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Abstract— 

Global supply chains are increasingly exposed to disruptions arising from 

geopolitical instability, cyber threats, climate events, transportation constraints, 

and interconnected operational dependencies. This study develops an 

integrated framework for AI-driven supply-chain risk prediction and mitigation 

by combining artificial intelligence, IoT, digital twins, blockchain, intelligent 

transportation systems, FKF/FKL spectral analysis, and quantum optimization. 

The proposed PREDICT–MITIGATE framework represents resilience as a 

continuous feedback process in which heterogeneous operational data are 

transformed into disruption indicators, evaluated through predictive and 

simulation-based methods, and converted into feasible mitigation actions. 

FKF/FKL techniques provide complementary multi-scale and temporal 

representations, while digital twins support scenario analysis and optimization 

methods assist adaptive decision-making. Blockchain strengthens data 

provenance and accountability, whereas sustainability and energy constraints 

ensure that predicted responses remain physically feasible. The study 

synthesizes the selected research corpus, identifies major technological 

relationships, and highlights challenges involving explainability, 

interoperability, cybersecurity, governance, and human–AI collaboration. The 

framework provides a conceptual foundation for transitioning supply-chain 

risk management from reactive response toward predictive, adaptive, secure, 

and sustainable resilience. 
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I. INTRODUCTION 

Quantum computing represents another emerging 

direction for complex supply-chain optimization. 

Quantum-annealing approaches can formulate logistics 

and transportation problems as combinatorial 

optimization models, including Unit Load Device 

configuration and disruption-aware decision problems 

[19]. Broader investigations of quantum computing in 

transportation and logistics indicate potential 

applications in routing, scheduling, allocation, and 

other computationally intensive supply-chain problems 

[21]. Recent work on quantum applications in logistics 

further emphasizes the opportunity to combine 

quantum optimization with conventional analytical and 

AI-based decision systems [5]. 

Beyond AI and quantum computation, mathematical 

spectral methods can provide a complementary 

perspective for analyzing the temporal and multi-scale 

characteristics of supply-chain disruptions. The 

distributional extension of the Fourier–Kontorovich–

Lebedev (FKF) transform establishes a mathematical 

foundation for representing generalized supply-chain 

signals [24], while sequential convergence provides a 

rigorous basis for its treatment within testing-function 

spaces [25]. The FKF framework has subsequently 

been investigated for multi-scale supply-chain 

dynamics, including spectral analysis and residue-

based resonance extraction [7], shift-invariant analysis 

of multi-echelon lead times [8], and broader spectral 

characterization of supply-chain dynamics and 

resilience [9]. Its spectral differential properties 

provide additional tools for examining dynamic system 

behavior and resilience-related signals [10]. 

Further developments in FKF and related transform 

theory provide mechanisms for extracting temporal, 

scale-dependent, and modulation characteristics from 

complex operational signals. The FKL transform has 

been investigated for supply-chain analysis and its 

associated mathematical properties [11]. The time-shift 

property of the FKF transform enables analysis of 

delayed or displaced supply-chain events [12], whereas 

exponential modulation properties can support the 

representation of changing signal intensities and secure 

digital supply-chain networks [13]. These 

mathematical developments complement AI-based 

approaches by providing a spectral representation 

through which recurring patterns, lead-time variations, 

anomalies, and disruption signatures can be 

investigated. 

The convergence of AI, IoT, digital twins, blockchain, 

intelligent transportation, quantum computing, and 

spectral analysis therefore creates an opportunity to 

move supply-chain risk management from 

predominantly reactive practices toward predictive, 

adaptive, and continuously monitored systems. AI can 

transform heterogeneous observations into predictions 

and decisions; IoT can provide real-time operational 

information; digital twins can simulate alternative 

states; blockchain can support trusted information 

exchange; quantum computing can address complex 

optimization problems; and FKF-based spectral 

analysis can characterize temporal and multi-scale 

disruption behavior [1]–[3], [5]–[25]. Early human–

machine and infrastructure-integrity studies remain 

relevant as interface and sensing antecedents [4], [17]. 

