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Abstract— This paper investigates the multifaceted security
challenges inherent in modern supply chain networks (SCNs),
emphasizing the vulnerabilities introduced by the integration of cyber-
physical systems (CPS) and ultra-large-scale CPS (ULS-CPS). Amid
intensified global competition and the growing reliance on
outsourcing, SCNs have become both strategic assets and potential
targets for sophisticated cyber-physical attacks. By presenting a
holistic threat model that spans the entire CPS topology, this study
critically examines key vulnerabilities such as third-party risks, the
complexity of interconnected systems, and a pervasive lack of
transparency in decision-making. A rigorous qualitative analysis,
supported by a comparative evaluation of both software integrity
verification and hardware security measures, reveals that even minor
degradations in network resilience can lead to significant operational
and financial losses. Novel metrics for assessing SCN robustness are
proposed, alongside cross-disciplinary recommendations that
integrate insights from transportation policy, cybersecurity, and
supply chain management. The findings underscore the necessity for
an integrated, continuous risk management framework to ensure long-
term resilience and operational continuity in the face of emerging
technological threats.
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l. INTRODUCTION

Effective supply chain networks (SCNs) offer numerous
strategic benefits to organizations (Vyas, Dasgupta & SoSic,
2024; Gilbert, 2022). By enabling the analysis of customer
demand andthe optimization of productionlogistics, SCNs help
identify bottlenecks, balance cost and quality trade-offs, test
strategic configurations, and evaluate innovative process
improvements (Elahi etal., 2023; Gilbert, Gilbert & Dorgbefu
Jnr, 2025b). In an era of intensified global competition and
increased reliance on outsourcing, firms are shifting their focus
to core competencies while integrating internal production with
external suppliers and distributors. Concurrently, innovative
technologiesare being deployed to optimize operations, reduce
delivery times and costs, and shorten time-to-market (Bhamra
etal., 2022; Gilbert, 2018).

In today’s dynamic business environment, the success of an
enterprise critically hinges on its ability to produce and
distribute high-quality products both rapidly and cost-
effectively (Lim, 2023; Gilbert, 2021). At the heart of this
capability lies an effective SCN, which is fundamentally an

integrated system comprising organizations, people, activities,
and technology (Liebowitz, 2019; Gilbert & Gilbert, 2025¢).
SCNs can range from simple warehouse management to
complex systems that track the flow of materials and services
from suppliers through to the end consumer.

1.1. Background and Significance

The increasing integration of cyber-physical systems (CPS)
with the physical world introduces significant new risks
(Kholidy, 2021; Gilbert et al., 2025). As threats propagate
across ultra-large-scale CPS (ULS-CPS), issues suchas cross-
layer vulnerabilities, insider threats, privacy loss, and collateral
damage become more pronounced. This interconnectedness
necessitates that different domains address varying levels of
trust and implementation policies, requiring continuous
monitoring, verification, and certification of trustworthiness.
Securingthe supply chain is especially critical in this context
(Rosado et al., 2022; Gilbert, 2012).
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Figure 1: The relationship between different components of Cyber-Physical
Systems (CPS) and Ultra-Large-Scale CPS (ULS-CPS).

Over the past decade, growing attention has been directed
toward the security of isolated CPS, such as distributed control
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systems (DCS), supervisory control and data acquisition
(SCADA) systems, and industrial control systems (ICS), which
are increasingly vulnerable to sophisticated cyber threats
(Sheikh et al., 2022; Opoku-Mensah, Abilimi & Amoako,
2013). The emergence of ULS-CPS compounds these
challenges, calling for comprehensive and systematic risk
assessments that span multiple domains (Kumar, Marston &
Sen, 2020; El-Kady et al., 2023; Christopher, 2013). This paper
presentsaholistic threat model that encompassesthe entire CPS
topology and underscores the crucial role of supply chain
security throughout the development, operation, and
maintenance phases.

