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Abstract 74 

National manufacturing and critical infrastructure (CI) supply chains are essential to maintaining 75 
the overall health, security, and the economic strength of the United States (U.S.). As global 76 
supply chains become more complex, tracing the origins of products and materials becomes 77 
increasingly challenging. Recent events and current economic conditions have exposed the 78 
significant risks posed by disruptions in the security and continuity of the U.S. manufacturing 79 
supply chain, highlighting the need for greater visibility and security to safeguard against 80 
various hazards and threats. Additionally, the U.S. manufacturing supply chain has proven 81 
vulnerable to logistical disruptions and the actions of nefarious actors seeking to commit fraud, 82 
sabotage, or corrupt manufactured products. 83 

Improving the traceability of goods and materials throughout the supply chain is critical to 84 
identifying disruptions and mitigating these risks. This report introduces a Meta-Framework 85 
designed to organize, link, and query traceability data across manufacturing supply chains. The 86 
goal of the framework is to enhance end-to-end traceability, providing stakeholders with the 87 
tools needed to trace product provenance, ensure regulatory compliance, and bolster the 88 
resilience of the U.S. manufacturing supply chain. 89 

Keywords 90 

pedigree; provenance; supply chain traceability; traceability chain. 91 

Reports on Computer Systems Technology 92 

The Information Technology Laboratory (ITL) at the National Institute of Standards and 93 
Technology (NIST) promotes the U.S. economy and public welfare by providing technical 94 
leadership for the Nation’s measurement and standards infrastructure. ITL develops tests, test 95 
methods, reference data, proof of concept implementations, and technical analyses to advance 96 
the development and productive use of information technology. ITL’s responsibilities include 97 
the development of management, administrative, technical, and physical standards and 98 
guidelines for the cost-effective security and privacy of other than national security-related 99 
information in federal information systems. The Special Publication 800-series reports on ITL’s 100 
research, guidelines, and outreach efforts in information system security, and its collaborative 101 
activities with industry, government, and academic organizations. 102 

Note to Reviewers 103 

NIST welcomes feedback and input on any aspect of NIST IR 8536 and additionally proposes a 104 
list of non-exhaustive questions and topics for consideration: 105 

1. How well does the Meta-Framework data model relate to existing supply chain practices 106 
and your organization? Are there significant gaps between your current practices and 107 
the Meta-Framework that this paper should address? 108 
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2. How do you expect this white paper to influence your future supply chain traceability 109 
practices and processes? 110 

3. How do you envision using this white paper? What changes would you like to see to 111 
increase/improve that use? 112 

4. What suggestions do you have on changing the format of the information provided? 113 

5. Is the guidance here sufficient to identify and address supply chain traceability? Are 114 
there changes or additional guidance that the authors should consider? 115 

All comments are subject to release under the Freedom of Information Act. 116 

Call for Patent Claims 117 

This public review includes a call for information on essential patent claims (claims whose use 118 
would be required for compliance with the guidance or requirements in this Information 119 
Technology Laboratory (ITL) draft publication). Such guidance and/or requirements may be 120 
directly stated in this ITL Publication or by reference to another publication. This call also 121 
includes disclosure, where known, of the existence of pending U.S. or foreign patent 122 
applications relating to this ITL draft publication and of any relevant unexpired U.S. or foreign 123 
patents. 124 

ITL may require from the patent holder, or a party authorized to make assurances on its behalf, 125 
in written or electronic form, either: 126 

a) assurance in the form of a general disclaimer to the effect that such party does not hold 127 
and does not currently intend holding any essential patent claim(s); or 128 

b) assurance that a license to such essential patent claim(s) will be made available to 129 
applicants desiring to utilize the license for the purpose of complying with the guidance 130 
or requirements in this ITL draft publication either: 131 

i. under reasonable terms and conditions that are demonstrably free of any unfair 132 
discrimination; or 133 

ii. without compensation and under reasonable terms and conditions that are 134 
demonstrably free of any unfair discrimination. 135 

Such assurance shall indicate that the patent holder (or third party authorized to make 136 
assurances on its behalf) will include in any documents transferring ownership of patents 137 
subject to the assurance, provisions sufficient to ensure that the commitments in the assurance 138 
are binding on the transferee, and that the transferee will similarly include appropriate 139 
provisions in the event of future transfers with the goal of binding each successor-in-interest. 140 

The assurance shall also indicate that it is intended to be binding on successors-in-interest 141 
regardless of whether such provisions are included in the relevant transfer documents. 142 

Such statements should be addressed to: blockchain_nccoe@nist.gov 143 

mailto:blockchain_nccoe@nist.gov
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Executive Summary 229 

Ensuring supply chain traceability is critical for maintaining product authenticity, compliance, 230 
and security in today’s complex, globalized manufacturing ecosystems. As manufactured goods 231 
such as microelectronic components move through the supply chain to employment of a final 232 
product in critical infrastructure--stakeholders face increasing challenges in maintaining 233 
visibility into the history and provenance of these products. The framework enables end-to-end 234 
traceability by linking records from different ecosystems. The Massachusetts Institute of 235 
Technology (MIT) Sustainable Supply Chain Lab notes that “While the urgency to act is high [to 236 
increasing traceability & transparency], most companies currently lack the capability to 237 
understand what is happening in their supply chains. At the same time, suppliers and producers 238 
are limited in their access to technologies that connect them with supply chain partners.” [1]. 239 
This lack of traceability presents significant risks, including the potential introduction of 240 
counterfeit goods, non-compliance with regulatory requirements, and threats to the integrity of 241 
critical infrastructure systems. 242 

This paper presents a Meta-Framework designed to address these challenges by providing a 243 
structured, industry-tailorable approach to capturing, linking, and retrieving traceability data 244 
across diverse supply chains. The Meta-Framework enables stakeholders to record and access 245 
traceability information securely through trusted data repositories, or ecosystems, facilitating 246 
the creation of Traceability Chains—verifiable, chronological records of product-related events 247 
throughout the supply chain. 248 

The Meta-Framework uses several key components designed to enhance the visibility, 249 
reliability, and integrity of supply chain event data, ensuring stakeholders can discover, 250 
understand, and trust the traceability information. The following key principles support a 251 
secure and adaptable approach to supply chain traceability. 252 

• Data Model and Ontologies: The Meta-Framework supports a flexible data model that 253 
allows industry-specific stakeholders to define their syntax and semantics of traceability 254 
data for use in their Traceability Records. By enabling industry-specific stakeholders to 255 
enforce consistent data definitions across their ecosystems, the Meta-Framework 256 
ensures that traceability data is consistent within industry sectors, understandable, and 257 
exchanged seamlessly, regardless of the industry or regulatory environment. 258 

• Traceability Records: These are the core units of supply chain event data captured 259 
throughout the supply chain. Each traceability record documents a supply chain event, 260 
such as manufacturing, shipping, or receiving, and is securely stored in a trusted data 261 
repository. This allows stakeholders to fully discover the sequence of relevant supply 262 
chain events, creating a detailed and reliable record of the product’s history. 263 

• Traceability Links: To create a Traceability Chain, individual traceability records are 264 
linked through verifiable traceability links. These links allow stakeholders to trace a 265 
product’s history in reverse chronological order, ensuring the integrity and authenticity 266 
of the entire supply chain process. 267 
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• Trusted Data Repositories and Ecosystems: Each industry defined and operated 268 
ecosystem serves as a secure data repository, responsible for storing and managing 269 
their industry-specific Traceability Records. These ecosystems are governed by industry-270 
specific manufacturing supply chain stakeholders who define their supply chain event 271 
data to use in traceability records, which can draw from industry and regulatory 272 
standards and conventions to ensure that the data remains trustworthy, accessible, and 273 
protected from tampering. 274 

• External Reference Links: The framework also allows for industry-specific external 275 
reference links to point to additional industry-specific data sources such as test data, 276 
third-party attestations or certifications that support more specialized use cases. These 277 
links can also be used to provide supplementary evidence for verifying product 278 
provenance and pedigree. 279 

These elements allow the Meta-Framework to address some of the key challenges facing supply 280 
chain stakeholders by: 281 

• Challenge #1: Information is stored in disjointed and isolated repositories - The Meta-282 
Framework mitigates this challenge by establishing data repositories accessible by 283 
authorized users. 284 

• Challenge #2: Inconsistent semantic and data definitions - The Meta-Framework 285 
mitigates this challenge by using industry defined data models and ontologies. 286 

• Challenge #3: Difficulty validating information integrity - The Meta-Framework 287 
mitigates this challenge by using traceability links and hash-based validation to verify 288 
the data integrity of traceability data.  289 

A key strength of the Meta-Framework is its application across industry sectors, as illustrated in 290 
this National Institute of Standards and Technology Internal Report (NIST IR) through a 291 
simplified manufacturing supply chain scenario. As manufactured goods such as microelectronic 292 
components move through the supply chain to employment of a final product in critical 293 
infrastructure, the framework enables end-to-end traceability by linking records from different 294 
ecosystems. Stakeholders can trace products through the supply chain—retrieving records from 295 
trusted data repositories—using traceability links that provide an auditable trail of each 296 
product's supply chain history. 297 

As manufactured goods such as microelectronic components move through the supply chain to 298 
employment of a final product in critical infrastructure, the framework enables end-to-end 299 
traceability by linking records from different ecosystems. By capturing and storing traceability 300 
data throughout the supply chain, the Meta-Framework empowers stakeholders to address 301 
evolving market-driven and regulatory-driven use cases. It supports product validation, risk 302 
management, and regulatory compliance, ensuring that products meet the highest standards 303 
for authenticity, quality, and ethical sourcing. 304 

Overall, the Meta-Framework provides a flexible and scalable approach for enhancing supply 305 
chain traceability across industry sectors. By leveraging trusted data repositories, defined and 306 
documented data models, and secure traceability links, the framework ensures that 307 
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stakeholders can trace the provenance and pedigree of products with confidence. As supply 308 
chains become more complex and globalized, the Meta-Framework offers a critical tool for 309 
securing the integrity of supply chain operations and safeguarding critical infrastructure 310 
systems. 311 
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1. Supply Chain Traceability 312 

The security, resilience, and assurance of national manufacturing and critical infrastructure 313 
supply chains are vital to maintaining the overall health, security, and economic strength of the 314 
United States (U.S.). As global supply chains become more complex, discerning the origins of 315 
products becomes increasingly challenging. MIT Sustainable Supply Chain Lab notes that “While 316 
the urgency to act is high [to increasing traceability & transparency], most companies currently 317 
lack the capability to understand what is happening in their supply chains. At the same time, 318 
suppliers and producers are limited in their access to technologies that connect them with 319 
supply chain partners.” [1]. This lack of traceability presents significant risks, including potential 320 
introduction of counterfeit goods, non-compliance with regulatory requirements, and threats 321 
to the integrity of critical infrastructure systems.  322 

