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Foreword by the Steering Committee of the Initiative QI-Digital

The success of the German economy is closely linked to the quality promise of "Made in Germany."
Behind this promise are the achievements of the quality infrastructure (Ql), which forms the founda-
tion for Germany's economic success and technological innovation.

As an established system of institutions, procedures, and rules, it ensures trustworthy, safe, and
sustainable products and services through metrology, standardization, conformity assessment, ac-
creditation, and market surveillance. At a time when digitalization is fundamentally changing the
way we live, produce, and work, QI faces the major task of completely transforming proven proce-
dures into new, fully digital ones.

As key institutions in quality infrastructure in Germany, BAM, DAKKS, DIN, DKE, and PTB, supported
by the Federal Ministry for Economic Affairs and Energy, joined forces in 2021 to tackle this complex
project together. This involves setting strategic courses, involving various interest groups, coordinat-
ing across a wide range of technical, economic, and legal fields of action, and developing and estab-
lishing concrete, innovative solutions. This work aims to achieve nothing less than a genuine para-
digm shiftin quality infrastructure: from a document-based to a data-driven system. Networked,
automated, smart.

The quality assurance and infrastructure system established over decades has so far been largely
document- and paper-based and involves a great deal of manual, bureaucratic effort. The QI-Digital
initiative is developing solutions to holistically transform the system into data-based quality assur-
ance that meets the requirements of an increasingly digital economy (Industry 4.0), which is also
facing growing bureaucratic demands.

Our goals: to reduce bureaucratic effort, facilitate compliance, relieve the burden on companies and
skilled workers, enable innovation, and thus strengthen businesses and the economy at large in the
long term with a digital Ql.

A modern QI that leverages the possibilities of digital, innovative technologies will thus make valua-
ble contributions to an increasingly digital, networked economy and international competitiveness.

Above all, however, this transformation will help to strengthen confidence in safety and quality.

This roadmap is an important building block for the targeted implementation of this project, which
we are jointly committed to. Our aim is to drive forward the digital transformation of QI and put it
into practice quickly. We are supported in this endeavor by our energetic advisory board, to whom
we extend our sincere thanks for their commitment. With this roadmap, we also invite you to play an
active role in this transformation process, contribute your expertise, and join us in shaping the future
of our quality infrastructure.

Prof. Dr. Dr. Stephan Christoph Michael Prof. Dr.
Ulrich Panne Finke Winterhalter Teigeler Cornelia Denz
BAM DAKkS DIN DKE PTB
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Executive Summary

Fundamental changes to our lives, production, and working environments brought about by digitali-
zation, developments in Industry 4.0, artificial intelligence, and networked production environments
are posing unprecedented challenges to traditional quality infrastructure (Ql). QI processes and tools
that have proven themselves over decades are now at a turning point: they must undergo funda-
mental change in order to keep pace with the speed and complexity of digital transformation in the
economy and society — and not become a stumbling block.

For the proven system of metrology, standardization, conformity assessment, accreditation, and
market surveillance, which has reliably ensured safety, quality, and thus trust in products and ser-
vices for decades, this change means more than just a technical adjustment—it requires a complete
realignment. QI must evolve from a static to a dynamic, adaptive system that promotes quality,
safety, and innovation in equal measure and integrates seamlessly into digital value creation net-
works.

This publication highlights the urgent need to transform QI as the key to maintaining competitive-
ness in an increasingly digitalized global economy. It identifies areas for action and concrete ways in
which stakeholders from Ql, politics, business, research, administration, and society can work to-
gether to shape this transformation.

For decision-makers and practitioners, this roadmap offers a fundamental strategic and practical
overview of the necessary development of a modernized QI. The aim is to use it to secure economic
growth, technological sovereignty, and sustainable progress in the digital age. It underscores the ur-
gent need for a transformation toward digital tools and processes for Q.

Based on the current limitations of analog processes, it specifically highlights the requirements
that must be met for successful digital transformation and the areas that need to be addressed. The
overall picture shows how the digitization of Ql institutions, processes, and tools can not only in-
crease efficiency and transparency, but also open up new opportunities for innovation, sustaina-
bility, and global cooperation. The focus is on the vision of a sustainable QI that meets the require-
ments of a rapidly changing economy while strengthening the trust of all stakeholders.

The digital transformation of such a complex system, based on decades of routine, is no trivial un-
dertaking. The roadmap therefore systematically addresses key areas of action for digital transfor-
mation, highlighting requirements, the status of developments, and perspectives:

* Ql organizations and institutions must adapt their processes and services to digital require-
ments. This requires the strategic development of resources and know-how, new workflows,
and topic and project development for the anticipatory and effective development of solutions
for a digital, dynamic living and working environment.

*  Modern procedures and methods for QI must be developed, tested, and implemented that are
appropriate for a data-driven, networked economic system and can both ensure confidence in
safety and reliability and leverage innovation and efficiency potential.

»  Digital Q! tools such as machine-readable standards and certificates must be developed and
their seamless integration into digitalized value creation networks ensured.

» Digital ecosystem: Managing and sharing data and information on quality and safety confi-
dently and securely requires IT infrastructures based on uniform standards and interfaces. To
this end, established solutions must also be further developed and made usable for Ql issues,
particularly with regard to the promising possibilities offered by data spaces and the asset ad-
ministration shell. This will enable the creation of a digital ecosystem that integrates digital QI
tools and processes across the entire product life cycle, thereby contributing to the success of
the Digital Product Passport (DPP), among other things.
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*  Practical applications: The diversity of applications and potential of digital QI requires the der-
ivation and integration of requirements from various application scenarios. The development of
solutions based on practical use cases and scenarios helps to ensure practicality, take com-
plexity into account, and quickly put research and development results into practice.

»  Stakeholder participation, transfer, and framework conditions: To derive real needs and work
together on solutions, intensive exchange with affected stakeholders is required. In addition to
the technical challenges, the necessary framework conditions must also be developed in paral-
lel from the outset. In particular, the suitability of legal frameworks and administrative prac-
tices must be reviewed and any need for adjustments addressed at an early stage. In addition,
international interoperability must be ensured with appropriate activities.

Given the complexity of the digital transformation of Ql across these wide-ranging fields of action, it
is clear that it can only succeed with a collaborative, cooperative, and determined approach. Much
has already been achieved, initial solutions are available, and numerous others are currently in de-
velopment.
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1. Thedigital transformation of quality infrastructure: strength-
ening trust and enabling innovation
1.1. Theimportance of quality infrastructure for the economy

The success of Germany’s economy is closely linked to its strong “Made in Germany” reputation.
The foundation of this lies in a reliable and proven quality infrastructure (Ql). It ensures safety
and quality, and thus trust in products, services, and processes. It makes a significant contribu-
tion to the functioning of international trade and ensures health, labor, environmental, and con-
sumer protection. It is also an essential prerequisite for the success of the green and digital
transformation and, beyond that, a decisive success factor for key political goals and programs at
the national and European level.

Various scientific studies point to the immense importance of individual elements of QI for the econ-
omy. For the case of Germany as one of the leading countries in the United Nations ranking of the
global state of QI development (UNIDO, 2024), studies show that norms and standards alone con-
tribute approximately 0.7-0.9% to its national economic growth rate (Blind et al., 2011). The world's
first study on the overall contribution of QI to national economic performance estimates that with-
out the services provided by Ql, Germany's gross domestic product (GDP) would shrink by 7.8% annu-
ally. This would have meant a loss of almost €320 billion in GDP for Germany in 2023 (Blind et al.,
2025). A strong Ql is therefore a key success factor for an economy. High-performance Ql is consid-
ered by UNIDO as an essential contribution to supporting the Sustainable Development Goals (SDGs).

However, to continue the impetus of quality in the future, a modern Ql is needed. Digitalization of-
fers enormous potential for quality assurance and for maintaining competitiveness, innovation, and
productivity gains, as well as greater transparency along complex production and process chains.

Quality infrastructure

oo - - Market
Quality infrastructure (Ql) is "the system comprising sL.w:;u:nce

the organizations (public and private) together with
the policies, relevant legal and regulatory frame- Metrology Conformity
work, and practices needed to support and enhance Assessment
the quality, safety and environmental soundness of EE
goods, services and processes.” (INetQl, 2024) ditation

Through the interaction of metrology, standardization, conformity assessment, accreditation, and market
surveillance, QI makes a wide range of contributions:

*  Qlensures and helps signaling the safety and quality and thus confidence in products.
* It thus strengthens an economy’s position as a business location in international trade.

* Embedded in the European single market and legal framework, it ensures integration into the inter-
national value creation system.

*  Qlenables internationally successful innovations and new technologies— from basic research to mar-
ket establishment.

*  Itensures the transfer of knowledge and technology from research to the market.
* Qlisa prerequisite for successful digital transformation.

* It makes a significant contribution to solving the major socio-economic, ecological, and technological
challenges of our time, such as achieving our climate protection policy goals.

* Qlis theinvisible foundation for protecting public health, consumers, and the environment.

10
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1.2.  Adigital quality infrastructure for modern economy

Production and trade in increasingly complex value networks, the ongoing digital and green
transformation, and technological innovations are highly dependent on the reliable assurance
and efficient verification of the quality, safety, and sustainability of goods, services, and pro-
cesses. Amodern and efficient quality infrastructure (Ql) is indispensable for this.

Increasing automation and digital networking are revolutionizing business processes within and be-
tween companies. Industry 4.0, the Internet of Things (IoT), and artificial intelligence (Al) are driving
the transformation of production and supply chains, creating complex, data-driven ecosystems. This
rapid development poses new challenges for the quality infrastructure (Ql). To remain relevant and
effective, QI must not only keep pace with this change, but also proactively help shape it.

The requirements for companies to implement regulatory requirements are constantly increasing.
The implementation of the Digital Product Passport (DPP) in the EU as part of the new Sustainable
Products Regulation (ESPR) and elsewhere is just one example of the increasing bureaucratic bur-
den. Digital innovations in Ql are key to reducing these bureaucratic challenges. Digital processes
and tools in QI will help to significantly reduce the personnel and administrative costs for companies
and secure the competitiveness of the German and European economy in the future. This takes on
additional importance against the backdrop of the growing shortage of skilled workers.

From document-based to data-based quality assurance

Ql itself is a ubiquitous, complex system of regulatory frameworks and various institutions, tools,
and processes—its digital transformation is a correspondingly extensive and networked undertaking.
The target vision of a digital Ql includes data-based and automated — processes and methods as
well as a — toolbox consisting of, among other things, — SMART standards and — machine-reada-
ble conformity certificates with — digital accreditation symbols (— eAttestation). Together, these
form a — digital ecosystem for QI that enables companies and other private- and public-sector
players in value-creation networks to ensure quality and provide, use, and exchange quality-related
data, information, and documentation in a trustworthy, confident, and efficient manner. The inte-
gration of digital technologies into QI makes it possible to automate tests, provide quality evidence
in real time, and significantly reduce administrative effort. In particular, this fundamentally trans-
forms the previously largely document-based, analog, and static quality assurance into a data-
based, smart system based on usage-oriented, forward-looking approaches.

This enables QI to meet the modern requirements of networked production and digital value chains,
efficiently and sustainably ensuring trust and transparency. This not only strengthens competitive-
ness, but also fair trade, consumer protection, health, and environmental protection.

n
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1.3.  Application scenarios for a digital Q!

Digitalization enables a fundamental, profound transformation of Ql.
In the future...

... (mandatory) information about products will be provided digitally (DPP, data ecosys-
tems) instead of on paper-wasting package inserts

... the inspection of facilities will primarily be based on their digital twins, and the days
when inspection teams shut down systems will be reduced to a minimum.

... planning/CAD software will support the automatic creation of declarations of con-
formity during product design by accessing SMART standards and smart laws, and verifica-
tion requirements will be fulfilled automatically

... predictive maintenance, remote access, and intelligent systems will increase mainte-
nance intervals or allow maintenance to be performed only as needed

... market surveillance will use Al to check the necessary conformity and safety certifi-
cates of millions of TEMU products for plausibility

... no company will have to run to the mailbox hoping that approvals, lab confirmations,
and test certificates have arrived so they can be "filed away."

Digital QI and Industry 4.0: Example of additive manufacturing

Quality assurance (QA) and documentation in production are very time-consuming - this is particularly true
for additive manufacturing (AM), where conventional QA methods cannot simply be applied. In regulated in-
dustries such as aviation, QA can account for up to 80% of unit costs. Much of this is due to the manual docu-
mentation effort involved. This is where digital Ql offers potential savings through automation, interoperabil-
ity through standardized data interfaces, and acceleration and transparency through the use of digital Ql tools
such as — SMART standards and — machine-readable QA and test reports.

The basis for this is a digital data flow along the physical production chain from powder preparation to the
finished component. This allows all quality-relevant data to be automatically stored in a data container that
functions as an individual digital component file. The — asset administration shell (AAS), for example, can be
used as aninterface to the data container. This creates a recognized and standardized data model that enables
interoperability in the manufacturing process and along the value chain - from accordant modular submodels
for machines, processes, or component inspection, among other things. The quality requirements for the com-
ponent are automatically read from the data structure of a — SMART standard, their fulfillment is automat-
ically checked using the data in the data container, and — machine-readable QA and test reports are created.
These can also be mapped as standardized AAS submodels. In addition, the standardized creation of a — digital
product passport for the component can also be automated. By integrating — data spaces, manufacturers
can confidently and securely provide quality-related documentation and data to specific stakeholders suita-
ble for their needs. Verified Credentials can also be used to assign permissions to unique identities in data
spaces, ensuring integrity and trust in the data provided.

Modern processes and tools of a digitalized QI thus make a noticeable contribution to reducing documentation
and QA efforts. This significantly increases efficiency and transparency along the value chain.

Digital Ql in the pharmaceutical industry: From manual effort to digital workflow

In the pharmaceutical industry, precision is not a luxury—it is a necessity. In the production of med-
icines, measurement accuracy plays a crucial role in product safety and regulatory compliance. The
operational effort required for calibrations—thousands per year at large pharmaceutical

12
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companies—is immense due to slow, manual data processing chains. Data entry, transfer, and doc-
umentation for a single calibration can take 45 minutes and tie up the manpower of two qualified
employees. However, dozens of inspections each year by regulatory authorities require flawless and
auditable documentation.

Recognized, standardized — digital calibration certificates (DCC) eliminate the need for manual data
entry, reduce errors, and help to make better use of highly qualified personnel. Digital Calibration
Requests also free the (usually numerous) external calibration service providers from manual data
entry, creating a fully digital, automated process from the calibration request to the delivery of the
certificate. As a submodel of the — asset administration shell, the DCCis a standardized data model
that enables interoperability and facilitates exchange between different parties. Decentralized
identifiers and verifiable credentials allow for the trustworthy provision of calibration certificates
according to specified access rights via international — data spaces. This also allows other stake-
holders to be integrated in a controlled and secure manner, e. g, device and software manufacturers
as well as national metrology institutes. If the standards/guidelines underlying the calibrations are
processed as — SMART standards, their current status can be automatically checked with software
and any revised intervention and alarm limits or criteria can then be automatically integrated into
the conformity assessment of the process in accordance with the standards.

The recorded calibration data also makes it possible to track device deviations over time, optimize
calibration intervals, and incorporate this data into risk-based quality assessments or Al-based pre-
dictive analyses. Embedded in data spaces, the DCC thus provides the basis for automation, effi-
ciency, and transparency in calibration, not only in the pharmaceutical industry.

Trustworthy Al with the help of test platforms and Al passports

Al offers enormous potential in all areas including in safety-critical fields of application, such as medical di-
agnosis, non-destructive material testing, or condition monitoring of equipment. However, particularly in
these applications guidelines are needed to ensure the safe use of potentially high-risk Al systems. The EU
Regulation on Artificial Intelligence (Al Act) creates a binding legal framework for this. To implement the re-
quirements efficiently, innovative testing approaches are needed to verify key quality and performance
characteristics of Al systems such as robustness, fairness, security, accuracy, and uncertainties of an Al.

Al testing platforms provided by key players in the QI system will offer in the future an independent and
standardized way to do this. Providers of Al systems run their systems in a secure environment on the plat-
form or integrate them via a defined interface. Processing takes place under controlled conditions, and an
automated comparison with reference values ensures the quality of the results. The resulting test report
serves as technical proof of the system's trustworthiness and can be used in downstream approval pro-
cesses. Relevant Al standards serve as an operationalized test basis in the process and promote the scalabil-
ity of tests in the form of — SMART standards. Conformity assessment and accreditation bodies can also use
the platform to validate their own systems or those of their customers.

In a machine-readable version, the generated evidence can also be integrated fully automatically into an Al
model card — a standardized digital quality documentation for Al systems. It ensures comprehensive trans-
parency and traceability, thereby making a decisive contribution to compliance and trust. In addition to Al
model details such as purpose, performance, and security, an Al model card also includes information on the
origin, characteristics, and quality of the training/validation data, Fundamental Rights Impact Assessment
(FRIA), and risk management. As a living document that can be supplemented with verifiable credentials (—
eAttestations), it can be seamlessly integrated into the conformity assessment and verification of down-
stream products and services, for example. It enables automated testing, continuous updates, and easy
sharing of relevant information along the entire value chain. With the help of — asset administration shells
and — data spaces, model cards and test results can be exchanged in a standardized, secure, and sovereign
manner. The marketplace function of data spaces also makes it possible to find suitable testing platforms
and offers for the respective application.

13
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Efficient interlaboratory comparisons through digital QI

Interlaboratory comparisons are part of quality assurance in all areas where trust in measurement
results is necessary for safe products and services. Healthcare facilities, pharmacies, testing labor-
atories, and other measurement laboratories regularly participate in interlaboratory comparisons.
They follow normative and legal requirements that are an integral part of their quality management.
The challenges for participants and providers of interlaboratory comparisons are immense: Which
comparisons do | need? Where can | participate? Are these the right interlaboratory comparisons?
What is a standard-compliant comparison? Which methods are needed for data evaluation? How can
I respond to changes?

Digital QI for interlaboratory comparisons helps to find answers to these questions, even without
requiring in-depth specialist knowledge. Measurement and testing applications in interlaboratory
comparisons have digital characteristics that are linked to types of instruments and — SMART
standards. This opens access to targeted digital searches for requirements for interlaboratory com-
parisons and suitable providers. Data spaces (— “Quality-X") provide platforms for exchanging data
and service features. Intelligent software (such as, e.g., the "Digital Metrology Expert" of PTB) auto-
mates data evaluation in interlaboratory comparisons. Data is exchanged between participants and
providers in — machine-readable digital calibration certificates. The software checks the data and
obtains the formulas for evaluation from SMART standards. Results reports are digitally signed by
the provider to confirm their authenticity. Accredited providers use the — digital accreditation sym-
bol (— eAttestation) for this purpose.

In this way, a digital QI can promote successful participation in interlaboratory comparisons, make
the process efficient and transparent, and reduce overall (financial) risks.

Efficient conformity assessment processes

For many products in the EU, a conformity assessment based on European regulatory requirements is neces-
sary before they can be placed on the market. The 27 legal acts of the New Legislative Framework alone
cover product groups ranging from elevators to personal protective equipment and medical devices. The
conformity assessment process, e.g., for a type-approval certificate, is often lengthy and complicated. It is
not uncommon for people to call for "less bureaucracy" in this context.

To demonstrate compliance with the technical requirements from standards, the resulting product is de-
scribed in a complex documentation providing evidence that the standards were taken into account during
the product design. Together with reports from tests carried out, this serves as the basis for the work of the
notified bodies for type approval, and the information is also included in the product certificate. Integrating
these requirements and test results into the certificate information offers opportunities to optimize the
conformity assessment process. Together with the provision of the necessary documents in machine-reada-
ble form, this enables much more efficient and, in many cases, automated certificate preparation. This bene-
fits not only the notified bodies but also the manufacturers of the products.

— SMART standards contain the requirements for products in machine-readable form and can be incorpo-
rated into the product documentation in a targeted manner. This means that conformity can be immediately
identified in the conformity assessment process and, if appropriate, incorporated into the draft certificate as
— machine-readable conformity assessment certificate D-CoC. SMART standards can thus significantly ac-
celerate the process automatically through possible parallelization of processes and other systemic effects,
thereby realizing efficiency gains (cf. DIN/DKE, 2024a). The conformity assessment process is also supported
by the digital unit system (SI) or — digital test reports (DTR) provided with a machine-verifiable — digital
accreditation symbol as — eAttestation for the machine-assisted preparation of conformity assessment
certificates. Comprehensive and cross-cutting digitization can contribute to a significant increase in effi-
ciency here, making the entire conformity assessment process more transparent and faster. This leads to a
competitive advantage for notified bodies and their customers.
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1.4. Roadmap for the digital quality infrastructure

The complexity of quality infrastructure (Ql), in terms of the interaction of various stakeholders and
affected parties, diverse processes, procedures, and tools, as well as national and international
structures, necessitates a coordinated approach for a successful digital transformation that benefits
the economy and society. This roadmap takes this into account and implements the recommenda-
tions and requirements of the advisory board, steering committee, and funding body of the QI-Digi-
talinitiative, as well as those of experts from business, politics, and administration. The aim is to
outline a framework for action which supports a modern QI that meets the requirements of an in-
creasingly digital, networked economy and society that is sustainable and resilient.

The fields of action outline requirements and milestones achieved, and provide an outlook on further
work that needs to be done. This roadmap was developed by experts from the consortium partners
of the German QI-Digital initiative. It is based on recommendations and input from the advisory
board and steering committee, as well as on practical expertise from business, science, and admin-
istration gained through a variety of dialogue formats from the consortium's ongoing work. The con-
tent was developed and agreed upon in an iterative process within the consortium. A public consul-
tation process on the draft was initiated via the DKE Collaboration Platform prior to publication, giv-
ing interested stakeholders the opportunity to comment over a period of several weeks. The
roadmap is intended as a starting point for ongoing dialogue between stakeholders and will be con-
tinuously developed as a living document.

1.5.  Ql-Digital: Aninitiative of the key players in the German quality infra-
structure

1.5.1. Vision & mission

Ensuring and verifying quality smarter: As part of the QI-Digital initiative, the key players in Germa-
ny's quality infrastructure (Ql) - BAM, DAKKS, DIN, DKE, and PTB - are working together with stake-
holders from industry, administration, and research to develop solutions for a modern Ql. The vision:
A Ql for a digitalized and sustainable future that enables modern and efficient quality assurance
right through to global value creation networks.

