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Abstract—

This study develops an integrated approach to sustainable logistics and
smart mobility by combining Al, Blockchain, [oT, Digital Twins, quantum
computing, and FKF spectral analysis. Building directly upon the emerging
trends, technologies, and challenges articulated in Smart Mobility and
Intelligent Transportation Systems, Al enables intelligent prediction,
resource optimization, and adaptive control across logistics networks and
connected transportation ecosystems. Blockchain supplies trusted,
immutable traceability for multi-modal material flows and vehicle data; [oT
furnishes real-time streams from logistics assets, connected vehicles, and
smart infrastructure; and Digital Twins provide continuous synchronization
and adaptive simulation of physical—virtual supply-chain and mobility
environments. Quantum annealing solves the complex combinatorial
problems (vehicle routing under uncertainty, inventory allocation, ULD
configuration) that dominate intelligent transportation settings, while the
generalized FKF transform extracts temporal, spectral, and multi-scale
signatures of delays, periodicities, disruptions, and residual resonances. The
resulting framework delivers sustainable, transparent, computationally
efficient, and resilient supply-chain operations that are fully aligned with
the goals of intelligent, human-centric, and environmentally responsible
mobility systems.

Keywords— Digital Transformation; Artificial Intelligence; Internet of
Things; Blockchain; Digital Twin Technology; Quantum Computing;

Intelligent Logistics; Supply Chain Transparency; Sustainable Supply Chains; Resilience; Smart Mobility; Intelligent
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transformation toward human-centric, intelligent, and

I. INTRODUCTION

Sustainable supply-chain management increasingly
depends on combining intelligent technologies with
rigorous analytical methods. Artificial intelligence
supports sustainable logistics, green supply-chain
decision-making, prediction, and resource efficiency
[17], while Digital Twins enable dynamic
representation, simulation, and resilience-oriented
evaluation of supply-chain operations [16]. The
convergence of IoT, Al and quantum computing
establishes an interconnected intelligent-logistics
ecosystem [13], and Industry 5.0 extends this
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sustainable  automation  [14].  Al-Blockchain
integration further strengthens supply-chain
transparency, traceability, data integrity, and resilience
[18].

The same transformation extends into smart

transportation and sustainable electric mobility. Smart
mobility and intelligent transportation systems provide
the technological basis for connected and adaptive
transportation [24], while recent EV battery research
addresses Dbattery technologies, management, and
sustainability [25]. Battery sizing for plug-in hybrid
electric vehicles supports energy-aware mobility
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decisions [20], and solar-assisted electric mobility [27]
together with solar-powered battery-electric hybrid
architectures [15] contributes to lower-emission
transportation. Earlier communication and control
developments, including power-line-carrier
communication [19] and swipe-control technology
[21], provide complementary engineering foundations
for connected mobility systems.

For difficult combinatorial logistics decisions,
quantum  computing provides an  emerging
computational paradigm for transportation and supply-
chain optimization [26]. Quantum annealing has been
specifically investigated for ULD configuration and
disruption management [23], while broader discussion
of practical quantum applications in supply-chain
management highlights hybrid quantum-classical
implementation as an important near-term pathway
[22]. These developments complement wider research
on supply-chain resilience in the era of digital
transformation [28].

Mathematically, FKF and FKL transforms provide a
complementary representation of complex supply-
chain dynamics. FKL transform properties establish
the underlying spectral basis [7], while FKF time-shift
analysis supports the representation of transportation
delays and multi-echelon lead-time changes [8].
Exponential modulation provides a mechanism for
analyzing shifted or periodic operational components
[9]. The distributional extension of the FKF transform
[1], sequential convergence in the associated testing-
function space [2], multiscale spectral analysis [3],
shift-invariant lead-time analysis [4], spectral
frameworks for supply-chain dynamics and resilience
[5], and spectral differential properties [6] provide a
rigorous mathematical foundation. Further FKF
developments consolidate these results and extend
their applicability to generalized and resilient supply-
chain systems [10]-[12].

II. LITERATURE REVIEW

The evolution of supply-chain management reflects a
transition from conventional operational technologies
toward interconnected, intelligent, sustainable, and
resilient ecosystems. Digital Twin research emphasizes
dynamic modelling and adaptive resilience [16], while
Al-based studies establish the role of artificial
intelligence in sustainable logistics and green supply-
chain management [17]. Blockchain integration with
Al strengthens transparency, traceability, and
resilience [18]. The convergence of loT, Al, and
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quantum computing [13] and the human-centric
principles of Industry 5.0 [14] further demonstrate the
movement toward integrated intelligent logistics.