The diagram outlines the structure of Cyber-Physical
Systems (CPS) and Ultra-Large-Scale CPS (ULS-CPS),
focusing on how they are connected and their associated risks.
CPS and ULS-CPS consist of devices, networks, and security
components. These systems interact with supply chain
networks (SCNs), which also have their own components and
security measures. The diagram highlights cross-layer risks,
including integration challenges, the potential impact of
vulnerabilities, privacy loss, and insider threats.

1.2 Research Questions

1. How can supply chain networks be secured against
emerging cyber-physical threats and evolving
technologies?

What are the primary vulnerabilities in modern supply
chain networks, particularly regarding third-party risks,
system complexity, and transparency issues?

How effective are current software integrity verification
and hardware security measures in mitigating supply chain
attacks?

What novel metrics can be developed to assess the
robustness and resilience of supply chain networks?
How can a cross-disciplinary security strategy be
formulated to enhance the overall resilience of supply
chain networks?

1.3 Research Objectives

Main Research Objective
To develop a comprehensive framework that enhances the

security and resilience of supply chain networks by integrating
technological innovations, robust risk management practices,
and cross-disciplinary strategies.
Specific Research Objectives

i. To investigate and document the current vulnerabilities
in supply chain networks, with emphasis on cyber-
physical integration and emerging technological risks.
To identify and critically assess key challenges—
including third-party risks, network complexity, and
lack of transparency—that affect security in modern
supply chains.
To evaluate existing measures for software integrity
verification andhardware security,and explore potential
improvements or novel approaches.
To propose and validate novel metrics to measure the
robustness and resilience of supply chain networks.
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To formulate integrated, cross-disciplinary strategies
that encompass transportation policy, supply chain
management, and cybersecurity to mitigate risks
effectively.

1.4 Methodology

The research approach adopted in the article can be
summarized as follows:

i. Literature Review and Background Research: A
thorough review of existing academic and industry
literature was conducted to understand traditional and
emerging challengesin securing supply chain networks,
as well as to identify gaps in current risk management
strategies (shown in Figure 2).
Conceptual and Holistic Threat Modeling: The authors
developeda holistic threat model that encompasses the
entire cyber-physical topology of supply chain
networks. This model maps out potential vulnerabilities
fromthe integration of CPS to the decentralized nature
of modern supply chains (shown in Figure 3).
Qualitative Analysis of Vulnerabilities: Through a
detailed qualitative assessment, the study explored key
issues such as third-party risks, the complexity of
interconnected systems, and transparency deficits in
decision-making processes.
Evaluation of Security Measures: The methodology
included a comparative analysis of both software-based
and hardware-based security measures:

a. Software Integrity Verification: Focused on current

practiceslike digitalsignatures, build process controls,
and the role of trusted code signers.
Hardware Security Measures: Assessed approaches
such as heterogeneous multiprocessor architectures
and dynamic instruction set variations to prevent side-
channel attacks (shown in Table 1).

Development of Novel Metrics: The research introduced

new metrics designed to assess the robustness and

resilience of supply chain networks, aiming to quantify
the impact of minor degradations and overall network
performance.

Cross-Disciplinary  Integration:  Insights  from

transportation policy, network security, and supply

chain management were integrated to form
recommendations that extend beyond isolated technical
solutions.

Case Studiesand Scenario Analysis: Practical examples

and case studies (e.g., discussions of state-led initiatives

and industry-specific challenges) were used to illustrate
howvulnerabilitiescan cascade through complex supply
chains and to validate the proposed models and metrics.

Synthesis and Recommendations: Finally, the findings

were synthesized to draw conclusions about the current

state of supply chain security, and strategic
recommendations were provided for industry-led
initiatives and further research directions(El-Kady etal.,

2023; Kumar, Marston & Sen, 2020; Sheikh etal., 2022;

Opoku-Mensah, Abilimi & Boateng, 2013).

Vi.

Vii.

viii.
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Figure 2: A process flowchart.

TABLE 1: Software Integrity Verification vs. Hardware Security Measures

Security Measure

Strengths

Weaknesses

Application Contexts

Software Integrity
Verification

Digital Signatures

Build Process Controls

Trusted Code Signers

Hardware Security
Measures

Heterogeneous
Multiprocessor
Architectures

Dynamic Instruction Set
Variations

- Ensures authenticity of code and data.
- Public key infrastructure makes it
highly scalable.