Against the backdrop of a digitalized world that demands sustainability and resilience, QI processes
are being digitalized and the practice and regulation of quality assurance across all elements of QI
are being rethought. The resulting digital solutions enable innovative quality assurance for all stake
holders involved. In terms of global connectivity, the initiative is also engaging in shaping the inter-
national transformation process.

The QI-Digital initiative received start-up funding by the Federal Ministry of Economic Affairs to
contribute to the success of innovative technologies, products, and processes—and thus to
strengthen Germany as a business location. A dedicated advisory board with members from busi-
ness, research, and administration provides support in strategic orientation, concrete implementa-
tion, and networking.

15



O
Ql
Q DIGITAL

( )
Voices from industry

e "From the perspective of business and industry, there is no doubt about the relevance and necessity
of this initiative. If we do it right, we will contribute to the formula for success in competition: 'Costs
down, innovation up!"

Markus Reigl, Director of Technical Regulation & Standardization at Siemens AG

e "With QI-Digital, we are finally overcoming silo thinking. In doing so, we are creating significant
added value for Germany [and Europe] as a center of quality."

Dr. Joachim Biihler, CEO of TUV Association

e  "We have high hopes for the QI-Digital initiative and the tools developed there—just think of digital
certificates that are exchanged between laboratories and their customers so that they can score
points for the quality, safety, and sustainability of their products and processes. To achieve this, we
need to develop concrete business cases in order to create broad practical relevance. The QI-Digital
initiative creates the space for this and thus also supports the digital transformation of the mostly
small and medium-sized companies in the testing and laboratory industry."

Anton Bl6th, Managing Director of VUP — Association of Independent Testing Laboratories
g J

1.5.2. Organization and topics

The activities of the QI-Digital initiative are aimed at enabling a comprehensive ecosystem for Ql in
which digital transformation can be brought from research to application. Three pillars are at the
center of this (see Fig. 1):

* Research and development for a modern Ql: The partner institutions of the QI-Digital initiative
are working on pilot projects related to quality assurance in — modern production and — tech-
nical facilities to develop concrete solutions for — new methods and processes as well as —
tools for a digital Ql. The aim is, in particular, to demonstrate their interaction in integrated, au-
tomated process chains. This should increase efficiency, transparency, and reliability. To this
end, realistic test environments have been set up at the Bundesanstalt fiir Materialforschung
und -priifung (BAM) with a real-world laboratory for additive manufacturing and a hydrogen
filling station. The Physikalisch-Technische Bundesanstalt (PTB) is developing solutions within
the pilot project for — artificial intelligence in medicine.

» Sustainable and effective transfer measures into practice through intensive stakeholder dia-
logue: Ql encompasses numerous players from business, politics, and public administration. Es-
tablishing and maintaining a strong network of relevant interest groups is therefore essential
for the transformation. Events such as the annual QI-Digital Forum, workshops, talks, various
accompanying research activities, and much more help to raise awareness, identify require-
ments, and put solutions into practice.

»  The accompanying design of the necessary framework conditions is an essential prerequisite
for the success of a complex transformation. Necessary adjustments to — the legal framework
and administrative practice are therefore also addressed and, for example, underpinned by
studies with recommendations for action. — International connections are also being promoted
in parallel.
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R&D in practical Transfer Neccessary
test environments Measures e E e
conditions
Infrastructure and Sustainable transfer into Legal framework and
technical platform for R&D application through g. . N .
o . administrative practice
in pilot projects stakeholder engagement

QI-Digital Toolbox

Smart Standards, Digital Certificates, Quality-X, Digital Product Passport

Figure 1QI-Digital Innovation Ecosystem.
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2. Digital transformation of Ql: Fields of action

The transformation of Ql is a far-reaching endeavor, as it involves a complex system of institu-
tions, procedures, and tools embedded within national and international legal and regulatory
frameworks. Consequently, the associated fields of action are equally complex.

The digital transformation of Ql is both complex and demanding. At the same time, its potential and
urgency are enormous. Cross-cutting digital technologies such as — artificial intelligence (Al),
cyber-physical systems, and blockchain are becoming increasingly important — and their use in
products and services depends fundamentally on trust.

At the same time, these technologies can themselves be used to enable advanced quality assurance.
However, developing technical solutions alone is not sufficient. Quality assurance encompasses and
is governed by the — legal and regulatory framework, which must likewise evolve as part of the
transformation process in order to fully unlock the potential of digital Ql.

Ql with — digital tools, — processes, and — a networked digital ecosystem will improve quality as-
surance processes in companies and enable fast, integrated, smooth provision of quality information
across the entire value chain - for all stakeholders in Ql. This also benefits consumer protection, the
achievement of political protection goals, and overall trust and security. With the support of QI-Dig-
ital, requirements will in future be automatically checked as machine-readable standards (—
SMART standards), results reports will be provided digitally, and — digital certificates will be trans-
ferred as — eAttestation without media discontinuity. Digital data infrastructures such as data
spaces (— Quality-X) enable the optimization of data flow and access. Fig. 3 summarizes the fields
of action.

2.1.  Organizations/institutions

Goal: Digital transformation of Ql institutions and systematic development of the necessary dig-
ital skills, resources, and structures for optimized services.

2.1.1. Introduction: Digitalizing services and structures, building skills

The successful digital transformation of Ql as a
system requires that key stakeholders actively

DIN DKE
drive the digitalization of their own organizations, -

processes, and services, and contribute both stra- Metrology

tegically and practically to a digital Ql. The fol- Standards .
lowing chapters provide an overview of the cen- EPB Surveillance
tral Ql institutions involved in the QI-Digital initi- e

ative and outline their activities related to the Accre-

digital transformation of their organizations and ditation E::J::n"m’tﬂ

of QI as a whole. In addition to the partner insti-

tutions of the QI-Digital initiative — BAM, DAKKS, (( pAKKs

DIN, DKE, and PTB — developments in conformity B %
assessment and market surveillance, two core )

areas of QJ, are also highlighted. Figure 2 Organizations of the German QI
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Roadmap digital Ql: Fields of action
—
+ Digital transformation of Q! institutions - Development and implementation of
and systematic development of the innovative digital procedures and
necessary digital skills, resources, and methods for efficient and transparent
structures for optimized performance. Ql, as well as seamless integration into
the processes and digital ecosystems of
QI and value creation networks.
Digital Tools
advanced digital, interoperable, and
internationally recognized tools as an - Digital ecosystem for quality
integral part of modern Q, which are infrastructure based on recognized
linked and seamlessly integrated into standards for seamless integration of all
quality assu rance and verification along QI procedures, processes, and tools, as
global value chains. well as cross=-system networking of the
actors involved.
Technologies and Applications
= Internationally recognized digital QI n Practice
tools and procedures for cross-border « Clear application scenarios and the
interoperability consistent development, testing, and
» Alegal framework and corresponding demupstrat&o%al;ng [eaL-wotr \d ;5,:" t
administrative practices that enable and €ASES 1N reaustic development and 1es
romote digital OI. environments, in close exc I'Jange with
P the affected stakeholders, in order to
= Targeted transfer processes and active bring new digital solutions for a modern
stakeholder participation for broad 0l into practical use guickly and safely.
acceptance and co-creation, as well as
effective knowledge transfer to quickly
bring digital Ql into application.
= Continuous scientific monitoring and
evaluation of the digital QI
transformation in the sense of a holistic
transformation approach and to
optimize processes and results.
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4

Figure 3 The digital transformation of the quality infrastructure: Overview of the fields of

action
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2.1.2. Standardization - DIN and DKE

The German Institute for Standardization (DIN) and the German Commission for Electrical, Electronic
& Information Technologies (DKE), as the national organizations responsible for standardization in
Germany, are driving forward the digital transformation of their processes, services, and products.
The aim is to digitalize the content of standards and to make the processes for creating, managing,
disseminating, and applying standards more efficient and user-friendly. The most important digital-
ization efforts concern the further development of standards towards — SMART Standards. In 2020,
DIN and DKE launched the Digital Standards Initiative (IDiS) for their conceptual development and
gradual establishment, which promotes understanding of the topic, specifies pilot projects in a broad
network, and coordinates activities nationally and internationally.

The gradual introduction of the Online Standards Development Tool (OSD) at ISO/IEC since 2023
marks a significant step in the digitalization of standardization processes. OSD is a digital tool that
brings the process of standard creation to an online platform tailored to standardization needs,
bringing together related data and standardization processes. It offers native creation of standards
in machine-readable formats (NISO-STS) and provides a good basis for gradually improving the
standardization process (e.g., assistance functions during writing) and enriching standards with addi-
tionalinformation (SMART Content) during the creation process.

With the reorganization of the DIN subsidiaries Beuth Verlag and DIN Software into DIN Media and
DIN Solutions, the DIN Group is also positioning itself as a holistic service provider and designer for
digital transformation in the application of standards content.

DIN and DKE (VDE) offer numerous digital services and products. DIN.one and SCM.DKE (Standardi-
zation Community Maps) are two digital collaboration platforms that are particularly useful in the
early stages of standardization. With Nautos, DIN offers a standards management solution and the
free Standards Monitor. As part of its own Al strategy, DIN is working on integrating Al tools into ex-
isting systems. In an initial phase of the rollout of DIN-ChatGPT, this has already resulted in more
efficient work and support in project management. Since 2024, DKE (VDE) has been offering VDE
CaaS (Content as a Service), an API-based approach for integrating VDE standards and standards
management processes into its own system landscape. Both Nautos and VDE CaaS have been offer-
ing initial — standards as a ReqlF service since 2024.

The digital transformation of standardization is an international challenge that DIN and DKE are
tackling together with other standardization organizations such as CEN/CENELEC and ISO/IEC. For
example, with TermAnalyzer, DKE provides its own service for digitizing and improving the standard-
ization process in the IEC ecosystem. This service checks terms for quality and compares them with
existing definitions. Al-supported notes are then generated and semantic similarities are high-
lighted. The aim here is to support the harmonization of terminology to achieve clear, uniform ter-
minology across all standards.

In addition, there are numerous other standardization activities in the field of quality infrastructure.
Here, horizontal topics for standardization are specifically developed and corresponding committees
established - such as for the — Digital Product Passport (DPP), cybersecurity, blockchain, data and
data spaces, or with strategic projects such as the Al Standardization Roadmap and Industry 4.0
Standardization Roadmap (DIN/DKE, 2023).
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2.1.3. Metrology - PTB

The Physikalisch-Technische Bundesanstalt (PTB), the national metrology institute of Germany, is a
scientific and technical authority under the Federal Ministry for Economic Affairs and Energy. Since
2017, the PTB has been actively promoting the digital transformation of metrology both nationally
and internationally. A key contribution to this is the development, implementation, and promotion
of the digital unit system (SI Digital Framework) as part of a more comprehensive digital transfor-
mation of the international scientific and quality infrastructure in metrology. In its digitalization
study (Eichstadt, 2020), the PTB formulates five core objectives:

1. Ensuring consistency in metrology in a digital world

Sustainable usability of research results and data

Holistic treatment of measuring instruments and measurement data
Supporting the efficient and secure use of digital technologies
Promoting the active participation of all employees in digitalization

UoA W

Alongside these core objectives, topics such as digital machine-readable certificates in metrology
(establishment of global format for Digital Calibration Certificates), digital representation of units in
cooperation with BIPM (SI Digital Framework), and the implementation of integrated, interlinked
workflows within PTB from the customer portal (e-service) to the e-file, the laboratory, and the
electronically signed certificate are being advanced. In addition, research and development are key
aspects, for example, for metrology for sensor networks in industry, the environment, and smart
cities (including the Smart Metrology Campus) as well as for the quality assessment of artificial in-
telligence (Al).

PTB has developed an initial Al strategy for its own positioning and strategic planning in the field of
Al (PTB, 2021). Early 2026, a digital strategy will also be published, accompanied by a comprehensive
implementation plan for digitalization and IT. The topic of digitalization is also firmly anchored in the
organization: The "Innovation Cluster Digitalization" has been established at the division manage-
ment level under the leadership of the PTB Presidential Board. Moreover, a department "Metrology
for Digital Transformation" with currently about 30 employees has been established 2021 as a cen-
tral cross-sectional research group in the newly established "Quality Infrastructure: Metrology and
Digitalization" division of PTB, which combines key IT and digitalization topics. Several specialized
cross-functional groups have been formed at PTB for topics such as the — Digital Calibration Certif-
icate and the — Digital Certificate of Conformity.

PTB offers its services to stakeholders via the digital customer portal "E-Service." Orders received
through this portal are increasingly processed digitally from start to finish using an integrated work-
flow. This enables more efficient and effective work processes. PTB contributed to the digital trans-
formation of Ql in the QI-Digital initiative by, among other things, developing schemata for digital
tools such as — machine-readable conformity attestations and concrete building blocks for data
space solutions for QI (— Quality-X). In addition, PTB is developing an Al testing platform for the ob-
jective testing and quality assessment of Al algorithms and contributed to the two QI-Digital pilot
projects — Reliable Hydrogen Filling Station and — Additive Manufacturing. Last but not least, PTB
also supports calibration laboratories in the development and implementation of digital interfaces
and processes (e.g., interface for collective calibration applications and digital calibration certifi-
cates).

PTB is also involved in international networks. For example, PTB chairs as Germany's representative
in the CIPM Forum for Digitalization, as coordinator of the "Digitalization Task Group" of the Interna-
tional Organization of Legal Metrology (OIML), as chair of the IMEKO Technical Committee on Digi-
talization, as co-founder of a working group on the strategic development of digitalization in Europe
within the European Metrology Organization (EURAMET), and as coordinator of the NoBoMet project
group "Digital Certificates in Metrology" (D-CoC M).

21



O
Ql
Q DIGITAL

2.1.4. Accreditation - DAKkS

Since Regulation (EC) No. 765/2008 came into force, accreditation has been a sovereign task
throughout the European Union (EU) and is carried out in the respective member states by a single
national accreditation body. In Germany, the German Accreditation Body (DAKkS) is the competent
body appointed by the federal government. As part of the accreditation process, DAKkS confirms the
competence of conformity assessment bodies and surveils this regularly. In this way, DAKkS contrib-
utes to improving the quality and safety of products and services. It is becoming increasingly im-
portant in a digital Ql to enable the comparability of test results for digital products and services.
Together with the partners and the QI-Digital network, DAKKS is gathering practical experience to
clearly define the requirements for conformity assessment bodies in these areas and to further de-
velop existing requirements for new technologies.

Based on the DAKkS mission statement and a holistic view of the entire organization, twelve strate-
gic initiatives' have been formulated internally for the period up to 2028. The strategic initiative
"Digital Transformation of the Economy" bundles projects that are important for the ongoing digi-
talization of accredited bodies and their customers. It is the umbrella for various projects in the field
of digitalization in accreditation and for the connection to Ql-Digital:

* Since April 2024, the — digital accreditation symbol, as the electronic national emblem of
DAKKS, has enabled the secure issuance of digital attestations (digital, machine-readable certif-
icates and result reports) and, at the same time, real-time verifiable and machine-readable
proof of accreditation at the time of issuance of these attestations or result reports. It thus en-
ables a global, digital chain of evidence for international trade.

*  DAKKS is actively promoting the implementation of the new European regulations on artificial
intelligence and cyber resilience for accreditation and conformity assessment in the context of
digital products and services.

*  DAKKS is actively involved in international standardization for artificial intelligence. Experts of
the organization played a leading role in developing the standard on requirements for bodies
that audit and certify artificial intelligence management systems (see 1SO/IEC 42006:2025) and
in the project to develop conformity assessment programs for Al systems (see ISO/IEC CD
42007).

*  Within the European Co-Operation for Accreditation (EA), DAkkS plays an active role in the field
of artificial intelligence and regularly participates at exchange formats and creates input for
working groups. The question of how Al itself can be used for conformity assessment and ac-
creditation is also currently being examined by DAKKS both nationally and internationally.

The insights gained from DAkkS's work and its expertise are also incorporated into the pilot projects
on a targeted basis to map the entire QI process chain.

' DAKKS also has strategic initiatives relating to its own internal digitalization. These include "Accelerating ac-
creditation processes and improving quality” and "Continuing the digital transformation of DAKkS." One project
in this area is the online portal "DAkkS-PORT." This is an important step in the digital transformation of pro-
cesses for handling accreditation procedures.

DAkkS-PORT provides qualified and secure access for CABs and external assessors, enabling guided and stand-
ardized accreditation applications, simple and standardized document exchange, the provision of pre-filled
documents for customers and assessors, and the bundling of communication and document exchange with
DAKKS.
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2.1.5. Safety - Bundesanstalt fiir Materialforschung und -priifung (BAM)

The Bundesanstalt fiir Materialforschung und -priifung (BAM) is a senior scientific and technical
Federal institute with responsibility to the Federal Ministry for Economic Affairs. It tests, researches
and advises to protect people, the environment and material goods. Safety creates markets. BAM
sets and represents high standards for safety in technology and chemistry for Germany and for its
global markets, to further develop the successful "Made in Germany" culture of quality. It is thus an
essential component of Ql in Germany and Europe, covering among other things the implementation
and evaluation of physical and chemical tests of materials and facilities, including the preparation of
reference processes and reference materials.

In the materials sciences, a wide variety of different types of data are generated. Intelligent digital
infrastructures are essential for their efficient and sustainable use. Together with partner institutes,
BAM is investigating how process and material data can be systematized and standardized to enable
broad application and cross-disciplinary exchange within and across different scientific domains.
This work includes the development of workflows, ontologies, and data spaces for data sharing, as
well as reference datasets as a digital reference product of BAM. BAM is committed to open-science
and FAIR principles and contributes to the development of standards. Digitalization falls under the
responsibility of BAM’s Vice President, supported by two dedicated divisions: eScience and Infor-
mation Technology.

The main topics of digitalization at BAM are

- the development of research data management (RDM) in national projects (NFDI-Matwerk,
NFDI4ING, NFDI4Chem, FAIRMAT, PMD) and the internal implementation of RDM (openBIS
and BAM-DataStore)

- Scientific computing (material and component simulation)

- Development of digital twins (e.g., BIM) using data from experiments/simulations

- Digital technologies for the trustworthy exchange and reuse of collected and quality-as-
sured data in platforms (Plattform Material Digital, QI-Digital)

- Data analysis and data-driven modeling with machine learning (ML)

BAM's research and development achievements and its neutral, active role in promoting inclusive
stakeholder dialogue also make a significant contribution to the digital transformation of Ql:

- Development, testing, and establishment of a digital ecosystem for Ql, in particular with —
asset administration shells, secure — Data Spaces, and trust networks for Ql, as well as
contributions to data modeling and the use of Al and LLMs in the context of quality assur-
ance and documentation

- Provision of realistic, physical infrastructures to develop and test digital QI tools and
modern testing, maintenance, and inspection procedures in pilot projects. These include, for
example, the Additive Manufacturing and Reliable Hydrogen Filling Station real-world la-
boratories as pilot projects in the areas of — Modern Production and — Technical Facilities.

- Coordination and implementation of interdisciplinary accompanying research projects
(such as about the — legal framework for digital Ql, studies on the economic impact of Ql,
and a trend study for QI 2035) and structured stakeholder dialogue formats, in particular to
support testing and calibration laboratories (see — practical workshops for laboratories
and Digital LabHub).
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Further information about the institutions and their activities can be found here:

2 BAM (( DAKKS DIN DKE FEPTB

Deutsche
www.bam.de www.dakks.de www.din.de www.dke.de www.ptb.de

Akkreditierungsstelle

2.1.6. Conformity assessment

Quality made in Germany = quality tested in Germany. Conformity assessment - demonstrating that
specified requirements are met (ISO/IEC 17000:2020, 4.1) - is a cornerstone of Ql.2

Both the digital transformation of the economy and the increasing number of digitalized, networked,
complex products and applications are bringing digitalization into the focus of conformity assess-
ment and conformity assessment bodies (CABs). Digital innovations, new technologies, and processes
depend on appropriate conformity assessment services. This poses new challenges for testing and
calibration laboratories, inspection and certification bodies, and other CABs. At the same time, new
digital technologies and applications also offer new potential for conformity assessment itself, for
example:

*  Predictive maintenance/predictive quality: Intelligent use of (real-time) data for reliable
statements about condition developments and measurement accuracy

* Complex data analyses: Cross-sector analyses for broader insights and automatic plausibility
checks

* Increased efficiency: Process acceleration and cost savings through reduction of error sources,
automation of data handling and documentation tasks, parallelization of processes, avoidance
of media breaks

*  Greater attractiveness for skilled workers by focusing on technically demanding tasks

*  Freeing up resources for the further development of existing processes/products and the devel-
opment of new business models

* Improved international competitiveness through uniform standards and more efficient pro-
cesses

However, as studies (see — info box) indicate, the transformation process within conformity assess-
ment bodies is still not very advanced overall (Koch et al., 2022; Raghavan, 2021). As in other indus-
tries, the greatest challenges lie in the complexity of the topic and the corresponding effort required,
which demands personnel, time, and financial resources in addition to dayZoZ4lay operations. More-
over, the lack of uniform interfaces and standards in particular poses significant hurdles.

2 It includes activities such as testing, inspection, validation, verification, certification, and accreditation. Con-
formity is checked against standards, but also against guidelines, laws, and regulations. With regard to an object
of conformity assessment (e.g., product, process, service, person, system, etc.), conformity assessments can be
carried out by the first party (supplier), second party (user), and (independent) third party (see DIN EN ISO/IEC
17000:2020). Decision No. 768/2008/EC provides for a series of modules that enable legislators to select a pro-
cedure of varying degrees of stringency, depending on the associated level of risk and the required level of pro-
tection.
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Info box: Status of digital transformation in conformity assessment bodies

An international study conducted by BAM for the QI-Digital initiative (Koch et al., 2022) with 1,447 partici-
pants shows that the level of digitalization among conformity assessment bodies (CABs) varies widely. Alt-
hough CABs view digitalization as a major opportunity, most of them are still in the early stages of digital
maturity — however, with significant country-specific differences. Current digitalization efforts focus pri-
marily on improving internal processes. Routine procedures are increasingly being digitalized and, for ex-
ample, transitioned to remote methods. In contrast, business model innovations receive far less attention
in most countries. So far, only a few CABs have achieved a comprehensive transformation.