The collection of traceability and other supply chain data, as discussed in "Cybersecurity supply 323 
chain risk management for systems and organizations.", National Institute of Standards and 324 
Technology Special Publication (NIST SP) 800-161r1, [2] can inform the pedigree of products 325 
and potentially supports continuous monitoring and risk assessment throughout the supply 326 
chain. Provenance and pedigree information can help meet growing regulatory requirements 327 
such as ethical sourcing, protect consumers against counterfeit or substandard products and 328 
materials, and expose and deter other nefarious activity occurring in the supply chain. 329 
Specifically, aggregated provenance information can enable supply chain participants to detect 330 
early indicators of degraded supply chain resiliency, such as product or material shortage, 331 
logistical disruption, and other threats to supply chain continuity. The discoverability, 332 
accessibility, and understandability of traceability data allows for effective risk communication 333 
and reporting, ensuring that stakeholders are well-informed and can respond promptly to 334 
emerging risks. 335 

Supply chain traceability, as part of broader supply chain transparency, is studied from a 336 
bibliographic perspective in “Supply chain transparency: A bibliometric review and research 337 
agenda” [3]. In this study, the authors found clusters of research, one of which was “Cluster 5: 338 
supply chain transparency for traceability,” which is directly related to the traceability topic of 339 
this NIST IR. However, the authors also found that this cluster’s research papers “…are primarily 340 
focused on organizational processes to achieve effective traceability of supply chains.” Thus, 341 
little research is devoted to manufacturing supply chain-wide interoperability where all 342 
applicable and authorized stakeholders can discover, retrieve, and understand relevant supply 343 
chain event data, and links to predecessor supply chain event data, such as addressed in this 344 
NIST IR. 345 

Fundamentally, achieving supply chain traceability objectives requires stakeholders to have 346 
access to information. This report describes a Meta-Framework that supports capturing and 347 
accessing pedigree and provenance information to support supply chain traceability, ensuring 348 
stakeholders can discover, understand, and trust the traceability information. 349 

The rest of this section is organized as: 350 

• Traceability Activities – Representative activities for traceability in manufacturing 351 
supply chains. 352 
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• Traceability Challenges – Key challenges that inhibit realization of supply chain 353 
traceability activities. 354 

• Goals – Project objectives for the Meta-Framework associated with overcoming the 355 
traceability challenges and addressing the traceability activities. 356 

• Approach – The approach for establishing a Meta-Framework to improve traceability. 357 

1.1. Traceability Activities 358 

In today’s increasingly complex and globalized markets, the ability to trace products and 359 
components through the supply chain is essential for ensuring product integrity, compliance 360 
with regulations, and meeting consumer expectations. The following subsections will delve into 361 
representative activities and explore how supply chain traceability can address a broad 362 
spectrum of challenges. By examining these common scenarios, organizations can gain a deeper 363 
understanding of the value in implementing robust traceability systems. 364 

1.1.1. Market-Driven: Component Verification 365 

In today’s competitive marketplace, customers demand greater transparency and assurance 366 
regarding the products they purchase, particularly when it comes to the quality and 367 
authenticity of components. As supply chains have become increasingly complex, the ability to 368 
verify the origins and journey of a product component is critical for maintaining customer trust 369 
and satisfaction. 370 

Consider a scenario where an end customer requires verification that a specific component 371 
within a final product is genuine and meets all necessary quality standards. This need for 372 
verification arises from several market-driven factors, including concerns about counterfeit 373 
components, the desire to maintain brand reputation, and the necessity to meet customer 374 
expectations for product reliability. 375 

To address these concerns, manufacturers and integrators must provide detailed traceability 376 
data that tracks the component from its origin through the entire supply chain. Additionally, 377 
this data must be accessible and verifiable by the end customer, allowing them to confirm the 378 
authenticity of the component and its compliance with specified standards.  379 

By implementing robust traceability methods, organizations can also enhance their market 380 
position by providing the transparency that customers increasingly expect. This not only helps 381 
protect against infiltration of counterfeit goods but also reinforces brand trust. Additionally, the 382 
ability to verify component authenticity can be a differentiator in the market, enabling 383 
companies to demonstrate their commitment to quality and reliability. 384 

1.1.2. Regulatory-Driven: Ethical Sourcing Verification 385 

As global supply chains expand and evolve, regulatory bodies have increasingly emphasized the 386 
importance of ethical sourcing, particularly regarding raw materials used in manufacturing. 387 
Governments and industry regulators are requiring companies to ensure that the materials they 388 



NIST IR 8536 ipd (Initial Public Draft)  Supply Chain Traceability 
September 2024  Manufacturing Meta-Framework 

6 

source, especially those used in sensitive products like electric vehicle (EV) batteries, adhere to 389 
ethical standards such as ethical sourcing and labor laws. This regulatory-driven traceability is 390 
crucial not only for legal compliance but also for maintaining public trust and corporate 391 
responsibility. 392 

To comply with these regulations, manufacturers must track the origin of raw materials through 393 
the entire supply chain. This involves documenting the kind and location of source materials 394 
and ensuring that they come from suppliers who meet the required ethical standards for their 395 
country, industry, and intended marketplace. The traceability data must be robust enough to 396 
satisfy government agency requirements and enable companies to demonstrate compliance 397 
during audits or inspections. 398 

By providing clear and accessible traceability data, companies can not only comply with 399 
regulatory demands but also enhance their reputation by showcasing their commitment to 400 
ethical practices. This is increasingly important as consumers and investors alike prioritize 401 
corporate responsibility and sustainability. 402 

1.2. Traceability Challenges 403 

While traceability can address both market-driven demands for transparency and regulatory 404 
requirements for ethical sourcing, achieving traceability across complex supply chains is 405 
difficult. Traceability is typically practiced by the acquirer who determines product pedigree 406 
and provenance (colloquially described as “supply chain illumination”) as documented in NIST 407 
SP 800-161r1 [2]. 408 

This method requires gathering information from multiple supply chain stakeholders involved in 409 
production processes. Gathering this data can be difficult and time consuming, especially for 410 
complex supply chains. Stakeholders attempting to retrieve data further back in the production 411 
process are particularly impacted. 412 

Figure 1. Challenges to Component or Assembly Verification Across Stakeholder Tiers shows 413 
how a component’s original manufacturer may be several supply chain stakeholder tiers away 414 
from the interested acquirer. As a result, obtaining information on the component or assembly 415 
may be difficult and time consuming. 416 
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Figure 1. Challenges to Component or Assembly Verification Across Stakeholder Tiers 417 

From this generalization of the path products take and how a stakeholder researches 418 
supporting pedigree and provenance information, the following primary challenges associated 419 
with establishing supply chain traceability were identified. 420 

1.2.1. Challenge #1: Information is stored in disjointed and isolated repositories. 421 

Situation: Information that can support supply chain pedigree and provenance may only be 422 
available in private or otherwise inaccessible data repositories or data stores limiting the ability 423 
for manufacturing partners and external stakeholders to obtain this information. 424 

Impact: Without access to provenance and pedigree information, both manufacturers and 425 
consumers may be unable to ascertain if the components and products are genuine or conform 426 
to regulatory requirements. 427 

Resolving this challenge: Pedigree and provenance information must be accessible to 428 
authorized stakeholders. When information spans multiple organizations, the information must 429 
also be verifiably linked to allow authorized stakeholders to obtain the manufacturing history of 430 
the product and components. 431 
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1.2.2. Challenge #2: Inconsistent semantic and data definitions. 432 

Situation: Semantic data gaps occur when supply chain participants write or convey supply 433 
chain data in records aligned with stakeholder-internal data semantic rules, which may be 434 
inconsistent with, or potentially misunderstood by other supply chain stakeholders.  435 

Impact: Supply chain data fields can be misaligned or mismatched from one manufacturing 436 
stakeholder data record to another, since each stakeholder writes its own isolated and 437 
sometimes private data. Presently, no consistent means exist to align data across the supply 438 
chain. 439 

Resolving this challenge requires: Industry and regulatory bodies must establish information 440 
standards that provide the key data elements for their products and components. These 441 
standards should ensure the traceability information is sufficient to support pedigree and 442 
provenance for the products. As a result, traceability systems that store this information must 443 
provide the flexibility to support different industry and regulatory standards and conventions 444 
while still providing sufficient consistency to enable automation to validate that records are 445 
consistent with industry standards. 446 

1.2.3. Challenge #3: Difficulty validating information integrity 447 

Situation: Ensuring the integrity of pedigree and provenance information presents significant 448 
challenges for both end customers and intermediate manufacturers. Data integrity, as defined 449 
by the Computer Security Resource Center (CSRC) is: 450 

“The property that data has not been altered in an unauthorized manner. 451 
Data integrity covers data in storage, during processing, and while in transit.” 452 

The complexity of modern supply chains means that data is generated, managed, and 453 
transmitted by a variety of distinct stakeholders, each potentially using different approaches to 454 
securing and documenting their data. Presently, there does not appear to be a consistent 455 
method that exists to validate pedigree and provenance integrity across manufacturing supply 456 
chains. 457 

Impact: Variation in integrity controls can lead to inconsistent quality and increase the difficulty 458 
for stakeholders to validate the authenticity of the pedigree and provenance information.  459 

Resolving this challenge requires: Protocols for information sharing that ensure consistency 460 
and reliability across all stages of the supply chain is required. By promoting transparency and 461 
alignment in integrity practices, stakeholders can validate the integrity of the pedigree and 462 
provenance information on which they will rely to make decisions. 463 

1.3. Goals 464 

The primary goal of this Meta-Framework project is to describe and demonstrate a method for 465 
enhancing supply chain traceability across multiple manufacturing supply chain sectors, 466 

https://csrc.nist.gov/glossary/term/data_integrity
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enabling stakeholders to access information required to trace product provenance and verify 467 
the pedigree of products within the supply chain. The specific goals include: 468 

• Enhancing Accessibility and Visibility: Improve the accessibility and visibility of supply 469 
chain information by enabling stakeholders to record and retrieve data from trusted, 470 
accessible data stores. These data stores will link supply chain data, facilitating robust 471 
traceability. 472 

• Establishing a Flexible Data Model: Develop a flexible data model that supports 473 
industry and regulatory efforts in establishing ontologies to provide syntactically and 474 
semantically consistent supply chain data for stakeholders. 475 