- Ensures the integrity of software
development processes.
- Can catch unauthorized modifications
early.

- Provides verification of code origin.
- Prevents the installation of
unauthorized software.

- Provides inherent isolation between
different processors.
- Reduces the risk of cross-processor
attacks.

- Reducesrisks of side-channelattacks.
- Dynamic adjustments can increase
unpredictability for attackers.

- Computationally
especially with large
- Can be vulnerable
compromise.

- Relies on the security of the build
environment.

- May not detect malicious insiders
within the build system.

- Key management challenges.
- Dependency on certificate
authorities (CA).

expensive,
datasets.
to  key

- Increased complexity in system
design.

- Potential compatibility issues with
legacy software.

- Increased hardware complexity.
- Potential performance overhead.

- Code signing in software distribution.
- Ensuring software integrity in secure
communications.

- Used in secure software development
pipelines.
- Protecting against supply chain attacks.

- Securing software distribution platforms.
- Verifying authenticity in app stores.

- High-performance
environments.

- Systems requiring diverse computational
tasks (e.g., cloud computing).

- High-security applications requiring
continuous instruction set protection.
- Protection in multi-user systems.

computing

This diagram outlines a structured methodology for
evaluating vulnerabilities and assessing risk management
strategies, particularly focusing on identifying gaps in current
systems and addressing the complexity and transparency issues
that emerge from interconnected systems. The flowchart
emphasizes the importance of qualitative analysis, third-party

risks, and the development of metrics for evaluating these
factors.

Each approach has its strengths in particular contexts, with
software-based measures more suited for ensuring software
integrity in development and distribution, while hardware-
based measuresare better for high-security environments where
protection from advanced persistent threats is critical.
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Figure 3: A process for evaluating vulnerabilities and risks within a supply chain network.

The diagram represents a structured approach for assessing
risks in a supply chain network by considering its decentralized
nature, CPS integration, and the vulnerabilities that could arise
from these factors. The flow of the process moves from
identifying the vulnerabilities to mapping them into a threat
model, analyzing the potential threats, and performinga final
risk assessment to evaluate the overall risk level.

II.  CHALLENGES IN SECURING SuPPLY CHAIN NETWORKS

Securing physical supply chain networks (SCNs) presents
significant challenges (Becklines, 2024; Gilbert & Gilbert,
2025d). Traditional methods that rely on centralized physical
delivery points for inspecting and verifying suppliers' goods

could be rendered obsolete by emerging technologies such as
mass 3-D printing and photonic machining, which have the
potential to decentralize these processes (Hasan et al., 2022;
Gilbert & Gilbert, 2025e). For example, some state
governments, like Idaho in the US, have already begun to offer
specialized add-on services. These emerging "fifth-party"
providers could extend specialized functions, such as food
claims audits to the SCN industry, mirroring the evolution seen
in the trucking industry where centralized, formal service
providers have replaced informal, in-house solutions (Habibi et
al., 2025; Gilbert, Gilbert & Dorgbefu Jnr, 2025a).
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Figure 4: The various challenges in securing supply chain networks
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As interfacing technologies become more accessible and
large multinational corporations consolidate their business
models, small and medium-sized enterprises (SMESs) operating
within networked supply chains face exponentially increasing
threats and risks (Hasan et al., 2023; Gilbert & Gilbert, 2025f).
The entry pointfor both technological collaboration and cyber-
attacks, including the distribution of malware, is shifting
towards smaller businesses. In this environment, the
implementation of intelligent transportation systems and
collaborative networks can enhance operational efficiency and
reduce logistics costs while still preserving the security of both
goods and data (Yeboah, Opoku-Mensah & Abilimi, 2013a). In
a model that emphasizes collaborative regions, key data
elementssuchasarrival notices and digital certificates might be
generated or managed by specialized fifth-party service
providers, similar to current providers of centralized payroll or
administrative services (Zekhnini etal., 2021; Yeboah, Opoku-
Mensah & Abilimi, 2013b).