A striking finding is that many of the most advanced digital technologies — often prominent as industry
buzzwords — had not yet found their way into practical application within conformity assessment at the
time of the study in 2022. Unlike mobile technologies, blockchain, artificial intelligence, and big data ana-
Lytics were used by only a small number of CABs, and many organizations were still unfamiliar with these
technologies and their potential. More information at www.gi-fokus.de

Focus on laboratories

To capture expectations, needs, and experiences regarding tools and processes for the digital Ql,
BAM— in cooperation with DAKkS and the German Association of Independent Testing Laboratories
(VUP) — organized practical workshops (Praxiswerkstétten) for testing and calibration laboratories in
2023 and 2024 as part of the Ql-Digital initiative. These co-creative workshops, involving more than
100 participants, yielded insights that reflect the findings of previous studies and provide starting
points for the practice-oriented further development of digital Ql. The dialogue process made it clear
that participating laboratories primarily expect efficiency gains, fewer sources of error, and new busi-
ness models from the digitalization of everyday laboratory work. However, several hurdles still need
to be overcome on the path toward a fully digitalized, traceable, and secure laboratory process. Four
thematic priority areas for action emerged from these discussions: regulation, tools & IT architec-
ture, networks & knowledge, and new business models (see Fig. 4).

e \

Laboratories lack a common lan- Infobox: Digital LabHub

guage when it comes to using
measurement quantities, units, | Inthe stakeholder dialogue “Praxiswerkstatten: Digital QI

procedures, and data representa- for Testing and Calibration Laboratories” organized by BAM,
tions. Proprietary software solu- DAKKS, and VUP, it became clear that there is a strong need
tions and formats with limited in- | for targeted support in developing and expanding digital
teroperability pose additional | knowledge and competencies, as well as for increased ex-
challenges, as do extensive bu- change within the QI and laboratory community. Based di-
reaucratic documentation re- rectly on the insights gained from these workshops, the

quirements and heterogeneous Digital LabHub was launched: as a group of actors from re-
regulations across federal states. search institutions, associations, and other organizations in
At the same time, the practical the laboratory sector, it aims to advance the digital trans-
workshops demonstrated that formation by providing a central platform for information
such dialogue serves not only to and networking. The Digital LabHub enables knowledge
share information but also to sharing, the creation of synergies, and the promotion of in-

generate new impulses for labor- | novation.

atory practice, foster new con- | More information: https://www.qi-digital.de/en/digital-
tacts, networks, and collabora- | |abhub

tions, and help identify potential | contact: Susanne Kuch (DAKKS) and Dr. Claudia Koch (BAM)
solution pathways. L J
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Accordingly, the central need of the industry in the future will be better, practical support for the
entire Ql ecosystem in order to drive the digital transformation forward effectively and sustainably. A
more accessible, practice-oriented range of information and training is seen as an essential contribu-
tion to the integration of digital QI solutions in everyday laboratory work (Meyer et al. 2025; Elert et
al. 2025). Corresponding offerings, such as the DCC Summer School on — the digital calibration cer-
tificate, which has been offered twice already by the PTB, should therefore be expanded.

Regulatory framework Tools and IT architecture

e Increase the interoperability and efficiency of e Provide and further develop digital QI tools and
laboratory processes through uniform, practical IT infrastructures
regulations and standards as well as documen- « Enable seamless integration and interoperability
tation requirements through uniform interfaces and formats

e Review rules and standards for potential simpli- e Making documentation, interfaces, and source
fication and "digital suitability" codes accessible

Networks / Knowledge Develop new business models

¢ Promoting networking within the QI and labora- e Providing the knowledge and resources neces-
tory community sary to develop and implement innovative busi-

o Teach digital skills ness models

e Establishing centralinformation and exchange e Promoting the exchange of experiences and the
services presentation of successful examples

Figure 4 Areas of action and examples of measures to promote digital transformation in the labora-
tory industry. Source: BAM/NoDrama (2024).

2.1.7. Market Surveillance

Market surveillance authorities play an essential role in ensuring compliance with sectoral national
and EU legislation, including product safety, and in maintaining fair competition conditions for all
economic operators (European Commission, 2022).

Increasingly dynamic developments due to growing online trade, global value chains, and new Euro-
pean legislation (e.g., new EU Product Safety Regulation, new Ecodesign Regulation for sustainable
products, cyber resilience, digital services, and Al Act) place high demands on the monitoring and
control of products and services. Technological developments in the course of digitalization are also
leading to increasingly complex products that require special knowledge, skills, and testing proce-
dures from market surveillance authorities, e.g., in particular with regard to the increasing linking of
physical products with digital components, such as artificial intelligence (— see Chapter 2.5.3).

Such products pose challenges not only in terms of cybersecurity. Rather, constantly changing prod-
ucts, such as those with software or Al components that are updated over time, present challenges
when it comes to placing products on the market and ensuring that they are safe to use and compli-
ant throughout their entire life cycle. Experts also point out that new and advanced technologies
make it easier to falsify documents, especially those relating to product compliance, which makes it
more difficult to assess conformity and increases the potential presence of non-compliant products
on the EU market (European Commission, 2022).

Against the backdrop of limited human and financial resources, comprehensive controls and rapid

responses to these complex dynamics currently pose a considerable challenge for stakeholders. In-
novative approaches and continuous adaptation of market surveillance strategies and methods, as
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well as cooperation, are therefore essential. For market surveillance authorities, too, the tools, pro-
cedures, and digital ecosystems of modern QI can be key to overcoming these challenges: auto-
mated checks, — machine-readable and machine-actionable proof of conformity, and digital pro-
cesses can reduce the manual effort required for surveillance tasks and speed up response times,
making them more efficient.

Digital systems, e.g., data spaces (— Quality-X), unique digital identifiers (e.g., barcodes, RFID, QR
codes) or blockchain, enable access to comprehensive, trustworthy, and up-to-date data. This facili-
tates access to information about tests and certifications, thereby increasing transparency and fa-
cilitating the traceability of products along the value chain. This helps to identify risks and non-
compliant products more quickly and remove them from the market. In addition, networked and in-
teroperable systems can support better cooperation with various QI stakeholders, such as standard-
ization organizations, conformity assessment and accreditation bodies. Digital communication tools
facilitate the exchange of information and coordination. All these aspects can help to increase the
effectiveness and efficiency of market surveillance and thus ensure the safety and quality of prod-
ucts and services.

In order for market surveillance to meet the challenges outlined above and to make optimal use of
the potential of digital technologies in light of the increasing demands on its task, key areas of ac-
tion need to be addressed:

- Promote exchange and cooperation on digital topics between municipalities, states, the
federal government, and at the European level, and strengthen or establish appropriate
formats and platforms (e.g., the Market Surveillance Conference), to avoid federal frag-
mentation and loss of synergy.

- Strengthen authorities and build capacity, particularly by securing skilled personnel

- Develop and implement strategies, e.g., for Al-related market surveillance.

The legal provisions and nonZegislative documents in the EU have so far not explicitly referred to
such a system. The instruments used to support the market surveillance process need to be revised,
and necessary adjustments in the legal framework must be made, for example regarding data re-
positories and standardized formats for the transmission of digital documents.

s N
Infobox: Market surveillance, the digital product passport, and modern QI

The Digital Product Passport (DPP) is intended to promote transparency and traceability in the supply chain
and thus the circular economy. The introduction of the DPP, initially for batteries (battery passport) from
2027 and gradually for more and more product areas, can facilitate the work of market surveillance au-
thorities (e.g., through improved, traceable digital documentation). On the other hand, it also brings with it
new tasks and challenges.

Market surveillance authorities play a central role in verifying that companies comply with legal require-
ments and standards. In addition, it must be ensured that the information contained in the DPP is accurate,
reliable, complete, and accessible. These tasks require close cooperation between various actors and the
use of modern technologies to ensure the effectiveness of market surveillance. Al, for example, can play an
important role in automating processes. Appropriate tools must be made available to customs and market
surveillance authorities so that the DPP can be fully effective.

Digital QI tools such as — machine-readable conformity certificates can make a valuable contribution to
automated checks by market surveillance authorities. Integrating them into the DPP would give authorities
access to up-to-date and reliable information and data in real time. Standardized formats also promote
interoperability between different systems and actors for better cooperation and information exchange
between manufacturers, distributors, market surveillance authorities, and other relevant bodies.
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4 N
Market surveillance focus group

The QI-Digital Advisory Board's focus group brings together market surveillance (MS) stake-
holders to jointly develop and analyze specific MS requirements and challenges for digital Q!

and to initiate appropriate specific solutions.

More information: https://www.qgi-digital.de/en/mainmenue/the-initiative/advisory-board

\ J

2.2.  Digital procedures and methods of QI

Digitally supported procedures for conformity assessment

Goal: Development and implementation of innovative digital processes and methods for an effi-
cient and transparent quality infrastructure and seamless integration into the processes and
digital ecosystems of the QI and value creation networks.

The procedures, processes, and tools of the QI are based on decades of established practice that reli-
ably ensures the quality and safety of products and applications. However, new technologies and
digital innovations offer potential for conformity assessment that ranges from efficiency gains to
fundamental paradigm shifts.

The current regime, for example, provides for a static, periodic approach with fixed inspection inter-
vals (e.g., annual inspections) and selective assessments instead of continuous monitoring. As a re-
sult, changes in status and problems that arise between inspection dates can be overlooked. The ob-
servations are largely retrospective and allow only limited predictions about future compliance, re-
sulting in reactive rather than proactive measures. Both the tests and inspections themselves and
the documentation are costly and time-consuming.

Technology- and data-driven innovations can enable more efficient, accurate, and proactive con-
formity assessment. They shift the focus from periodic or sequential inspections to continuous,
data-driven conformity monitoring and assurance that can respond more quickly to changes and
risks.

- Real-time data collection and analysis provide completely new insights and findings in
conformity assessment, which can contribute to greater safety and new business models.
For example, modern sensor technology, big data analytics, and Al can be used to continu-
ously monitor products and systems, enabling pattern and deviation detection as well as
predictive analytics to forecast potential conformity issues.

- Dynamic and risk-oriented conformity assessments become possible, allowing, for exam-
ple, testing and calibration intervals to be adjusted based on real-time data on actual usage
and condition. This can lead to resource savings through potentially longer intervals, while
at the same time enabling a stronger focus on high-risk areas with more frequent inspec-
tions of systems with unusual operating parameters or behavior.

- Automated digital documentation and reporting through links to — digital QI tools such
as machine-readable test reports, calibration certificates, and certificates, and integration
into a — digital ecosystem (Quality-X) enable a continuous digital process chain.

Quality assurance and management can become more transparent and efficient, while at the same
time increasing confidence in safety and quality.
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Figure 5 Paradigm shift: The integration of modern quality assurance procedures and tools
for a digital ecosystem enables the transformation of analog, manual processes into a sys-
tem with automated workflows and secure data storage.

Many new methods and procedures for modern testing, inspection, and maintenance (e.g., non-de-
structive testing such as structural health monitoring) are already in development and practical ap-
plication. For example, comparing the behavior of a real system with a simulated digital twin can
provide insightful information about the conformity of the system in real time. The consistent ad-
vancement of research and development of methods for diverse application areas, as well as their
implementation using digital QI tools (e.g., SMART standards, digital test reports, Quality-X, etc.)is a
core task of the digital transformation of Ql. This also includes necessary adjustments to the legal
framework and technical regulations as well as administrative practices. Many new methods involve
Al-based evaluation support: A legal assessment of their use in place of conventional methods and
their interaction with human experts are essential areas of activity. In addition, integrated data
management systems are also required to enable large amounts of data from different sources to be
linked, thus providing completely new insights and a holistic assessment of conformity throughout
the entire life cycle of a product.

Last but not least, combining modern processes with — digital QI tools creates a genuine, integrated
— digital Ql ecosystem without media discontinuity. Within QI-Digital, the real-world test environ-
ments — hydrogen filling station and — additive manufacturing at BAM serve as the basis for re-
searching and developing such processes and ecosystems.

Digital technologies and methods in QI - trends and examples

Goal: To systematically unlock the potential of modern technologies and methods by integrating
them purposefully and reliably into quality infrastructure processes and procedures

Artificial intelligence: Al for QI

Artificial intelligence offers a wide range of potential for QI - both in the conformity assessment pro-
cedures themselves and in the management of the associated data and documentation.

Al in conformity assessment procedures

Al systems can analyze large amounts of data from sensors, inspections, and monitoring,
helping recognize patterns that are difficult for human inspectors to identify. Promising ap-
plications include automated pattern recognition in test data, predictive maintenance
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analyses for early detection of conformity problems, intelligent evaluation of complex meas-
urement results, and anomaly detection in continuous monitoring data. In non-destructive
testing (NDT, see below) in particular, Al enables the automated evaluation of image and sen-
sor data with greater reliability and speed. Al systems can support inspectors in their evalua-
tion and enable continuous, data-driven conformity monitoring instead of sporadic periodic
inspections.

Al for documentation and data management

Quality assurance generates enormous amounts of documentation: test reports, certificates,
technical documentation, and approval documents. Companies and authorities are currently
faced with the challenge of managing and evaluating this documentation efficiently - espe-
cially in approval procedures and market surveillance.

Document Intelligence uses modern Al methods such as large language models and natural
language processing to provide solutions to these challenges: Analysis of technical documen-
tation, automated extraction of relevant information from test reports, intelligent plausibility
checks of document content, identification of inconsistencies, semantic search across large
document collections, and automated assignment to regulations and standards. Integrating
machine-readable document formats (digital test reports, calibration certificates) enables
seamless, endZoznd process chains up to the official review and can thus enable faster ap-
proval procedures and more efficient market surveillance.

However, both technical and legal frameworks must be created to ensure trustworthy use: Traceabil-
ity and explainability of Al decisions, validation of models, and their continuous monitoring. Key is-
sues concern the legal recognition of Al-supported procedures, liability for Al-based conformity as-
sessments, and the role of human experts in interaction with Al systems. Chapter 2.5.3 highlights
what QI can do for — trustworthy Al applications.

Simulation and digital twins

Simulationzased methods can supplement or, in some cases, replace complex physical tests. By
comparing the real system with its digital twin, conformity assessments can be carried out in real
time and future states can be predicted.

However, the acceptance of simulationased conformity assessment requires robust procedures
for assessing the conformity of simulation software (verification) and simulation models (valida-
tion). This, in turn, requires structured benchmark databases for model validation, standardized
workflows with provenance documentation, and methods for uncertainty quantification. Technical
regulations must define criteria for when simulations can replace physical tests, while standards
should describe models without referring to specific software implementations (cf. Becks et al,
2024).

Non-destructive testing 4.0 (NDT 4.0)

Modern NDT is evolving from point-based individual tests to connected, intelligent testing systems.
NDT 4.0 combines advanced sensor technologies with digital data processing, Al-supported evalua-
tion, and integration into industrial processes. Structural health monitoring enables continuous con-
dition monitoring, while automated systems using machine learning detect defects more reliably. Re-
mote procedures allow inspections in hard-to-reach locations.

From a QI perspective, there are still important development tasks to be tackled: standardization of
new methods, validation of Al-based evaluations, and legal recognition of digital, automated NDT
methods. The German Society for Non-Destructive Testing (DGZfP) and the DIN working committee
NA 062-11-05 AA "Al in NDT" are working on according rules (DGZ{P, 2024).
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In addition to the technical and legal aspects, the role of humans must also be considered. Technolo-
gies are changing not only the testing and other QI processes themselves, but also the way decisions
are made. Ultimately, responsibility remains with humans. Testers no longer have to perform and
document traditional tests, but rather understand, question, and validate supported decision-mak-
ing. This requires explainable systems, user-centered design, appropriate metrics, training, and a
targeted distribution of tasks between humans and technology (Kanzler & Bertovic, 2025).

Human Factor

2.3.  Digital tools for QI

Goal: Development and establishment of advanced digital, interoperable, and internationally
recognized tools as an integral part of modern QI that are seamlessly integrated into quality as-
surance and verification along global value networks

The digital transformation of Ql requires not only a rethinking of processes and structures, but also
the development and integration of innovative digital tools. — SMART Standards, — digital certifi-
cates, and — the digital accreditation symbol are at the forefront of this development and form the
backbone of modern Ql. These tools are characterized by their machine-readable formats, which en-
able seamless embedding in the digital processes and procedures of Industry 4.0 and networked
value chains. However, their true strength only becomes apparent when they interact with each
other and are combined with advanced quality assurance procedures, as demonstrated in the QI-
Digital pilot projects. The goal is to create a holistic digital ecosystem in which quality assurance is
understood as an integrated, continuous process. The following section presents key tools for digital
Ql, the use of which should enable a timely response to the dynamic requirements of modern pro-
duction environments, real-time monitoring of conformity, and a significant improvement in tracea-
bility along global supply chains.

2.3.1. SMART standards

Standards describe requirements for products and processes. Until now, standards have been de-
signed for use by humans. As a building block of digital Ql, SMART standards should now also be able
to be applied and read by machines, software, and other automated systems. Their content can also
be made available digitally in application- or user-specific form.

In a digital Ql, SMART standards are essential to

* automate conformity assessment

» simplify and automate product certification

* use the content of standards in automated quality assurance processes

» automatically recognize compliance with standards and norms in product development, e.g., in
CAD systems

Advantages of SMART standards

In addition to improving operational processes, the application of SMART standards leads to a wide
range of benefits.
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The tailor-made Standards are customized and up-to-date content is
provided at the right time that meets the specific
standard for everyone requirements of users.

SMART standards promote compatibility and
interoperability between different systems.

Error reduction through Machine-readable standards can prevent errors
machine readability caused by manual entry and interpretation.

Costsauing:  RUVRRIMONE IS o
through flexibility and cost savings.

Development opportunities for Developments can accelerate the entire life cycle of
the entire standardization system standardization, e.g., through modermn authoring tools.

Figure 6 Advantages of SMART standards. Source: IDiS.

Among other benefits, process lead times can be reduced and legal certainty in the company’s appli-
cation of standards (compliance) can be improved by ensuring—supported by IT systems—the com-
pleteness, up-to-dateness, accuracy, non-redundancy, and conformity of standard usage. In partic-
ular, the shift from a sequential to a parallel application enables seamless, uninterrupted processes
(DIN/DKE, 2024a).

Requirements

The publishers of technical rules (standards) and legal norms (legal texts) must drive forward the
digital transformation in the interests of their stakeholders. Manual requirements management is
time-consuming and labor-intensive for companies, and at the same time prone to errors. These
processes should be automated with the help of SMART standards, thereby becoming more efficient.
Paper has largely become obsolete in standardization, and even page-oriented PDF files and single-
piece documents in natural language must be gradually developed into machine-processable speci-
fications, which in turn can be combined or fragmented as needed in the value creation process.
SMART standards must be compatible with companies' own quality assurance processes. The IDiS
White Paper 2 presents various use cases for SMART standards that have been identified in collabo-
ration with standards users:

* References

I e N
* Notifications
ficati Contact
e Search
. Change and Variant management D|g|ta|. Standards |nitiative Of
«  Linking standards to products DIN and DKE (IDiS)

https://www.dke.de/idis
Contact:
Peter Rauh (DIN)

* Management of standard content
* Linking standard content to regulations

* Integration of standard content into user systems peter.rauh@din.de

*  Exchange formats Janos Koschwitz (DKE)

» Linking standard content to use cases janos.koschwitz@vde.com

*  Support for decision-making processes \_ )
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Implementation

Since 2016/2017, conceptual preparatory work on SMART standards has been taking place at DIN and
DKE, as well as at European level at CEN/CENELEC. This has been followed since 2019 by initial pilot
projects and work at ISO/IEC level. Since 2024, a first generation of SMART standards has been made
available to standards users as a ReqlF service via Nautos and VDE CaasS.

ReqlF™ is a generic format for the exchange of requirements between the requirements manage-
ment systems (RMS) of different manufacturers. DIN DKE SPEC 99200 "ReqlF™ Interpretation for
Public Standards,"” published in early 2025, standardizes the individually usable attributes so that
companies can incorporate the exchange of requirements from standards into their systems much
more quickly. ReglF is also a manifestation of SMART standards with statement-based definition
and can therefore be assigned to Level 3 in the utility model in terms of maturity (see Fig. 7). Alt-
hough ReqlF is currently still generated in the post-processing of XML files (which are classified as
Level 2), the first ReqlF outputs are expected as early as 2026, with their classification already veri-
fied by experts during content creation. This reduces the effort required by customers to review the
specifications.

First native SMART standards, i.e., those developed and adopted entirely by standardization bodies,
are being developed on a pilot basis and will be rolled out productively over the next few years. The
continuous development of SMART standards will also begin shortly in order to continuously expand
the range of use cases, particularly within QI-Digital.

The DIN and DKE Digital Standards Initiative (IDiS) is promoting the development of SMART stand-
ards at the national level. IDiS comprises a community of numerous institutions from business, gov-
ernment, and academia. Companies make up two-thirds of the IDiS community, underscoring the
relevance of SMART standards for industry. IDiS holds regular plenary meetings to provide infor-
mation about activities and promote exchange within the initiative. The IDiS community continues to
work on various projects related to SMART standards. The results from IDiS are incorporated into
European and international projects, ensuring the participation of all stakeholders in the relevant
European and international activities related to SMART standards.

SMART standards in digital Q!

SMART standards are a core element of digital Ql. IDiS and QI-Digital therefore cooperate through
workshops and events (Ql-Digital Forum) to take mutual requirements into account in the develop-
ment of tools and to define interfaces.

SMART standards also provide the information needed to create digital twins of the processes de-
scribed in various demonstrators in the pilot projects of the QI-Digital initiative. Reliable QI must en-
sure that data complies with standards. Digital standards can help here by providing clear identifiers
and requirements to ensure that all necessary steps in a process are fulfilled to achieve conformity.

Figure 7 shows the milestones for SMART standards in the utility model. The model is based on work

by the IEC and describes the degree of digitization of a standard in five stages that build on each
other.
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Coordinating a uniform concept and continuously developing the creation, processing, and provision
of SMART standards poses a particular challenge due to the numerous stakeholders and the hetero-
geneous and largely unconnected quality infrastructure. The harmonization of formats, processes,
and interfaces is crucial for the successful implementation of SMART standards. In doing so, the
standardization system must be transformed without impairing its ongoing operation. The SMARTi-
fication of standards and the native creation of SMART standards will proceed in multi-stage pro-
cesses. For different standards, different amounts of enrichment (SMART content) may therefore be
available at different quality levels (degrees of maturity). The interaction between classic standards
and SMART standards of varying degrees of sophistication will be a challenge in itself, which must be
overcome within the framework of a digital Ql.