• Improving Data Integrity: Enhance the integrity of traceability information by providing 476 
mechanisms that allow stakeholders to validate the data obtained from various 477 
organizations. 478 

To achieve these goals, the Meta-Framework will discuss and define several key concepts 479 
including construction of traceability chains composed of traceability records that store 480 
pedigree and provenance information captured during specific production events. Additionally, 481 
the framework will address establishment of trusted data repositories, ecosystems, and 482 
methods for creating traceability links that verifiably connect traceability records both within 483 
and across these ecosystems.  484 

To demonstrate that the Meta-Framework has achieved these goals, this report will outline its 485 
application to the following use cases. 486 

Recording Traceability Records: Enable the recording of traceability records into trusted data 487 
repositories with traceability links to applicable predecessor records. This will support 488 
construction of a traceability chain that meets traceability use case requirements. 489 

Retrieving Traceability Records: Facilitate the retrieval of traceability records from trusted data 490 
repositories. Using traceability links, stakeholders will be able to trace back through a chain of 491 
traceability records across one or more trusted data repositories, thereby obtaining 492 
comprehensive provenance and pedigree information. 493 

1.4. Approach 494 

This document outlines a Meta-Framework designed to record and retrieve industry-agnostic 495 
traceability records from trusted data repositories. The goal is to enable authorized 496 
stakeholders to create a traceability chain that supports both market and regulatory-driven 497 
traceability use cases. 498 

Recognizing the need to stay focused on the core objective of traceability, this approach 499 
prioritizes key traceability activities, such as production, shipment, receiving, and employment, 500 
while acknowledging that certain broader supply chain functions (e.g., business-to-business 501 
transactions, industry-specific semantics) fall outside the framework’s primary scope. These 502 
functions, while important, are considered ancillary to the main goal of ensuring a secure and 503 
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verifiable traceability chain and have been set aside or accommodated to maintain the clarity 504 
and effectiveness of the Meta-Framework. 505 

The approach builds on the foundational work established in NIST IR 8419, “Blockchain and 506 
Related Technologies to Support Manufacturing Supply Chain Traceability” [4], and NIST Project 507 
Description “Manufacturing Supply Chain Traceability with Blockchain Related Technology: 508 
Reference Implementation” [5]. This approach accommodates both blockchain and legacy data 509 
storage technologies to enable wide adoption. 510 

The project emphasizes collaboration and technical exchange with industry groups, standards 511 
bodies, academic researchers, and other relevant stakeholders. By engaging with these diverse 512 
parties, the project aims to discover, develop, and refine use cases that demonstrate the value 513 
of traceability in supply chain data. This collaborative effort will contribute to establishing 514 
robust methods for verifying product provenance and pedigree across complex supply chains. 515 

1.5. Audience 516 

The purpose of this report is to describe a framework that facilitates storage and linking of 517 
information from manufacturers and integrators, to support supply chain traceability use cases 518 
related to product pedigree and provenance. The framework introduces the concept of 519 
ecosystems, which serve as trusted, potentially third-party entities that maintain industry-520 
recognized data repositories. These repositories enable manufacturers and integrators to 521 
securely record their traceability information, while allowing stakeholders (e.g., customers) to 522 
retrieve product-related data. This data supports establishment of a traceability chain, a 523 
collection of linked records that provides detailed information on product pedigree and 524 
provenance, enhancing transparency, accountability, and security across the supply chain. 525 

The intended audience for this report includes organizations and industry consortia that are 526 
considering establishing and operating ecosystems, as well as manufacturers, integrators, and 527 
possibly resellers who seek to integrate into these ecosystems and record traceability data. 528 
Other stakeholders include policymakers, regulators, academic researchers, and cybersecurity 529 
professionals who have an interest in the integrity and security of supply chains. 530 
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2. Meta-Framework Overview 531 

The Meta-Framework is designed to enhance supply chain traceability across diverse 532 
manufacturing sectors by providing a structured approach to recording, linking, and retrieving 533 
traceability information that can inform pedigree and provenance of products. This framework 534 
is intended to be industry-agnostic, allowing it to be applied across supply chains, regardless of 535 
the specific products or components involved. The overarching goal is to enable stakeholders to 536 
establish a comprehensive traceability chain that supports both market-driven and regulatory-537 
driven use cases. Core components of the Meta-Framework include: 538 

• Data Model and Ontologies: The Meta-Framework provides a flexible data model that 539 
can be adapted to different industries and regulatory environments. This enables 540 
ecosystem stakeholders to establish data dictionaries and ontologies that provide 541 
syntactic and semantic consistency for data in traceability records, such that any other 542 
stakeholder can understand the applicable supply chain event data and make decisions. 543 

• Traceability Records: At the heart of the Meta-Framework are traceability records, 544 
which capture essential information about product pedigree and provenance at various 545 
stages or events within the supply chain. These records are stored in trusted data 546 
repositories, ensuring that the information is secure, accessible, and verifiable by 547 
authorized stakeholders. 548 

• Traceability Links: The Meta-Framework introduces traceability links that link individual 549 
traceability records into a traceability chain. These links are designed to be verifiable, 550 
ensuring that stakeholders can confidently trace the history of a product or component 551 
through various stages of the supply chain, across different repositories, and between 552 
different organizations. 553 

• External Reference Links: Optional links may include external data sources relevant to 554 
the Traceability Record, such as test data, documentation, or third-party attestations 555 
that may be too large to include within the traceability record itself. While external 556 
reference links can be important and even required by industry or regulatory standards, 557 
the Meta-Framework acknowledges that this information may be stored outside the 558 
trusted data repository and may not be immediately accessible to all stakeholders 559 
without further coordination. For example, the Internet Engineering Task Force (IETF) 560 
Supply Chain Integrity, Transparency, and Trust (SCITT) chartered standard [6] provides 561 
a description of an HTTP-based Representational State Transfer (REST) API interface that 562 
can be implemented to provide 3rd party attestation of claims about software. As such, 563 
the Meta-Framework recommends that the data captured within the traceability record, 564 
particularly through the variable data block, should be sufficient to address general 565 
pedigree and provenance use cases. External reference links, while valuable, should be 566 
considered supplemental evidence that may be requested and validated by stakeholders 567 
as needed for specialized use cases or risk management purposes. 568 

• Trusted Data Repositories: The Meta-Framework advocates for the use of trusted data 569 
repositories in ecosystems, where traceability records can be securely stored and 570 
accessed. These repositories serve as the backbone of the Traceability Chain, linking 571 
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supply chain event data from multiple stakeholders and ensuring that it remains intact 572 
and trustworthy throughout its lifecycle. 573 

The Meta-Framework is designed to address key challenges faced by stakeholders including: 574 

• Challenge #1: Establishing Consolidated Data Repositories and Enhancing Accessibility 575 
- The Meta-Framework describes the use of trusted data repositories, which ecosystems 576 
can establish to securely store and manage traceability information. These repositories 577 
enable stakeholders to access and retrieve traceability data efficiently, improving 578 
transparency and visibility across the supply chain. By outlining best practices for the 579 
structure and governance of these repositories, the Meta-Framework ensures that 580 
traceability data can be securely shared and accessed across the supply chain. 581 

• Challenge #2: Enforcing Consistency and Semantic Integrity Through Standardized 582 
Data Models - The Meta-Framework incorporates standardized data models and 583 
provides the flexibility to support industry and regulatory ontologies, ensuring that 584 
traceability records maintain consistency in both syntax and semantics. This consistency, 585 
enforced through ecosystem data dictionaries, ensures that all stakeholders use and 586 
interpret traceability data in a uniform way. By addressing the challenge of data 587 
consistency, the framework helps industry and regulatory bodies ensure that 588 
traceability data is interoperable and meaningful across different sectors and use cases. 589 

• Challenge #3: Establishing Verifiable Trust in Traceability Data - The Meta-Framework 590 
introduces mechanisms such as traceability links with hash-based validation to ensure 591 
data integrity. These mechanisms allow stakeholders to verify the authenticity and 592 
accuracy of supply chain traceability records, creating trust points that can be relied 593 
upon by both ecosystem stakeholders and non-ecosystem stakeholders (e.g., regulators, 594 
customers). Some supply chain integrity efforts are making inroads toward specific types 595 
of other trust, such as hardware component verification "...that the internal 596 
components of the computing devices they acquire are genuine and have not been 597 
unexpectedly altered during manufacturing or distribution processes." [7]. Whereas the 598 
focus of this NIST IR is to establish the mechanisms to ensure that recorded supply chain 599 
event data across manufacturing sectors maintains data integrity. 600 

By providing these verification tools, the framework helps establish and secure the traceability 601 
chain of supply chain event data against tampering and unauthorized modifications, thereby 602 
addressing the need for verifiable trust. In summary, the Meta-Framework addresses the key 603 
challenges by improving data accessibility and visibility, ensuring consistent and interoperable 604 
data across stakeholders, and providing tools to establish and verify the trustworthiness of 605 
traceability data. This holistic approach supports a wide range of traceability use cases, whether 606 
driven by market demands or regulatory requirements. 607 

2.1. Components of the Meta-Framework 608 

The Meta-Framework is composed of several key components that collectively enable 609 
comprehensive supply chain traceability. These components work together to ensure that 610 
traceability data is accurately recorded, securely stored, and easily accessible to authorized 611 
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stakeholders. The Meta-Framework is designed to be flexible and adaptable, allowing it to be 612 
applied across diverse industries and regulatory environments. 613 

The Meta-Framework also emphasizes the importance of a flexible data model and ontologies 614 
that standardize how traceability data is defined, recorded, and interpreted across different 615 
stakeholders. This standardization ensures consistent communication and collaboration among 616 
all participants in the supply chain. The following sections provide detailed explanations for the 617 
key Meta-Framework components, their roles, and how they interact to support effective 618 
supply chain traceability data model and ontologies. 619 

The foundation of the Meta-Framework lies in the stakeholders of the applicable ecosystem 620 
developing a flexible and adaptable data model, informed by well-defined industry and 621 
regulatory established ontologies. The data model is designed to accommodate the diverse 622 
needs of various industries and regulatory environments, ensuring that traceability data is 623 
recorded, stored, and interpreted in a consistent and meaningful way across the supply chain.  624 

Additionally, the data model provides constraints and definitions of the data content for supply 625 
chain event data records, recorded as traceability records. It provides the necessary guidelines 626 
for capturing critical information about products, components, and their movements through 627 
the supply chain. The model is designed to be both comprehensive and adaptable, allowing it to 628 
meet the unique requirements of different sectors while maintaining a core set of data 629 
elements that are consistent across all implementations. This consistency is crucial for ensuring 630 
that all stakeholders, regardless of their specific industry or role in the supply chain, can 631 
accurately record, retrieve, and interpret the information. The key components of the data 632 
model include: 633 

