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I. INTRODUCTION

The convergence of intelligent computing, connected
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Abstract—

This study proposes a distributional FKF spectral framework for intelligent
and resilient supply-chain systems. Modern supply chains generate delayed,
heterogeneous, and partially observed signals involving demand, lead times,
quality, custody, energy state, and disruptions. The framework combines
Fourier temporal analysis with Kontorovich-Lebedev scale behavior,
modified Bessel and Meijer G-function representations, and differential-
operator structure. It connects these foundations with artificial intelligence,
digital twins, trusted data exchange, IoT sensing, sustainable mobility, and
quantum-enabled logistics optimization. The FKF representation separates
temporal oscillation from scale-dependent behavior and supports analysis of
multi-echelon lead times, delayed information, resonance, and
nonstationary disturbances. Distributional extension accommodates
irregular telemetry, while Al extracts predictive and anomaly-detection
features and digital twins maintain operational context. Trusted records
support provenance, and quantum optimization addresses selected
combinatorial logistics decisions. The integrated framework provides a

unified spectral route from operational sensing to resilient decision-making.
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management  systems influence  vehicle-energy

trajectories  [16].  Solar-assisted and  hybrid

sensing, and sustainable technologies is reshaping
supply chains into interconnected, adaptive systems.
Digital twins provide dynamic virtual representations
that support resilient and adaptive supply-chain
operations [11]. Artificial intelligence (AI) enables
prediction, anomaly detection, optimization, and
adaptive decision-making in sustainable logistics [12],
while blockchain enhances provenance, traceability,
and shared-state management when integrated with Al
[13]. Earlier intelligent interface and embedded-control
developments, including swipe-controller systems,
illustrate the evolution toward connected operational
decision systems [ 14].

Logistics is further influenced by electric mobility,
battery sustainable

technologies, transportation,

quantum optimization, and Industry 5.0. Quantum

methods support selected combinatorial logistics
decisions [15], while battery technologies and
© 2026 The . Published by

architectures couple energy states with routing and
dispatch [26], [28], [32]. Smart mobility and intelligent
transportation systems provide sensing and control
capabilities for logistics operations [30]. [oT, Al, and
quantum computing form convergent components of
smart logistics [24], while Industry 5.0 emphasizes
human-centric automation [25]. Digital transformation
and resilience consequently remain important research
themes [33].

These
nonstationary signals involving demand fluctuations,
changing lead times,

developments generate multiscale and
vehicle-energy  variations,
disruption transients, and asynchronous information.
FKF-based research addresses such behavior through
multi-scale spectral analysis and residue-based
resonance extraction [17], shift-invariant multi-echelon
lead-time analysis [18], spectral modeling of supply-

chain dynamics and resilience [19], and differential
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properties of the distributional FKF transform [20].
Related FKL-transform properties provide
complementary kernel analysis [21], while time-shift
and exponential-modulation properties support delayed
and amplified signals [22], [23]. Distributional
extension and sequential convergence provide a
foundation for irregular and heterogeneous telemetry
[34], [35].
The framework therefore represents supply-chain
observations as generalized spectral signals rather than
only scalar forecasts, linking temporal and scale-
dependent behavior with spectral features, Al
inference, digital-twin synchronization, and resilience
assessment [17]-[23], [34], [35]. Physical sensing and
trusted-data mechanisms further strengthen the
architecture; power-line carrier communication
provides an early example of infrastructure integrity
monitoring [27], while IoT and blockchain extend such
capabilities to custody and provenance [13], [24].
Quantum annealing for unit-load-device configuration
and disruption response, together with transportation-
oriented quantum-computing studies, provides an
optimization layer for selected combinatorial decisions
[29], [31].
II. ANALYTICAL AND MATHEMATICAL
FOUNDATIONS
Let x(t) denote an operational signal such as demand,
replenishment delay, vehicle energy consumption,
inventory deviation, or delivery-time error. A two-
sided FKF representation combines a Fourier temporal
kernel with a Kontorovich-Lebedev-type kernel in a
positive scale variable [18], [19], [21], [34]. The K-
type kernel is carried by the Macdonald function of
imaginary order and admits Meijer G-function
representations.

dtdr

S@v) = Jf x(tr) e @ Ky EE (1)
Here w denotes temporal frequency, v denotes the

spectral scale parameter, and K;, (r) is the modified
Bessel function of the third kind (Macdonald function)
of imaginary order. The transform jointly characterizes
oscillatory and scale-dependent behavior; the
distributional FKF formulation connects K-type
kernels with generalized-function representations [34].
The related FKL transform provides complementary
inversion and operational-calculus structure [21].