Challenges

-

Digital
document

Level 1

Digital representation

</[>

Level 2

Machine-
readable
document
Structured
document format

Software processing with
high manual workload

Level 3

Machine-
readable and
-executable
content

Content completely
(semantically) discovered

Semantic search
and selective access
on content level

Earmarked
information
delivery across
several documents

Figure 7 SMART Standards Utility Model. Source: IDiS.
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Standards are largely developed at the international or European level. It is therefore necessary to
implement a compatible model for digital standards that works at all levels. DIN and DKE are pro-
moting work and coordination on this at the international level. The European level, i.e., CCMC (CEN-
CENELEC Management Centre), must be integrated at the international level — as must all national
standards organizations, which have different degrees of digital maturity. Clear communication
about the advantages of SMART standards at the global level is necessary to create understanding.
In addition, ISO and IEC will have to provide central services that are available to all national stand-
ards organizations to make SMART standards accessible (see — International networks) (DIN, 2024).
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Publications and resources

- 1DiS White Paper 3: The Business Oriented Benefit of SMART Standards in Standard Appli-
cation Processes (2024)

Pilots of the Initiative SMART Standards (2023)

IDiS White Paper 2: Use Cases for SMART Standards (2022)

- IDiS White Paper 1: Scenarios for the Digitalization of Standardization and Standards (2021)

- J

2.4. Digital statements of conformity

Automatic data transfer from old documents, plausibility checks on entries, and less documenta-
tion effort: Digitalization makes working with statements of conformity more efficient. They can
be created quickly, are available throughout the entire life cycle of a product and beyond, and
simplify data exchange between all parties involved.

For markets to function reliably, product information, especially regarding safety, performance, or
sustainability, must be trustworthy. Only then can companies and consumers make decisions with
confidence. A central element of the digital transformation of Ql is digital conformity assessments,
which represent much more than just the digitization of existing paper documents. They enable a
fundamental redesign of quality assurance in smart manufacturing environments and along complex
global value chains.

In Industry 4.0, machine-readable and executable statements of conformity open up far-reaching
potential in a wide range of applications. For example, they can enable automated conformity
checks in real time e.g., for components and materials. Digital certificates can facilitate end-to-end
traceability of products and their certifications, as well as support the seamless exchange of quality
data along supply chains. Specific use cases range from automated component verification in as-
sembly to dynamic quality controls and Al-supported prediction of deviations in conformity. With
regard to supporting a circular economy, digital statements of conformity can also facilitate quality
assurance and traceability for recycled materials, for example. They are also an indispensable com-
ponent for the efficient implementation of the — Digital Product Passport (DPP).

Both the economy and public authorities benefit greatly from the automation of conformity assess-
ment and easier compliance with complex regulatory requirements. Efficiency gains are also
achieved through cost reductions resulting from fewer quality-related problems and improved
traceability and transparency.

However, all of this requires the development of uniform formats and protocols for digital conform-
ity assessments. The diversity of statements of conformity — from calibration certificates to certifi-
cates for products, management systems, reference materials, and test or inspection reports - re-
quires the development of a comprehensive, modular data structure - a semantic core model - for
effective and efficient transformation. With the help of such a model, basic components and infor-
mation can be harmonized and modular extensions can be used to consider the specific features of
the various applications. For the successful implementation and practical application of digital con-
formity assessments in practice, there is a wide range of action required on the part of policymak-
ers, Ql institutions, and industry, including:
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» Standardization: Development of uniform, internationally aligned formats and protocols for

digital statements of conformity

* Legal framework and administrative practice: Establishment of legal foundations and corre-
sponding administrative procedures for the recognition of digital statements of conformity
* Infrastructure: Investment in traceable, secure, interoperable systems for the management

of digital statements of conformity

»  Capacity building: Training of professionals in the use of digital quality assurance systems
*  Pilot projects: Promotion and implementation of flagship projects in key industries

Overall, there are diverse and overlapping areas of action for establishing the various digital state-
ments of conformity (see Fig. 8). The following sections present the digital calibration certificate
(DCQ), the digital certificate of conformity (D-CoC), and the digital reference material certificate or
document (DRMC) as examples of digital statements of conformity whose development is being pro-

moted as part of the QI-Digitalinitiative.

General fields of action for the successful introduction of digital statements of conformity

Develop schemes Promote use and acceptance

o Develop a semantic core model for digital results
reports and certificates

e Develop domain-specific implementation guide-
lines, e.g., as for DCCin collaboration with the
German Calibration Service

e Develop harmonized semantics and nomencla-
ture (in the DCC task group of the CIPM Forum
"Metrology and Digitalization")

o Develop specific models, e.g., for different certi-
fication systems

o Identify and describe concrete user scenarios

¢ Highlight the potential from both technical and
business perspectives

e Establish experimental environments for re-
searchers and interested stakeholders

Shape the legal framework and administrative
practice

e C(Create clear framework conditions for issuance,
use, and recognition

e Review and adapt laws and regulations for suita-
bility

e Address administrative practice

e Consider national, European, and international
perspectives

o Establish regulatory sandboxes for innovation

Conduct awareness campaigns and training initi-
atives, explicitly along the entire value chain, to
accelerate adoption

Communicate best practices

Provide user-friendly toolkits and handouts
Establish pilot projects and open test environ-
ments

Involve industry and trade associations as multi-
pliers

Create norms, standards, and formats

Standardize technical and content-related as-
pects

Harmonize semantics for different sectors
Promote international cooperation for global
compatibility

Carry out pilot projects for international applica-
tion

Establish the necessary infrastructure

Adapt and modernize the necessary IT infra-
structure

Promote integration into interoperable plat-
forms (e.g., data spaces based on Gaia-X)
Initiate funding programs for research and de-
velopment

Promote cooperation between companies, re-
search, and public institutions

Figure 8 Overview of general areas of action for the successful establishment of digital con-
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Digital Calibration Certificate (DCC)

A calibration certificate confirms that a measuring instrument has been calibrated in accordance
with applicable requirements. A Digital Calibration Certificate (DCC) provides this technical and ad-
ministrative information, including evidence of traceability, in a machine interpretable and legally
reliable form. It contains the full set of calibration information in a computer readable structure, en-
abling the data to be directly accessed and automatically processed in digital systems. The principle
can be applied to any other metrological documents.

The technological basis consists of an XML schema, documentation, and software developments for
defining the semantics, resulting in an XMLb-ased implementation that, driven by PTB, has achieved
broad national and international adoption. The DCC builds on the established XML markup language.
A harmonized semantic layer enables the transmission of calibration information in a machine inter-
pretable format that also meets the requirements of ISO/IEC 17025, the relevant standard for labor-
atories.

Advantages of DCCs

The machineZeadable format can enable efficiency gains in laboratory processes as well as in man-
ufacturing and qualityZnonitoring workflows, since data no longer needs to be transferred manually.
Instead, software and database systems can be used to automatically extract and utilize the rele-
vant information from the DCC.

» Easyintegration into digital applications

*  Reduction or even complete elimination of human error in data transcription by avoiding media
discontinuities

* Lower time effort for data exchange and storage, e.g., for ERP systems

*  Easier demonstration of compliance with industry standards such as I1SO/IEC 17025

* Enhanced services through more sustainable data for automation

* Improved data analysis and Al capabilities (drift detection, continuous monitoring of measuring
equipment, demand-driven adjustment of calibration and maintenance intervals)

* Breaking down "data silos" through data that is interoperable for humans and machines across
departmental boundaries

*  Relief of specialist personnelin calibration laboratories and at end4ser sites by reducing ad-
ministrative dataZransfer tasks

Initial assumptions:
A total of 55,000,000 calibrations per year in Germany

g:;féf:}'e" \ Calibration laboratory: 10 min/certificate
e e e 10 min * 55,000,000 = 9,166,667 hours
o . 3 o. At .€100/ hour = €916,6§6,700 .
Ca/fbratio:r{ab ﬂg;dams Calibration customer: 45 min/certificate
: e 45 min * 55,000,000 = 41,250,000 hours
Calibratig, la 1es\eu‘5“"“e“\ e At €50/hour = €2,062,500,000

ratori
(P "0duc[jo,-,) dies \com\)a“\h

— Total savings of €2,979,166,700 per year

PrOdu ot

Figure 9 Estimates of potential savings through the nationwide introduction of DCC in Ger-
many. Source: PTB.
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Implementation

Since 2017, PTB has been working on projects for the (further) development of the DCC structure and
tools for creating, editing, and viewing calibration information. In particular, the GEMIMEG and GEM-
IMEG Il projects, involving PTB, leading companies such as Siemens AG, T-Systems, Carl Zeiss AG,
Robert Bosch GmbH, and research partners such as Fraunhofer HHI and the Universities of Siegen
and Kassel, have made significant contributions:

Milestones achieved (as of Q3/2025)

e 2017 Start of development of the data structure for the DCC

e 2020 Publication of the first publicly available DCC schema version 2.4.0 under the GNU
Lesser General Public License

e  Continuous further development of the schema (currently schema version 3.3.0)

e (Creation and publication of documentation, tutorials, and a wiki

o Development of software tools to support the creation and processing of DCCs

e Since 2022 Organization of the "DCC Summer School" for hands-on training

e Since 2020, organization of an annual "DCC Conference" attracting over 1000 registrations in
some years

e Coordination and publication of initial good practice examples in the areas of temperature,
humidity, and air pressure with the German Calibration Service (DKD)

e Establishment of DKD subcommittees to harmonize and coordinate good practice examples
for numerous measurement variables and DCC wording

e Publication of DKD good practice examples for weights, scales, and length/parallel end
measures, as well as the respective expert report as pre-normative documents

e 2023 Pilot project on the digital accreditation symbol with DAkkS (eAttestation) completed
as part of QI-Digital

At the same time, coordination processes are underway within national (DKD) and international
committees (EURAMET, OIML, CIPM) and initiatives that are of great importance for the harmoniza-
tion and establishment of the DCC (see Fig. 10).

Outlook

Harmonization and standardization

e Development of further good practice examples in close cooperation with DKD technical
committees (publication of several further examples by DKD planned for the end of 2025)

e Preparation of pre-normative documents, including DKD expert reports (measurement-
specific expert reports by the end of 2025, expert report on administrative aspects by the
end of 2025)

e Coordination of terms, nomenclatures, and wording at the national (DKD) and international
level (regional metrology organizations, CIPM/BIPM) as well as with industry associations
(VUP, VDMA) (TemaTres terminology database is being continuously expanded, coordination
at the CIPM/BIPM level in 2025)

e Development of a data format-independent DCC ontology in preparation for connection to
digital data spaces

e Long-term adaptation of the DCC schema in line with the development towards a general,
modular DX schema
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Transfer and implementation in laboratories and their end customers

Pilot project as part of the BAM pilot project at the — hydrogen filling station

BMBF DATI pilot project DCC2Ind with a use case for air humidity, including complete trace-
ability from the PTB via an accredited laboratory to the end customer based on the DCC
(completion February 2026)

Introduction of the DCC in industrial applications with a focus on automated data pro-
cessing (including the DCC Production Mode project, first productive use cases in the phar-

maceutical industry available from mid-2025)

e Establishment of a DCC ecosystem with the possibility of standardized exchange between
calibration laboratories and end users (publication of a data interface, corresponding DX-
based calibration requests (Digital Certificate Request, DCR) + first pilot of a commercially

available service at the end of 2026)

N
EURAMET |

Digitalization Working Group

German Calibration Service
Sub-committees on

/'\ harmonization of DCC

Examples, wording, expert

EURAM ET) reports
TC-IM 1448

Interdisciplinary project
on DCC on NMI level

Bureau
International des
Poids et
+ Mesures

Forum on Metrology
and Digitalization
(FORUM-MD)

Ad-hoc Task Group on
harmonizing DCC and DRMD

Al

Qi gIIGITAL

Digital Accreditation Symbol
eAttestation with DCC
as use cases

Figure 10 Current coordination processes for the DCC. Source: PTB.

( \ [ )
DCC Summer School Publications and resources
The PTB has already held two interactive seminars on the Digi- DCC: www.ptb.de/dcc
tal Calibration Certificate for interested users, each lasting DCC2GO:
several days. The program covers a wide range of topics, from https://www.ptb.de/dcc2g0
the basics of the DCC to user tools and libraries, to specific user GEMIMEG II:
reports from calibration laboratories and independent work by https://www.gemi-
the participants. The program is to be continued in the coming meg.ptb.de/projekt/
years to make it easier for practitioners from the testing and DCC2Ind:
calibration laboratory industry to start using the DCC. https://www.ptb.de/dcc2ind
International DCC Conference \ 4
At the conference, which has been organized annually by PTB Contact A
since 2020, developers, users, and scientists from around the
world come together to discuss machine-readable data and dcc@ptb.de
metadata in science and quality infrastructure. The focus is on Contact peruson:
the introduction and further development of DCCs. Shanna Schonhals (PTB)
. y, y,
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The EU product certification systems under the New Legislative Framework (NLF) are based on indi-
vidual conformity assessment modules, the fulfillment of which results in the issuance of a Certifi-
cate of Conformity (CoC). Digital certificates of conformity are intended to provide the information
contained in the certificate in a machine-readable format so that it can be reused automatically. The
digitalization of these certificates is to be made possible by the development of a complex data
structure that covers all relevant certificate content.

Digital Certificate of Conformity (D-CoC)

Advantages of D-CoCs

e Increased comprehensibility and comparability of information from certificates of con-
formity

e Paper certificates cannot be searched, and audit information makes them even more con-
fusing - unlike digital certificates

e Faster and easier plausibility checks

e Easier linking to other important documents such as the EU declaration of conformity, the
name plate, or even the DPP

The long-term goal is therefore to digitize the result reports of conformity assessment bodies and,
in the process, to structure and standardize them. They should also be universally usable—in other
words, they should meet various regulatory requirements, such as those of the NLF, the certification
system of the International Organization of Legal Metrology (OIML-CS), and other product certifica-
tions according to 1SO/IEC 17065.

Implementation

The digital certificate of conformity (D-CoC) is to be imple- Certification
mented as a complex data structure consisting of several data
sub-data structures. The sub-data structure, which includes
(more or less uniform) administrative data, data on the certi-
fication result, and certification-specific comments, forms a

universal data structure. It applies to the certificates of con- Certification

formity of all certification procedures of the NLF and the Ger- A T“;,I,z
man Measurement and Verification Act. All other sub-data EE T
structures describe the certificate contents that are specific .

to the respective product certification procedure. This led to a Type
modular approach in the data structure with uniform certifi- Sxamination

cation data and variable appendices for different require-

ments (see Fig. 1), Figure 11: Building blocks of the

D-CoC schema. Source: PTB.

For digital certificates, the data entered must be machine-

readable, which means it must be recorded in a structured manner using uniform templates. The
data available in this form can be automatically transferred and plausibility checks can be carried
out more quickly and easily. In addition, the documents should be made available in human-reada-
ble form to users such as manufacturers, market surveillance authorities, or calibration authorities.

The main focus of PTB's work on digitizing certificates of conformity is on product certification in ac-

cordance with the Measuring Instruments Directive, the Directive on Non-Automatic Weighing In-
struments, the German Measurement and Verification Act, and the ATEX Directive. Product
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certification procedures such as type examination (Module B), assessment of the quality assurance
system with regard to the production process (Module D), and product testing (Module F) are taken
into account. The first step is to develop a data structure for the certification information in accord-
ance with DIN EN ISO/IEC 17065 and NLF. This is supplemented by open-source tools for creating,
editing, and viewing the certificate information. Development is taking place in cooperation with the
committee of European notified bodies in the field of metrology, Notified Bodies in Legal Metrology
(NoBoMet).

Milestones achieved (as of Q3/2025)

» Stakeholder involvement

Establishment of a project group for digital certificates at the European coordination body for

notified bodies in legal metrology, NoBoMet (Notified Bodies of Metrology), with the aim of cre-

ating data structures for certificates of conformity assessment modules B, D, and F for the

Measuring Instruments Directive and the Non-Automatic Weighing Instruments Directive

- Involvement of stakeholders via a user meeting and two informative meetings

- Initial visualization of the certificates for humans and concept for software development
for the creation software

- Integration of the D-CoC data structure for semi-automatic registration of certificates in
the OIML Certification System

* Development of the data structure

- Publication of the data structure for general certification information in legal metrology as
a NoBoMet document and as an XML schema

— Publication of the data structure for the annex with information on quality assurance in
production (conformity assessment module D) and similar other conformity assessment
modules (D1, E, E1, H, H1) in legal metrology as a NoBoMet document

— Annex to the certificate for type examinations (conformity assessment module B) in the
field of legal metrology is in the confirmation phase

- Afinal draft of the annex for product test certificates (conformity assessment module F)
has been prepared

Outlook

*  Completion of all specifications of the necessary data structures for legal metrology (end of
2025)

*  Transfer to specifications for data structures for explosion protection (starting 2026)

»  Completion of the creation software and issuance of all PTB certificates as digital certificates
(first pilot by mid-2026)

»  Coordination and development of a digital EU declaration of conformity using the elements of
the D-CoC to connect all stakeholders and directives/regulations

*  Adoption of the D-CoC in other certification systems within and outside the NLF, including ex-
pansion to include all NLF conformity assessment modules

» Standardization of the data structure in a coordinated form with all conformity confirmations
as DX

»  Definition of requirements and processes for integrating the D-CoC into data spaces such as
Manufacturing-X together with stakeholders
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Publications and resources

- Specification for administrative data for all conformity assessment modules — Link

- Specification for data from the annex to conformity assessment modules D, D1, E, E1, H,
and H1 — NoBoMet website

- Recording of the informative meeting "Digital Certificates of Conformity in Metrology" of
the NoBoMet project group (Link)

- https://www.qgi-digital.de/en/digital-certificates

. J

Digital Reference Material Documents (DRMD)

Reference materials are indispensable when it comes to ensuring the accuracy and reliability of
measurement results and thus generating confidence in the analysis. Incorrect measurements can
lead to wrong decisions and thus to considerable follow-up costs or even hazards. Reference mate-
rials ensure the traceability of measurement results to recognized reference values. Reference ma-
terials are frequently used to determine measurement uncertainty, for calibration, method valida-
tion, proficiency testing, and quality assurance. For accredited testing and calibration laboratories,
the use of (certified) reference materials for quality assurance is even mandatory (ISO/IEC 17025).

Reference material certificates typically contain, among other things, precisely measured concen-
trations or values of other material properties, measurement uncertainties, and additional (contex-
tual) information (e.g., on use, preparation, and storage).

Reference material certificates are therefore a central component of the quality infrastructure and
part of the daily routine of many laboratories for quality assurance. Today, (analog) reference mate-
rial certificates are created manually by manufacturers and published as PDF files or, in some cases,
still sent to customers in paper form, who then manually transfer the relevant data to the laborato-
ry's IT system.

BAM is an accredited reference material manufacturer in accordance with DIN EN ISO 17034 and a
designated institute in the field of 'metrology in chemistry'. Building on the concepts and preliminary
work surrounding the — DCC, BAM is now developing a scheme for digital reference material certifi-
cates and documents (DRMD). Digital reference material certificates contain the requirements of 1ISO
17034 for certificates in a structure that is understandable to computers, so that this data can be
read directly in digital systems and reused automatically.

Advantages

DRMDs offer significant process improvements. They enable direct integration into laboratory infor-
mation systems, reduce manual data entry errors, and improve traceability. Standardized data for-
mats simplify the exchange of information between systems and make quality control more precise.
The advantages include more efficient data processing, lower administrative costs, and increased
accuracy in material characterization.

Implementation
BAM is developing a DRMD prototype for the established markup language XML, which is based on
the — DCC schema. Uniform semantics enable the transmission of information in a machine-inter-

pretable form. During development, it became apparent, for example, that around 80% of the ele-
ments of a DCC are also relevant for a DRMD and can be adopted. This facilitates pragmatic
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implementation. The DRMD schema consists of mandatory sections on administrative data, meas-
urement results, and statements, as well as optional sections for comments, a human-readable rep-
resentation, and a signature, e.g., — the digital accreditation symbol.

Milestones
Development of the DRMD schema EOIELELS
- ADRMD prototype was developed —  administrativeData referenceMaterial
i roducer
by BAM and presented interna-
tionally in September 2024 as respPersons
part of a CCQM workshop of the
BPIM (Melzer et al., 2024). o Material
- The schema already works for the — e (1-unbounded)
majority of the more than 400 .2 ;
H @ — materialsPropertiesList — FEEERES
BAM reference materials. The fin- = P (1-unbounded)
ished prototype will be presented =&
and further developed in interna- § g —|  intendedUse
tional committees (Q4/2025). =
Creation Of DRMDs % 8 — storagelnformation
- BAM has developed a =
browserzbased DRMD generator @ | [T ™™ [ [instructionsForHandiing
and continues to expand it to en- T e AndUse
able the simple and efficient cre- I comment(0-1) ! | ;fTToTo---o-=os '
. . ! 1 ! other 1SO 33401 '
ation of RM certificates fromany | ‘Tt . L statements !
manufacturer and to validate L' document(0-1) 1+ 1. (Cunbounded)
them against the DRMD schema. (AN '
This represents a key contribution i dssignature Dashed box: optional

|
! (0-unbounded) 1 (minOccur,maxOccor)
1

to rapid market adoption. The !

next step is to provide an API for Figure 12 Excerpt from the DRMD schema

this purpose. .
In addition, the BAM prototype for structure. Source: BAM.

LLM-based generation from existing PDF certificates is being further expanded to enable
the fully automated provision of usable certificate drafts.

Development towards a modular DX structure (instead of monolithic XML)

Generation of comprehensive semantics that are standardized for all quality documents.
This will then be used to develop schema modules that will be adopted and used by a new
DX-based DRMD schema to significantly improve overall interoperability.

Adaptation of the DCRM schema in line with the development towards a general, modular
— DX schema.

Transfer to practical application

Establishing the database operated by BAM for high-quality certified reference materials
from manufacturers worldwide (COMAR) as a pilot platform for the simple entry/dis-
play/storage and transfer of DRMDs in order to support rapid and widespread provision and
application.

Presentation of the schema and DRMD creation tool at international conferences and com-
mittees, as well as to partners, with the aim of international harmonization and interopera-
bility.

Further development towards modern web standards.

Definition of JSON-LD contexts and types for verifiable credentials (VC) based on the
DRMD schema (Q4/2026) by BAM. VCs enable the secure (tamper-proof) transmission of
certificate data. The issuance of certificates based on accreditation via decentralized digi-
tal identities (DID) with cryptographic signatures allows for automated verification and

43


https://www.comar.bam.de/apex/r/eptiscomar/f_103106107107200990333500400/startpage

O
Ql
Q DIGITAL

selective disclosure of application-specific relevant information. This is also an important
feature for trust for other types of certificates.