This diagram outlines the various challengesin securing
supply chain networks, emphasizing the complexity and
interconnectedness of modern systems. Cyberattacks, malware
distribution, and third-party risks are significant threats, while
emerging technologies introduce new vulnerabilities. The
decentralization of processes and the lack of transparency
further complicate security efforts. Additionally, data
managementissues and limited visibility in supply chainsmake
it harderto detect and mitigate risks (Gilbert & Gilbert, 2025h).
The effects of these challenges can influence operational
effectiveness, the safety of products and information, and might
even cause holdups in the movement of goods. Smaller
enterprises may also struggle to implement robust security
measures, making them more vulnerable.

2.1. Third-Party Risks

A common safeguard against third-party risks is the
deployment of Virtual Private Networks (VPNs) for medium-
to-large suppliers, supported by policies that require such
protection based on the supplier's assigned risk rating (Vaidya,
2019; Gilbert et al., 2025). Sensitive data, particularly that
which is classified as top secret or legally binding, is often
subject to stringent access controls that permit transmission
only between a sponsor and an authorized secondary party
(Gilbert & Gilbert, 2024y). These measures may be integrated
into the supplier's existing infrastructure, or suppliers may be
required to adhere to the sponsor's security conditions.

Typically, a supply chain involves a direct relationship
between a sponsor and a supplier engaged in delivering a
specific product or service. However, many modern supply
chains are considerably more complex and involve multiple
entities, including logistics companies that facilitate the
movement of goods between suppliers and sponsors (Gilbert,
Auodo & Gilbert, 2024; Alsmadi & Easttom, 2020). A primary
concern forsponsors is that a supplier's IT security may be less
robust than their own, a risk thatis exacerbated when suppliers
have direct access to sensitive information. Ensuring secure
communications and protecting shared resources when
accessed remotely by suppliersremains a critical challenge in
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managing third-party risks (UK, 2020; Abilimi & Yeboah,
2013).

This analysis underscores the necessity for comprehensive
risk management strategies that address not only internal
security practices but also the broader vulnerabilities inherent
in complex, multi-party supply chain networks.

TABLE 2: The Risk Assessment Matrix for third-party risks

T Risk Score
Identified Risk ":jka'g‘)’o "apg;t (Likelihood x
Impact)
Third-party IT Security 4 5 20
Weaknesses
Insecure
Communication 3 4 12
Remote Access to
Sensitive Data 5 S 25
Supplier Access to
Sensitive Information 4 5 20
Logistics Company 3 3 9

Involvement

The table lists identified risks, their likelihood and potential
impact, and a calculated risk score (likelihood multiplied by
impact). This quantitative summary helps assessand prioritize
vulnerabilities in the context of third-party risks within the
supply chain.

2.2. Complexity and Interconnectedness

Governments have advocated for structural containment
measures over suppliers; however, the specific nature, scale,
and extent of such containment need to be reconsidered
(Graefrath,2023; Gilbert, Oluwatosin & Gilbert,2024) . Supply
chain networks are inherently complex, with disruptions at
lower tiers capable of cascading through the entire system.
Notably, large-scale players frequently emerge as common
denominators across disrupted supply chains (Shifrinson, 2020;
Gilbert & Gilbert, 2024x). Some scholars have proposed
models—such as those focusing on dominant "tyrannical”
playersoremployingorder parameter approaches—as potential
alternatives for managingthe intricate interconnections in high-
technology industries. Yet, an open question remains: can
overly simplified models adequately capture the multifaceted
dynamics of modern supply chains?