• Fixed Data Elements: A standardized set of essential data fields that must be included in 634 
every traceability record. These elements provide a consistent baseline of information 635 
that is critical for establishing product pedigree and provenance. 636 

• Variable Data Block: A customizable section within each traceability record that allows 637 
stakeholders to include additional, sector-specific information. This flexibility ensures 638 
that the data model can accommodate the varying needs of different industries while 639 
still adhering to a common framework. The contents of the variable data block will vary 640 
depending on the specific component or event being recorded, allowing for detailed 641 
capture of information relevant to each unique context. 642 

Ontologies within the Meta-Framework play a crucial role in defining the information captured 643 
in the Variable Data Block. Industry-specific ontologies provide a shared vocabulary and set of 644 
definitions for these customizable data elements, ensuring that the data remains meaningful 645 
and actionable across different stakeholders and sectors. Ontologies allow for precise definition 646 
of information relevant to specific components, events, and use cases, particularly those 647 
related to product pedigree and provenance. Specifically, industry and regulatory ontologies for 648 
the Meta-Framework are designed to: 649 

• Standardize Variable Data Elements: Provide a common set of terms and definitions 650 
that can be applied within the variable data block to capture detailed, context-specific 651 
information in a consistent manner. 652 
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• Ensure Semantic Consistency: Align the interpretation of data across different sectors 653 
and regulatory environments, particularly in relation to the unique information captured 654 
in the Variable Data Block, ensuring that traceability data retains its intended meaning 655 
throughout the supply chain. 656 

• Support Interoperability: Enable seamless integration and data exchange between 657 
different systems, organizations, and industries by ensuring that even the customized 658 
data in the variable data block is standardized and interpretable across diverse contexts. 659 

Together, the data model and ontologies provide the structural and semantic foundation 660 
necessary for effective traceability. By ensuring that traceability data is both syntactically and 661 
semantically consistent—especially in the context of industry-specific details—the Meta-662 
Framework enables stakeholders to communicate and collaborate effectively, ultimately 663 
enhancing the visibility, integrity, and reliability of supply chain information. 664 

2.1.1. Traceability Records  665 

Traceability Records are a central component of the Meta-Framework, acting as the 666 
foundational units for capturing and documenting supply chain events. Beyond recording data, 667 
these records also play a vital role in ensuring the integrity, visibility, and trustworthiness of 668 
supply chain information. They represent verifiable evidence of specific supply chain events 669 
such as creation, modification, or transfer of products or components. Recording these events 670 
can help establish a clear, auditable history of a product’s production and support both market-671 
driven and regulatory-driven use cases. 672 

Given the diverse nature of global supply chains, traceability records are designed to be 673 
interoperable across multiple systems and organizations. This interoperability is facilitated by 674 
the standardized approach to define core data elements along with providing a variable data 675 
block for flexibility to accommodate industry- and regulatory-specific needs. Additionally, 676 
traceability records are structured to support a wide range of use cases. The flexibility provided 677 
by the Variable Data Block allows organizations to adapt their traceability practices as new 678 
requirements emerge, without disrupting the overall integrity of the traceability chain. As a 679 
result, traceability records can be shared and understood across different platforms and 680 
technologies, promoting a more connected and transparent supply chain. 681 

Figure 2. General Construct of Traceability Records shows a Traceability Record being stored in 682 
a trusted data repository as part of a larger transaction record or data block. The meta-683 
framework allows transactions to include additional information that maybe required by the 684 
trusted data repository such as user authentication or other regulatory requirements beyond 685 
the traceability record information. It is important to note that while blockchain is depicted in 686 
Figure 2, the Meta-Framework is technology-agnostic. This flexibility allows organizations to 687 
implement trusted data stores using the most appropriate technology for their specific needs, 688 
ensuring that traceability records are securely stored and accessible to authorized stakeholders. 689 
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Figure 2. General Construct of Traceability Records 690 

Maintaining the security of traceability records is also important for maintaining trust and 691 
reliability. To support trust and reliability, each record is stored in a trusted data repository and 692 
protected against unauthorized alterations. The meta-framework emphasizes the importance 693 
of validating these records at each stage of the supply chain, providing stakeholders with 694 
increased confidence that the data they rely on is accurate and unaltered. This validation 695 
process is supported by a combination of the secure environment provided by the trusted data 696 
repository and the use of verifiable traceability links that connect records within the traceability 697 
chain. 698 

2.1.2. Traceability Links and Chain 699 

A Traceability Chain serves as a critical tool for allowing stakeholders to traceback and obtain 700 
supply chain event data, such as product pedigree and provenance information. A Traceability 701 
Chain is incrementally constructed as supply chain events occur and new traceability records 702 
are recorded and linked to predecessor traceability records. The resulting traceability chain 703 
represents the relevant supply chain events, in order of occurrence, as the components and 704 
assemblies move through the supply chain, ultimately to the end customer or acquirer. As an 705 
example, Figure 3. General Construct of a Traceability Chain depicts one traceability record 706 
linking to a predecessor traceability record in a different trusted data store. The traceability 707 
record is depicted in more detail, relative to Figure 2. General Construct of Traceability Records 708 
to highlight that the Traceability Link is one of the constituent data elements in the Traceability 709 
Record. 710 
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Figure 3. General Construct of a Traceability Chain 711 

The traceability link is a composite data element that facilitates creation of a secure and 712 
accessible traceability chain. These links are followed through interfaces provided by the 713 
ecosystems in which the records are stored, ensuring that access is controlled, and the integrity 714 
of the records is maintained and verifiable. This controlled access is crucial for protection 715 
sensitive supply chain data while also allowing authorized stakeholders to verify the 716 
authenticity and provenance of products. When tracing back through a traceability chain, the 717 
resulting set of retrieved traceability records is a traceability record set. 718 

2.1.3. Trusted Data Repositories and Ecosystems 719 

Ecosystems provide trusted data repositories and the essential technical and governance 720 
infrastructure to support one or more manufacturing stakeholders within a specific 721 
manufacturing supply chain sector. A foundational purpose of ecosystems is to establish and 722 
maintain the trusted data repository to support the data management needs of the ecosystem 723 
stakeholders. These repositories enable recording and later retrieval of traceability records by 724 
authorized stakeholders using an Internationalized Resource Identifier (IRI), such as a URL, 725 
through a secure interface. The trusted data repositories provide the mechanisms required to 726 
maintain the integrity, accessibility, and security of the traceability data. 727 

Trusted data repositories can be implemented using either traditional database technologies or 728 
blockchain or similar distributed ledger technologies. The Meta-Framework is designed to work 729 
seamlessly with both types of technology, ensuring that the method for constructing a 730 
traceability chain remains consistent regardless of the underlying infrastructure. To allow 731 
validation of traceability records independent of the technology implementation, traceability 732 
links include a hash signature of the preceding record. This hash signature serves as a tamper-733 
detection mechanism from the moment the link is established, helping ensure that the data 734 
remains intact and unaltered. 735 

https://www.ietf.org/rfc/rfc3987.txt
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Governance of the Trusted Data Repository is a crucial responsibility of the ecosystem to 736 
ensure that the data store remains secure, reliable, and aligned with the needs of the 737 
participating organizations. Key governance activities for the Trusted Data Repository include: 738 

• Procurement: Overseeing the initial setup and deployment of the trusted data store 739 
infrastructure. 740 

• Sustainment: Managing ongoing maintenance, including patches, updates, and 741 
necessary improvements to sustain the desired level of service. 742 

• Stakeholder Membership: Managing the organizations, individuals, and entities along 743 
with their authenticators and authorizations within the ecosystems. 744 

• Data Management and Maintenance: Enforcing data standards, maintaining traceability 745 
records, and ensuring data security and availability. 746 

By providing a robust framework for data management, governance, and security, ecosystems 747 
ensure that all stakeholders can confidently participate in the supply chain, and record supply 748 
chain event data, knowing that the integrity of the supply chain event data is maintained 749 
throughout the product lifecycle, and is traceable afterwards. While ecosystem governance is 750 
necessary and recognized as a key component supporting the Meta-Framework, detailed 751 
governance guidance and specific implementations are outside the scope of this paper. 752 

2.2. Traceability Chain Across Supply Chain Ecosystems 753 

Figure 4. Value and Supply Chain Traceability Events Across Ecosystems illustrates how the 754 
Meta-Framework can be used to support the capture, storage, and tracing of traceability 755 
records across a supply chain that spans multiple ecosystems, from component production to 756 
final product deployment [5]. 757 
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Figure 4. Value and Supply Chain Traceability Events Across Ecosystems 758 

This process involves different stakeholders and trusted data repositories, each responsible for 759 
capturing traceability records at various stages of production and product movement. In this 760 
example, the manufacturing process involves three key players: 761 

• Microelectronics Manufacturer (MEP-001): The process begins with the 762 
microelectronics manufacturer, which produces and ships a chip to an industrial 763 
controls manufacturer. Each event—make and ship—is captured as a traceability event 764 
and recorded in the trusted data repository of the Microelectronics Ecosystem. These 765 
events create the initial entries in the Traceability Chain for this product. 766 

• Operational Technology Manufacturer (OT-001): The industrial controls manufacturer, 767 
upon receiving the chip, logs the receipt event into its Operational Technology 768 
Ecosystem. Subsequent activities, including making software and assembly of the 769 
control system, as well as shipping of the final assembly to a power plant, are recorded 770 
as additional traceability events. Each of these events is recorded in its respective 771 
trusted data repository, extending the Traceability Chain. 772 

• Acquirer: Critical Infrastructure (CI-001): Finally, the power plant, acting as the acquirer, 773 
receives the assembly and logs this event. The final decision to employ the product in 774 
the operational environment is captured as a traceability event in the Critical 775 
Infrastructure Ecosystem. 776 

As the figure demonstrates, each stakeholder contributes to the growing set of traceability 777 
records, incrementally extending the traceability chain as products move through the supply 778 
chain. The role of each ecosystem is critical in securely storing these records in trusted data 779 
repositories, where the information is available for future retrieval. 780 
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The trace-back arrows in the figure represent how traceability data can be accessed in reverse 781 
chronological order to verify the product’s history. Starting from the critical infrastructure’s 782 
acquisition of the assembly, stakeholders can trace back through the trusted data repositories 783 
of each ecosystem involved in the product’s lifecycle. This reverse tracing allows stakeholders 784 
to verify the provenance and pedigree of components, ensuring product authenticity and 785 
compliance with regulatory or quality standards. 786 