In the distributional setting, let ¢ belong to a suitable
space of infinitely differentiable compactly supported
test functions. A generalized functional T acts on ¢
through the dual pairing (T,@) . This extension
accommodates impulsive, discontinuous, and irregular
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observations without requiring pointwise smoothness
[34], [35].

(Trxr, @) = (T, Prgrle]) ()

The K-type kernel is characterized by the second-order
differential operator [20], [34]:

Lyul = r2u" +ru —r2u 3)

The Macdonald function K;,(r) . Thus physical-
domain differentiation maps to structured spectral
operations, supporting the distributional FKF
framework for resilient supply-chain signals [20].

I11. RESILIENCE AND MULTI-SCALE
DISRUPTION ANALYSIS

Supply-chain resilience requires more than a single
recovery-time metric. A disruption can change
amplitude, frequency, scale, and phase of operational
signals. Systematic reviews of resilience under digital
transformation emphasize this multi-dimensional
character [33]. A spectral resilience indicator can
therefore combine energy redistribution with recovery
dynamics [17], [19]:

_ (S(t)rsref)
Rexr(t) = IS(ONISreli+e )

where S,..r is a reference spectral state and € > 0
prevents division by zero. Rggp close to one indicates
spectral similarity to the reference state, while a lower
value indicates greater deviation. This formulation is
intended as a research metric rather than a universal
resilience  definition.  Residue-based  resonance
extraction can be used when particular spectral poles
correspond to recurring operational disturbances [17],
[19]. Shift, modulation, distributional, and differential
properties  provide complementary  tools  for
characterizing how the disturbance evolves [1], [18],
[20], [22], [23], [34], [35].

Ihstratiee Spectral Resiience Trapctory

sppfiral recovery

Figure 1. Illustrative spectral resilience trajectory
showing disruption-induced deviation and recovery
toward the reference state [17], [19], [33].Rpxrtats
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Table 1. Spectral resilience indicators compared with
conventional metrics.

Recovery R_FKEF trajectory and
time (TTR) support shift in (o, v)

Service level
/ fill rate

Separation of periodic vs
transient spectral energy

Phase (shift) features from
(18], [32], [1]

Anomaly score A(t) on
® FKEF features

Safety stock

Risk score /
expert rubric

Time-to- Multi-scale residue /

survive resonance profile [17]

IV. SUSTAINABLE MOBILITY AND BATTERY-
CONSTRAINED LOGISTICS

Electric and hybrid vehicles introduce energy-state
variables that interact with routing, charging, payload,
and delivery decisions. Battery sizing and hybrid-
vehicle architecture studies provide a foundation for
representing these constraints [16], [26], [28], [32].
Smart mobility and intelligent transportation reviews
locate the same variables inside city-scale and
corridor-scale operations [30]. Let E,(t) denote
battery energy, P(t) the net power demand. A

simplified state equation is

o= PY) — TP - ) ()

where 7. and n,; represent charging and discharge
efficiencies and €(t) collects auxiliary losses. The
resulting energy trajectory can be transformed jointly
with logistics signals to identify recurring consumption
frequencies or anomalous operating conditions [17],
[30]. Solar-assisted architectures add a weather-
modulated charging term, which appears in the FKF
plane as a slow scale component coupled to a faster
delivery-cycle frequency [26], [32]. Battery-sizing
results from plug-in hybrid studies constrain the
admissible amplitude of that energy trajectory [3],
[28].
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Battery Corstrained Mobi ey Tryectory for Logistics Operations

|
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Figure 2. Illustrative battery-energy trajectory across
line-haul, charging/urban-stop, and last-mile phases,
emphasizing the energy-state variable used in battery-
constrained logistics [16], [26], [28], [30], [32].
V. QUANTUM OPTIMIZATION LAYER
Some logistics decisions remain combinatorial even
after spectral analysis and Al prediction.