II. LITERATURE REVIEW 

A. Supply-Chain Vulnerability, Resilience, and 

Intelligent Forecasting 

Supply-chain risk represents the possibility that 

material, information, or financial flows deviate 

sufficiently from expected conditions to affect service, 

cost, or continuity. Resilience refers to the ability of a 

supply network to anticipate disruptions, absorb their 

effects, recover operations, and adapt to changing 

conditions. Prediction involves the statistical or 

computational estimation of a disruption’s occurrence, 

magnitude, duration, or propagation path before its 

consequences become fully established. Mitigation 

comprises actions that reduce exposure or limit 

consequences, including dual sourcing, inventory 

repositioning, transportation-mode switching, contract 

renegotiation, cybersecurity containment, and 

increasingly automated re-planning. 

Digital-transformation research has emphasized that 

visibility, connectivity, analytics, and automation 

provide important technological capabilities for 

strengthening supply-chain resilience [23]. Building on 

this perspective, the present study focuses specifically 

on how AI and complementary technologies can 

strengthen the prediction–mitigation cycle rather than 

simply provide retrospective descriptions of supply-

chain events. 
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B. Scope and Methodology of the Defined Research 

Corpus 

Conventional systematic literature reviews of AI-

enabled supply-chain risk management generally 

collect large bodies of literature from databases such as 

Scopus and Web of Science and classify contributions 

according to algorithms, applications, and risk-

management stages. While such approaches provide 

broad field-level coverage, the present reconstruction 

follows a different methodological scope based on the 

specified authorial corpus [1]–[25]. Accordingly, the 

objective is integrative rather than exhaustive: the 

references are interpreted as interconnected research 

strands, allowing their technological relationships, 

methodological contributions, and remaining 

limitations to be identified. 

C. Major Technological and Methodological 

Domains 

The selected corpus can be organized into six 

interconnected domains. 

Digital and cyber-physical resilience: Digital twins for 

adaptive global supply chains [1], AI–blockchain 

integration for transparency and traceability [3], and 

digital-transformation research [23] establish the 

foundation for connected and resilient supply 

networks. 

Sustainable and human-centric intelligence: AI 

applications in sustainable logistics and green supply 

chains [2] are complemented by Industry 5.0 and 

human-centric automation, emphasizing the interaction 

between intelligent technologies and human decision-

makers [15]. 

Integrated and emerging computation: The 

convergence of IoT, AI, and quantum computing 

provides a layered architecture for smart logistics [14]. 

Related research addresses quantum opportunities in 

supply-chain management [5], transportation and 

logistics [21], and annealing-based unit-load-device 

optimization under disruption [19]. 

Spectral and mathematical dynamics: FKF/FKL 

transform research encompasses distributional 

extensions, sequential convergence, time-shift and 

exponential-modulation properties, and spectral 

representations of multi-echelon lead times and 

resilience-related signals [7]–[13], [24], [25]. 

Energy and mobility constraints: Research on battery 

materials and management [6], plug-in hybrid battery 

sizing [18], solar-assisted vehicle architectures [16], 

[22], and intelligent transportation systems [20] 

provides physical and operational constraints that AI-

based risk models must consider as logistics fleets 

become increasingly electrified. 

Control, sensing, and infrastructure integrity: Early 

engineering studies involving swipe-based human–

machine control [4] and power-line-carrier-based anti-

theft communication [17] can be viewed as precursors 

to operator-interface design and infrastructure-integrity 

monitoring. Although these studies are not direct 

supply-chain risk-management contributions, their 

underlying sensing, control, and security concepts 

remain relevant inputs for intelligent risk-management 

architectures. 

To make the integrative reconstruction auditable, each 

item in the defined corpus is used in a specific role. 

Digital-twin resilience and adaptive global networks 

are treated in [1]; sustainable and green-AI logistics in 

[2]; AI–blockchain transparency, traceability, and 

resilience in [3]; swipe-based human machine control 

as an interface antecedent in [4]; quantum 

opportunities in supply-chain management in [5]; 

electric-vehicle battery materials and management as 

energy constraints in [6]; multi-scale spectral analysis 

and residue-based resonance extraction in [7]; shift-

invariant FKF analysis of multi-echelon lead times in 

[8]; the FKF resilience framework in [9]; spectral 

differential properties of the distributional FKF 

transform in [10]; FKL transform properties for 

supply-chain signals in [11]; the FKF time-shift 

property in [12]; exponential modulation for secure 

digital supply-chain networks in [13]; the IoT–AI–

quantum smart-logistics stack in [14]; Industry 5.0 

human-centric automation in [15]; solar-powered 

hybrid vehicle architecture in [16]; power-line-carrier 

anti-theft / infrastructure integrity in [17]; plug-in 

hybrid battery sizing in [18]; quantum annealing for 

unit-load-device configuration under disruption in 

[19]; smart mobility and intelligent transportation 

systems in [20]; quantum computing in transportation 

and logistics in [21]; solar-assisted electric mobility 

architectures in [22]; digital-transformation supply-

chain resilience in [23]; the distributional extension of 

the FKF transform in [24]; and sequential convergence 

in the testing-function space of the two-sided FKF 
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transform in [25]. Fig. 1 summarizes the relative 

thematic intensity of these six strands. 