High-tech nodes and links, which become particularly
critical under elevated demand, are high-value targets and
essential for maintaining system discipline and establishing
robust safeguards (Can, 2024; Gilbert & Gilbert, 2025g). A
comprehensive understanding of the technical logistics cycle is
crucial,as conventional, simplified drawdown models oftenfall
short in capturing these complexities. While military supply
chains sometimes exhibit unique "stay-behind" characteristics,
the prevailing paradigm in commercial and high-tech
environments isone of dominant, large-scale providers. In such
networks, the interconnectedness among multiple suppliers
cannot be effectively managed merely by reducing the number
or strength of interconnections (Gilbert & Gilbert, 2024v).
Although robust primary providers are indispensable, lean
supply chains often lack adequate secondary sources, rendering
them vulnerable; the disruption of a single component may
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precipitate broader systemic failures. Indeed, academic
research has historically focused more on elucidating the
mechanisms behind system failures rather than on the factors
that enable system survival (Kim, 2022; Gilbert & Gilbert,
2024w).

2.3. Lack of Transparency

A further challenge in modern supply chain networks is the
pervasive lack of transparency in decision-making at key
delivery nodes (VVafadamikjooet al., 2023; Gilbert & Gilbert,
2024v). These nodes are often occupied by corporate entities
that unilaterally set demand levels, schedules, and delivery
terms in ways that predominantly serve their own interests or
those of select partners (Yeboah, Odabi & Abilimi Odabi,
2016). For instance, in one illustrative case, actors within
"Network X" employed a strategy that evolved from cautiousto
aggressive tactics, manipulating delivery quantities to secure an
unfair advantage over the market (Sobb, Turnbull & Moustafa,
2020; Yeboah & Abilimi, 2013). This advantage was
maintained through practices such as bypassing conventional
money services networks, manipulating industry standards,
concealing critical documents, and selectively partnering with
preferred players.

The implications of such opacity extend beyond individual
transactions (Kumar, Liu & Shan, 2020; Gilbert & Gilbert,
2024u). As noted by Gim and Waller, the absence of
transparency not only distorts the operational dynamics of the
supply chain network but also undermines the formation of an
equitable Pareto frontier, ideally a balanced representation of
contributions from all network participants. In many instances,
the measures used to establish this frontier are determined
without any binding agreements or contracts that guarantee
mutual profit or success (Lynberg & Deif, 2023 Gilbert &
Gilbert, 2024t). Instead, the level of Pareto dominance reflects
an ad hoc balance, where one network may contribute a
significant demand while another contributes only minimally
(Gilbert & Gilbert, 2024s; Udeh et al., 2024). Consequently,
across various combinations of demand levels and delivery
rates, the overall system consistently exhibits a lack of
transparency, ultimately compromising both efficiency and
fairness in real-time operations (Al-Farsi, Rathore & Bakiras,
2021; Gilbert & Gilbert, 2024r).

Ill.  TECHNIQUES FOR PREVENTING SUPPLY CHAIN
ATTACKS

This paper examines the established methods attackers
employ to compromise the supply chainand provides insights
that help organizations and users comprehend the array of
potential threats. Although these techniques and their
countermeasures are not novel, their recurring nature enablesa
clearer understanding of attacker objectives and facilitates the
prioritization of defensive measures (Tahmasebi, 2024; Gilbert
& Gilbert, 2024q). Many of these countermeasures are already
incorporated, wholly or partially, into the standard procedures
ofa Security Operations Center (SOC) (Abdelkader etal., 2024;
Gilbert & Gilbert, 2024p). By becoming familiar with these
well-documented techniques, supply chain stakeholders can
better anticipate their occurrence, whether used individually or
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in combination, and thereby bolster their resilience against a
broad spectrum of compromise strategies (Gilbert & Gilbert,
2024n; Aslaner, 2024). Importantly, the scope of supply chain
threats extends beyond overtphysical tamperingor the insertion
of malware during manufacturing; for instance, attackers may
deploy malware through non-blueprint-based methods, thus
expanding the potential risk landscape (Gilbert & Gilbert,
20240).
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Figure 5: The sequence of steps for executing attack tactics.