- Development of a browser-based generator and verifier by BAM and connection to the CO-
MAR database, as well as reference integration into laboratory information systems and the
Asset Administration Shell (AAS).

- Presentation to international harmonization committees.

4 )

Publications and resources

Monavari et al. (2025). The Digital Reference Material Document: From Paper Certificates to In-
teroperable Data Objects in Digital Quality Infrastructure. (Link)

Contact persons: Dr. Mehran Monavari, Dr. Michael Melzer, Dr. Silke Richter, Dr. Johannes van
de Kreeke (BAM)

michael.melzer@bam.de

2.4.1. Digital accreditation symbol

In order to be able to verify accreditation on digital, machine-readable attestations (e.g. certificates,
calibration certificates) or result reports, a corresponding digital accreditation symbol is necessary—
especially in light of forged or manipulated attestations in the digital space, which also include the
manipulation or forgery of the accreditation symbol.

The digital accreditation symbol is the digital national emblem of DAKKS. It is the machine-readable
and globally verifiable counterpart to the existing "image-based" accreditation symbol and secures
all types of digital attestations and result reports, turning them into — eAttestations. Further, the
digital accreditation symbol can secure digitally issued files for the display of technical scopes within
a flexible scope of an accreditation.

The symbol is based on an elDAS conformant electronic seal that contains additional accreditation-
specific information:

* Aunique accreditation number for the respective accredited body in the machine-readable, in-
ternationally scalable format AAAAAAA-CC-XX-YYYYY-ZZ-NN (e. g., DAkkS00-DE-PL-12345-
01-00)

*  The statement that it is a conformity assessment body (CAB) accredited by the national accredi-
tation body

* The definition of attestation according to 1ISO/IEC 17000:2020

* Therestriction of the use of the digital accreditation symbol to the defined attestations and
files for the display of technical scopes within a flexible scope of an accreditation

The digital accreditation symbol enables fully machine-readable and machine-processable digital
certificates, results reports, calibration certificates, etc. for accredited bodies—including correct
proof of accreditation as a machine-readable element.

Advantages

The digital accreditation symbol is for any accredited CAB that wants to issue its attestations or re-
sults reports (statements of conformity) and files for the technical scope within a flexible scope of
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accreditation to its customers digitally in a technically secure manner as part of the accreditation
process.

e Itwasintroduced in April 2024 as an additional service for all accredited bodies upon re-
quest to adequately protect confidence in the statement and value of accreditation in the
digital space.

e Itisatool forimplementing a purely digital Ql with purely digital chains of evidence.

e Accredited CABs can use this electronic seal to apply the accreditation symbol digitally and
in a machine-readable form.

e The electronic seal provides a third party who checks it with the identity of the CAB as a le-
gal entity (authenticity), the certainty of the integrity of the data (integrity protection), and
confirmation of its valid accreditation for the specific accreditation activity, such as testing
laboratory, calibration laboratory, inspection, or certification body.

e If the verification of the electronic seal is valid, the accreditation for this activity is also
valid at the time of issuance of the eAttestation.

e Similarly, CAB’s customers can integrate their digital eAttestation into their automated
process chain without media discontinuity. This leads to efficiency gains through cost sav-
ings.

e There are no special requirements for the technical equipment needed to use the digital ac-
creditation symbol in the form of an electronic seal.

Implementation

The digital accreditation symbol is technically constructed using an advanced seal based on a quali-
fied certificate and is issued within a public key infrastructure (PKI). DAKkS has published a testing
policy for this as a Trust Service Practice Statement (TSPS). Both the PKI and the electronic seal are
operated and secured by a trust service provider, d-trust GmbH, in accordance with the European
elDAS Regulation (No. 910/2014).

Specifications

* The certificate is an X.509v3 certificate and is based on the Internet standard RFC 3647 "Internet
X.509 Public Key Infrastructure: Certificate Policy and Certification Practices Framework" to
make the certificate easier to read. Attribute additions stored in the x.509v3 standard are nec-
essary for the specification of the certificate regarding accreditation information. Attribute ad-
justments are based on the implementation of "Common PKI Specifications for Interoperable
Applications" and the ITU-T X.520 standard "Information technology — Open Systems Intercon-
nection — The Directory: Selected Attribute types".

*  The standards ETSI EN 319 401 "Electronic Signatures and Infrastructures (ESI); General Policy
Requirements for Trust Service Providers,"” ETSI EN 319 411-1 "Electronic Signatures and Infra-
structures (ESI); Policy and security requirements for Trust Service Providers issuing certificates;
Part 1: General requirements", ETSI EN 319 411-2 "Electronic Signatures and Infrastructures (ESI);
Policy and security requirements for Trust Service Providers issuing certificates; Part 2: Require-
ments for trust service providers issuing EU qualified certificates".

*  When verifying the signature, it must be ensured that the certificate was issued by the CA "D-
TRUST CA 5-22-2 2022" and that the certification path refers to the root CA "D-TRUST Root CA 5
2022" (trust anchor) currently in use. For validation, the requirements of the standard: "BSI TR-
02103 X.509 certificates and certification path validation" based on RFC 5280 "Public Key Infra-
structure Certificate and Certificate Revocation List (CRL) Profile” must be complied with.
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There are no special technical requirements for the use of an electronic seal as a digital accreditation
symbolin practice. DAKKS does not impose any requirements on how an electronic seal is embedded
within an accredited body. The use of a software-based electronic seal means that the seal is hard-
ware-independent, and the seal and its key material can be stored in any secure environment freely
chosen by the CAB - on a server or in a cloud.

Milestones achieved

Since April 2024, the application has been available to any accredited body that submits a request to
use the digital accreditation symbol. Prior to this, a pilot phase was successfully completed with
CABs as the user of the digital accreditation symbol and as the issuer of — eAttestations.

Outlook

In the future, the main focus will be on achieving international recognition of the digital accredita-
tion symbol and its use in the context of eAttestation. To this

end, it should be recognized as equivalent to paper-based at- Contact )
testations from accredited bodies. This is key to the scalability
of this tool. In addition, true market penetration requires Susanne Kuch (DAKKS)
economic actors to demand eAttestation in practice. susanne.kuch@dakks.de
J
( N\
Publications and resources
e Generalinformation and application: https://www.dakks.de/en/digital-accreditation-
symbol-fag.html
o DAKKS testing policy/technical specification A Trust Service Practice Statement
https://accreditationauthority.dakks.de/pki/dakks-tsps-en.pdf
e D-Trust Guideline Repository A https://www.d-trust.net/en/support/repository
\. J

2.4.2. eAttestation

eAttestation is a digital attestation or result report (statement of conformity) issued by an accred-
ited body and marked with the — digital accreditation symbol, i. e, sealed. This means that the at-
testation is technically secure and protected against undetected changes. Integrity and authenticity
are guaranteed.

The eAttestation can be issued in various digital formats, including PDF and XML, by an accredited
body. It should contain the classic "image-based" accreditation symbol (e. g., in a PDF) as a visible
element for human verification, where necessary.

In order to raise awareness of the tool and as part of efforts to gain international recognition of eAt-
testations as equivalent to paper-based attestations or result reports (statements of conformity) in
international trade, the — digital accreditation symbol and eAttestation will be presented at rele-
vant national and international events, in committees, and to partners (including GPQI, EA, etc.).

Practical experience

"By introducing eAttestation into the digital workflow of our calibration laboratory, we were able to save
30 minutes of working time per day on approvals and signatures. A real gain.”

Heribert Schorn, Managing Director, Institute for International Product Safety GmbH
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Infobox: International perspective

In 2024, the United Nations Centre for Trade Facilitation and Electronic Business (UN/CEFACT) published
a standard for the digital exchange and verification of product conformity data. It addresses the challenge
that this data is still largely paper-based or in incompatible data formats in international trade. This leads
to problems such as counterfeiting, missing updates, and a lack of interoperability. The development to-
ward digital product passports, the digitization of other trade documents, and trends toward Single Win-
dows also require harmonization of conformity data. Core requirements of the Business Requirements
Specification (BRS) include the use of global standards for identifiers (e. g., ISO/IEC 15459), which can be
used to link conformity certificates to products, processes, or organizations, as well as ensuring the confi-
dentiality of sensitive data through selective access rights or encryption. — Download Business Require-
ments Specification (pdf).

The UN/CEFACT white paper Digital Product Conformity Certificate Exchange (2023) already suggests
shifting the focus from transmission to access to conformity data. It recommends the use of digital tech-
nologies such as globally unique identifiers (e. g., QR codes) and linked data models to link conformity cer-
tificates to physical products. The goal is a transition to fully digitalized systems in which conformity data
is accessible securely and transparently along the supply chain. — Download White Paper (pdf).

The UN/CEFACT documents provide valuable impulses for the QI-Digital initiative, particularly regarding
the standardization and digitization of conformity data. By integrating these approaches, QI-Digital can
meet not only national but also international requirements for a modern quality infrastructure and accel-
erate the transition to a fully digitalized system. The emphasis on access rather than exchange of con-
formity data supports the vision of a — digital ecosystem, as pursued by QI-Digital.

2.4.3. Linking the tools

To ensure that the individual tools of the digital quality infrastructure (Ql) do not stand alone in iso-
lation but work together and with the procedures and processes of a digital Ql in which they can in-
teract seamlessly, their technical and functional integration must be rigorously pursued and en-
sured. Only in this way can truly integrated, media-break-free process chains be created in quality
assurance that release synergies and promote genuine efficiency. This requires measures across var-
ious areas, among others:

1. Harmonization of terminology and semantics

e Development of uniform semantics for all Ql areas

e Creation of a machine-readable ontology

e Implementation of semantic technologies for consistent and globally unambiguous inter-
pretation of terms

e Regular updating and coordination of terminology at the international level

2. Linking the Digital International System of Units (D-SI)

e Integration of the D-Sl into all relevant digital QI tools

e Development of interfaces for automatic conversion and validation of units
e Linking measurement uncertainties to D-SI definitions

e Implementation of mechanisms for the traceability of measurements

3. Standardization of data transfer between tools

¢ Implementation of standardized interfaces for secure and efficient data exchange

47


https://unece.org/sites/default/files/2024-07/BRS-DigitalProductConformityCertificateExchange.pdf
https://unece.org/sites/default/files/2024-07/BRS-DigitalProductConformityCertificateExchange.pdf
https://unece.org/sites/default/files/2023-10/WhitePaper_DigitalProductConformityCertificateExchange.pdf

O
Ql
Q DIGITAL

e Development of a standardized reference system for norms and standards

e Implementation of dynamic references to specific sections of standards in digital conform-
ity confirmations

e Development of mechanisms for version control and management of standards and certifi-
cates

4. Linking conformity statements and standard content

5. Linking to the Digital Product Passport (DPP)

e Integration of Ql-relevant data into the DPP structure

e Development of interfaces for data exchange between the DPP and other QI tools
e Implementation of mechanisms for automatic updating of the DPP with QI data

e Ensuring interoperability between different DPP formats and QI tools

In addition, the following general aspects must be addressed:

e Implementation of a uniform identification system

e Development of a federated trust system for the secure establishment and management of
trust relationships, as well as distributed systems for managing and verifying trust chains

e Development of a uniform authorization management system with an attribute-based ac-
cess control system for all QI tools

e Integration of Al and machine learning, e. g., for anomaly detection, linking to national and
European research initiatives for the evaluation of reliable Al

These points form the necessary basis for the technical and functional integration of the various QI
tools. Implementation requires close cooperation between experts from standardization organiza-
tions and committees, software development, Ql institutions, and regulatory authorities at the na-
tional and international level.

Implementation and testing in QI digital pilot projects

The QI-Digital pilot projects serve as platforms for researching and demonstrating how the various
tools can work together and in conjunction with modern quality assurance processes in practice. To
this end, two industrial real-world laboratories have been set up at BAM: (1) a real-world laboratory
for additive manufacturing, which corresponds to real industrial environments and is exemplary of
modern production, and (2) representative of technical facilities a real-world laboratory for reliable
hydrogen filling stations, in which solutions are developed and implemented. With their test envi-
ronments, these pilot projects reflect realistic complexities and thus enable the development, test-
ing, and validation of digital Ql solutions under practical conditions, providing valuable insights for
scaling and cross-industry deployment.

2.5. Digital Ecosystems for QI

Goal: Digital ecosystems, ready for use in quality infrastructure based on recognized standards
for seamless integration of QI procedures, processes, and tools, as well as cross-system linking.

The QI-Digital initiative is developing the digital tools and procedures for a modern quality infra-
structure. However, the potential of digital QI can only be realized if its tools and processes are
considered and integrated across systems in the digital ecosystems of the economy and market
participants. Essential requirements for all developments are interoperability, technological
openness, and sovereignty.

48



O
Ql
Q DIGITAL

These digital ecosystems are currently emerging: From data formats and data spaces to digital
product passports (DPP) along supply and value chains, from the mine to the recycler. This involves
the collection of data on materials, products, and processes, their naming, modeling, attribution,
certification, storage, transfer, exchange, provision, verification, and subsequent updating and adap-
tation.

In Germany and Europe alone, there are countless developments being driven forward by individual
companies and institutions as well as research initiatives, consortia, and stakeholder groups (e. g.,
Platform Industry 4.0, International Data Spaces Association (IDSA), Data Spaces Support Center
(DSSC), various -X activities). In addition, there are various political activities and regulatory require-
ments (e.g., European Data Strategy, Data Act, Al Act, DPP regulations), accompanied by correspond-
ing standardization activities (e.g., in CEN/CLCJTC 25 Data, CEN/CLCJTC 24 DPP). Organizations such
as IS0, IEC, and the UN are also active at the international level.

For a large proportion of those who develop and build these ecosystems, Ql issues were not initially a
priority. However, the digital representation of quality and conformity is now increasingly emerging
as a fundamental building block and use case.

Digital QI and digital ecosystems are mutually dependent

The vision of digital Ql can only become reality through its integration into the digital ecosystems of
market participants. Conversely, key use cases of digital ecosystems rely on the tools and processes
of a digital Ql.

In particular, ensuring that products or processes comply with legal requirements via digital means
will lead to government requirements for digital ecosystems. This is because when compliance is
verified digitally, it must be ensured that this verification works and cannot be manipulated.

The QI-Digital initiative is working on integrating Ql into the development of digital ecosystems. In
addition to developing, providing, and publicizing the tools, processes, and procedures, the main fo-
cusis on:

- closerintegration and cooperation with existing digital ecosystem initiatives

- supporting and advising political processes (e.g., legislative proposals)

- initiating and helping to shape European and international standardization processes

- activating international Ql institutions, which are a decisive lever for the harmonization of
international digital ecosystems.

These activities focus on three key areas relating to the standardized collection, documentation, and
exchange of quality-relevant data and information:

- Co-designing the — Digital Product Passport (DPP) and its ecosystem as a central QI tool
at the European and international level

Designing and developing solutions for mapping Ql in — federated platforms for data
spaces ("Quality X")

- Networking QI-Digital with the — Industry 4.0 system approach, e.g., via the administration
shell (AAS) as a system-specific approach of the DPP and exemplary full integration of QI
into digital industrial processes

Current developments surrounding the DPP, international data spaces, and standardized data for-
mats enable the creation of digital ecosystems that are ready for digital Ql.
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The transformation from analog to digital processes in QI goes far beyond the mere digitization of
existing workflows. While manual work, paper-based documentation, and isolated data storage still
characterize everyday life in many cases today, Ql is evolving into a networked system with auto-
mated processes and seamless digital documentation. This integration not only enables more effi-
cient and secure data storage, but also creates the basis for forward-looking, usage-oriented quality
assurance procedures. Ql-enabled data space solutions and the use of DPPs and, for example, the
asset administration shell create the technical prerequisites for these forward-looking ecosystems.

2.5.1. The Digital Product Passport (DPP) as a central instrument of QI

Digital Product Passports (DPPs) are a tool that is developing worldwide. Originally introduced by the
European Commission as a political concept for implementing the goals of the Green Deal, they are
now also regarded as a digital tool for increasing efficiency and transparency in the supply chain.
With the entry into force of the Ecodesign for Sustainable Products Regulation (ESPR, (EU)
2024/1781) and corresponding delegated acts for various product groups, affected products® may
only be placed on the market or put into service in the EU if a corresponding DPP is available. Previ-
ously, the Battery Regulation already provided for a battery passport, which will be the first such
passport to be implemented from 2027.

The DPP serves to provide sustainability-related information to actors along the entire value chain,
thereby significantly improving the traceability of a product throughout its life cycle (EU Regulation
2024/1781, ESPR):

e [tisintended to help consumers make informed decisions by improving their access to rele-
vant information.

e It provides economic operators (manufacturers, authorized representatives, importers, dis-
tributors, dealers, fulfillment service providers, recycling companies, market surveillance
and customs authorities, etc.) with access to relevant data, or enables them to enter or up-
date such data.

e [tisintended to make it easier for authorities to perform their tasks without compromising
the protection of confidential business information.

The DPP as a single point of trust

From a technical implementation perspective, the DPP represents a structured collection of prod-
uct-related data with a predefined scope and agreed data management and access rights, which is
transmitted via a unique identifier and accessible electronically via a data carrier (CIRPASS 2024).

In a maximally reduced view, the DPP stands for the connection of a product or sub-product with a
digital set of data - thus enabling information transfer and interaction between market participants.

Mandatory product information must be made available in all economic regions of the world. In-
teroperable DPPs can be understood as information and communication hubs for products, compo-
nents, and materials (preliminary products) that enable a reliable and accepted flow of information
along the supply and value chain—across company, industry, country, and economic region bounda-
ries. Developments in DPPs are already visible in many countries, e.g., Japan, South Korea, Canada,
China, Argentina, and the US. Supranational organizations such as UNEP, together with UNIDO,
UNCTAD, and WBCSD, are also working on this issue. The DPP can thus serve as a globally recognized

3 Over the next few years, the following product groups will be primarily affected: clothing and textiles, furniture, tires, mat-
tresses, iron and steel, and aluminum. Horizontal requirements concern the reparability and recyclability of electrical and
electronic equipment (European Commission, 2025).
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single entry point—as a "single point of trust" (EU Commission). DPPs are thus becoming a global op-
portunity that goes far beyond a political approach to circularity. This is because the DPP

e ..represents a fundamental shift towards digital, machine-readable product information,
which fundamentally changes the interaction between B2B, B2C, and B2Gov

e ..isacatalyst for digitalization and automation in the globally networked economy, for new
business models/services, and a driving force for digital and green transformation

e ... will become the main pillar of digital Ql and the automation of quality assurance/declara-
tion

Interoperability as a core requirement

Interoperability along global supply chains, between different countries, industries, systems, and ac-
tors is therefore a prerequisite for the effective and efficient functioning of DPPs.

With the M/604 mandate "Standardization of the EU Digital Product Passport (DPP)" to CEN and
CENELEC, the DPP system is being standardized in CEN/CLC JTC 24 DPP, which will form the basis for
the battery passport, the DPP for ESPR, and all future corresponding regulations. ,
UNECE/UNCEFACT, and the standardization organizations ISO, IEC, ITU, W3C, and IEEE are also work-
ing on corresponding projects. The currently fragmented standardization landscape underscores the
need for a long-term vision, continuous attention, and ensuring interoperability. DIN and DKE are
working together with Ql-Digital partners to bundle the activities for standardizing the DPP at ISO
and IEC. The technological developments surrounding the DPP are far-reaching in terms of infra-
structure and will affect almost all technical committees. In order to overcome the current frag-
mentation of work within the existing ISO/IEC committees and to coordinate standardization work, a
proposal has been put forward to establish a joint ISO/IEC committee to bring these disparate ef-
forts together into a unified approach. The goal is to create a framework that enables cross-sector
DPP solutions based on common building blocks such as identifiers, authentication methods, and
data models.

The following standards and services are to be developed:

- Terminology standards and standards for semantic dictionaries

- Series of standards for creating a DPP system framework

- Aseries of standards for creating a DPP ecosystem framework

- Standards for components that are missing for the frameworks to function

- Standards for achieving interoperability between specific solutions for parts of the frame-
works

In the area of the DPP system, the facets and interfaces for QI must be reflected, and in the DPP
ecosystem framework, the deliverables of QI should be given a compatibility framework with ISO
CASCO and IEC CAB, among others.

Digital QI as an enabler for the DPP - and vice versa

In addition to information about the manufacturer and importer, user manuals, instructions for use,
warnings, and safety instructions, fundamental services and assets of the QI are a central compo-
nent of the DPP, e.g., technical documentation, declarations of conformity, and certificates (EU Reg-
ulation 2024/1781, ESPR). When developing a European and international technical framework or
reference architecture for a DPP system and ecosystem, the facets and requirements of QI must be
considered and anchored accordingly.
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- for market participants to digitally declare and prove quality and conformity via the DPP
- that data on quality can be automatically passed on and exchanged throughout the supply

chain

- for market surveillance to use Al to check conformity declarations for plausibility (crucial:

quality and availability of data)

- touse the DPP as a "communication hub,” serving as an interface for the delivery of just-in-
time quality data, supporting the reduction of inspection intervals.

- that paper forms could be eliminated

Conversely, the development of the DPP is necessarily dependent on the digitization of Ql. Without
digital (machine-readable) conformity certificates, calibration certificates, and accreditation sym-
bols, SMART standards, and other digital tools, procedures, and processes of Ql, such scenarios are
hardly possible. The information in a DPP must be quality-assured and trustworthy. Integrating the
existing, largely document-based processes into DPP systems would involve immense effort and
would be hardly practicable - this is where digital Ql offers the necessary solutions (see Fig. 13).

F

Infobox: Standardization for the DPP

ests at the European level.