 

Fig. 1. Conceptual multi-domain intensity curves for the 

integrative corpus. Peaks correspond to the six research strands 

synthesized in Section II and cited as [1]–[25]. The curves are 

schematic and are used to locate each reference family inside the 

PREDICT–MITIGATE architecture. 

III. METHODOLOGY 

The study follows an integrative synthesis of the 

defined corpus [1]–[25]. Heterogeneous contributions 

digital twins, blockchain, Industry 5.0, quantum 

optimization, FKF/FKL spectral theory, energy-

constrained mobility, and infrastructure sensing are 

organized into a prediction mitigation cycle. The 

reconstruction is conceptual rather than experimental: 

technological relationships are identified, stage-wise 

risk-management functions are mapped, and a 

feedback-oriented architecture is specified. 

Four supporting domains provide the infrastructure for 

intelligent resilience. Physical and energy 

infrastructure—transportation fleets, warehouses, 

battery systems, charging facilities, and solar-assisted 

hybrid architectures—establishes the physical limits 

within which recovery actions can occur [6], [16], [18], 

[22]. Infrastructure protection and theft prevention 

remain fundamental requirements [17]. Data 

acquisition and the human-control environment rely on 

IoT and intelligent transportation systems [14], [20], 

while operator interfaces [4] and Industry 5.0 

principles [15] determine how humans interact with 

automated decisions and exercise intervention 

authority. 

The intelligence domain integrates machine learning, 

digital-twin simulation [1], FKF/FKL spectral analysis 

[7]–[13], [24], [25], and quantum-annealing 

approaches for selected high-complexity optimization 

problems [5], [19], [21]. Trust, sustainability, and 

governance are treated as binding constraints: 

blockchain supports data provenance and decision 

accountability [3], AI-based sustainability objectives 

incorporate environmental performance [2], and 

digital-transformation capabilities provide the broader 

resilience context [23]. 

A. Risk Forecasting and Predictive State 

Generation 

The predictive process combines multi-echelon 

operational signals, unstructured text, and sensor data 

into a unified feature space. FKF/FKL methods can 

contribute spectral, shift-invariant, and distributional 

descriptors, while machine-learning models estimate 

disruption probabilities and digital twins simulate 

possible future operating states. The resulting 

predictive state therefore contains several dimensions 

rather than a single scalar indicator, including 

disruption probability, anticipated duration, 

propagation depth, energy feasibility, and confidence 

in data integrity. 

B. Response Optimization and Controlled 

Intervention 

During the response phase, the predictive state is 

supplied to a decision and optimization mechanism. 

Depending on problem complexity, the planner may 

use rule-based decisions, mathematical programming, 

digital-twin scenario exploration, or quantum 

annealing for selected combinatorial configurations 

[19]. Proposed actions are subjected to policy 

constraints, auditable data requirements, and human 

oversight consistent with blockchain and Industry 5.0 

principles [3], [15]. Following implementation, the 

resulting operational residuals are fed back into the 

learning and spectral-analysis processes. FKF 

exponential modulation [13] can be considered an 

optional mechanism for protecting or marking 

information transmitted through the residual feedback 

channel. 

C. Operational Principles for Predictive Resilience 

The framework is guided by three principal 

considerations. First, predictions must be constrained 

by actual energy, transportation, inventory, and 

capacity conditions to remain operationally 

meaningful. Second, mitigation decisions require 

trustworthy data, explicit governance, and mechanisms 

for human authorization and override. Third, spectral 

analysis should complement rather than replace 
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machine learning by supplying potentially informative 

multi-scale features for predictive models. Finally, the 

reliability of the complete predictive-response cycle 

depends on the availability of consistent resilience 

indicators and evaluation measures, an issue also 

highlighted in digital-transformation research [23]. 