This transformation is closely connected with
sustainable transportation and energy-aware mobility.
Research on smart mobility and intelligent
transportation systems [24], EV battery technologies
[25], hybrid-vehicle battery sizing [20], solar-assisted
electric mobility [27], and solar-powered hybrid
vehicle architectures [15] demonstrates the integration
of transportation, energy, and digital technologies.
Earlier communication and control systems [19], [21]
provide supporting engineering foundations, while
broader supply-chain resilience research [28]
highlights the importance of digital transformation for
adaptive and disruption-aware operations.

The next stage involves computationally advanced
optimization. Quantum computing research identifies
emerging applications in transportation and logistics
[26], while quantum annealing addresses difficult
combinatorial problems such as ULD configuration
and disruption management [23]. Practical logistics
deployment is further supported by hybrid quantum-
classical  approaches [22].  Alongside these
technological developments, FKF-based research
introduces a mathematical spectral layer through FKL
properties [7], FKF time-shift analysis [8], and
exponential modulation [9]. Distributional FKF theory
[1], sequential convergence [2], multiscale analysis [3],
shift-invariant lead-time analysis [4], spectral
representation [5], and differential properties [6],
together with subsequent developments, establish the
theoretical foundation for analyzing complex supply-
chain dynamics. The combined literature therefore
supports an integrated architecture in which Al
provides prediction and decision intelligence, IoT
provides real-time sensing, Blockchain provides
trusted information, Digital Twins provide simulation
and resilience analysis, FKF/FKL methods provide
spectral intelligence, and quantum optimization
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addresses selected combinatorial logistics problems

Multi-Scale FKF Spectral Density for Supply-Chain Lead Times
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Figure 1. Multi-Scale FKF Spectral Density for
Supply-Chain Lead Times (four curves: low-scale,
mid-scale, high-scale, and residual resonance).

III. KEY CHARACTERISTICS
Let f{t, x) be a suitably restricted function or
generalized function with ¢+ € R and x > 0. The two-
sided FKF transform is defined by

F(s,q) = (FKF f)(s,q)
_ f f £t %) €75t Ky (x) dx dt
)

where s € R is the Fourier spectral variable, ¢ > 0 is
the KL spectral variable, and K“(x) is the Macdonald
function of imaginary order ig. The underlying domain
is Q = {(tx) . —0o <t < o 0 < x < o). For
distributions the transform is understood by continuous
pairing with the FKF kernel and is defined on an open
region €' in the (5,¢)-plane . The FKF kernel is the
product
Yoot x) = e St K, (x).

The Fourier factor encodes temporal oscillations,
frequencies and lead-time cycles; the KL factor, built
from the Macdonald function, is adapted to positive
scale, distance or intensity variables that arise
ubiquitously in logistics networks. The Macdonald
function satisfies the modified Bessel equation of order
v =1q:

(0, + x 0y — x) Kig(x) = —q° Kjq (%),
which underpins the differential properties of the
transform in the positive variable. Equivalently,
introducing the operator

Ly = (=x20,% — x 0, + x?),
one obtains the eigenvalue relation
L K9 = —g7 K¥.
Testing functions are infinitely differentiable on © and
controlled by a countable family of seminorms of the
schematic form
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= supieaen X DIVDED (20| g p iy ()
where the weight # encodes exponential decay or
polynomial growth compatible with the known
asymptotic of the Macdonald kernel. The resulting
space is a sequentially complete, countably
multinormed, locally convex Hausdorff space that
contains the compactly supported smooth functions
2(Q). Its dual therefore contains the ordinary
distributions (in the Zemanian sense) as well as
distributions of slow growth, allowing the FKF
transform to be extended by continuity (or by
sequential continuity) to a wide class of generalized
functions [25], [26]. Growth estimates of the form

IF(s,@)| < C(1L+[sPV (1+ )M e?lsl+ba
characterize the image of various distribution classes
and guarantee the existence of an inverse transform on
suitable horizontal strips in the complex (s,q)-plane.
The principal analytic features of the FKF transform
follow from the product structure of its kernel and the
classical properties of the Fourier and Kontorovich—
Lebedev transforms. Continuity on the test-function
space, sequential continuity on the dual, and an
inversion formula of the schematic type

ftx) = (@2n*)™

J2, 1y F(s, q) e'*'q sinh(mq) K;q(x) dq ds
(under suitable growth restrictions) are established by
standard density and continuity arguments. Parseval-
type identities and convolution theorems follow
similarly.
The most distinctive operational feature, however, is
the spectral differential property associated with the
modified-Bessel operator; it is developed at length in
the next section and constitutes the analytic engine for
the supply-chain applications that follow.