By capturing traceability information at every stage—make, ship, receive, assemble, and 787 
employ—the Meta-Framework facilitates end-to-end visibility into the entire supply chain. The 788 
traceability chain, constructed by linking traceability records across multiple ecosystems, 789 
ensures that complete historical data is available for product verification, risk management, and 790 
regulatory compliance long after the product has been delivered. 791 
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3. Meta-Framework Data Model 792 

The traceability record concept includes: (a) supply chain event data supporting pedigree and 793 
provenance, (b) Traceability Links between traceability records, across trusted data repositories 794 
as applicable, incrementally growing a traceability chain, (c) external links to additional 795 
manufacturing or event related data that may be too large to be stored with the traceability 796 
record or may contain sensitive information the requires additional safeguards and protections. 797 
Traceability records are specialized as sub-classes to distinguish major types of manufacturing 798 
events, such as Make, Assemble, Ship, Receive, and Employ. Figure 5. Overview Class Model 799 
depicts the traceability record subclasses in the context of their Traceability Link relationships. 800 
These subclasses represent distinct supply chain events in the progression along manufacturing 801 
supply chain activity timelines. 802 

 

Figure 5. Overview Class Model 803 

The supply chain events represented in the model are Make, Assemble, Ship, Receive, and 804 
Employ. Following the data model’s traceability records via their traceability links demonstrates 805 
end-to-end traceability. For example, an Employ Traceability Record will contain a traceability 806 
link to the corresponding Receive Traceability Record. Thus, the end customer captures 807 
knowledge of when and by whom the product entered its facility. In turn, a Receive record 808 
contains a traceability link to a Ship Traceability Record, such that particulars of the items’ 809 
transfer are understood. Transitively, the Ship record will then contain a Traceability Link to one 810 
or more applicable Assemble or Make Traceability Records. Further, an Assemble Traceability 811 
Record will link to each preceding Traceability Record that provided a component used in the 812 
assembly during the assemble event. These preceding supply chain events may be Make, 813 
Receive, or other Assemble events 814 
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There are other business rules needed that are not easily represented in a Class Model. They 815 
include: 816 

• A Ship Traceability Record should contain at least 1 traceability link to an Assemble or 817 
Make Traceability Record. 818 

• An Assemble Traceability Record should contain at least 2 traceability links. Each 819 
traceability link should be to an Assemble, Make, or Receive Traceability Record. 820 

• A Make record will contain no traceability links, so Make records can be thought of as 821 
terminal nodes in a traceback graph of a traceability chain. 822 

3.1. Traceability Records 823 

As previously depicted in Figure 5. Overview Class Model, the traceability record subclasses are 824 
associated with several supply chain events identified as Make, Assemble, Ship, Receive, and 825 
Employ. This is in contrast to the event relationships depicted in Figure 6. Overview Class 826 
Diagram for Traceability Record. This section describes the supply chain events as data 827 
elements in the respective traceability record subclasses. Collectively, these subsections 828 
describe the fixed and variable data elements mentioned previously to support the traceability 829 
records and the ability to link these records to form the Traceability Chain. Figure 7. 830 
Traceability_Record Attribute depicts the attributes shared by the subclass events. 831 

 

Figure 6. Overview Class Diagram for Traceability Record 832 

The traceability record superclass has minimal attributes: a unique identifier (ID), date/time 833 
stamps, organization information, and an Event Type identifier to specify the associated 834 
subclass (Make, Assemble, Ship, Receive, and Employ) for the traceability record. 835 
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Figure 7. Traceability_Record Attribute Structure 836 

The attributes of the Traceability_Record superclass are available to each subclass of the 837 
traceability event record and are described below in Table 1. Traceability_Record Attribute 838 
Definitions. 839 

Table 1. Traceability_Record Attribute Definitions 840 

Data Attribute Description 

Record_ID Globally unique identifier for each Traceability Record. 

Event_Occurrence_Timestamp Timestamp indicating the date and time of the 
traceability event occurrence. 

Event_Recorded_Timestamp Timestamp indicating the date and time of the 
recording of the traceability event within the 
ecosystem. 

Organization_ID Identifier for the organization responsible for the 
traceability event (e.g., Company or Business Unit 
Registered in Ecosystem) 

Organization_Unit_ID Identifier for the sub-unit of the organization where 
the traceability event occurred (e.g., Business Unit, 
Factory, or other organizational subunit where event 
occurred). 

Event_Type_ID Code indicating the subclass of traceability event for 
this record. This code should be one of Make, 
Assemble, Ship, Receive, or Employ1. 

3.2. Patterns for Traceability_Record Subclasses 841 

As shown in Figure 6. Overview Class Diagram for Traceability Record above, the Meta-842 
Framework defines subclasses of traceability records for each traceability event type. These 843 
subclass models are specialized for the type of event they support but make use of common 844 

 
1 This list would likely expand in the future as new traceability use cases require tracking of additional phases of a product life cycle beyond 
those considered in this paper. 
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patterns to meet the information needs for each event record subclass. Table 2. 845 
Traceability_Record Subclass Attribute Pattern describes the types of attributes that may 846 
appear in a subclass, though subclass specific names for these attributes are used within the 847 
subclass data definitions. 848 

Table 2. Traceability_Record Subclass Attribute Pattern Description 849 

Pattern Element Description 

Tracked Entity Identifier Unique identifier for the instance(s) produced by or 
affected by the event. 

Traceability Link Block Contains zero or more Traceability_Link objects 
containing the information necessary for linking to 
precursor trackability records related to this event. 

Record Data Schema Specification Identifier Code or identifier used as a key for defining the data 
elements required for the contents of the data block 
and external reference block for the event record 
including this attribute. 

Event Data Block Variable length data field consisting of one or more 
key_value_pair objects providing data about the event 
or products.  

Requirements for these fields will be specified in the 
ecosystem data dictionary entry for the record data 
schema specification schema value given in the event 
record containing this data block. This would include 
the minimum set of data needed to verify the 
authenticity of a product. 

External Reference Block Contains zero or more External_Data_Link data 
objects containing the information necessary for 
linking to external data related to this event that may 
be stored in stakeholder systems or other repositories. 
This external data supplements data provided within 
traceability records and does not have the same 
requirements for persistence as traceability records. 
These links may not be immediately accessible to the 
stakeholders (they may have gated access). 

To support the data model, the following data object structures are referenced in the subclass 850 
models. 851 

3.2.1. Key_Value_Pair Data Objects 852 

To represent a key / value pair, such as those that populate an event data block, the following 853 
data object is defined in Figure 8. Key_Value_Pair Attribute Structure and Table 3. 854 
Key_Value_Pair Attribute Definitions as: 855 
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Figure 8. Key_Value_Pair Attribute Structure 856 

Table 3. Key_Value_Pair Attribute Definitions 857 

Data Attribute Description 

Variable_Name A label or identifier that describes the type of 
information being recorded. The variable name helps 
clarify what specific piece of data is being captured in 
the record. 

Variable_Value The actual data or information being captured. The 
variable value provides the specific details associated 
with the variable name. 

3.2.2. External_Data_Link Data Objects 858 

To capture the information for supporting links to external information, the following structure 859 
is defined in Figure 9. External_Data_Link Attribute Structure and Table 4. External_Data_Link 860 
Attribute Definitions for capturing an individual link: 861 

 

Figure 9. External_Data_Link Attribute Structure 862 

Table 4. External_Data_Link Attribute Definitions 863 

Data Attribute Description 

Data_Type_ID A code indicating the type of data linked. 

Resource_Link An IRI (such as a URL) to access a service to retrieve 
the data 

Parameter_Block A list of query parameters to submit to the trusted 
data repository to retrieve the requested traceability 
record 

Resource_Hash A hash of the record to verify the data integrity of the 
returned data. This is considered essential for the use 
cases the meta-framework supports (i.e., where data 
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Data Attribute Description 

must be verifiable). If industry cannot determine data 
integrity, then this data cannot be trusted. 

3.2.3. Traceability_Link Data Object 864 

To capture the information for supporting links to precursor traceability records, the following 865 
structure is defined in Figure 10. Traceability_Link Attribute Structure and Table 5. 866 
Traceability_Link Attribute Definitions for capturing an individual link: 867 

 

Figure 10. Traceability_Link Attribute Structure 868 

Table 5. Traceability_Link Attribute Definitions 869 

Data Attribute Description 

Resource_Link An IRI (such as a URL) to access a service to retrieve 
the data 

Parameter_Block A list of query parameters to submit to the trusted 
data repository to retrieve the requested traceability 
record. 

Resource_Hash A hash of the record to verify the data integrity of the 
returned data. This is considered essential for the use 
cases the meta-framework supports (i.e. where data 
must be verifiable). If industry cannot determine data 
integrity, then this data cannot be trusted. 

The following subsections describe the traceability record subclasses’ use of the patterns. 870 

3.3. Make_Record Subclass 871 

A Make event record includes the attributes of a Traceability_Record and extends them with 872 
attributes peculiar to the creation of a product where no previously tracked items are used as 873 
components. Make record specific attributes are shown in Figure 11. Make_Record Attribute. 874 
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Figure 11. Make_Record Attribute Structure 875 

The attributes for Make_Record are defined in Table 6. Make_Record Attribute Definitions 876 
below: 877 

Table 6. Make_Record Attribute Definitions 878 

Data Attribute Description 

Product_ID A list of unique tracked entity identifiers for a physical 
product(s) resulting from the Make event. 

Make_Type_ID Code or identifier for the type of product resulting 
from the Make event that serves as the record data 
schema specification identifier.  

Make_Data_Block List of key_value_pair objects providing data about 
the Make event and products resulting from it. 
Requirements for these fields will be specified in the 
ecosystem data dictionary entry for the 
Make_Type_ID value. 

Make_External_Reference_Links List of External_Data_Link object for data associated 
with this Make event that are stored outside of 
traceability chains.  

3.4. Assemble_Record Subclass 879 

An Assemble event record includes the attributes of a Traceability_Record and extends them 880 
with attributes peculiar to production in which multiple Make, Assemble, or Receive events are 881 
associated. This preserves the traceability for a given assembled product at the event of its 882 
fabrication or assembly tasks. Assemble events may provide pointers to data held externally to 883 
the blockchain, so that traceability may be complemented by contextual or detailed 884 
information. Figure 12. Assemble_Record Attribute Structure depicts attributes of the Assemble 885 
event including attributes containing links to externally stored data. 886 
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Figure 12. Assemble_Record Attribute Structure 887 

The attributes for Assemble Events are defined in Table 7. Assemble_Record Attribute 888 
Definitions below: 889 

Table 7. Assemble_Record Attribute Definitions 890 

Data Attribute Description 

Assembly_ID A unique tracked entity identifier for a physical 
product resulting from the Assemble event. 