Fig. 2 converts that architecture into four coupled 

trajectories: an early-warning score constructed from 

IoT, ITS, and trusted data channels [3], [14], [20]; 

quantified exposure estimated with digital twins and 

spectral sensitivity [1], [10], [23], [24]; controlled 

intervention mixing human authorization, blockchain 

audit, and selective quantum packing [5], [15], [19], 

[21]; and a residual-risk trace monitored by FKF 

signatures and sequential-convergence updates [9], 

[13], [25]. Energy and fleet-state constraints [6], [16], 

[18], [22] bound the feasible height of the intervention 

curve. 

 

Fig. 2. Conceptual PREDICT–MITIGATE state trajectories after a 

disruption onset. The four curves illustrate the feedback cycle 

specified in Section III and are not claimed as measurements 

from a single industrial dataset. 

IV. RESULTS AND DISCUSSION 

A. Early-Warning Generation: From Data Streams 

to Risk Signatures 

Risk identification begins by transforming 

heterogeneous telemetry, textual information, and 

operational observations into recognizable risk signals. 

IoT platforms and intelligent transportation systems 

provide continuous data streams [14], [20], while AI–

blockchain integration can improve the reliability, 

transparency, and traceability of these observations [3]. 

Earlier infrastructure-security research, including 

power-line-carrier-based integrity monitoring [17], 

reinforces the importance of protecting the physical 

infrastructure from tampering and information loss. 

The spectral research strand proposes a complementary 

interpretation in which supply-chain disruptions can 

appear as resonances, shifts, and multi-scale changes 

rather than isolated events. Multi-scale spectral 

analysis and residue-based resonance extraction 

provide mechanisms for detecting hidden periodic 

stress in hybrid-vehicle and logistics systems [7]. 

Shift-invariant FKF analysis of lead times seeks to 

preserve relevant spectral characteristics when 

disruptions introduce temporal delays without 

fundamentally changing the underlying pattern [8], 

[12]. The broader FKF resilience framework extends 

this concept by treating transform outputs as persistent 

monitoring signatures [9]. The FKL transform provides 

an alternative spectral representation for related classes 

of supply-chain signals [11]. Distributional extensions 

and sequential-convergence results provide 

mathematical support for applying these techniques to 

irregular and heavy-tailed disruption data [24], [25]. 

Fig. 3 renders that argument as three comparative 

spectral curves: a baseline multi-echelon spectrum [7], 

[9], [11]; a time-shifted lead-time spectrum that 

preserves pattern structure under delay [8], [12]; and 

an exponentially modulated channel intended to 

protect spectral markers used in mitigation [13]. 

Distributional and sequential-convergence results [24], 

[25] justify applying the same curves to irregular and 

streaming disruption observations. 

 

Fig. 3. Conceptual multi-scale disruption resonances in the 

FKF/FKL domain. Resonance peaks represent recurring lead-

time and capacity stress rather than isolated events [7]–[13], 

[24], [25]. 

Sustainable logistics introduces an additional 

identification dimension. Green-AI research [2] 

indicates that environmental and regulatory risks may 

remain poorly represented when prediction systems 

emphasize only cost and service-related variables. 

Consequently, effective risk identification depends not 
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only on the detection algorithm but also on the 

objectives and loss functions used to define 

organizational risk. 

B. Risk Quantification: Linking Predictions with 

Network Consequences 

Risk assessment extends detection by estimating 

probability, severity, exposure, and propagation. 

Digital twins are particularly relevant because they 

permit alternative disruption scenarios to be simulated 

without physically exposing the supply network to 

failure [1]. Research on digital transformation also 

associates predictive analytics and digital capabilities 

with improved responsiveness, while noting the 

continuing lack of consistent resilience measurements 

across studies [23]. 

The spectral differential properties of the distributional 

FKF transform provide another assessment perspective 

by examining how perturbations in lead-time 

distributions affect resilience signatures [10], [24]. The 

resulting question is therefore not simply whether a 

spectral resonance exists, but how sensitive that 

resonance is to additional disturbances. Energy and 

mobility research supplies important physical 

constraints for this assessment stage. Battery 

chemistry, battery-management systems, and sizing 

approaches influence available transportation capacity 

following grid or charging disruptions [6], [18]. Solar-

assisted and hybrid vehicle architectures introduce 

additional energy-generation capabilities and 

consequently modify the feasible recovery space [16], 

[22]. Ignoring these constraints could cause AI models 

to overestimate transportation and last-mile recovery 

capabilities. 