Technology neutrality and interoperability are central to the development of the associated standards for
the DPP. The "CEN/CLC/JTC 24 - Digital Product Passport - Framework and System" is developing corre-
sponding standards in the working groups "Unique Identifiers and Data Carriers," "Security," and "Interop-
erability Framework." At the national level, DIN and DKE founded the joint committee "Digital Product
Passport” in July 2023, which mirrors the work of JTC 24 at the national level and represents German inter-

Fundamental contributions and functions

Advantages of digital Ql solutions

o Creates uniform standards for data for-
mats, interfaces, and contents of the DPP

o Promotes interoperability between differ-
ent systems and industries

Standardization

* SMART standards can be dynamically updated and
contain interactive elements

* The Common Data Dictionary (CDD) provides an ex-
pandable semantic dictionary with internationally
standardized features. The content in the CDD is ma-
chine-interpretable and can be used for the DPP

® Ensures precise and comparable measure-
ments of product properties

* Enables accurate quantification of materi-
als, energy consumption, and emissions

Metrology

 Digital measurement technology and sensors provide
real-time data for the DPP

o Digital reference for units of measurement (Sl Digital
Framework) for interoperability

 Provision of secure measurement information (digi-
tal calibration certificates)

o Confirms compliance with the product
characteristics and standards specified in
the DPP

Conformity
assess-

o Digital certificates enable fast and tamper-proof
verification

® Ensures the competence and reliability of
the testing and certification bodies involved
in the DPP
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o Verifies that companies comply with legal o Digital tools enable rapid traceability and identifica-
requirements and standards tion of risky products
o Must ensure that the information contained o Digital QI can enable automated checks by market
in the DPP is accurate, reliable, complete, surveillance authorities
and accessible o Can use DPP data for more efficient and targeted
controls
o Improved coordination between authorities through
data exchange

Figure 13 Mapping of DPP and (digital) QI: QI makes an indispensable contribution to the
successful establishment of the DPP

2.5.2. Ql-enabled data spaces (Quality-X)

At the heart of the desired digital Ql ecosystem is Quality-X, a concept for mapping Ql elements in
federated platforms for networking institutions and simple, secure exchange of quality-related
data and information based on international data spaces with standardized interfaces. Quality-X
considers building blocks and processes so that Ql actors can issue, distribute, track, and verify
digital assets such as digital product passports, smart standards, and digital proofs of conform-

ity.

{ 3\

Data spaces - what are they and what are they used for?

Data spaces provide a federated, open infrastructure for sovereign data exchange based on common
agreements, rules, and standards. They form a data ecosystem with fixed standards and open interfaces,
on the basis of which data and services can be made available, networked, shared, and used in a trustwor-
thy manner in order to promote innovation and make the added value of the data economy available to all
data providers (Gaia-X Hub Germany, 2024).

The International Data Spaces Association (IDSA) provides reference architectures, rule sets, and open
source building blocks for the implementation of data spaces, which are increasingly incorporating Euro-
pean and international standards.

\ J

Data spaces provide trustworthy digital infrastructures for sensitive data and information from Ql
processes. Standardized data space solutions also make it easier to cope with the ever-increasing
complexity of interfaces and data formats that manufacturers and users have to deal with.

The Quality-X concept aims to create the conditions for implementing a Ql ecosystem in interna-
tional data spaces (IDS), GAIA-X, and related German and European projects for secure data ex-
change. Quality-X is not about building a platform, but about creating a comprehensive Ql ecosys-
tem with harmonized interfaces. Instead of imposing rigid data structures, the focus is on interoper-
ability. Through the use of decentralized identifiers (DIDs), verifiable credentials, and identity
hubs, Quality-X aims to achieve seamless interaction between different service provider systems
(QI-Digital, 2023).

Quality-X is designed to make it easier for companies to provide proof of quality while ensuring sov-
ereignty, including with defined access permissions. Based on the Gaia-X principles, which emphasize
transparency, openness, data protection, and security, the project is guided by the technical and le-
gal framework of well-known Gaia-X lighthouse projects such as Catena-X and Manufacturing-X.
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Advantages of Quality-X

- Increased security and data protection compliance through adherence to GAIA-X principles
and the use of data space connectors

- Increased transparency and trust through traceable and verifiable processes and rules

- Improved efficiency and seamless data integration along the value chain

- Accelerated collaboration and innovation in the QI sector through common data models and
protocols (cf. Monavari et al., 2023)

- Scalability and adaptability through modular design

Implementation

- The Ql-Digitalinitiative has summarized the concept and idea behind Quality-X in a White-

paper (pdf).

- Demonstrator and pilot projects:

0 Based on its work on a European Metrology Cloud, the PTB has implemented a de-
monstrator in which a data space securely and transparently brings together dis-
tributed information from QI actors to create a digital representation of a product,
similar to a DPP. A process framework for the integration of digital services was
implemented using the example of a calibration application.

0 Incollaboration with Fraunhofer ISST, BAM has implemented a proof of concept
data space. As a minimally functional data space, it serves as a test environment
for the implementation of Ql-related processes. An initial case study concerns, for
example, the issuance of digital certificates by accredited laboratories.

- Some software components (e.g., federated ML connectors, QX portal, verifiable creden-
tials) must be developed specifically for Quality-X. Work on this has already begun. At the
same time, BAM and PTB are involved in the standardization of data spaces and digital
building blocks for the implementation of Quality-X.

- BAMis currently evaluating the implementation of federated and data protection-compli-
ant machine learning models (federated learning) with the help of data spaces.

Vision

Regulatory
Framework and
Standards

Testbeds

Case studies

Operation layer

Standardized Ql
services and assets

Federated
Infrastructure

Figure 13 The general architecture of the Quality-X project is structured on various levels: from the
overarching vision and strategic orientation to the legal framework and, finally, to special test envi-
ronments that bring all elements to life. Source: Quality-X White Paper, QI-Digital (2023).
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Contact and resources )

-

Contact persons:

Dr. Sascha Eichstadt (PTB), Dr. Mehran Monavari (BAM), Dr. Matthias Prellwitz (BAM), info@qi-
digital.de

White paper "Quality-X: A Federated Digital Ecosystem for the Future Quality Infrastructure”

— Download (pdf).

Website: https://www.qi-digital.de/digitale-qi/quality-x

- J

Sidenote: Preliminary work by the Metrology/Ql Cloud

With the aim of enabling technology- and data-supported services in the field of legal metrology,
the PTB launched the "Metrology Cloud" (now known as the "Ql Cloud") in 2018 in collaboration with
partners such as the VDMA and Sartorius AG. At the heart of this development is a trust network of
so-called "nodes." This network forms a secure core platform for the digital mapping of processes
and the sharing of data and information for QI processes. To this end, existing data sources of the
partners participating in the network are connected via secure connectors, with the partners retain-
ing sovereignty over their data. Similar to the concepts of the digital product passport, a digital rep-
resentation provides an overview of all information available on a product in the network. Uniform
data models, vocabularies, roles, and interfaces are mapped via the nodes. In the nodes, these com-
ponents are implemented in the form of encapsulated modules that communicate with each other
via secure connections. Each node can individually exchange data and information with the underly-
ing systems and provide services. Both are defined independently by the respective network partner.
A dedicated software framework ensures the compatibility of the services with each other (Thiel et
al., 2018). The further development of the QI Cloud focuses on achieving alignment with the princi-
ples and architectures of the International Data Spaces Association and Gaia-X. This will resultin a
data space based on the principles of Gaia-X and International Dataspaces as part of the evaluation
of the "Quality-X" concept.

Advantages of the Metrology/Ql Cloud
e Secureinfrastructure that enables data sovereignty and thus the provision of sensitive data
e Use of blockchain technologies for process and user management
o Digital representation similar to the principles of the digital product passport based on the
distributed data infrastructure

e Uniform communication in the node network without the need to connect and maintain
specific interfaces

e Access to relevant information about calibration, conform- Contact
ity assessment, and other QI statements directly via APIs

e Easy management of measuring devices, series, and digital
mapping of the necessary processes and services

Dr. Sascha Eichstadt
(PTB) info@ai-digital.de

Application

One specific application scenario is the recalibration of a measuring device. For this purpose, a node
assigned to the calibration authorities provides a service based on the API of the calibration authori-
ties' DEMOL platform. The scenario considers users or companies commissioned by them who want
to request recalibration for an entire group of measuring devices. To do this, the company selects the
relevant devices in its node and starts the process for submitting a calibration application. This is
recognized by the calibration authorities' node, which compiles the data required for the application
from the digital representation of the measuring device into an XML format defined by the calibra-
tion authorities and transmits it to DEMOL for further processing. The digital representation of the
measuring device then notes that the application has been submitted.
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e Ademonstrator network of nodes has been set up with several industry partners and is to
be completed. Concrete services and processes are currently being evaluated in this de-
monstrator. It is intended to serve companies, associations, and Ql institutions to evaluate
real requirements and develop recommendations for Ql in data spaces.

e Mid-2024 Publication of the code base as public open source on
https://gitlabl.ptb.de/datapolis

e Q32024 Demonstrator with illustration of a process for recalibration

e Q12025 Concept for further development into an IDS-oriented data space

Status and outlook

2.5.3. Digital Qlin the Industry 4.0 system approach and with administra-
tion shell (AAS)

Digital product passports and digital twins form the basis for quality assurance of products, ap-
plications, systems, etc. throughout their life cycle. The Asset Administration Shell (AAS, accord-
ing to IEC 63278 series) as an administration shell for the digital twin digitally represents each as-
set and offers great potential for standardized data collection and documentation for various
stakeholders such as companies, users, and authorities.

Note: Technology openness

Digital Ql should always be designed to be technology-neutral. The explanations on the administration
shell (AAS) therefore deliberately represent one of several possible approaches to providing structured
and interoperable digital representations of assets and quality-related information. The AAS offers an es-
tablished framework with a high degree of standardization and connectivity to Industry 4.0.

At the same time, there are other technical concepts and architectures that pursue similar goals. The
roadmap therefore does not regard the solution presented here as exclusive, but as an example of the di-
versity of possible technical implementations in the sense of an open, modular, and future-proof digital
Ql.

This means it can also be an important building block for interoperability in digital QI and connec-
tivity to Industry 4.0 value creation networks. Assets can be, for example, components, machines,
plants, or entire factories, for the documentation or certification of which norms/standards (also as-
sets) or parts of norms/standards are used (IDiS, 2024).

The advantages of the asset administration shell lie in standardized metamodels, interfaces, and se-
mantics (IDTA & ZVEI, 2024). An asset administration shell consists of submodels that are dynami-
cally added (linked) to an asset administration shell. The submodels are based on standardized sub-
model templates. These templates refer to concept dictionaries, such as those provided by the IEC
Common Data Dictionary (CDD) and ECLASS. Submodel templates can be developed by a consortium,
e.g., at the IDTA, or standardized internationally by IEC. These templates can then be enriched with
data, i.e., instantiated, for example, in the course of product development (Pervin & Redeker, 2024).

For a digital Ql, this means that basic concepts must be described in semantic features of the IEC
CDD or in a future ISO CDD. The combination of several concepts into a use case, such as a digital
declaration of conformity, must be described in submodel templates. Tools and best practice de-
scriptions for the procedure are available for this purpose (cf. InterOpera, 2024).

AAS for standards

Various initiatives address the use of the asset administration shell in the context of norms and
standards. In the IDiS pilot project "Integration of Standards into the Asset Administration Shell"
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(NormAAS), which was completed in 2022, — SMART standards were equipped with administration
shells (Industry 4.0 (14.0) compliant digital twins) so that they can be integrated as Industry 4.0
components into Industry 4.0 ecosystems. This makes it possible to retrieve standard content and
fragments directly from the asset administration shell and automatically match product properties
and standard requirements, thereby improving testing and certification processes (DIN/DKE, 2022),
as follows: "At time T and development stage D, product P meets X percent of the requirements of
standard S: The following requirements have not yet been met ..." (Pervin & Redeker, 2024).

Findings from this project have been directly incorporated into an InterOpera submodel project: The
"Digital Standards Data Sheet" submodel is intended to provide information and meta-information
at the document level of a standard in an interoperable manner so that partners in a value-added
network can acquire, exchange, and apply standards in an interoperable manner. For example, it
should enable the automated implementation of use cases

1. Finding suitable standards for the certification of developed products
2. Determining predecessors and successors of a standard
3. Determining international correspondences of a standard (Interopera, 2024).

SM Digital Standards
Data Sheet

SM Digital Nameplate
for Industrial Equipment \
SM Capability Description Pre-Certification
| SM Digital Standards
SM Generic Frame ’
for Technical Data

Content

SM Pre-Certification Testbook Documentation —

i -

-
Product P
Standard S

Figure 14 IDiS pilot project for standard integration into the asset administration shell (source:
Pervin & Redeker, 2024).

AAS for digital result reports and certificates

The asset administration shell can also be a tool for integration into Industry 4.0 processes for con-
formity confirmations, such as certificates or test reports. The AAS submodel for the — digital cali-
bration certificate (DCC), for example, is used to provide information on measurement capabilities,
measurement data quality, and metrological traceability of sensor and device data. In the future, it
can be used for all sensors and measuring devices relevant to Industry 4.0.

Advantages

e Improved quality assurance through verifiable sensor data information.

e Standardized and trustworthy sensor data for use in digital twins

e Sensor data "secured" by calibration or test certificates as an integral part of product infor-
mation and thus also of a digital product passport (Interopera, 2024)

To ensure that the AAS submodel created by the DCC can also be used for other quality-related doc-
uments, such as digital certificates of conformity or test reports, work is continuing within the IDTA
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(Kabisch & Oladipupo, 2024). In the IDTA WG "Digital Quality Documents," PTB and BAM are working
with several industry partners to develop a series of specifications for AAS submodels.

1N

¢t £ &t & &t & +*#
Tt T 1 i {1 i {I
Digital Document Schema - DX

XSD / XML Schema

ITEM Nomenclature
Standard

o

DCR = Digital Calibration Request, DCA = Digital Calibration Answer, DCoC = Digital Certificate of Conform-
ance, DTR = Digital Test Report, DCRM = Digital Certificate for Reference Material, D** = other digital docu-
ments

Figure 156 Increase interoperability through a uniform document schema and single entry page
AAS submodel for quality assurance documents. Source: Kdbisch & Oladipupo (2024), Engel (2023).

AAS and DPP

IDTA and ZVEI are jointly promoting an AAS project for the digital product passport: DPP4.0, based
on the asset administration shell, offers a decentralized, sovereign solution. Access can be gained via
identification using a digital nameplate.

Development steps to date (IDTA & ZVEI, 2024):

e 2022 - first demonstration of a DPP4.0 using a control
cabinet as a ZVEI showcase

e 2023 - Further developed version of the ZVEI DPP4.0 con-
trol cabinet showcase with the aim of demonstrating
scalability and industry acceptance; publication of a dis-
cussion paper (Architecture Proposal) (ZVEI, 2023a) and a
white paper on Level 2 implementation (ZVEI, 2023b).

N
>~ [l
The ZVEI Showcase PCF@Control Cabinet demonstrates DPP4.0 in Figure 16 DPF\’\4‘./0 control cabi-
action. Every product used to construct the cabinet is equipped with net model (source: IDTA &

the Digital Product Passport for Industry 4.0. Among other things, it ~ ZVEI, 2024).

contains information on the CO,-footprint (Product Carbon Foot-

print, PCF). By scanning the identification link, the system integrator can automatically determine
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the PCF value of a product and use the data to calculate the PCF of the entire cabinet (IDTA & ZVE|,
2024).

The technical concept of DPP4.0 is currently (as of summer 2025) being incorporated into the stand-
ardization process at CEN/CLCJTC 24 so that DPP4.0 can be used as a possible solution for the DPP
required by the EU within the framework of the ESPR.

2.6. Technologies and applications in practice

Goal: Clear application scenarios and consistent development, testing, and demonstration
based on real-world use cases in realistic development and test environments in consultation
with relevant stakeholders in order to quickly and safely implement new digital solutions for
modern Ql.

Due to the complexity of QI processes, procedures, and tools, the solutions are developed, tested,
and demonstrated in concrete, practical applications of quality assurance in — modern production
(Industry 4.0) and the operation of — technical facilities. The initiative uses practical test environ-
ments provided by the Federal Institute for Materials Research and Testing (BAM) as part of the two
pilot projects "Additive Manufacturing" and "Reliable Hydrogen Filling Station.” In addition to re-
search and development on modern testing methods and monitoring procedures, the — digital tools
of Ql are tested and their interaction demonstrated. This allows integrated process chains to be rep-
resented - from the digital import of standard requirements provided via SMART standards, through
process-accompanying conformity assessment using modern (testing) methods, to the automated
creation of machine-readable test reports and other conformity confirmations, embedded in the
data space-based Quality-X system.

This clearly demonstrates the increasing importance of artificial intelligence (Al) for QI as well: Com-
pletely new data availability through sensor technologies, thermographic imaging, and other modern
approaches opens up unprecedented opportunities for evaluation in the context of quality assur-
ance. Corresponding digital, data-based testing methods using Al are being developed in the pilot
projects at BAM. In addition, the potential of federated learning via data spaces is being explored.
Conversely, the question — of the trustworthiness of Al applications is also a central topic in QI-
Digital. To ensure that Al can be used in a quality-assured and trustworthy manner, the PTB, for ex-
ample, is developing the fundamentals of measurable quality criteria and procedures for the
healthcare sector.

2.6.1. Digital QI for modern production

Modern production environments and processes in Industry 4.0 are characterized by a fundamental
process of innovation and transformation. Flexible, dynamic, and globally networked value creation
networks and data-driven business models are emerging, embedded in global digital ecosystems
(Platform Industry 4.0, 2019). The basis and enabler for this are networked cyber-physical systems
that allow different stages of the value chain to be linked and intelligent production processes to be
implemented. The availability of immense amounts of data enables targeted evaluations and opti-
mizations, for example regarding resource consumption, availability, and costs (Research Council of
Platform Industry 4.0/acatech, 2022).

With such a fundamental transformation, QI must also keep pace with its services. The digital QI of
the future must be just as agile, networked, and intelligent as the production environments to avoid
unnecessary media breaks, "swivel chair effects," and inefficiencies. The use, embedding, and linking
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of machine-readable — tools and — digital processes and methods of QI create potential for
greater transparency, efficiency, and, above all, safety and quality. Whether it's real-time conform-
ity assessments during production, proactive anticipation of quality risks, or dynamic responses to
changes, digital innovations in QI represent a paradigm shift in modern production.

Pilot project: Quality assurance in additive manufacturing

Additive manufacturing exemplifies the challenges and opportunities of digital transformation in Ql. As a
data-intensive manufacturing process, it generates large amounts of process and quality data along the en-
tire process chain - from powder production to final post-processing. The particular challenge lies in the
heterogeneous data landscape: Different data formats, media breaks, and proprietary systems from individ-
ual manufacturers make consistent quality assurance difficult.

Objective: A holistic, digital quality assurance system is to be developed for additive manufacturing that will
serve as a pioneer for the digital transformation of the entire Ql. This system aims to ensure and verify the
quality of the manufactured components efficiently, traceably, and reliably. At the same time, it is intended
to initiate a paradigm shift in cross-industry quality assurance. The core element is the development of a
continuous digital data flow parallel to the physical material flow. In addition, the digital tools of Ql are to be
integrated.

Innovation through digital integration

As part of a pilot project, a real-world laboratory was established at BAM, where new approaches to digital
quality assurance based on digital Ql are being developed and demonstrated. This digital integration inclu-
des:

e Digital process chain: End-to-end software integration from CAD design to production control
e  End-to-end data flow (ETL): Automated data acquisition via standardized OPC UA interfaces
e  Structured data storage in an innovative data container concept

e Process-synchronous data registration and Al-supported evaluation of process data for quality
prediction

e  Concept development for digital test reports/quality documentation based on DCC by PTB
Linking to digital QI tools

The use of SMART standards as the basis for automated quality assurance is being designed. As output ma-
chine-readable digital test reports (possibly as eAttestations) in XML format (based on DCC) will be issued,
which:

e contain all standard-relevant test information

e document uniquely referenced measured values and test results

e are generated automatically from the data container

e contain machine-readable and verifiable accreditation evidence, if applicable
e canbeintegrated into the digital product passport

Integration with AAS, DPP, and Quality-X

The developed data container functions as a digital component file and forms the basis for interaction with
data spaces. It can serve as the basis for the digital product passport and contains:

e Quality-relevant process data
e  Metadata on manufacturing
e  Unique component identification

e Test and measurement results
This structured data management enables standardized exchange between various stakeholders such as
manufacturers, testing laboratories, and customers via the Quality-X platform. To this end, the aim is to
transfer the data to a submodel of the asset administration shell.

Milestones achieved and prospects

V  Open test environment established at BAM: The real-world laboratory was the first laboratory in
aresearch institution worldwide to be certified according to ISO/ASTM 52920 for requirements for
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industrial additive manufacturing processes and production facilities, thus demonstrating the
practical feasibility of digital transformation in QI.

V  The development of a draft standard for data structuring (IS0/ASTM 52970 PWI) with the partici-
pation of the five largest German AM machine manufacturers is an important success of the work
at BAM. It has already been taken up by the VDMA working group for OPC UA in additive manufac-
turing.

V  Suitable measurement methods for quality assurance with regard to the specific requirements of
SMEs were investigated at the PTB. With a focus on cost-effective and production-accompanying
measurement technology, comparable data on the achievable quality of measurement results on
production-accompanying measuring devices and high-end measuring devices was obtained.

Transferability and scaling

The pilot project exemplifies:
e  How end-to-end digital quality assurance can be implemented in practice
e How digital QI tools enable the automation of quality processes
e  How standards ensure interoperability between different systems

e How new technologies such as Al can be integrated into existing QI processes
The concepts and solutions developed are not limited to additive manufacturing, but can serve as a blueprint
for the digital transformation of quality infrastructure in other areas.

Next steps

e  (reation of a submodel of the asset administration shell for additive manufacturing based on
ISO/ASTM 52970 (coordinated with IDTA submodel no. 02033) (2025)

e Implementation and further development of a digital test report based on material qualification in
accordance with DIN EN ISO/ASTM 52908 for comprehensive component qualification (2025)

e  Further development of a hybrid additive manufacturing process

e Connection to Quality-X and testing of the AAS as a basis for the DPP with industrial stakeholders
(2026)

e  Testing of the data chain: Data container — AAS AM - DPP in a data space with industrial stake-
holders

e Testing of the digital test report in a real-world laboratory with industrial stakeholders

e  Standardization at the international level

e (ontinued research on quality data: Which data is relevant and necessary for reliable quality state-
ments on additively manufactured components?

e Digital recertification of the real-world laboratory (according to ISO/ASTM 52920) by a conformity
assessment body using the developed assets (2027)

2.6.2. Digital QI for technical facilities

Conventional inspection and maintenance procedures for technical facilities often require consider-
able effort and can sometimes lead to operational interruptions. Accurate recording of the condition
of the facility and reliable documentation of, for example, measuring device and sensor calibration
are extremely demanding and can hardly be implemented in real time. In addition, the existing docu-
mentation is often asynchronous, analog, and extensive, which makes clarity and handling consider-
ably more difficult.