Assemble_Type_ID Code or identifier for the type of product resulting 
from the Assemble event that serves as the record 
data schema specification identifier.  

Assembly_Component_Event_Links List of Traceability_Link objects associated with the 
preceding Traceability Record(s) associated with the 
Assemble Event. 

Assemble_Data_Block List of key_value_pair objects providing data about 
the Assemble event and product resulting from it. 
Requirements for these fields will be specified in the 
ecosystem data dictionary entry for the 
Assemble_Type_ID value. 

Assemble_External_Reference_Links List of External_Data_Link object for data associated 
with this Assemble event that are stored outside of 
traceability chains.  

3.5. Ship_Record Subclass 891 

A Ship event record includes the attributes of a Traceability_Record and extends them with 892 
attributes peculiar to the transfer of an item as depicted in Figure 13. Ship_Record Attribute 893 
Structure. This transfer is envisioned as the movement of goods from one location and/or 894 
responsible party to another location and/or responsible party.  895 
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Figure 13. Ship_Record Attribute Structure 896 

The attributes for Ship are defined in Table 8. Ship_Record Attribute Definitions. 897 

Table 8. Ship_Record Attribute Definitions 898 

Data Attribute Description 

Shipment_ID A single ID for the item or group of items comprising 
the shipment associated with the Ship event. 

Ship_Type_ID Code or identifier, associated with the type of 
shipment method and possibly other factors, that 
serves as the record data schema specification 
identifier.  

Ship_Component_Event_Links List of Traceability_Link objects associated with the 
preceding Traceability Record(s) associated with the 
Ship Event. 

Ship_Data_Block List of key_value_pair objects providing data about 
the Ship event. Requirements for these fields will be 
specified in the ecosystem data dictionary entry for 
the Ship_Type_ID value. 

Ship_External_Reference_Links List of External_Data_Link object for data associated 
with this Ship event that are stored outside of 
traceability chains.  

3.6. Receive_Record Subclass 899 

A Receive event record includes the attributes of a Traceability_Record and extends them with 900 
attributes peculiar to the receipt of items. A Ship event and a Receive event are expected to 901 
match up, although, time will elapse between the two events. The Receive event takes place at 902 
the place of consumption of the item. That is, where the item represented in the Receive will go 903 
on to become part of an extended context. This is envisioned to include target operational 904 
environments, such as critical infrastructure, as well as more complex fabrication. Figure 14. 905 
Receive_Record Attribute illustrates this subclass. 906 
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Figure 14. Receive_Record Attribute Structure 907 

The attributes for Receive are defined in Table 9. Receive_Record Attribute Definitions below: 908 

Table 9. Receive_Record Attribute Definitions 909 

Data Attribute Description 

Receive_ID A single ID for the item or group of items comprising 
the shipment received. 

Receive_Type_ID Code or identifier, associated with the type of receive 
method and possibly other factors, that serves as the 
record data schema specification identifier.  

Receive_Component_Event_Link List of Traceability_Link object associated with the 
preceding Ship Record associated with the Receive 
Event. 

Receive_Data_Block List of key_value_pair objects providing data about 
the Receive event. Requirements for these fields will 
be specified in the ecosystem data dictionary entry for 
the Receive_Type_ID value. 

Receive_External_Reference_Links List of External_Data_Link object for data associated 
with this Receive event that are stored outside of 
traceability chains.  

3.7. Employ_Record Subclass 910 

In Figure 15. Employ_Record Attribute, an Employ event record includes the attributes of a 911 
Traceability_Record and extends them with attributes peculiar to the installation of an item 912 
into an operational environment. An Employ event traces back to a Receive event as an initial 913 
step into the overall traceability of Pedigree and Provenance of the operational environment’s 914 
components.  915 
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Figure 15. Employ_Record Attribute Structure 916 

The attributes for Receive are defined in Table 10. Employ_Record Attribute Definitions below: 917 

Table 10. Employ_Record Attribute Definitions 918 

Data Attribute Description 

Employ_ID A single ID for the item or group of items comprising 
the shipment received. 

Employ_Type_ID Code or identifier, associated with the type of receive 
method and possibly other factors, that serves as the 
record data schema specification identifier.  

Employ_Component_Event_Link List of Traceability_Link object associated with the 
preceding Receive Record associated with the Employ 
Event. 

Employ_Data_Block List of key_value_pair objects providing data about 
the Employ event. Requirements for these fields will 
be specified in the ecosystem data dictionary entry for 
the Employ_Type_ID value. 

Employ_External_Reference_Links List of External_Data_Link object for data associated 
with this Employ event that are stored outside of 
traceability chains.  
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4. Meta-Framework Use Cases 919 

The Meta-Framework use cases illustrate how the traceability goals in Section 1.1, Traceability 920 
Activities above are satisfied. The use cases are: 921 

• Recording Supply Chain Event Data: This involves capturing and storing traceability 922 
records, which include supply chain event data, traceability links, and external reference 923 
links as applicable. These records are designed to document key events within the 924 
supply chain, ensuring that essential information about components, assemblies, or 925 
other manufactured goods is securely recorded. A recorded traceability event 926 
establishes a traceability link. 927 

• Tracing and Retrieving Traceability Records: The Meta-Framework enables 928 
stakeholders to trace back through the traceability records to construct a 929 
comprehensive traceability picture. This process allows for retrieval of relevant supply 930 
chain event data, providing supporting information to verify the pedigree and 931 
provenance of components, assemblies, or other manufactured goods. 932 

In this section, sequence diagrams capture the Meta-Framework use cases as the interaction 933 
between stakeholders and interfaces, illustrating recording and retrieving traceability records. 934 
Figure 16. Ecosystem Example Actions and Interfaces provides examples that aid in 935 
interpretation of the sequence diagrams that follow. Those examples include the write actions 936 
to an ecosystem, namely, Make, Assemble, Ship, Receive, and Employ, example traceability 937 
actions to an ecosystem, namely, Traceability Link, Trace Back, and Trace Back Result. Three 938 
example ecosystem interfaces are also depicted for a microelectronics ecosystem, an 939 
operational technology ecosystem, and a critical infrastructure ecosystem. The actors are as 940 
follows: 941 

• Manufacturer: Microelectronics, designated as ME-001. This actor is a manufacturing 942 
concern and a stakeholder in the advantages of supply chain traceability. As a member 943 
of a hypothetical Micro-electronics Ecosystem, this manufacturer participates by 944 
providing traceability event records to the ecosystem.   945 

• Micro-electronics Ecosystem, designated as ME-E. This actor is responsible for providing 946 
an accessible interface to members and non-members of its ecosystem. Membership in 947 
an ecosystem implies permission to write and to retrieve traceability event records. 948 
Non-members of an ecosystem can access traceability event records utilizing 949 
information provided in the traceability link data objects.  950 

• Manufacturer: Operational Technology, designated as OT-001. This actor is a 951 
manufacturer specializing in fabrication and assembly of operational technology. As a 952 
member of a hypothetical Operational Technology Ecosystem, this manufacturer 953 
participates by providing and retrieving traceability event records to the ecosystem.  954 

• Operational Technology Ecosystem, designated as OT-E. This actor, like ME-E, is 955 
responsible for providing accessible interfaces to members and non-members of its 956 
ecosystem. Likewise, membership implies permission to write and to retrieve 957 
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traceability event records. Non-members of an ecosystem can access traceability event 958 
records utilizing information provided in the traceability link data objects.  959 

• Acquirer: Critical Infrastructure, designated as CI-001. This actor is a provider and 960 
operator of a critical infrastructure service. As a member of a hypothetical Critical 961 
Infrastructure Ecosystem, this critical infrastructure actor participates by providing 962 
traceability event records to the ecosystem. In the series of sequence diagrams, this 963 
actor initiates trace back actions to retrieve traceability event records. 964 

• Critical Infrastructure Ecosystem, designated as CI-E. As with ME-E and OT-E, this actor is 965 
responsible for providing accessible interfaces to members and nonmembers of its 966 
ecosystem. Similarly, membership implies permission to write and to retrieve 967 
traceability event records and non-members may access information on through valid 968 
traceability links. 969 

 

Figure 16. Ecosystem Example Actions and Interfaces  970 

As depicted in the sequence diagrams that follow, an ecosystem’s interface minimally 971 
addresses: 972 

• write requests for traceability event records from manufacturing and receiving actors, 973 
as well as responsibility for these records reaching the trusted data repository and 974 
return of a traceability link 975 

• trace back requests from acquiring actors and return of trace back results 976 

Each of the next sections provides a unified modeling language (UML) sequence diagram 977 
depicting each of the example actor’s interactions with an interface to read or write data in the 978 
interoperable ecosystems. The final two sequence diagrams depict the trace back invoked by 979 
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the acquirer requesting the records that will constitute linked traceability. The diagrams are as 980 
follows: 981 

• Sequence Diagram 1 – Manufacturer of Microelectronics Make Traceability Event 982 

• Sequence Diagram 2 – Operational Technology with Receive, Make, Assemble, and Ship 983 
Events 984 

• Sequence Diagram 3 – Critical Infrastructure Acquirer with Receive and Employ 985 

• Sequence Diagram 4 – Operational Technology with Trace Back to ME 986 

• Sequence Diagram 5 - Critical Infrastructure Acquirer with Trace Back to ME and OT 987 

For this set of sequence diagrams, ecosystem interfaces provide indirect access to the trusted 988 
data repository; therefore, the trusted data repository is not explicitly depicted in the diagrams. 989 
Depiction in this way leaves solution and implementation aspects open for trusted data 990 
repository providers to consider. Additionally, the Critical Infrastructure Acquirer’s position and 991 
the Operational Technology Receiver’s position are chosen as examples of executing a trace 992 
back request. Motivation for the trace back in Sequence Diagrams 4 and 5 can be either of the 993 
traceability activities outlined in Section 1.1 Traceability Activities. 994 

4.1. Record Traceability Record Use Case 995 

The following sequence diagrams represent recording supply chain event data via traceability 996 
records. 997 

4.1.1. Sequence Diagram 1 – Manufacturer of Microelectronics Make Traceability Events 998 

Figure 17. Manufacturer: Microelectronics ME-001 Writes Make and Ship Event Records 999 
illustrates a sequence of traceability events for ME-001. ME-001 is a member of ME-E, the 1000 
ecosystem pertaining to microelectronics. In this sequence, a Make event record contains the 1001 
information that characterizes this Make as a unique event. This includes multiple key-value 1002 
pairs in accordance with the ecosystem’s data dictionary and optional external referenced links. 1003 
At establishment of the Make event in the trusted data repository, the traceability link data is 1004 
returned to ME-001 depicted by the dashed arrow indicating a return flow. 1005 