IV. AI-ENABLED GREEN LOGISTICS
AI-POWERED TRANSFORMATION OF
SUSTAINABLE SUPPLY-CHAIN OPERATIONS
While artificial intelligence supplies predictive and
prescriptive intelligence, blockchain supplies an
immutable distributed ledger that records material
provenance, custody transfers, and compliance events.
Their integration yields hybrid systems in which Al
continuously analyzes on-chain and off-chain data to
detect anomalies, forecast disruption cascades, and
trigger resilient reconfiguration strategies via smart
contracts.

Event logs generated by blockchain networks are
inherently discrete and may contain impulsive records
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of sudden ownership changes or quality-control
failures. Treating these logs as distributional inputs and
applying the LK transform (justified by the
representation theorem) allows extraction of multi-
scale temporal signatures that would be inaccessible to
ordinary Fourier or Laplace methods. The resulting
spectral features can be fed back into Al models,
closing a rigorous analytic loop between ledger data
and intelligent decision makingFKF analysis can also
complement quantum computing and quantum
annealing by characterizing temporal and scale-
dependent operational conditions before
computationally  difficult  routing,  scheduling,
allocation, and resource-optimization problems are
formulated, [8], [35]. A convergent architecture can
therefore be expressed as loT sensing — FKF spectral
transformation — Al feature analysis — Digital Twin
simulation — quantum/hybrid optimization —
adaptive decision-making. Overall, the integration of
FKF with Al, IoT, Blockchain, Digital Twins,
sustainable transportation, and quantum optimization
provides a promising framework for intelligent,
efficient, sustainable, and resilient transportation and
supply-chain systems [1]-[28].
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Figure 2. FKF spectral analysis for Iogzstzcs signals:
(a) example multiscale supply-chain signal containing
a transient disruption, (b) classical Fourier spectrum;
(c) illustrative FKF spectral magnitude surface
|F(s,q)|; (d) illustration of the FKF time-shift property
used for delay and lead-time analysis.

V. QUANTUM COMPUTING AND
INTEGRATED ARCHITECTURE FOR
ADAPTIVE RESILIENCE

Quantum computing is emerging as a promising
technology for complex supply-chain optimization,
including routing, inventory allocation, ULD
configuration, and disruption management [7], [8],
[11]. Its practical adoption can be supported through

© 2026 The . Published by

hybrid quantum-classical architectures and IoT-Al-
quantum integration [26]. Digital Twins provide the
adaptive simulation layer by synchronizing virtual and
physical  supply-chain  environments, enabling
monitoring, predictive maintenance, scenario analysis,
and disruption response [1]. Because real-world sensor
streams contain abrupt demand changes, congestion,
failures, and other irregular events, FKF-based
distributional analysis [14]-[25] can provide spectral
representations and diagnostic indicators. This
integrated architecture connects quantum optimization,
digital simulation, Al intelligence, and spectral
analytics for adaptive supply-chain resilience.

Primary references: [7], [11]. Convergent loT-Al-
quantum frameworks are examined in [26]

I ;llum\v |Inq' uln Hmlln l \’||| D Configury mnundnl ,n m

Aanealing Time {ms)

Quantum  Annealing  Optimization
Trajectories for ULD Configuration under Disruption

Figure 3.

(four curves: classical, pure QA, hybrid, and FKF-
guided).

FKF-based distributional analysis can capture such
behavior through spectral representations across
temporal and scale-related dimensions [14]. The
resulting spectral characteristics can support anomaly
detection, forecasting, and resilience assessment [15],
[17]. Further developments in the FKF framework
provide mathematical tools for generalized and
distributional signal analysis [18]-[20]. These features
can subsequently be incorporated into Al models for
predictive logistics intelligence, resource allocation,
inventory positioning, and ULD configuration [35].
Within a Digital Twin environment, candidate
quantum-optimized solutions can be simulated and
evaluated before operational deployment [31]. Such
integration can improve computational efficiency,
operational flexibility, disruption response, and overall
supply-chain resilience. FKF-based distributional
analysis [14]-[20], [41], [42], [43] can provide spectral
monitoring and analytical diagnostics.
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VI. DIGITAL TWINS FOR SUSTAINABLE AND
QUANTUM-ENABLED LOGISTICS

Digital Twins provide a central technological
framework for developing adaptive and resilient global
supply chains [31]. They synchronize physical and
virtual systems, enabling continuous monitoring,
predictive analytics, what-if simulation, and rapid
evaluation of alternative operational strategies. Their
value increases when integrated with IoT, Al and
Blockchain technologies.