To ensure improved operational safety, transparency, and reliability, continuous monitoring of the
entire facility and the integrity of components is essential. Sensor-based monitoring concepts and
solutions can play an important role here in monitoring critical components both selectively and
throughout their entire life cycle. The introduction of — digital tools like SMART standards, digital
test reports, and certificates (as eAttestations, if applicable) can significantly optimize quality assur-
ance processes.
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Pilot project: Digital quality infrastructure for hydrogen filling stations

The transition to hydrogen-based technologies requires a robust and efficient quality infrastructure (Ql) to
ensure safety and reliability. This QI-Digital pilot project demonstrates how digital QI tools and processes
can transform traditional quality assurance processes for technical facilities such as hydrogen filling sta-
tions, thereby supporting market ramp-up.

Challenge and objective

Hydrogen filling stations are complex technical facilities that require comprehensive quality assurance
throughout their entire life cycle. Traditional QI processes involve time-consuming inspections, complex cer-
tification procedures, and extensive manual documentation. The digital transformation of QI aims to:

e Maximize availability and operational efficiency

e  Enable continuous condition monitoring

e Improve documentation creation, accessibility, and exchange

e  Optimize inspection cycles

e Ensure seamless integration of QI data between all stakeholders

Digital QI solution architecture

Using the example of a hydrogen filling station, we are developing, testing, and demonstrating solutions for
modern quality assurance in our real-world laboratory at BAM. Digital QI solutions address the system, com-
ponent, and sensor levels in a multi-stage approach:

System level

e Implementation of a digital twin for comprehensive plant visualization and monitoring
e Integration with Industry 4.0 process control systems

e  Real-time monitoring of plant status and predictive maintenance

e Implementation of the administration shell for standardized data exchange

e Integration into the Quality-X data space for secure information exchange
Component level

e Intelligent monitoring systems for critical components (e.g., storage systems)
e Al-supported health assessment and remaining service life prediction
e Integration of probabilistic safety assessment methods

e Development and implementation of a digital life cycle file for hydrogen pressure vessels as a
component of a DPP
Sensor level

e Implementation of digital calibration certificates (DCC) (as eAttestations, if applicable) in the pro-
cess control technology of the filling station

e  Automated measurement error correction
e  Real-time validation of calibration status
e  Optimized sensor networks for hydrogen leak detection

Integration of digital QI tools

SMART standards

e Implementation of machine-readable test specifications

e Integration of modular test modules into the asset administration shell
e Support for dynamic requirement updates

e Automated conformity testing and documentation
Digital test reports and certificates

e  Automated creation of test documentation

e Integration of digital certificates of conformity (D-CoC)

e  Real-time access to certification status

e Secure exchange (as eAttestations, if applicable) via data spaces

Benefits and impact

The implementation of digital QI tools and procedures and their interconnection lead to significant improve-
ments:
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® Increased efficiency through reduced manual testing effort, automated documentation and re-
porting, optimized resource allocation

e Increased safety through continuous status monitoring, early detection of potential problems,
data-based decision-making

e  Support for market ramp-up through standardized digital processes, improved stakeholder col-
laboration, and reduced certification hurdles

e  Cost reduction through optimized inspection intervals, reduced downtime, and more efficient use
of resources

Outlook

e  Further development and demonstration of digital QI tools and methods, e.g., integration of D-
CoCs into the digital twin of the gas station, possibly using the asset administration shell

e Development and adaptation of standards and regulations
e Further development of regulatory frameworks
e Establishment of best practices

2.6.3. QI for Al: Trustworthy artificial intelligence

Goal: A strong quality infrastructure with tools and procedures that promote trust in Al

The Artificial Intelligence Act (Regulation (EU) 2024/1689, Al Act), which officially entered into force
in the EU on August 1, 2024, is the world's first comprehensive regulation of Al. It provides a uniform
legal framework for the development, placing on the market, putting into service, and use of Al sys-
tems in the EU in accordance with the values of the Union. It is aimed at promoting the adoption of
human-centered and trustworthy Al while ensuring a high level of protection in terms of health,
safety, and the fundamental rights laid down in the Charter of Fundamental Rights of the European
Union. The key aims are to support innovation and to enable trustworthy Al.

Trustworthy Al: a task for all Ql stakeholders

Trustworthy Al applications and the implementation of the Al Regulation require the entire Ql. The
requirements of the Al Act relate to areas such as risk management, data quality and data manage-
ment, technical documentation, record-keeping obligations, transparency and provision of infor-
mation to users, human oversight, accuracy, robustness, and cybersecurity (European Commission,
2024). The specific technical implementation will be specified by European standards. The Al Act dis-
tinguishes between four risk levels for Al applications (see Fig. 18) and sets out clear requirements,
such as the need for risk and conformity assessments before certain Al systems are placed on the
market.

Conformity assessment is required in the area of high-risk Al applications. For stand-alone systems,
this involves, for example, reviewing the technical documentation and the quality management sys-
tem in accordance with Annex VIl of the Al Act. For Al applications that are incorporated as safety-
critical components in existing products, such as machines, the conformity assessment procedures
prescribed in the relevant directives (e.g., Machinery Regulation, EU/2023/1230) must be applied,
supplemented by the requirements for conformity assessment of Al specified in Article 43 of the Al
Act.
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Figure 178: The risk-based approach of the Al Act distinguishes between four risk levels for Al sys-
tems. Source: European Commission (2024).

In order to enable these procedures, the relevant QI principles for the assessment of Al-based sys-
tems still need to be developed in some cases. This involves, for example, defining data quality and
metrics for measuring it, as well as metrics for measuring the performance parameters of Al, such as
accuracy and robustness, as required by Article 15 of the Al Act. Al-specific conformity assessment
methods may also need to be developed and subsequently standardized to ensure that only trust-
worthy Al within the meaning of the Al Regulation is placed on the market. These systems must then
be monitored in such a way that, in the event of a significant change in their originally defined con-
text of use, a new conformity assessment can be carried out (Fig. 19). In addition, suitable tools are
needed to enable market surveillance to detect any loss of conformity.

Standards

Standards ensure that artificial intelligence, Al applications, and Al systems are safe, reliable, and
ethically sound, and can be seamlessly integrated and combined with different systems and compo-
nents. Standardization strengthens trust in these technologies and promotes their use in businesses
and private life.

In the European context, harmonized standards also ensure that companies are granted liability
privilege when applying them and that their compliance with regulatory requirements is assumed to
be a given.

* The Standardization Request (SR) issued by the EU Commission in May 2023 with the aim of en-
suring that harmonized European standards are available in time for presumption of conformity
was accepted by CEN/CENELEC. In June 2025, an updated version of the SR was published by the
EU Commission. Since then, CEN-CENELECJTC 21'Al' has been developing Al standards based on
this SR and advising other standardization bodies on Al.

»  The work of other standardization bodies at the international level, such as the SC 42 subcom-
mittee of ISO/IEC JTC 1, is taken into account.

*  The second edition of the Al standardization roadmap by DIN and DKE helps to strengthen the
confidence of industry and society in Al by identifying further needs for norms and standards. As
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part of the German government's Al strategy, it further develops the strategic roadmap for Al
standardization on behalf of the Federal Ministry for Economic Affairs and Energy and provides
concrete recommendations for action. Overall, the document covers 116 standardization re-
quirements on nine key topics and provides six central recommendations for action. The focus is
on, among other things, the fundamentals for a uniform understanding, security, testing and
certification, and applications from various areas. The roadmap forms the starting point for ini-
tiating standardization activities (DIN/DKE, 2024b).

changes
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ty stand-alone Al of conformity needs Al system'’s
systems in an EU o be signed and the lifecycle
database should

e CE marking

The system
can be placed
on the market.

system is the confo
developed

0

bear

Figure 18 : Life cycle assessment of high-risk Al applications in practice. Source: European Commis-
sion (2024).

Conformity assessment and accreditation

Testing and certification contribute to trust and acceptance and are therefore the basis for the
broad market success of Al. Reliable quality criteria and reproducible testing procedures are key
prerequisites for evaluating the quality of Al-based applications, for example in terms of explaina-
bility and traceability (DIN/DKE, 2024b).

Accreditation confirms the competence of conformity assessment bodies to ensure that they issue
traceable and comparable conformity assessments with competent personnel and using specific
procedures in line with the state of the art in science and technology. This requires knowledge of the
state of the art in science and technology and procedures that are sufficient to determine conform-
ity with specified requirements. Standards are an important and adequate means to this end. While
the procedures for various conformity assessment evaluation methods are already comprehensively
standardized, Al-specific methods are lacking. Therefore, standards for Al-specific conformity as-
sessment are currently being developed in the international standardization community, which can
then also serve as a basis for accreditation in this area.

For example, a requirements standard has been developed for Al management systems for certifi-
cation bodies that audit and certify Al management systems (ISO/IEC 42006:2025). Among other
things, this standard specifies the knowledge and skills that the audit team must have to assess the
suitability of certain management system control measures for specific Al models. It also specifies
the competencies that must be demonstrated and the knowledge of terminology that the team
must have.
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The German Standardization Roadmap formulates a clear recommendation for action to develop a
horizontal conformity assessment and certification program for trustworthy Al in order to make
the requirements of industry, public authorities, and civil society for Al objectively verifiable on the
basis of reliable and reproducible tests (DIN/DKE, 2024b). A corresponding project at the interna-
tional level reflects this need. With 1ISO/IEC 42007 ("High-level framework and guidance for the de-
velopment of conformity assessment schemes for Al systems"), a standard is currently being devel-
oped that is intended to serve as a guideline document to support certification bodies and independ-
ent program owners in developing conformity assessment schemes for Al applications. Such
schemes, which are based on a uniform structure, enable the global comparability of statements of
conformity or certificates for Al systems. This creates transparency in the market and for consum-
ers, which can lead to greater confidence in the technology.

However, the development of a generic certification scheme covering all Al applications is not feasi-
ble, as Al applications are embedded in products and conformity assessment and thus product certi-
fication takes place within the framework of the relevant product-related specifications. For stand-
alone systems, the context of use must also always be considered, so that product-specific certifi-
cation schemes are required, or schemes for identical application contexts, if necessary.

Learning Al systems can be continuously improved with new training data. To meet high safety re-
quirements in the long term, (re-)certification or a new conformity assessment with suitable test
procedures is necessary. These procedures must also first be developed and then standardized.

What is currently still lacking are concrete, standardized procedures in line with the state of the art
in order to be able to carry out specific measurements or tests for individual Al system components
or characteristics (e.g., data quality, robustness, accuracy) in the conformity assessment. In Ger-
many, a DIN SPEC for Al testing tools is being developed (DIN SPEC 92006), which is intended to de-
fine standardized assessment methods for different users, such as how a testing tool must be de-
signed in order to test certain aspects. The development of general requirements for reference data
sets (DIN SPEC 92007) is also already underway. However, it is important that this work also finds
resonance in the international standardization world.

In order for the conformity assessment and accreditation system for Al systems to be implemented,

not only are standards and procedures lacking, but accredited conformity assessment bodies must

also build up and demonstrate the technical expertise required to assess Al systems or products with
Al applications in the future. Similarly, the need to build expertise also applies to national accredita-
tion bodies in Europe and worldwide.

' N\

Al real-world laboratories in accordance with the Al Act

According to Article 57 of the Al Act, Member States shall ensure that their competent national authorities
establish at least one Al real-world laboratory at national level to facilitate the development and testing of
innovative Al systems under strict regulatory supervision prior to their placing on the market or other put-
ting into service. Al real-world laboratories provide a controlled environment to promote innovation and fa-
cilitate the development, training, testing, and validation of innovative Al systems for a limited period of
time before they are placed on the market or put into service, in accordance with a specific real-world labor-
atory plan agreed between the providers or future providers and the competent authority. These real-world
laboratories can also be used to conduct supervised tests under real-world conditions. Providers of Al sys-
tems can use documentation of real-world laboratory activities to demonstrate compliance with the Al Act
as part of the conformity assessment procedure or relevant market surveillance activities. The written evi-
dence submitted should be given appropriate weight by market surveillance authorities and notified bodies
with a view to speeding up conformity assessment procedures.
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Metrology

Pilot project: Artificial Intelligence in medical technology

The use of artificial intelligence (Al) methods in medicine can make workflows in clinical practice more effi-
cient, e. g, through the development of automated diagnoses. Individually tailored therapies open up un-
dreamt-of possibilities for the healthcare system in the context of so-called personalized medicine. How-
ever, due to their potential direct health effects on patients, such Al systems fall into the category of high-
risk Al applications, for which the Al Act provides for close monitoring by the quality infrastructure through-
out their entire life cycle.

Objective: To develop the metrological foundations for quality infrastructure tools and procedures for the
reliable evaluation of the performance criteria of Al algorithms and the quality of the data used, to promote
confidence in Al-supported medical procedures and medical devices.

Explainability and transparency

The explainability or interpretability of the decisions made by Al systems when solving tasks such as image
classification or image segmentation is a key requirement of the EU Al Regulation. As part of a pilot project,
methods described in scientific literature for explaining the outputs of Al algorithms in classification tasks
(e.g., image shows pathological vs. healthy tissue sample) were tested according to objective criteria that had
to be developed beforehand. Several so-called benchmark suites of sample data sets were developed that
allow explainability methods to be tested based on known changes in real or synthetic medical images (e.g.,
MRI images). These are made available on an online platform to give developers of explainable Al methods,
e.g., from medium-sized companies or start-ups, the opportunity to test their methods according to objec-
tive, validated criteria.

Robustness and generalizability

The robustness of Al systems is another requirement of the Al Act. As part of the pilot project, methods are
being developed for the quantitative evaluation of the robustness of classification algorithms against delib-
erately altered input data. In addition, approaches are being successfully pursued to make Al-supported
medical imaging procedures more reliable and robust against interference and noise in the measured data.
The underlying physics-informed learning enables, for example, high-quality images to be obtained with
shorter exposure times.

Data quality

Reliable data is essential for training and testing Al algorithms. In the medical context, there is often the
problem that patient data is only available to a limited extent for data protection reasons. Several subpro-
jects of the pilot project are therefore concerned with the generation of realistic synthetic data. This data is
obtained either by modeling physiological processes (e.g., blood circulation, electrocardiograms) or by teach-
ing Al algorithms to "imitate” real patient data. For both approaches to data generation, data quality assur-
ance plays an important role for which a uniform framework for evaluating data quality has been developed
in collaboration with the European Testing and Experimentation Facility Health (see Fig. 20).

Uncertainty

The quantitative evaluation of Al performance criteria using metrological methods required by the Al Regu-
lation also requires the determination of measurement uncertainties. In contrast to physical measurements,
there are no methods for determining uncertainty regarding data and the predictions of Al algorithms. As
part of the pilot project, initial approaches were developed to determine uncertainty propagation through
neural networks, and initial approaches were investigated to integrate the Al-typical uncertainties of models
(algorithms) and data into the proven internationally uniform framework for describing and handling meas-
urement uncertainties.
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Challenges

The successes achieved in the pilot project have laid the foundations for expanding the quality infrastructure
to include the evaluation of Al applications, particularly in medical technology but also in other critical Al ap-
plication areas (e.g., predictive maintenance). Further efforts are needed to generalize the procedures to
various specific use cases and, for example, to develop automated procedures for the quantitative evalua-
tion of the quality of data sets and make them available for the QI system.

A particular challenge is the development of methods for recording the additional contributions to measure-
ment uncertainty that arise from the use of Al in the measurement process and data evaluation. The aim
must be to record these uncertainty contributions within the framework of an extension of the existing and
internationally accepted framework set out in the Guide to the Expression of Uncertainties in Measurements
(GUM). The GUM is developed by the Joint Committee on Guide in Metrology and has been published as an 1SO
standard (https://www.iso.org/sites/JCGM/GUM-]CGM100.htm).

With the digital testing platform for Al in medicine currently under development, interested companies will
soon (by the end of 2026) be able to test the quality and reliability of their algorithms and Al services using a
streamlined process. The platform will provide a digital test report with the test results, which can serve as a
seal of quality and later be part of a conformity assessment. The tool promises to be easy to use: Download
test data, evaluate it with your own Al-supported software, and upload the results for testing. Initially, it will
be possible to test Al algorithms for automated heart segmentation (left ventricle, right ventricle, myocar-
dium). In principle, however, the procedure can be extended to any application of digital Ql. All that is needed
is appropriately quality-assured test data. There are also plans to integrate the — digital tools of QI for test
procedures, reporting, and provision of results.

This work on the development of metrologically sound . .

. . . . More information
metrics and methods for determining uncertainty will pro-
vide developers of Al applications with important tools in https://www.qi-digital.de/en/ai-
the future: Suitable metrics for assessing Al performance, in-medical-applications
including in particular robustness, explainability, and pre-
dictive accuracy; reference data sets for evaluating Al qual- Contact info@qi-digital.de

ity; good practice examples for evaluating large data setsin L
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terms of uncertainty, representativeness, and comparability; and advanced measurement methods
and measurement data evaluation through the use of Al.

Market surveillance

Once an Al system is on the market, market surveillance authorities are responsible for monitoring
it, operators ensure human oversight and supervision, and suppliers have a system in place for post-
market surveillance. Suppliers and operators will also report serious incidents and malfunctions (Eu-
ropean Commission, 2024).

The market surveillance authorities of the EU member states play an essential role in the implemen-
tation of the Al Act. This requires them to have IT, ethical, and legal expertise. Accordingly, a uniform
competence framework for Al systems across application areas, sectors, and levels of responsibility
is necessary. In addition, knowledge must be exchanged systematically and quickly between the
competent authorities and built up across countries, organizations, and sectors through continuing
education programs. Questions regarding testing processes must also be clarified, for example with
regard to technical, federal, and sectoral comparability and harmonization, as well as transparency.
This also applies to testing the criticality of an application and thus its classification in the risk pyra-
mid and dealing with the dynamics inherent in Al (see Fig. 18) (Richard, 2023).

( )

Quality assurance for Al: Initiatives and projects

The MISSION Al project — National Initiative for Artificial Intelligence and Data Economy of the German
Academy of Science and Engineering (acatech), funded by the Federal Ministry of Digital and Transport,
aims, among other things, to improve the data basis for Al and strengthen the development of trustwor-
thy Al. For example, MISSION Kl is developing a voluntary modular quality standard for Al. In addition to
test procedures, description templates, protection needs analysis, and test criteria, this includes a collec-
tion of specific test methods and test tools (MISSION K, 2025). — https://mission-ki.de/en

The CERTIFIED Al project aims to develop practical Al tests with the goal of making artificial intelligence
safe and trustworthy in line with European quality standards. The focus is on ethical, legal, and security
aspects, but also on issues of fairness, transparency, and reliability, which require quantitative evaluation
methods and their uncertainties. Concrete requirements for Al testing are being defined in user circles,
criteria and standards for practical testing are being established, and pilot tests are being conducted
(CERTIFIED Al, 2025). — https://www.zertifizierte-ki.de

As a global initiative, the AlQI consortium explicitly addresses the critical role of QI for secure and trust-
worthy Al. The alliance of European and non-European Ql institutions and other organizations aims to
provide a forum for global Ql institutions and support them in ensuring the secure and ethical develop-
ment of Al technologies. In addition to advocating for the use of the global quality ecosystem, the con-
sortium is committed to developing a comprehensive Al safety framework, creating Al certifications,
training programs, and supporting skills development and capacity building (AlQl, 2025). —
https://www.aiqi.org/

Conformity assessment bodies have also set themselves the task of translating social and regulatory re-
quirements (e. g., from the EU Al Act) into test criteria and processes. For example, TOV Al.Lab is develop-
ing quantifiable conformity criteria and suitable test methods for Al. It also actively supports the devel-
opment of standards and norms for testing safety-critical Al applications.

The European association TraCIM provides a system and quality criteria for the automated validation of
software in measurement technology, which are continuously being expanded to the field of Al testing
(TraClM, 2025).
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On the other hand, market surveillance can also make use of Al as a tool itself: By using big data and
Al, market surveillance authorities can analyze large amounts of data in real time and, for example,
use Al recommendations to decide which products to test and which trends to monitor. This helps to
identify potential risks at an early stage and take proactive measures.

The annual German Market Surveillance Conference organized by the BMWE and BNetzA as a forum
for the exchange of experiences for market surveillance stakeholders from administration and in-
dustry has focused on the topic of Al to discuss the challenges and opportunities for market surveil-
lance authorities and to provide a platform for exchange.
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3. Framework conditions
3.1. International network

Given global supply and value chains and the worldwide networking of Ql institutions and pro-
cesses, the digitization of quality infrastructure can only be achieved through international coop-
eration and coordination. Accordingly, the QI-Digital initiative is promoting international net-
working in parallel with its development work.

Goal: Internationally recognized digital QI tools and procedures for cross-border interoperability

Cross-border interoperability is to be ensured through global harmonization in digital Ql, e.g.,
through interoperable data formats, data infrastructures, and software architectures for digital
tools and processes. In many countries and regions around the world, as well as in global organiza-
tions and associations, there are already a wide range of initiatives and projects for the digital trans-
formation of Ql. Exchanges between these initiatives promote mutual support and learning from
each other, the development of common standards and best practices, and thus close integration
with international activities. To this end, the partner institutions of the QI-Digital initiative are net-
worked in a variety of ways within international science and quality infrastructure and are expanding
this network in a targeted manner.

Focus metrology

- The International Bureau of Weights and Measures (BIPM) coordinates the international de-
velopment, implementation, and promotion of the Digital Units (SI) Framework as part of
the digital transformation of science and quality infrastructure. The goal, much like QI-Dig-
ital, is to promote cross-Ql work on digital tools, interfaces, and platforms. In addition to
the CIPM, the joint declaration of intent has also been signed by OIML, ILAG, ISO, IEC, IMEKO,
and others (BIPM, 2022). In it, they declare their support for the development, implementa-
tion, and promotion of the SI Digital Framework.

- As Germany's national metrology institute, the PTB represents Germany in the CIPM's Fo-
rum on Metrology and Digitalization (FORUM-MD), which was founded in 2024, chairs the
forum, and coordinates the participation of IMEKO and OIML.

- Since 2021, the PTB has been coordinating the newly established "Digitalization Task Group"
of the OIML, the highest body for harmonizing requirements and regulations for conformity
assessment and market surveillance of measuring instruments. In close coordination with
ISO and IEC, the committee develops smart OIML documents. In many regions of the world,
OIML documents form the normative basis for legal metrology, making harmonization par-
ticularly important. The — D-CoC, the D-SI, and the efforts to develop — SMART standards
from QI-Digital are thus being incorporated into the work of the OIML.