Likewise, a Ship event is written, and its structure and data comply with the ecosystem data 1006 
dictionary to describe the event, to include other contents of the shipment, beyond the good 1007 
written in the Make event depicted. In both cases, the traceability links capture the relationship 1008 
between the Make and Ship events. This is a pattern present for all writes of traceability event 1009 
records, allowing trusted data repositories to support the traceability chain for the product. 1010 

At the completion of this sequence, ME-001 has submitted a traceability event for having 1011 
produced a good, submitted a traceability event for having shipped the good, possibly in a 1012 
shipment along with other goods, and for both events, received corresponding traceability links 1013 
from the ecosystem interface (ME-E IF). In the next sequence diagram, the Receive event 1014 
corresponding to the Ship event concluding here begins the next series of writes. 1015 
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Figure 17. Manufacturer: Microelectronics ME-001 Writes Make and Ship Event Records 1016 

4.1.2. Sequence Diagram 2 – Operational Tech with Receive, Make, Assemble, and Ship 1017 

Figure 18. Manufacturer: Operational Technology Writes Receive, Make, Assemble, and Ship 1018 
illustrates a sequence of writes representative of receipt of a good and its incorporation into an 1019 
assembly, which in this case includes a second good and its corresponding Make event. Note 1020 
that the ecosystem represented has now switched to Operational Technology – Ecosystem 1021 
Interface (OT-E IF). The sequence is as follows: 1022 

• Receive: a traceability event establishing a link to ME-001’s Ship event as well as means 1023 
to link forward to the Assemble event later in the sequence. Likewise, the traceability 1024 
link established in Diagram 1 for Ship provides means to tap its relationship (captured in 1025 
Diagram 4) between the Ship and Receive. 1026 

• Make: a traceability event recording the manufacture of a good by OT-001, it has no 1027 
prior link, as a Make record is an originating event for a good. It will have a traceability 1028 
link that allows it to be addressed as it moves forward in the supply chain. 1029 

• Assemble: a traceability event collecting information that, together, constitutes 1030 
production of an assembly. Traceability links will reference the Receive which in turn 1031 
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references the Ship and Make shown in Diagram 1. To conclude this diagram, the built 1032 
assembly becomes part of a shipment, and the Ship event is written with a traceability 1033 
link returned. As this sequence is carried forward in time, the traceability links are 1034 
captured at each event in anticipation of a future request for the events’ relationships. 1035 

• Ship: a traceability event marking the compilation of the object of the Assemble event 1036 
into a shipment that possibly includes other goods or assemblies. A Ship event may 1037 
reference multiple Make and/or Assemble events to capture the shipment’s contents. In 1038 
this case, the diagrammed Assemble, Make, and traceability to ME-001’s Make, via the 1039 
OT-001 Receive and ME-001’s Ship settle into the sequence. As with writing the other 1040 
events in this sequence, the Ship event is concluded with a returned traceability link. 1041 

 

Figure 18. Manufacturer: Operational Technology Writes Receive, Make, Assemble, and Ship Event Records 1042 

This concludes Sequence Diagram 2, with a Ship event that will pair with the first traceability 1043 
link of Sequence Diagram 3, which is a Receive. 1044 
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4.1.3. Sequence Diagram 3 – Critical Infrastructure Acquirer with Receive and Employ 1045 

Sequence Diagram 3 picks up from Diagram 2 with writing a Receive to the ecosystem that CI-1046 
001 is a member of. The Critical Infrastructure provider, as an acquiring entity, writes the 1047 
Receive and upon deciding to install the good received into its service machinery, writes an 1048 
Employ. As in previous diagrams, each of these writes is followed by a corresponding 1049 
traceability link returned from their supporting ecosystem. Tapping into the traceability events 1050 
to support the decision to install the received good is the subject of Sequence Diagram 5. 1051 

 

Figure 19. Acquirer: Critical Infrastructure CI-001 Writes Receive and Employ Event Records 1052 

4.2. Retrieve Traceability Records Use Case 1053 

During retrieval a pattern for usage of the traceability links depicted in the Record Traceability 1054 
Use Case comes into the sequence. The traceability links are used in the following way to 1055 
retrieve the corresponding traceability records. These details are omitted from the sequence 1056 
diagrams: 1057 

• An IRI (such as a URL) is used to access the interface used to retrieve the traceability 1058 
record. 1059 
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• The traceability link parameters, also stored in the traceability record, are passed to the 1060 
interface. The parameters uniquely identify the traceability record in the trusted data 1061 
repository of the destination ecosystem. 1062 

• The implementation of the interface locates and passes back the traceability record.  1063 

• The retrieved traceability record can then be hashed, and that hash is compared to the 1064 
stored hash in the traceability record, to assure data integrity from the time of original 1065 
linking to the present time. 1066 

• The retrieved traceability record can then be used to further retrieve the next 1067 
traceability record(s). A Traceability Record Set is a group of traceability records related 1068 
through traceability links. 1069 

Two sequence diagrams illustrate first, a simple retrieval involving one ecosystem and second, a 1070 
complicated retrieval involving two ecosystems. The number of ecosystems whose interfaces 1071 
receive retrieval requests depends on the traceability links referenced and the traceability 1072 
picture that following the links illuminates. In Sequence Diagram 4, the Operational Technology 1073 
manufacturer, having received a shipment, inspects the contents and proceeds to initiate a 1074 
trace back. In Sequence Diagram 5, the critical infrastructure acquirer initiates the trace back at 1075 
the example time of the decision to employ a received assembly. The trace back results are 1076 
used in both cases to support decision making about part or assembly integrity. 1077 

4.2.1. Sequence Diagram 4 – Operational Technology with Trace Back to ME 1078 

Figure 20. Acquirer: Operational Technology Manufacturer Invokes Trace Back illustrates a trace 1079 
back sequence supporting the acquirer’s decision to accept a received microelectronics good 1080 
for future use in an assembly, or otherwise. The acquiring operational technology manufacturer 1081 
may be in the position of either of the two earlier described activities: the need to validate 1082 
purchased products’ IDs, components, assemblies, including software when needed; or validate 1083 
that purchased products are ethically sourced. 1084 

In this example, the operational technology manufacturer has received a shipment from a 1085 
microelectronics supplier. Recall in Figure 18. Manufacturer: Operational Technology Writes 1086 
Receive, Make, Assemble, and Ship Event Records, that the sequence begins with a Receive 1087 
event and a corresponding traceability link. As a matter of business practice, OT-001 may desire 1088 
to validate the product’s source as a condition of acceptance of the shipment. OT-001 initiates 1089 
a trace back via the interface with the Microelectronics Ecosystem, which is followed by review 1090 
of the trace back result. 1091 
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Figure 20. Acquirer: Operational Technology Manufacturer Invokes Trace Back 1092 

This unified modeling language sequence diagram depicts trace back request from an 1093 
Operational Technology manufacturer to its microelectronics supplier via a single ecosystem 1094 
interface, namely ME-E IF. The trace back results are shown as return transmissions. 1095 
Additionally, these returned results are shown directed to a review traceability records 1096 
function. 1097 

4.2.2. Sequence Diagram 5 – Critical Infrastructure Acquirer with Trace Back to ME and OT 1098 

Figure 21. Acquirer: Critical Infrastructure CI-001 Invokes Trace Back illustrates a trace back 1099 
sequence supporting the acquirer’s decision to put a received good into service. The acquiring 1100 
critical infrastructure provider may be in the position of either of the two earlier described 1101 
activities: the need to validate purchased products’ IDs, components, assemblies, including 1102 
software, when needed; or validate that purchased products are ethically sourced. 1103 

Actors in this sequence include two interfaces, in recognition that for CI-001 to have a complete 1104 
set of traceability events; trace back requests must be made to their suppliers. The ecosystem 1105 
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interfaces, OT-E IF and ME-E IF, each will provide a trace back result. The parameters included 1106 
in the trace back request enable queries of the indirectly accessed trusted data store via each 1107 
ecosystem interface, in turn. The returned trace back results may be compiled in a linked user 1108 
presentation to support validation efforts and decision making about supply chain 1109 
characteristics. Once compiled, the trace back results may be reviewed in a presentation style. 1110 

 

Figure 21. Acquirer: Critical Infrastructure CI-001 Invokes Trace Back 1111 

This sequence diagram concludes having shown the work of the successive trace back requests 1112 
and a compile traceability records function, with a review traceability records function, while 1113 
leaving open the possibility that ecosystems, either by interface or service offerings, will have a 1114 
role in the presentation of traceability validation data. 1115 

In summary, representative successions of traceability events (Make, Assemble, Ship, Receive, 1116 
Employ) are illustrated in Diagrams 1-3. Diagram 4 illustrates the requests for the reverse 1117 
construction of those traceability events such that validation activities may be satisfied. The 1118 
roles of multiple traceability ecosystems as trusted data repositories are captured in their 1119 
externally facing and accessible interfaces. As representative works, these five sequence 1120 
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diagrams are not exhaustive. A naturally arising supply chain will most likely be considerably 1121 
more complex, yet these two scenarios for traceability results have considerable scaling 1122 
potential due to the patterns they capture. 1123 
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5. Conclusion 1124 

The ability to trace products and components through the supply chain is essential for ensuring 1125 
product integrity, compliance with regulations, and meeting consumer expectations. However, 1126 
gathering this data can be difficult and time consuming especially for complex supply chains. 1127 
The Meta-Framework can enhance supply chain traceability across multiple manufacturing 1128 
supply chain sectors, enabling stakeholders to access information required to trace product 1129 
provenance and verify the pedigree of products within the supply chain. 1130 

The Meta-Framework improves traceability by providing the ability to: 1131 

• Fully discover properly sequenced relevant supply chain event data. 1132 

• Understand discovered supply chain event data. 1133 

• Trust to decide and act on supply chain activity. 1134 

Discovery is enabled by stakeholders recording traceability records, which contain relevant 1135 
supply chain event data recorded at the time of the event, and later linked, using traceability 1136 
links, within subsequent traceability records, and incrementally growing a traceability chain. 1137 
This chain links all relevant supply chain event data, via traceability records, written to trusted 1138 
data repositories, governed by applicable ecosystems of manufacturing supply chain 1139 
stakeholders. The chains remain in place after final products are delivered, and later the 1140 
traceability records can be retrieved by authorized users to verify components, ethical sourcing, 1141 
and more. 1142 

