving from the shock).
[11] AI systems learn from disruptions. If a
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cyberattack disables a specific logistics node,
the network not only re-routes but "learns" the
attack vector, automatically patching other
nodes and updating the threat model. This
evolutionary capability is the hallmark of a true
cybernetic system.[10]
The integration of Artificial Intelligence into the
military industry represents a historical
inflection point, moving the sector from an era
of industrial capacity to one of cognitive
capacity.  This literature  review  has
demonstrated that the challenges of modern
warfare—characterized by extreme speed,
complexity, and uncertainty—cannot be met by
the linear, efficiency-optimized structures of the
past. Instead, the defense industrial base must
evolve into a Viable System, governed by the
principles of Cybernetics and Industry 5.0.
Section 2 demonstrates that Industry 5.0 and
cybernetics provide a coherent theoretical
foundation for military logistics in deep
uncertainty. The Viable System Model (VSM)
clarifies how Al-enabled sensing, coordination,
and intelligence can be distributed across the
command chain without collapsing human
authority. Importantly, the discussion reveals
that production, in-service, and operational
logistics are not discrete silos, but overlapping
functions whose effectiveness depends on
feedback integrity and the preservation of
human decision legitimacy at the highest level of
command.

3. SUPPLY CHAIN RESILIENCE

The quantification of Supply Chain

Resilience (R'”'") can be modeled using a
probabilistic function of node reliability and
recovery time.

The resilience of a supply chain (1), denoted
by R, can be quantified as the expected ability
of the system to satisfy demand over a specified
mission horizon. This is modeled as the time
integral of the probability that available supply
meets or exceeds demand.

Supply Chain Resilience Equation
T
Ri = [, P(S(t) = D())dt (1

Equivalent Complementary (Shortage-Based) Form

Ry =T = [ F(S(t) <D(t))dt 2)
Normalized Resilience Index (Optional)

R, =1

T

J, P(S(t) 2 D(t))dt €[0,1] 3)

where:
« PP[-]denotes probability;
« S(t) represents the available supply
capacity at time t;
« D(t) denotes demand at time t;
« T is the mission duration or planning
horizon.
Interpretation
At each moment ¢t € [0,T], the term
P[S(t) = D(t)]measures the likelihood that the
supply chain can fully satisfy demand despite
disruptions, uncertainties, or recovery dynamics.
Integrating this probability over the mission
duration yields a cumulative measure of supply
chain resilience: higher values of Ry indicate a
system that maintains service continuity for a
greater proportion of time.

Optimization Perspective

From an optimization standpoint, Al-enabled
decision systems aim to maximize R.subject to
operational constraints, such as cost Cand risk
exposure R:
max Ry, subjectto € < Ciaxy R < Rppax (4)

The introduction of agentic Al enables
dynamic, real-time adjustments of S(t)through
adaptive control of sourcing, inventory, and
logistics decisions. This effectively reduces
expected shortages by minimizing the time-
integrated probability that S(t) < D(t), thereby
enhancing overall supply chain resilience.

Section 3 formalizes supply chain resilience
as a time-dependent probability of satisfying
demand under disruption. The resilience integral
provides a tractable way to interpret mission
continuity not as a binary outcome, but as a
measurable performance distribution across a
planning horizon. This framing is essential for
Al-enabled logistics, because it enables
prescriptive control policies to be evaluated by
their impact on expected shortages, recovery
dynamics, and the time-integrated probability of
sustaining combat power.



4. KEY CONCLUSIONS

The  Cybernetic = Imperative:  The
application of Stafford Beer’'s VSM to the
defense enterprise provides the necessary
architecture for resilience. By structuring the
industry into recursive systems of operation,
coordination, and intelligence, we create a
"nervous system" capable of sensing and
responding to disruption in real-time. Al serves
as the critical enabler, providing the "requisite
variety" to manage the chaos of the battlefield.
From Efficiency to Resilience: The "Peace
Dividend" model of JIT logistics is a strategic
liability. Industry 5.0 offers the corrective
philosophy: resilience through redundancy,
local autonomy, and flexibility. Al-driven
Supply Chain HIllumination and Prescriptive
Maintenance allow the force to anticipate
shocks and "self-heal," ensuring sustainment in
contested environments.