Attackers typically deploy a diverse set of tactics to
compromise the supply chain, sometimes as isolated incidents
and other times as components of more sophisticated, multi-
faceted attacks (Zhang & Thing, 2021; Gilbert & Gilbert,
2024l). Recognizing these methods is essential for
organizations to accurately assess the threats they face and to
develop robustdefensive strategies (Gilbert & Gilbert, 2024m).
Presently, many large organizations tend to deprioritize supply
chain defenses within their broader cybersecurity frameworks
(Singh et al., 2019; Gilbert & Gilbert, 2024i). However, as the
understanding of these techniques and their potential impacts
deepens, the imperative to defend againstthemis expected to
rise (Gilbert & Gilbert, 2024k). Effective mitigation of supply
chain attacks whether at a national or enterprise level, is
particularly challenging, given that much of the security and
resilience of the supply chain rests with external suppliers
(Aljohani & Almutairi, 2024; Gilbert & Gilbert, 2024j). In
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many cases, organizations are simply assemblers of systems
and devices, relying on products and services provided by
multiple vendors.

This flowchart details the iterative and dynamic nature of a
cyber-attack, with decision points on the vulnerability of the
target, countermeasures in place, and responses to the attack.
The process involves constant adjustment and evaluation of
tactics to ensure the success of the attack.

3.1. Software Integrity Verification

The emphasis on ensuring supply chain security during
software development has often been diluted and
misunderstood. A critical issue arises when trust is
inadvertently extended to untrusted code, with the most
significant risk stemming not from the code itself but from the
individuals who sign it, implement changes, and the
organizations they represent (Khan, 2023; Gilbert & Gilbert,
2024h). Essential security controls are frequently absent,
leaving systems vulnerable to covert software updates injected
by criminal or espionage activities, a vulnerability that recent
military software supply chain incidents have starkly
highlighted (Shahzad & Lu, 2023; Gilbert & Gilbert, 20249).

If an assailant is able to jeopardize the integrity of the
software compilation and build procedure, the security of all in-
house developed software is called into question, with
comparable dangers extending to open-source software that is
not builtinternally (Wu, Duan and Ni, 2024; Kwame, Martey
and Chris, 2017). Presently, there is a notable lack of robust
software integrity verification mechanisms within the supply
chain, both for developers and end users (Falade, 2024; Gilbert
& Gilbert, 2025b). Although some commercial software
publishers strive to enforce discipline in their build processes
often aligning with standards such as ISO/IEC 27034, these
efforts can sometimes be counterproductive (Gilbert & Gilbert,
2025a; Ried etal., 2021). By emphasizing the security of the
build environment, purchasing decisions may be influenced by
factorsother than genuine supply chainsecurity (Laux, Wachter
& Mittelstadt, 2024). In practice, many commercial publishers
rely primarily on digital signatures and post-release integrity
metadata notifications to safeguard their software, which may
not be sufficient to address the full spectrum of supply chain
risks (Gilbert & Gilbert, 2024f).

3.2. Hardware Security Measures

A comprehensive strategy to mitigate hardware-specific
attacks involves deploying heterogeneous multiprocessor
architectures (Abilimi et al. 2015; Stojilovi¢ et al., 2023). In
practice, this meansintegrating a mix of general-purpose, 3D-
stacked, and commercial off-the-shelf processing elements that
are optimized to function under challenging process variations
while supporting Single-Instruction Multiple-Data (SIMD)
operations (Abilimi, & Adu-Manu, 2013; Shantharama,
Thyagaturu & Reisslein, 2020). By combining specialized
processing units from different product lines into a stacked
heterogeneous hierarchy, the system can effectively
compartmentalize potential vulnerabilities including those
exploited viastatistical side-channel attacks (Gilbert & Gilbert,
2024e). Additionally, dynamically varying the processor’s
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instruction set serves to obscure higher-level functionality,
reducing the risk that any single component of the chip will
become a reliable target for attackers (Veyette et al., 2022;
Abilimi et al., 2013). Moreover, incorporating a chip-level
personalization mechanism during manufacturing further
enhances security by ensuring that each chip possesses unique
attributes (Gilbert & Gilbert, 2024d).