Understanding is enabled by the stakeholders using data dictionaries in their respective 1143 
ecosystem to constrain the data stored in the traceability record, for example in the data block. 1144 
Thus, the retrieved traceability record can be understood by using the data dictionary of the 1145 
corresponding ecosystem. 1146 

Trust to decide and act is enabled by stakeholders using the traceability link mechanism to 1147 
assure that the retrieved traceability record was not subject to tampering from the time of 1148 
establishing the traceability link to the time of retrieval. This provides a baseline level of data 1149 
integrity for all traceability chains. Data integrity can be further strengthened by a trusted data 1150 
repository using blockchain and related technologies. This extends data integrity for the 1151 
traceability record from the time of initial writing of the record to the time of another 1152 
stakeholder establishing a traceability link to the record, and beyond.  1153 

The baseline level of data integrity for supply chain event data, and the set of links representing 1154 
provenance of the manufactured goods represented by the Traceability Records, combine to 1155 
yield high trust in the traceability chain to use for component verification and ethical sourcing. 1156 
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Appendix A. List of Symbols, Abbreviations, and Acronyms 1184 

API 1185 
Application Program Interface 1186 

CI 1187 
Critical Infrastructure 1188 

CI-E 1189 
Critical Infrastructure – Ecosystem 1190 

CI-E IF 1191 
Critical Infrastructure – Ecosystem Interface 1192 

CISA 1193 
Cybersecurity and Infrastructure Security Agency 1194 

CSRC 1195 
Computer Security Resource Center 1196 

DHS 1197 
Department of Homeland Security 1198 

EV 1199 
Electric Vehicle 1200 

HTTP 1201 
Hypertext Transfer Protocol 1202 

IETF 1203 
Internet Engineering Task Force 1204 

IRI 1205 
Internationalized Resource Identifier 1206 

IAM 1207 
Identity and Access Management 1208 

IT 1209 
Information Technology 1210 

ME 1211 
Microelectronics 1212 

ME-E 1213 
Microelectronics – Ecosystem 1214 

ME-E IF 1215 
Microelectronics – Ecosystem Interface  1216 

MIT 1217 
Massachusetts Institute of Technology 1218 

NIST IR 1219 
National Institute of Standards and Technology Internal Report 1220 
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NIST SP 1221 
National Institute of Standards and Technology Special Publication 1222 

OT 1223 
Operational Technology 1224 

OT-E 1225 
Operational Technology – Ecosystem 1226 

OT-E IF 1227 
Operational Technology – Ecosystem Interface 1228 

REST 1229 
Representational State Transfer 1230 

SCITT 1231 
Supply Chain Integrity, Transparency, and Trust  1232 

SCRM 1233 
Supply Chain Risk Management 1234 

UML 1235 
Unified Modeling Language 1236 

URL 1237 
Uniform Resource Locator 1238 

W3C 1239 
World Wide Web Consortium 1240 
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Appendix B. Security and Privacy Considerations 1241 

The Meta-Framework introduces several unique cybersecurity and privacy challenges due to 1242 
the need for trusted data repositories, authenticated access, and the handling of potentially 1243 
sensitive personal information. This appendix is not intended to be a comprehensive 1244 
cybersecurity guide and instead, this appendix highlights key considerations. Organizations will 1245 
need to tailor their cybersecurity and privacy strategies to address their specific operational 1246 
and regulatory requirements. By proactively addressing these issues, ecosystems can ensure 1247 
that traceability records remain secure, trusted, and compliant with relevant standards. 1248 

B.1. Identity, Authentication, and Access Control 1249 

Ecosystems will need robust mechanisms for identity verification, authentication, and access 1250 
control to ensure that only authorized individuals, entities, and processes can create and 1251 
modify traceability records. This includes utilizing secure protocols for writing records to 1252 
trusted data repositories and ensuring that both individuals and automated processes (such as 1253 
supply chain management systems) are properly authenticated before accessing sensitive 1254 
supply chain data. Strong identity and access management (IAM) practices will be required to 1255 
prevent unauthorized access. 1256 

Since ecosystems may involve multiple competitive organizations, it is also essential to restrict 1257 
access to sensitive data. Ecosystems must ensure that organizations can only access the 1258 
traceability records relevant to their operations, preventing competitors or unauthorized 1259 
parties from viewing or extracting sensitive production data. However, ecosystems also need to 1260 
allow external stakeholders (e.g., customers, regulators) to query traceability records. 1261 
Ecosystems must ensure that queries are limited to specific records without exposing the 1262 
broader dataset. Preventing enumeration, brute-force parameter guessing, query-based 1263 
exploitation and other bulk extraction of records will be necessary to safeguard data integrity 1264 
and confidentiality. 1265 

B.2. Privacy Measures 1266 

While traceability records are primarily focused on product provenance and pedigree, they may 1267 
also contain sensitive information related to individuals or entities involved in supply chain 1268 
activities. Privacy concerns should be addressed at both the recording and retrieval stages. 1269 
Specifically, traceability records may link to individuals who performed specific production tasks 1270 
or authorized certain events (e.g., shipping or receiving). Organizations must implement privacy 1271 
measures to protect personally identifiable information (PII) while ensuring that records can 1272 
still meet market and regulatory compliance requirements. 1273 

Shipping and receiving events could also include sensitive information about individuals or 1274 
entities (e.g., names, addresses) that must be protected. Ecosystems should ensure that only 1275 
authorized parties can access this information and that it is redacted or anonymized where 1276 
appropriate, especially when queried by external stakeholders. 1277 
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These considerations may require organizations to adopt data minimization principles to collect 1278 
only the necessary personal information required to support traceability use cases. Similarly, 1279 
data retention policies should be enforced to ensure that personal data is only stored for as 1280 
long as necessary for regulatory and operational purposes. 1281 

B.3. Other Considerations 1282 

In addition to the specific concerns around authentication and privacy, the following general 1283 
cybersecurity practices should also be considered when implementing ecosystems: 1284 

• Audit and Monitoring: Ecosystems should maintain a detailed audit trail of all data 1285 
interactions, including who accessed or modified traceability records and when. Regular 1286 
monitoring and logging can help detect unauthorized access or suspicious activity. 1287 

• Data Encryption: Sensitive data, including traceability records and any associated 1288 
external references, should be encrypted both in transit and at rest. Strong encryption 1289 
protocols will protect data integrity and confidentiality, especially when records are 1290 
queried by external stakeholders. 1291 

• Incident Response and Data Breaches: Ecosystems should be prepared to respond to 1292 
potential cybersecurity incidents, such as data breaches or unauthorized access. 1293 
Incident response plans should include procedures for notifying affected stakeholders 1294 
and mitigating the impact of a breach on the integrity of the traceability records. 1295 
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Appendix C. Meta-Framework Future Topics  1296 

The Meta-Framework outlined in this report provides a foundation for traceability across 1297 
manufacturing sectors and their supply chains, particularly within manufacturing, assembly, 1298 
and product delivery. This Meta-Framework represents the beginning of what can become a 1299 
broader treatment of traceability.  1300 

Nonetheless, while this initial version of Meta-Framework, as illustrated in Figure 22 below, 1301 
focusing primarily on traceability of supply chain event data recorded as linked traceability 1302 
records, there is a significant opportunity for future research to extend the Meta-Framework 1303 
traceability record subclasses to the sustainment chain, and add additional Traceability Record 1304 
subclasses to the supply chain. 1305 

By adding new traceability record subclasses into the supply chain and sustainment chain and 1306 
refining other aspects of the Meta-Framework based on industry input, the Meta-Framework 1307 
can evolve into a comprehensive tool for lifecycle traceability. This appendix summarizes 1308 
potential next steps toward this broader vision. 1309 

C.1. New Sustainment Chain Traceability Record Subclasses 1310 

The Sustainment Chain starts after the manufacturing supply chain and initial Employ event of a 1311 
product, illustrated in Figure 22. Sustainment Chain Opportunity for Future Research below. In 1312 
the sustainment chain, additional events such as product returns, recalls, refurbishments, and 1313 
recycling become important. Future research can explore how to record the sustainment chain 1314 
event data, to provide a complete lifecycle view of the product. 1315 

 

Figure 22. Sustainment Chain Opportunity for Future Research 1316 

Future research could explore the introduction of additional sustainment chain traceability 1317 
record subclasses to record and link regarding sustainment chain event data, described in Table 1318 
11. Candidate New Sustainment Chain Traceability Record Subclasses below. 1319 
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Table 11. Candidate New Sustainment Chain Traceability Record Subclasses 1320 

New Traceability Record subclass name for 
sustainment chain 

Description 

Returns When a product is returned by an end customer for any 
reason, a Return Traceability Record could be created 
to capture this event. Recording returns as traceability 
events would provide proof that the product has been 
removed from service or is no longer in the customer’s 
possession. 

Recalls In the event of a manufacturer-initiated recall, a Recall 
Traceability Record could trace the product back to the 
customer. If a customer is also a manufacturer, they 
could pass along the recall to their customers, enabling 
a more transparent and efficient recall process 
throughout the supply chain. 

Refurbishment During a product’s sustainment phase, various 
maintenance actions such as software updates, sensor 
replacements, or other refurbishments may occur. A 
Refurbish Traceability Record could capture these 
modifications, ensuring that all product changes are 
documented. 

Recycling Some products are decommissioned and recycled at 
end of life. A Recycle Traceability Record could 
document the decommissioning process and 
disconnection from any applicable IT or OT systems, 
ensuring that the product’s lifecycle is fully traceable 
from creation to disposal. 

C.2. Additional Supply Chain Traceability Record Subclasses 1321 

Future research could explore the introduction of additional supply chain traceability record 1322 
subclasses to capture additional supply chain event data, described in Table 12. Candidate New 1323 
Supply Chain Traceability Record Subclasses. 1324 

Table 12. Candidate New Supply Chain Traceability Record Subclasses 1325 

New Traceability Record subclass name for supply 
chain 

Description 

Precursor A Precursor Traceability Record could trace raw 
materials, such as silica used in semiconductor 
manufacturing, through the production process. This 
could extend traceability to the origin of the materials 
used in products, providing a more comprehensive 
view of the supply chain, and is relevant to ethical 
sourcing. 
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New Traceability Record subclass name for supply 
chain 

Description 

Continuous Flow and Batch Manufacturing Future research could include continuous flow and 
batch manufacturing processes. In these cases, 
additional traceability records could distinguish 
between the continuous production of materials and 
the production of discrete components. 

Transportation Adding Transportation Traceability Records could 
enhance visibility of logistics and transport phases of 
the supply chain. These new Traceability Records 
could document specific steps taken by logistics 
providers between the shipping and receiving stages, 
adding deeper transparency and enhanced 
accountability regarding the product’s movement 
through shipping. 
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