C. Intelligent Intervention: From Prediction to 

Adaptive Action 

Mitigation represents the transition from analytical 

prediction to operational intervention. Quantum-

computing studies frame several mitigation problems 

as combinatorial optimization tasks involving 

transportation configuration, rerouting, scheduling, and 

unit-load-device packing under disrupted capacity [5], 

[19], [21]. These approaches remain largely 

prospective, whereas conventional digital twins can 

already support counterfactual mitigation experiments 

and what-if analysis [1]. The IoT–AI–quantum 

architecture can therefore be interpreted as a layered 

strategy in which IoT provides sensing, AI generates 

predictions, and quantum optimization is selectively 

applied to computationally difficult scheduling and 

packing problems [14]. 

Trust, governance, and human authority determine 

whether an automated mitigation action should 

actually be executed. AI–blockchain integration can 

provide an auditable record of decisions and the data 

underlying those decisions [3]. Industry 5.0 places the 

human operator at the center of exception handling, 

supervision, and ethical intervention rather than 

treating human involvement as merely a source of 

residual error [15]. The earlier swipe-controller study 

[4] provides a basic engineering example of human 

interaction with machine state; contemporary control 

towers translate the same principle into dashboard 

confirmations and authorized interventions, where 

latency, error, and decision authority remain important 

design considerations. 

The exponential-modulation properties of the FKF 

transform have also been proposed for secure digital 

supply-chain networks [13]. Such modulation concepts 

could potentially support integrity-related encoding of 

spectral information, which becomes relevant when 

mitigation decisions depend on signals that may be 

exposed to manipulation or spoofing. 

D. Feedback Intelligence: Continuous Monitoring 

and Model Updating 

The final stage is continuous monitoring, through 

which the supply-chain system evaluates the effects of 

implemented interventions and updates subsequent 

decisions. Digital-transformation research emphasizes 

continuous visibility while identifying weaknesses in 

standardized resilience metrics [23]. Smart mobility 

and intelligent transportation systems generate 

extensive operational data from connected vehicles, 

charging infrastructure, and traffic-management 

systems that can support post-disruption learning [20]. 

AI-based sustainability monitoring can further extend 

performance evaluation beyond delivery and cost 

indicators toward emissions, energy consumption, and 

circularity measures [2]. 

Spectral approaches offer an additional monitoring 

dimension by tracking changes in the frequency and 

scale characteristics of supply-chain signals rather than 

relying exclusively on conventional KPI thresholds [9]. 

Sequential-convergence results [25] become relevant 
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when streaming observations are incorporated as 

mathematically consistent elements of the transform’s 

testing-function framework. Thus, continuous 

monitoring transforms the SCRM process from a 

sequence of isolated decisions into a feedback-oriented 

cycle in which detection, assessment, intervention, and 

subsequent learning continuously inform one another. 

V. IMPLICATIONS FOR RESEARCH AND 

PRACTICE 

For researchers, the corpus should be treated as a 

programme with unequal parts. Digital-twin, 

blockchain, Industry 5.0, and digital supply-chain 

reviews are most relevant when discussing managerial 

architecture [1], [3], [15], [23]. The FKF/FKL series 

should be cited when the contribution is spectral [7]–

[13], [24], [25]. Quantum papers are appropriate when 

the instance is combinatorial and current heuristics fail 

[5], [19], [21]. Battery-sizing and swipe-controller 

papers specify constraints or interfaces rather than 

evidence that AI predicts supply-chain risk [4], [6], 

[16], [17], [18], [22]. 

For practitioners, the loop should be built from the 

middle outward. Identification data quality and a twin 

of the two or three lanes that dominate disruption cost 

provide a practical starting point [1], [3]. Human 

override should be added before autonomy [15]. 

Electrified fleet state should be treated as a live risk 

input [20], [22]. Quantum methods and specialized 

transforms remain a research track until a controlled 

comparative evaluation exists. 

Fig. 4 translates those implications into four service-

loss recovery curves. A reactive baseline follows the 

digital-transformation evidence that measurement of 

resilience remains inconsistent [23]. Energy-

constrained recovery is slower because battery 

chemistry, pack sizing, and solar-assisted architectures 

limit feasible transport capacity [6], [16], [18], [22]. 