IoT supplies real-time observations from logistics
assets and networks, while Al converts these
observations into predictions and optimized decisions
[32], [26]. Blockchain strengthens the reliability and
traceability of distributed supply-chain information [3].
These technologies support resilience by enabling
early identification of disruptions and coordinated
responses [13], while Industry 5.0 promotes
sustainable and human-centric intelligent operations
[27].

Digital Twins can also model sustainable
transportation systems, including smart mobility [9],
EV batteries [10], hybrid-vehicle battery sizing [5],
solar-assisted mobility [12], and solar-powered hybrid
architectures [28]. Such simulations can evaluate
energy efficiency, vehicle performance, infrastructure
requirements, and operational sustainability.

The optimization capabilities of Digital Twins can be
expanded using quantum computing. Quantum
approaches have potential for transportation and
logistics optimization [11], while quantum annealing
can address ULD configuration and disruption
problems [8]. Hybrid quantum-classical architectures
[7] allow quantum-generated solutions to be evaluated
and refined through Digital Twin simulations.

FKF spectral analysis adds a mathematical intelligence
layer for dynamic data interpretation. FKL properties
[20], temporal shifting [21], and exponential
modulation [22] support spectral analysis of logistics
signals. Distributional FKF theory [14], sequential
convergence [15], multiscale analysis [16], shift-
invariant lead-time analysis [17], spectral frameworks
[18], and differential properties [19], together with
[23]-[25], provide additional analytical capabilities.
The resulting architecture combines simulation, Al,
trusted data, spectral intelligence, and quantum
optimization to create sustainable and adaptive supply-
chain systems.

© 2026 The . Published by

Navigating the Quantum Revolution in Logistics:
Opportunities and Practical Applications in Supply
Chain Management

Quantum computing promises asymptotic advantages
for combinatorial and sampling problems that
dominate logistics planning—vehicle routing under
uncertainty, multi-echelon inventory allocation, and
high-dimensional  scenario  generation.  Hybrid
quantum—classical algorithms already demonstrate
competitive performance on modestly sized instances,
while longer-term roadmaps project substantial speed-
ups as hardware matures.

The input data and intermediate states of quantum
logistics solvers frequently exhibit singular statistical
structure (sparse high-dimensional vectors, abrupt
phase transitions in annealing trajectories). Embedding
these objects in a distributional setting and applying
the LK transform again offers a pathway for analytic
post-processing, error diagnosis, and hybrid classical—
quantum spectral filtering. Parallel investigations of
quantum methods in transportation further underscore
the breadth of the opportunity.

Digital Twin applications also extend to sustainable
mobility. Intelligent transportation systems [9] can
provide connected mobility data, while EV battery
technologies [10], hybrid-vehicle battery sizing [5],
solar-assisted mobility [36], and solar-powered hybrid
architectures [28] provide important use cases for
energy-aware simulation and optimization.

For complex decision problems, Digital Twins can
interact with quantum optimization systems. Quantum
computing  offers  emerging  approaches to
transportation and logistics optimization [35], while
quantum annealing can support ULD configuration and
disruption management [8]. Hybrid quantum-classical
approaches [7] allow candidate solutions to be
generated through quantum optimization and evaluated
under realistic Digital Twin scenarios. FKF spectral
analysis provides another layer of adaptability. Supply-
chain signals may exhibit delays, sudden changes,
periodicity, and multiscale behavior. FKL properties
[20], FKF time shifts [21], and exponential modulation
[42] provide analytical tools for these characteristics.
Distributional FKF extensions [14], sequential
convergence [15], multiscale analysis [16], shift-
invariant lead-time analysis [17], spectral frameworks
[18], and differential properties [19], extended in [23]-
[20], [25], [24] provide a rigorous basis for spectral
monitoring.
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Figure 4. Digital Twin Resilience Recovery Curves
under Disruption Scenarios (four curves comparing
baseline, DT, AI+DT, and Quantum+FKF).