The Digital Thread and Twins: Digital
Twins have graduated from design tools to
operational necessities. They serve as the
"System 4" of the enterprise, enabling
commanders to simulate future scenarios and
optimize maintenance on a per-asset basis. This
physics-informed modeling bridges the gap
between the abstract data and the physical reality
of the machine.

The Human Crisis and Solution: The rapid
advance of Al poses a risk of cognitive drift and
de-skilling, as identified by Boscoianu.
However, the Industry 5.0 approach of Human-
Machine Teaming—using AR, Cobots, and
XAl—mitigates this risk. By keeping the human
"on the loop" for moral and strategic decisions
while offloading cognitive drudgery to the Al,
we preserve human agency while maximizing
systemic performance.

Further Research: Future work must focus
on the interoperability of allied Digital Twins
("Federated AI"), the defense against
"Adversarial Al" attacks on logistics algorithms,
and the longitudinal study of cognitive resilience
in human operators working with agentic
systems. The scientific content of this paper
reveals that the three components of military
logistics—production, in-service, and
operational—overlap within the command
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chain. This reveals functional interrelationships
that bridge the three domains of military art:
strategic, operational (joint), and tactical. By
treating Al as a 'variety amplifier,' the force can
sustain combat power while preserving human
moral agency at the strategic level.

In conclusion, the integration of Cognitive
Cybernetics reveals that the three components of
military logistics are not discrete silos but
overlapping functions within the command
chain. The synergy between production, in-
service, and operational logistics creates
functional interrelationships that span the
strategic, operational (joint), and tactical
domains of military art. By deploying Al as a
'variety amplifier' within this unified framework,
the defense enterprise can sustain combat power
in deep uncertainty while preserving human
moral agency at the 'System 5' strategic level.

Future resilience depends on this transition
from industrial capacity to cognitive capacity,
ensuring that the human remains the ethical
anchor in an increasingly autonomous
battlespace.

The paradigmatic shift described in this paper
can be synthesized as a transition from a fragile-
efficient posture to a resilient-adaptive posture
across the full defense enterprise. Table 1
(“Paradigmatic Shift in Military Logistics”)
consolidates the core transformation
dimensions: system objective, supply chain
logic, sustainment model, human role, and risk
posture. This synthesis demonstrates that
Industry 5.0 is not merely an industrial trend but
a strategic doctrine for military logistics, in
which cybernetic feedback, digital twins, and
cognitive logistics are aligned to preserve
viability under kinetic and non-kinetic
interdiction.

Finally, the scientific content of the paper
confirms that the three components of military
logistics-production, in-service, and
operational-overlap functionally within the
logistics command chain and across the three
domains of military art: strategic, operational
(joint), and tactical. AI should therefore be
understood not as an isolated optimizer, but as a
cybernetic capability that amplifies variety,
accelerates feedback, and improves the system’s
ability to anticipate disruption. However, the
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paper also emphasizes that viability depends on
preserving human moral agency: the human is
not a bottleneck to be removed, but the
normative “System 5 anchor that ensures
legitimacy, accountability, and ethical control in
an increasingly autonomous battlespace.
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Cibernetica cognitiva si Industria 5.0: un cadru teoretic unificat pentru logistica militara
rezilienta si sisteme autonome

Rezumat: Peisajul contemporan al apararii necesita o tranzitie catre principiile centrate pe om ale
Industriei 5.0 pentru a reduce ,,decalajul complexitate-control” in operatiunile militare. Lucrarea
propune o arhitecturd teoretica unificatd ce integreaza Modelul Sistemului Viabil al lui Stafford Beer
cu Gemenii Digitali si Logistica Cognitiva. Analizdm necesitatea strategicd de a trece de la modelele
fragile spre sisteme antifragile, acoperind cei trei piloni ai logisticii militare: productie, In serviciu si
operationald. Prin utilizarea Echipelor Om-Masina, cadrul propus gestioneaza incércarea cognitiva si
provocarile etice ale sistemelor autonome. Rezultatele ofera un model pentru mentinerea puterii de
luptad in medii contestate, pastrand in acelasi timp agentia morald umana in cadrul lantului de comanda
la nivel strategic, operational si tactic.
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