- Research and development in metrology are driven internationally by the International Me-
trology Confederation (IMEKO). The Technical Committee on Digitalization (TC6), chaired by
PTB, organizes workshops and consultations with members and partners worldwide.

- The PTB has been involved in the EURAMET working group on the strategic development of
digitalization in Europe since its inception and coordinates the project groups on the har-
monization of digital certificates and machine-readable research data.

- Since 2018, international DCC workshops and conferences have been held to coordinate the
development of digital calibration certificates internationally. As a result, the PTB's — DCC
schema, for example, was chosen by the US National Institute of Standards and Technology
(NIST) as the basis for further local development.

- There are also plans to increase the focus on European development and pilot projects, in-
cluding a European data space for metrology.

Focus standardization
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- International cooperation in the field of SMART standards is essential and is promoted by
DIN and DKE. For example, DIN is involved in the SMART Steering Group at the highest deci-
sion-making level (Council) at ISO, the Joint Business Model Group, and by providing its pro-
totype for the OSD platform. In this way, they contribute to program management, business
model development, and technical implementation (DIN, 2024).

Focus on conformity assessment

- Creating a standardized framework for the digital exchange and verification of product
conformity information to improve the efficiency and reliability of conformity assessments
in international trade is also the goal of UN/CEFACT. A project group has published the
white paper "Digital Product Conformity Certificate Exchange” with the participation of Ql-
Digital, as well as the corresponding Business Requirement Specification. (See also the info
box at the end of chapter 2.3.4). The German Accreditation Body (DAkkS) also contributed to
this.

- The "Digitalization” working group of EUROLAB, the European interest group for laborato-
ries, deals with a wide range of aspects relating to the laboratory of the future - both at the
level of the operational, process-related laboratory and at the level of the regulatory and
business environment. QI-Digital is represented by BAM. A joint work plan with Eurachem is
intended to address the most important priorities, including validation of equipment and
software, interoperability and integration of laboratory systems, data storage and data
protection.

- For conformity assessment in the field of metrology, the notified bodies in Europe coordi-
nate their activities in the NoBoMet committee. The PTB coordinates a working group on the
coordination of digital certificates.

- Decisions and measures require a sound data basis: For its study on the state of digitization
in conformity assessment bodies worldwide (— see info box in Chapter 2.1.5 Conformity As-
sessment), BAM is working with a partner network of accreditation bodies and UNIDO. Joint
international events on the digitalization of QI strengthen knowledge transfer and create
understanding of the situation and best practices in different regions of the world - includ-
ing emerging and developing countries on all continents.

Focus accreditation

- DAKKS actively participates in the technical policy dialogue process of the Global Project
Quality Infrastructure (GPQI) of the Federal Ministry for Economic Affairs and Energy
(BMWE). Together with various partner organizations from different countries, DAkkS dis-
cusses not only technical policy issues, but also the role of digitalization and presents the —
digital tools of QI. In particular, — digital certificates with the — digital accreditation sym-
bol (— eAttestation), which serve as digital solutions for removing barriers to trade.

- DAKkS is also committed to the internationalization of digital QI solutions in bilateral ex-
changes, for example within the framework of a BMWE administrative partnership with
Ukraine and corresponding events and discussions. In 2025, a dialogue on digitization
measures also took place with the Serbian accreditation body.

- DAkkS is also involved in the development of conformity assessment standards within the
framework of European and international standardization organizations in the field of arti-
ficial intelligence.

Focus on the digital ecosystem
Developments in data spaces and digital asset administration shells are being driven forward in in-
ternationally active organizations.
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Administration shell/AAS: In order to transfer QI tools, assets, etc. into standardized AAS submodels
and thus establish them (internationally) in the market, the QI-Digital initiative is involved in the In-
dustrial Digital Twin Association (IDTA) through the memberships of BAM and PTB.

DPP: At European and international level, organizations, committees, and projects are working on
technical solutions for an efficient and trustworthy Digital Product Passport (DPP), in particular har-
monized identifiers, data formats, and interfaces across the entire life cycle of a product. Ql-Digital
is involved in the DIN/DKE joint committee on the DPP, which mirrors CEN/CENELEC JTC 24 at the
national level. In the EU project CIRPASS-II, the QI-Digital consortium also contributes to Task 4.2
(DPP system ontologies) and is active in working groups, e.g., on the implementation of the DPP in
various sectors and on standardization liaisons to ensure interoperability and consideration of Ql re-
quirements.

Focus on developing and emerging countries

A strong QI worldwide, especially in developing and emerging countries, is essential for secure and
sustainable value and supply chains. International trade depends on a functioning Ql. Technical co-
operation on Ql is therefore important — both for an industrial and export nation such as Germany
and for developing countries that would otherwise face exclusion from international trade.

- On behalf of the Federal Ministry for Economic Cooperation and Development (BMZ), PTB is
involved in a large number of projects worldwide as part of international cooperation to es-
tablish and expand quality infrastructures. The digital tools developed in the QI-Digital ini-
tiative are becoming increasingly important for the implementation of digital projects in
partner countries.

- Anexchange with representatives from developing and emerging countries takes place, for
example, in panel discussions at the annual "QI-Digital Forum," where the various perspec-
tives on the transformation of QI are examined. In order to learn from each other, addi-
tional multilateral exchange formats are also organized (— BAM/UNIDO webinar "Empow-
ering Quality Infrastructure through Digitalization").

- With the Global Project Quality Infrastructure, the BMWE is engaged in international coop-
eration on quality infrastructure with key trading partners Brazil, China, India, Indonesia,
and Mexico with the aim of international harmonization. Here, the QI-Digital initiative con-
tributes to digitalization topics with ideas and exchanges.

Outlook

Global networking makes it clear that other countries and regions are already actively addressing
the digital transformation of Ql. This makes international coordination even more urgent.

At the same time, given the deep integration into the European single market and the corresponding
legal framework, as well as the urgent European policy initiatives that depend on a strong and mod-
ern Ql, the commitment of the Ql-Digital initiative and its partner organizations must be further
strengthened, especially in Europe. One example of this is the intensive exchange with the European
Quality Infrastructure Network (EQIN), which was founded in 2024 by the European QI organizations
CEN/CENELEC, EA, Welmec, and EURAMET, but also bilaterally with initiatives and organizations in
the respective EU partner countries.

In addition, global partner networks must be established and expanded, and joint projects promoted.
In particular, developing and emerging countries must also be actively involved in this process.
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3.2.  Legal framework and administrative practice

In addition to technical development and testing work, the legal framework and administrative
practice must also be examined with regard to their suitability for the use of digital tools, proce-
dures, and processes for the digital transformation of Ql.

Goal: A legal framework and corresponding administrative practices that enable and promote
digital Ql.

Ql is cross-cutting in nature: the legal framework for QI affects various areas of law. The existing le-
gal framework—from European directives within the New Legislative Framework to German federal
legislation, technical rules, and municipal ordinances—may be designed in such a way that it hinders
(or promotes) the introduction and use of new digital solutions, e. g., through analog or digital writ-
ten form requirements and other specifications, forms, and deadlines for providing evidence, etc.
This can affect various areas of application - from product safety to environmental and consumer
protection to commercial law.

Itis therefore necessary to examine in advance and in parallel with developments to what extent the
existing legal framework is structurally and specifically suitable for digital QI and conducive to im-
plementation in administrative practice. This is followed by questions about existing hurdles, obsta-
cles, but also potential, as well as adaptation requirements and design options. A legal framework
that meets the necessary digitization of QI and its corresponding implementation enables and pro-
motes innovation, ensures competition and competitiveness, brings about efficiency gains in bu-
reaucratic processes/bureaucracy reduction, and creates legal certainty.

Principles for good regulation

The "Regulation” focus group of the QI-Digital Initiative Advisory Board has developed a policy paper
with recommendations and requirements for a legal framework and the underlying rules set by QI
institutions suitable for digital Ql. According to this paper, 10 principles should be considered in leg-
islative and regulatory practice to enable the introduction and use of digital QI tools and procedures
(Q!I-Digital Advisory Board, 2023):

1. Accept digital formats as a matter of course ( o A
2. Standardize requirements 10 principles for good regu-

3. Focus on processes and users lation

4. Overcome silo thinking Paper by the QI Digital Advi-

5. Introduce digital checks throughout sory Board with recommenda-

6. Create/strengthen capacities and resources tions for responsible actors in

7. Open up spaces for experimentation legislation, standardization,

8. Rethink existing practices, dare to try new things and administration (link, in

9. Involve interest groups/stakeholders German)

10. Ensure openness to technology _ Y,

Initial concrete proposals are set out in the policy paper. In the spirit of inviting dialogue, the devel-
opment of specific concrete measures and regulations can make an important contribution to the
creation of a sustainable and adaptable legal framework — and thus to the successful implementa-
tion and further development of digital Ql. This requires close cooperation between all stakeholders
involved to develop practical and future-oriented solutions.
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Suitability of the existing legal framework e ~
Study

In order to assess the suitability and effectiveness of
the existing legal framework and administrative
practices for a digital Ql, the Federal Institute for
Materials Research and Testing, in consultation with e

the advisory board of the QI-Digital initiative, com- ative (in German)

missioned a legal study (Reusch, 2025). % — urn:nbn:de:kobv:b43-632444 )

Suitability of the legal framework for a
digitalized quality infrastructure - Le-
gal study as part of the Ql-Digital initi-

An analysis of the European legal acts that are relevant to Ql and its elements, the associated na-
tional regulations, and civil and administrative law shows that the vast majority of existing legal re-
quirements do not prevent the digitization of Ql. Rather, the existing requirements create a legal
framework that allows, among other things, electronic data collection, electronic communication,
and digital applications. This applies in particular to the requirement for written form in certain legal
acts. In Germany, the written form requirement can also be fulfilled by electronic means. Regarding
the possibility of creating and storing product information and product labels in electronic form, the
legal requirements are already largely in place. In some cases, such as the new Battery Directive,
there are also specific digitization approaches.

Regardless of this, it is necessary to further adapt the existing legal framework to establish or ex-
pand a fully digital Ql. Obstacles currently exist, particularly regarding comprehensive digital com-
munication between stakeholders. There are still gaps in the ability of economic actors and institu-
tions to communicate digitally in a consistent manner without media discontinuity.

The German government's Bureaucracy Relief Act IV (BEG 1V, 20/11306) aims to relieve the economy,
citizens, and the administration of unnecessary bureaucracy. Among other things, BEG IV aims to
drive forward digital transformation by reducing formal requirements in civil law so that, ideally, a
large number of legal transactions can be carried out digitally without media discontinuity in the fu-
ture. For example, the amendments to the Accreditation Agency Act (AkkStelleG) to downgrade the
written form to text form should help to enable the complete digitization of processes.

Testing through Regulatory Sandboxes

Regulatory sandboxes are intended to enable the testing of new legal requirements through appro-
priate experimentation clauses. In particular, they offer a suitable framework for creating and ad-
vancing a test environment for the further digitization of Ql. (— see infobox on next page)

Outlook Areas of action

e Structured, in-depth investigations into the status quo of the suitability of the existing le-
gal framework for digital Ql and analysis of the potential and necessity for adaptation
based on the available specialist study by BAM (Reusch, 2025)

e Development of a concrete checklist (a guidance document) for regulators and authorities
with concrete recommendations for action for good legislation and regulation that pro-
motes the digitization of Ql

e Initiation of concrete regulatory sandboxes for Ql

e Standardization of transmission mechanisms in administrative practice: Provision or defi-
nition of "standardized formats" by authorities

e Reduction of federal state-specific requirements and standardization of formats so that
machine-readable information can be easily exchanged across national borders
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[
e  Ensuring the "digital suitability" of standards (especially ISO CASCO standards)
e Establishment of dialogue and practice formats in order to identify specific obstacles in

open exchange with administrative authorities and to develop, demonstrate, and imple-
ment solutions within the framework of digital Ql in administrative practice

Infobox: Regulatory sandboxes for innovation and regulation

"Regulatory sandboxes" (“Reallabore als Testraume fiir Innovation und Regulierung” in Germany) make it
possible to test digital technologies and business models under real-world conditions that are still subject
to restrictions under the general legal framework. To this end, they often use so-called experimental
clauses, which allow deviations from general technical regulations for a limited period of time and often
also for a limited area with the approval of the competent authority.

In this way, regulatory sandboxes make it possible to first learn about the opportunities and risks of an
innovation before the legal framework is adapted in the next step, for example, to generally approve the
innovation in question. In this way, they improve the agility and innovation-friendliness of the legal
framework and increase the attractiveness of the country or region as a location for innovation and in-
vestment (BMWK, 2021).

In November 2024, the German Federal Cabinet approved the draft law to improve the framework condi-
tions for testing innovations in regulatory sandboxes and to promote regulatory learning (Reallabore-
gesetz) — Draft: Link.

3.3. Transfer and stakeholder participation

Goal: Targeted transfer processes and active stakeholder participation for broad acceptance and
co-creation, as well as effective knowledge transfer to bring digital Ql into rapid application.

The complexity of the digital transformation of Ql requires the determined and targeted participa-
tion of relevant interest groups and appropriate networking. In this context, particular emphasis
should be placed on cooperation with associations as multipliers.

Outlook: Areas of action
Development and transfer into practice
e Concrete joint development and implementation projects with research institutions, users,

authorities, and other stakeholders
e Establishment of and involvement in networks

Easily accessible education and information offer-
ings

Exchange and demonstrations at events such as
trade fairs, conferences, etc., as well as the organi-
zation of specific formats such as the annual QI-
Digital Forum, workshops, and roadshows
Workshops and other suitable formats for identi-
fying requirements from practice

Involvement in standardization and other commit-
tee work at national and international level

Design of targeted support programs
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Practical workshops for testing
and calibration laboratories

As part of this dialogue format, four
workshops were held by BAM to-
gether with DAKkkS and VUP to record
the expectations, needs, and experi-
ences of laboratories regarding digi-
tal Ql. Recommendations for action
derived from the findings serve as a
basis for the targeted development
and transfer of digital QI solutions.
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Establishing a hub for digital QI

e Development of a comprehensive digital platform for bundling communication, exchange,
and resources related to digital QI

e (Consolidating Ql-Digital as the central hub for the topic of digital Ql

e Establishing targeted cooperation structures with key players in the Ql, in particular
through strategic partnerships with associations as catalysts for digital transformation

Strengthening infrastructure and governance
e (Continuing to involve the QI-Digital initiative's advisory board as a central body to ensure
that activities are market-oriented and to bring practical ideas to the initiative

e Necessary technical and structural infrastructures for the sustainable and up-to-date pro-
vision of resources

3.4. Accompanying research and activities

Goal: Continuous scientific monitoring and evaluation of the digital QI transformation in the
sense of a holistic transformation approach and to optimize processes and results.

The digital transformation of Ql is a multidimensional challenge: technological, organizational, and
socio-economic. Accompanying research and activities contribute significantly to the optimization
of implementation strategies, the generation of recommendations for action, and the development
of future scenarios. In this context, the linking of theoretical findings with practical application con-
texts is of key importance.

In addition to the requirements already outlined regarding the design of legal frameworks and ad-
ministrative practice, as well as the necessary international connections, many other aspects beyond
purely technical development work need to be addressed. These include, for example, socio-tech-
nical system design (issues of acceptance, human factors, etc.), impact research, and other frame-
work conditions.

A fundamental understanding and awareness of the economic significance and mechanisms of QI
and its elements in general must also be strengthened among decision-makers in politics, business,
and administration to ensure the necessary sustainable support for the transformation process. An
accompanying study showed that Ql is a key success factor for the German economy, contributing a
total of 7.8% to national economic output (Blind et al., 2025).

There are a multitude of factors that contribute to a functional and efficient Ql, and the global eco-
nomic, technological, and political environment is highly dynamic. Therefore, well-founded scenario
development and trend analysis are essential in order to strategically consider the factors in their
entirety and classify their effects. Only in this way can forward-looking and effective political
measures be derived. A corresponding trend study on Ql in 2035 commissioned by BAM has devel-
oped scenarios for QI with various experts that take into account not only digitalization but also ge-
opolitical factors, for example (Blind et al., 2025).

The success of the digital transformation of the QI will also depend on the extent to which techno-
logical innovations, organizational change processes, and social needs can be balanced in a dynamic
equilibrium. Corresponding multidisciplinary projects should be implemented to accompany the
transformation.
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4. Outlook and invitation to joint further development

The digital transformation of the quality infrastructure (Ql) is a complex but necessary step to se-
cure Germany's innovative strength, competitiveness, and regulatory and bureaucratic capacity to
actin an increasingly networked world. This roadmap shows that QI is not on the sidelines of digital
development - it is a key enabler of secure innovation, trustworthy technologies, and efficient pro-
cesses. Digital Ql is not an end in itself. It is a key to solving global challenges - from sustainable
production and secure Al to resilient supply chains.

For digital QI to reach its full potential, key requirements must be met: Interoperability to seam-
lessly connect systems and actors; technological openness to enable future-proof solutions; and
sovereignty to maintain control over quality-relevant data and processes. Equally crucial are meth-
ods and procedures that can be flexibly applied to different use cases and reduce complexity
through standardization and modularization.

Digital QI must see itself as a supporting function, as a reliable partner for business, administration,
and society. Its role lies in providing modern tools, procedures, and framework conditions that ena-
ble quality and security in the digital world—efficiently, transparently, and trustworthily. QI thus
becomes an anchor of trust in digital ecosystems—for companies, public authorities, and consumers
alike.

In particular, the integration and federation of processes through digitalization opens up new per-
spectives: It allows for critical reflection on existing institutional structures and processes and of-
fers the opportunity to rethink quality assurance - data-based, automated, and user-centered.

The digital transformation of Ql is not just a national task - it is a global project. In a world where
products, data, and services circulate across borders, QI must also be internationally compatible, in-
teroperable, and trustworthy. The roadmap shows that digital QI can become the backbone of a net-
worked, sustainable, and innovation-friendly economy - if it is consistently developed and harmo-
nized internationally.

At the same time, digital Ql itself needs trust: in its processes, its standards, and its institutions. This
trust is created through transparency, security, efficiency, and the involvement of all relevant
stakeholders. The roadmap is a first step. It therefore expressly invites further participation -
whether through the development of concrete use cases, participation in pilot projects, international
cooperation, joint standardization activities, or the contribution of expertise. Only together we can
create a digital Ql that not only works technically, but is also accepted and economically effective.

We look forward to hearing from you!

info@qi-digital.de

www.gi-digital.de
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Abbreviations

Al Act Regulation laying down harmonized rules for artificial intelligence

API Application Programming Interface

BAM Federal Institute for Materials Research and Testing

BIPM Bureau International des Poids et Mesures (International Bureau of Weights and
Measures)

BNetzA Federal Network Agency for Electricity, Gas, Telecommunications, Post, and Railways

Caas Content as a Service

ccam Consultative Committee for Amount of Substance: Metrology in Chemistry and Biol-
ogy

CcDD Common Data Dictionary (IEC and I1SO)

CIPM International Committee for Weights and Measures

T Computed tomography

DAKkS German Accreditation Body

DCC Digital Calibration Certificate

D-CoC Digital Certificate of Conformity

DCRM Digital Certificate for Reference Materials

DEMOL “Digitaler Eichantrag Melden Online” (online calibration authorities platform)

DICOM Digital Imaging and Communications in Medicine

DIN German Institute for Standardization

DKD German Calibration Service

DKE German Commission for Electrical, Electronic and Information Technologies

DPP Digital Product Passport

DRMD Digital Reference Materials Document

D-SI Digital International System of Units

DSSC Data Spaces Support Center

DTR Digital Test Report

DX Digital Schema X

EA European Co-Operation of Accreditation

ECG Electrocardiogram

elDAS electronic IDentification, Authentication and trust Services (Regulation)

EQIN European Quality Infrastructure Network

ETL Extract, Transform, Load (process for combining data in a target database)

EURAMET The European Association of National Metrology Institutes

GDP Gross domestic product

GPQl Global Quality Infrastructure Project

IAF International Accreditation Forum

IDiS Digital Standards Initiative

IDSA International Data Spaces Association

IDTA Industrial Digital Twin Association

IEC International Electrotechnical Commission

ILAC International Laboratory Accreditation Cooperation

79



O
Ql
Q DIGITAL

IMEKO International Measurement Confederation

INetQl International Network on Quality Infrastructure

ISO International Organization for Standardization

ISO CASCO committee responsible for conformity assessment in ISO

KBS Conformity assessment body

MRI Magnetic resonance imaging

NDT Non-destructive testing

NIfTI Neuroimaging Informatics Technology Initiative

NISO STS National Information Standards Organization Standards Tag Suite (standard for XML
encoding of standard documents)

NIST National Institute of Standards and Technology (USA)

NoBoMet European Coordination Group of the Conformity Assessment Bodies in Legal Metrol-
ogy

OIML International Organization of Legal Metrology

OPCUA Open Platform Communications Unified Architecture

0sD Online Standards Development Tool

PKI Public Key Infrastructure

PTB Physikalisch Technische Bundesanstalt

Ql Quality Infrastructure

QR code Quick Response Code

ReqlF Requirements Interchange Format

RFID Radio Frequency Identification

SDG Sustainable Development Goals

TSPS Trust Service Practice Statement

UN/CEFACT  United Nations Centre for Trade Facilitation and Electronic Business

UNCTAD United Nations Conference on Trade and Development

UNECE United Nations Economic Commission for Europe

UNEP United Nations Environment Programme

UNIDO United Nations Industrial Development Organization

VDMA Mechanical Engineering Industry Association

VUP German Association of Independent Testing Laboratories

WBCSD World Business Council for Sustainable Development

XML Extensible Markup Language
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QI-Digital Initiative

Quality Infrastructure Digital (QI-Digital) is a joint initiative of the key players in the German
quality infrastructure: BAM, DAKKS, DIN, DKE, and PTB. The initiative is funded by the Federal
Ministry for Economic Affairs and Energy (BMWE). Together with partners from industry, it
develops practical solutions for a modern, agile, and digital quality infrastructure. The aim is
to digitize established quality assurance structures and processes and to highlight the poten-
tial of a modern, digital QI to support the green transformation. In this way, it is helping to
secure the long-term competitiveness of the German economy.

El@a2E www.qgi-digital.de
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