VII. QUANTUM COMPUTING FOR LOGISTICS
OPTIMIZATION:

Quantum  annealing, realized on specialized
superconducting hardware, is particularly effective for
quadratic unconstrained binary optimization (QUBO)
formulations that arise in packing, scheduling, and
network-design problems. A concrete industrial
instance is the configuration of unit load devices
(ULDs) in air-cargo operations, where geometric,
weight, and compatibility constraints generate
enormous combinatorial spaces. When disruptions
occur, re-optimization must be performed under severe
time constraints; annealing-based solvers can return
high-quality feasible solutions within seconds.

Both the static ULD packing problem and the dynamic
recovery problem produce solution trajectories and
constraint-violation time series that may contain abrupt
changes. Treating these series distributionally and
invoking the LK representation theorem permits
rigorous spectral examination of annealing dynamics,
identification of resonant failure modes, and principled
hybridization with classical heuristics. The same
analytic tools apply to related multi-echelon lead-time
and disruption signals.
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Smart Mohility ITS Metrics and Supply Chain Resilience over 3 Day

Figure 5. Smart Mobility ITS Metrics and Supply-
Chain Resilience over a Day (four curves linking
traffic, EV battery SOC, delivery reliability under ITS,
and FKF resilience—explicitly incorporating themes
from [9]).

Additional enabling technologies—power-line carrier
anti-theft systems, swipe-controller designs, smart-
mobility platforms, and Industry 5.0 human-centric
automation—supply the sensing, actuation, and
governance layers that close the loop between
distributional  analytics and physical logistics
operations [4], [6], [9], [26], [27].

VIII. RECOMMENDATIONS AND FUTURE
DIRECTIONS

Drawing on the integrated FKF-Digital-Twin—
quantum framework and the comprehensive review of
Smart Mobility and Intelligent Transportation Systems:
Emerging Trends, Technologies, and Challenges [9],
the following recommendations and concrete future
research directions are proposed.

Construct multi-resolution Digital Twin environments
[1] that jointly model physical logistics assets and
urban/interurban mobility networks, feeding Al-driven
predictive models [2] and Blockchain-secured
provenance records [3] into continuous what-if and
recovery simulations.

Advance hybrid quantum-—classical solvers [7], [8],
[11] for large-scale wvehicle-routing, multi-echelon
inventory, and ULD-configuration problems that
appear in smart-mobility contexts, using Digital Twin
testbeds for rapid wvalidation and classical post-
processing.

Extend the distributional FKF theory [14], [15], [19]
and its shift-invariant and differential properties [16]—
[18], [21] to the irregular sensor streams characteristic
of electric-vehicle fleets, battery state-of-charge
transitions, and solar-assisted hybrid architectures [5],
[10], [12], [28].
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Align the overall architecture with Industry 5.0 human-
centric principles [27] by integrating quantum-
optimized logistics [26] with sustainable energy and
power-line / swipe-controller sensing layers [4], [6],
thereby closing the loop between spectral analytics and
physical actuation.

Conduct systematic empirical campaigns across
transportation corridors, inventory nodes, energy
subsystems, and disruption scenarios to quantify the
contribution of the proposed framework to supply-
chain resilience under digital transformation [13].
Explicitly address the cybersecurity, data-privacy,
interoperability, and regulatory challenges highlighted
in the smart-mobility literature [9] by embedding
Blockchain-based trust mechanisms [3] and FKF-
derived spectral anomaly detectors within the
operational architecture.

CONCLUSION

The convergence of Al, Blockchain, IoT, Digital
Twins, quantum computing, and FKF spectral methods
constitutes a decisive research direction for next-
generation logistics, especially when examined
through the lens of Smart Mobility and Intelligent
Transportation Systems [9]. Future work must
prioritize real-time fusion of connected-vehicle and
smart-infrastructure data streams, construction of
scalable multi-resolution Digital Twin environments
that span both supply chains and urban mobility
networks, development of trustworthy Al models for
predictive and prescriptive control, realization of
practical hybrid quantum-—classical optimizers for the
combinatorial problems that dominate intelligent
transportation and logistics, and computationally
efficient multi-scale spectral analysis of complex
temporal dynamics. Empirical validation across
transportation, inventory, energy, and disruption
scenarios  incorporating advances in  battery
technologies [5], [10], solar-assisted and hybrid
vehicle architectures [12], [28], and Industry 5.0
human-centric automation [27]will be indispensable.
Realizing these advances will transform intelligent
logistics from a conceptual integration into operational,
sustainable, and resilient supply-chain systems that
fully exploit the emerging capabilities of smart
mobility ecosystems [1]—[28].
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