Table 2. Candidate QUBO tasks fed by FKF—-AI

features.
Decision Spectral / Al Quantum /
task input hybrid role
Vehicle Energy-scale Cor.lstralned
. assignment
routing / spectrum of o
charging E b(t) with time
& - windows
ULD / V.olumfb and Anneahng.over
ackin disruption configuration
P g weights bits [29]
Disruption-

) A(t), R_FKF, .
Reallocation sc(ezlarig conditioned Q
after shock s update [15],

probabilities
[31]
Multi- Hybrid
- S e(w, v) lead- J r-1
echelon fime features classical +
. u .
allocation QUBO split

Quantum annealing and hybrid quantum-classical
methods can be used for selected assignment, routing,
packing, and disruption-response problems [15], [29],
[31]. A generic binary decision model can be
expressed as a QUBO:

min, xTQx + q"x, x € {0,1}"(6) Operational
constraints can be embedded through penalty terms.
For example, if a capacity condition requires
Y a;x; < C, a quadratic penalty can be added after
introducing an appropriate slack representation. ULD
configuration and disruption response have already
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been formulated in this language [29]. Surveys of
quantum computing in transportation and of the
broader quantum revolution in logistics describe the
industrial readiness envelope [15], [31]. The spectral
and Al layers need not be replaced by quantum
optimization; they can provide forecasts, scenario
weights, or disruption-conditioned parameters for the
matrix Q. This is consistent with the convergent loT—
Al-quantum framing of smart logistics ecosystems
[14].

VI. INTEGRATED ARCHITECTURE

The reconstructed framework follows a closed-loop
architecture: sensing — trusted data capture — digital-
twin synchronization — FKF spectral analysis — Al
inference — resilience assessment — optimization —
operational action — new sensing. Figure 3
summarizes the loop. Human-centric Industry 5.0
intervention sits beside the optimization block rather
than inside it, so that exception handling remains
inspectable [25]. Early interface-and-control work [14]
is the historical predecessor of that human-facing
layer.

Integrated FEF Spectral Architacture for Intaligest Sepply-Chain Resiliencs

Figure 3. Integrated closed-loop architecture from loT
sensing and trusted records through digital-twin
synchronization, distributional FKF analysis, Al
inference, resilience assessment, and
quantum/classical optimization [11]-[15], [24], [25]

VII. INTEGRATED SPECTRAL-AI
FRAMEWORK

The proposed framework makes a conceptual and
mathematical contribution by integrating distributional
spectral analysis with intelligent supply-chain decision
processes. The distributional FKF formulation
accommodates irregular and generalized operational
signals [34], [35]; its spectral representation extracts
features interpretable across temporal and scale
dimensions [17]-[23]; Al transforms these features
into predictive and diagnostic insights [12], [24];
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digital twins provide contextualized system-state
synchronization [11]; trusted data mechanisms
strengthen provenance and information integrity [13];
mobility and battery models incorporate energy-aware
last-mile constraints [16], [26], [28], [30], [32]; and
optimization, including selected quantum formulations,
translates analytical intelligence into operational
decisions [15], [29], [31]. Collectively, the framework
aligns with the evolution of digital supply chains
toward Industry 5.0 and intelligent logistics [24], [25],
[33].

An integrated spectral decision framework is
developed for intelligent and resilient supply-chain
systems. The framework combines the generalized-
transform and differential-operator foundations of the
manuscript with  Fourier temporal behavior,
Kontorovich-Lebedev scale characteristics, multi-
echelon lead-time dynamics, disruption signatures, Al-
derived features, digital twins, trusted data exchange,
sustainable mobility, and quantum-assisted
optimization. Resilience is consequently modeled as a
dynamic spectral property rather than solely as a static
inventory or recovery measure. Equation Editor
representation with appropriate subscripts and
superscripts. Future research should establish rigorous
normalization and inversion conditions, construct
benchmark datasets, systematically compare spectral
and time-domain features, and experimentally validate
hybrid Al-quantum decision workflows. These
extensions provide a testable pathway toward adaptive,
data-driven, sustainable, and resilient logistics
operations.

VII. CONCLUSION

A unified distributional spectral architecture is
formulated for intelligent and resilient supply-chain
systems. Building on the supplied manuscript’s
generalized-transform and differential-operator
foundations, the study connects Fourier temporal
behavior with Kontorovich—Lebedev scale behavior
and extends the interpretation to multi-echelon lead
times, disruption signatures, Al-derived features,
digital twins, trusted data exchange, sustainable
mobility, and quantum optimization. The resulting
architecture treats supply-chain resilience as a dynamic
spectral property rather than solely as a static inventory
or recovery metric. work should establish rigorous
normalization and inversion conditions for the selected
FKF formulation, develop benchmark datasets,
compare spectral features with conventional time-
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domain features, and experimentally evaluate hybrid
Al—quantum decision workflows.
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