Digital-twin and AI–blockchain mitigation shortens the 

loss tail [1]–[3]. Selective quantum re-packing of unit 

load devices is shown only as an upper-bound 

combinatorial option when conventional heuristics fail 

[5], [19], [21]. Human override remains mandatory 

under Industry 5.0 [4], [15]. Infrastructure-integrity 

monitoring [17] and ITS telemetry [20] supply the 

observations from which the curves are updated. 

 

Fig. 4. Conceptual service-level loss and recovery under 

alternative response regimes. Lower curves indicate faster 

restoration. The trajectories are comparative illustrations 

grounded in the roles assigned to [1]–[6], [15]–[23], not fitted 

empirical forecasts. 

VI. EMERGING RESEARCH PRIORITIES AND 

FUTURE DIRECTIONS 

Several research opportunities can further advance 

intelligent and resilient supply-chain risk management. 

Explainable AI is required so that managers and 

regulators can understand the reasoning behind risk 

predictions and recommended mitigation actions. 

Multi-tier visibility models should move beyond focal 

firms toward network-wide representations of 

cascading risk. Environmental, social, and climate 

indicators remain insufficiently integrated into 

prediction systems. 

Digital twins require greater interoperability across 

firms, logistics providers, and suppliers, including 

standardized data models and secure exchange 

protocols. Agentic AI offers a path from prediction 

toward semi-autonomous mitigation within 

operational, ethical, safety, and governance constraints. 

Future work must also address cybersecurity resilience, 

data protection, accountability, and human–AI 

collaboration so that increasingly autonomous supply 

chains retain appropriate human oversight. 

Fig. 5 sketches expected maturity paths for the five 

priorities above. Explainable and human-centric 

prediction builds on sustainable-logistics and Industry 

5.0 work [2], [15]. Multi-tier propagation models 

extend digital-twin and digital-transformation reviews 

[1], [23]. Climate-aware features draw on green-AI and 

electrified mobility studies [2], [20], [22]. 

Interoperable twin ecosystems require the IoT–AI–

quantum and blockchain layers [1], [3], [14]. Governed 

agentic mitigation should not be detached from 

quantum optimization limits or from FKF integrity 
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marking of residual feedback [13], [19], [25]. Interface 

and infrastructure antecedents [4], [17] remain relevant 

to operator authority and sensing trust. 

 

Fig. 5. Conceptual research-maturity trajectories for five priority 

themes. The curves organize future work so that each item in 

[1]–[25] remains a usable building block rather than an 

unattached citation. 

Table I: Supporting Domains of the PREDICT–

MITIGATE Framework 

Domain Primary role in 

the cycle 

Sources 

Physical and 

energy 

infrastructure 

Bounds feasible 

recovery actions 

[6], [16], 

[18], [22] 

Data acquisition 

and human 

control 

Sensing, 

interfaces, and 

override 

[4], [14], 

[15], [20] 

AI, simulation, 

and computation 

Prediction, twins, 

spectral and 

quantum methods 

[1], [5], [7]–

[13], [19], 

[21], [24], 

[25] 

Trust, 

sustainability, 

and governance 

Provenance, 

accountability, 

and green 

constraints 

[2], [3], [23] 

VII. CONCLUSION 

This research presents a unified framework for 

intelligent supply-chain resilience by integrating 

predictive AI with IoT sensing, digital twins, 

blockchain, intelligent transportation, spectral analysis, 

and quantum optimization [1]–[3], [5], [14], [19]–[21], 

[23]. The PREDICT–MITIGATE approach transforms 

heterogeneous operational observations into risk 

estimates and subsequently into adaptive, constraint-

aware mitigation decisions, with feedback 

continuously improving future predictions [1], [9], 

[15], [25]. The findings emphasize that effective 

resilience depends not only on algorithmic accuracy 

but also on energy availability, transportation capacity, 

data integrity, cybersecurity, sustainability, and human 

oversight [2], [4], [6], [13], [16]–[18], [20], [22]. 

FKF/FKL spectral techniques [7]–[12], [24], [25] and 

quantum optimization [5], [19], [21] offer promising 

capabilities for multi-scale analysis and complex 

decision problems, although both require additional 

empirical and industrial validation. The resulting 

perspective shifts supply-chain risk management from 

reactive disruption handling toward predictive, 

adaptive, trustworthy, and increasingly autonomous 

resilience. 
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