Although software-based security measures remain
essential, dedicated hardware solutions offer advantages that
are difficult to replicate in software (Gilbert & Gilbert, 2024c;
Cardellinietal.,2022). In particular, hardware implementations
can enforce security policies with high efficiency (Chenetal.,
2022; Gilbert & Gilbert, 2024b). The multi-SIMD design
paradigmnotonly supports robust multi-threading—whether at
the level of individual cores or across a multi-core
architecture—but also delivers high throughput with relatively
lowcomplexity (Shakibhamedan etal.,2024; Gilbert & Gilbert,
2024a). These attributes are critical for maintaining
computational security in environments where performance and
resource efficiency are paramount.

TABLE 3: Security Measures Parameters compared
Security Measures Software Integrity Hardware Security

Parameters Verification Measures
Effectiveness 7 8
Cost 6 7
Scalability 8 6
Complexity 6 8
Performance 5 9
Flexibility 7 5

In the table, Hardware Security Measures tend to be more
effective, perform better, and are more complex, whereas
Software Integrity Verification offers higher scalability and
flexibility with lower complexity and cost. The choice between
these two approaches depends on the specific needs and trade-
offs of the system being protected.

Comparison of Software Integrity Verification vs Hardware Security Measures

auft vare Integrity Verification |

dddddd Security Measures
&*
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Figure 6: The Comparison of Software Integrity Verification Verses Hardware
Security Measures.

L

Scares (1-10)

~

The comparison between Software Integrity Verification
and Hardware Security Measures shows their performance
across key attributes. Software Integrity Verification,
represented by the orange bars, excels in effectiveness and
scalability but faces challenges in complexity, cost, and
performance. On the other hand, Hardware Security Measures,
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shown with yellow bars, perform well in terms of performance
and complexity, though they slightly lag behind in scalability
and flexibility. This chart clearly illustrates the differences
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between the two approaches in these areas, highlighting their
respective strengths and limitations.

General-Purpose Processing__, Optimized for Process

Elements Variations

Elements » Supports SIMD Operations

Statistical Side-Channel

Compartmentalizes »
Attacks

Vulnerabilities

Obscures Higher-Level

Instruction Set Variability — ] 5 — Reduces Target Reliability
Functionality

~» Multi-SIMD Architecture # Chip-Level Personalization—® Unique Chip Attributes

\Dedicated Hardware Enforces Security Policies

Efficiently

Maintains Computational
Security

Figure 7: components and features of Hardware Security Measures on Multi-SIMD Architecture.

This diagram highlights how Hardware Security Measures,
specifically Multi-SIMD Architecture, enhance systemsecurity
by using heterogeneous multiprocessor architectures. These
systems incorporate various processing elements, such as
general-purpose, 3D-stacked, and commercial off-the-shelf
components, all optimizedfor process variations and capable of
supporting SIMD operations. The architecture helps mitigate
statistical side-channel attacks by compartmentalizing
vulnerabilitiesand obscuring higher-level functionality, which
reduces the target's reliability. Additionally, Multi-SIMD
Architecture offers benefits like instruction set variability, chip-
level personalization, and the efficient enforcement of security
policies, ensuring high throughput and low complexity. This
approach provides robust multi-threading capabilities, which
enhance performancewhile maintaining computational security
and reducing vulnerabilities.

IV. FINDINGS, CONCLUSIONS, RECOMMENDATIONS AND

FUTURE TRENDS

4.1 Findings

Integration Vulnerabilities: The study reveals that the
integration of cyber-physical systems (CPS) and ultra-
large-scale CPS (ULS-CPS) introduces significant
vulnerabilities. These include cross-layer risks, insider
threats, privacy issues, and collateral damage, all of which
complicate the security landscape of supply chain
networks.

Key Challenges Identified - Three primary challenges
were emphasized: Third-Party Risks: Inadequate security
practices among external suppliers—especially when
SMEs are involved—can expose sensitive data and create
weak points in the network. Complexity and
Interconnectedness: The inherent complexity of modern
supply chains, where disruptions in one segment can
cascade throughout the network, poses severe risks.
Simplistic models often fail to capture the nuanced
interdependencies among diverse participants. Lack of
Transparency: Decision-making at critical nodes often
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lacks transparency, leading to imbalances and ad hoc
practices that undermine equitable and efficient
operations.

Assessment of Security Measures -The evaluation of
existing security techniques showed: Software Integrity
Verification: Current practices (e.g.,digital signaturesand
build process controls) may not be comprehensive
enough, especially when trust is extended to potentially
untrusted code or signers. Hardware Security Measures:
Approaches such as heterogeneous multiprocessor
architecturesand dynamic instruction set variations offer
promise by compartmentalizing vulnerabilities and
mitigating side-channel attacks, yet they too have
limitations in the face of evolving threats.

Novel Metrics Development: The researchintroduced new
metrics to assess the robustness and resilience of supply
chain networks. These metrics indicate that even minor
degradations in network resilience can lead to substantial
losses in overall value.

Cross-Disciplinary Insights: The findings underscore the
importance of integrating insights from transportation
policy, network security, and supply chainmanagementto
develop a holistic understanding of the vulnerabilities and
to strategize effective defenses.

4.2 Conclusions

Integrated Security Approach Required: The research
concludes thatsecuring supply chain networks requires a
holistic strategy that goes beyond isolated technical fixes.
An integrated framework that combines technological
innovations with strategic, cross-disciplinary risk
management practices is essential for long-term
resilience.

Balancing Flexibility and Security: While flexible and
dynamic supply chains offer competitive advantages, they
also expose organizations to targeted attacks. Therefore,
decision-makers must weigh the benefits of operational
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agility against the heightened risk of sophisticated,
coordinated cyber-physical threats.

Importance of Continuous Risk Assessment: Given the
rapid evolution of threats—particularly with emerging
technologies—the study emphasizes the need for ongoing
monitoring, verification, and re-assessment of security
protocols throughout the supply chain lifecycle.

4.3 Recommendations

Enhance Risk Management Practices: Organizations
should implement robust, continuous risk management
strategies that include: Comprehensive monitoring and
verification of trustworthiness across all supply chain
layers. Strengthened controls for third-party access,
especially for suppliers handling sensitive data.
Improve Software and Hardware Security Measures:
Software: Adopt more rigorous integrity verification
mechanisms that extend beyond digital signatures to
include stricter controls on the code build process and
trusted code signers. Hardware: Leverage heterogeneous
multiprocessor architectures and dynamic instruction set
variations to obscure functionality and compartmentalize
potential vulnerabilities.

Promote Cross-Disciplinary Collaboration: Stakeholders
are encouraged to pursue industry-ledinitiativesthat bring
together experts in transportation policy, cybersecurity,
and supply chain management. This collaboration can
foster the development of integrated frameworks and
standard protocols to secure complex networks.
Increase Transparency in Decision-Making: To mitigate
risks associated with opaque practices, it is recommended
that supply chain processes be standardized and made
more transparent. Clear contractual agreements and
standardized protocols can help balance power among
network participants and enhance overall trust.

4.4 Future Trends

Refinement of Novel Metrics: Future research should
focus on refining the proposed metrics for measuring
network robustness and resilience. Validating these
metrics through empirical studies can help quantify the
real-world impact of security degradations.

Emerging Technological Impacts: With technologiessuch
as mass 3-D printing and photonic machining potentially
decentralizingsupply chains, furtherexplorationis needed
to understand how these innovations will affect
vulnerability and security dynamics.

Sophisticated Modeling of Supply Chain Dynamics: There
is a growing need for advanced models that accurately
capture the intricate interdependencies and dynamic
interactions within global supply chains. Such models
would better predict how disruptions propagate and how
to design more resilient systems.

Increased Emphasis on Cyber-Physical Integration: As
CPS and ULS-CPS become more integral to supply chain
operations, future security frameworks must evolve to
address the unique challenges posed by their integration
with traditional physical processes.
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Industry-Led Security Initiatives: The study highlights the
potential for industry-led collaborations to pioneer
innovative security strategies. These initiatives are
expected to play a critical role in setting new industry
standards and shaping policy in the realm of supply chain
security.
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