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Towards Agile Standardization: Testbeds in Support
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Abstract—The Industrial Internet of Things (IIoT) poses multi-
ple challenges to traditional standardization, due to the complexity,
dynamics, and accelerating speed of technological progress. The
need for a timely availability of standards calls for new approaches
and tools to enhance standardization processes for smart manufac-
turing. Industry and standards development organizations world-
wide are seeking new solutions. Testbeds have been acknowledged
in innovation policy as a powerful tool for knowledge transfer and
the further development of emerging technologies. Lately, they have
also attracted increasing attention from the standardization per-
spective as a promising tool for a more agile standards development
process. Proponents of such testbeds expect them to support stan-
dardization by providing validated solutions and accelerating the
processes to meet the growing demands for faster standardization
without any detriment to quality. In an explorative, qualitative
approach this article is the first to investigate the operation and
impact of testbeds in standardization processes based on a multiple
case study on testbeds implemented worldwide in the context of the
IIoT.

Index Terms—Agility, Industrial Internet of things (IIoT),
Industrie 4.0, standardization, standards.

I. INTRODUCTION

W ITH the growing complexity, accelerated technological
development, and increasing need for interoperability

that come with the digital transformation of industry into smart
manufacturing systems (Industry 4.0), standardization faces
growing challenges to develop timely and high-quality standards
[1]. Stakeholders are seeking new tools and approaches that
could help meet this challenge. Here, testbeds as controlled
experimentation platforms where specific use cases can be
implemented [2] are attracting ever more attention [3]. They
have been implemented worldwide, and increasingly are pooled
in dedicated platform organizations established to support and
promote interoperability in smart manufacturing. Testbeds can
be used to develop, improve, and validate standards, gaining
insights and defining requirements which are then fed into stan-
dardization. Although testing has already been part of standards
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development for some time [4]–[6], the strategic and compre-
hensive international approach followed by these platforms in
this domain is a new phenomenon worth investigating.

Both testbeds and standardization are platforms for coordi-
nation and cooperation, in which participants can gain new
knowledge and collectively solve problems [7]–[10]. Testbeds as
a form of premarket collaborative activity could help to provide
tools and mechanisms for faster and more flexible coordination
in standards development, while still maintaining high quality.
In combination, standardization and testbeds can potentially am-
plify the diffusion of R&D results and innovations into markets.
However, the role of testbeds in standardization has not yet
been researched; not much is known about the knowledge flows,
emerging processes, and impacts.

In this article, we aim to fill this research gap by conducting
an explorative multiple case study on testbeds in the context
of Industry 4.0, to find out how they impact standardization
processes, principles, and outcomes. The article first reviews the
theoretical background in Section II covering conventional stan-
dardization processes, the current challenges of standardization
in the context of smart systems such as Industry 4.0, and the need
for new approaches. The section then introduces testbeds as a
tool in innovation policy and outlines the rationale and ongoing
trends in their application for standardization. After presenting
the methodology and selected cases in Section IV, Section V
then illustrates five types of standardization approaches followed
by the testbeds in our sample. We discuss our findings in
Section VI, before Section VII concludes this article.

II. THEORETICAL BACKGROUND

A. Industrial Internet of Things (IIoT)

The IIoT describes an “information network of physical
objects ( …) that allows interaction and cooperation of these
objects” in industrial environments [11]. Applying modern in-
formation and communication technologies (ICT), the concept
aims to introduce a new stage of organization and control of
the entire value chain throughout the life cycle of products,
based on connected cyber-physical systems (CPS) [12]. The
concept is being discussed worldwide under different terms,
for instance, smart manufacturing, Industrie 4.0 in Germany, or
Internet Plus in China, each differing more or less with regard to
their meaning and scope of applications. Applying CPS, these
concepts all build on the same enabling technologies such as
Big Data, Advanced Data Analytics, Additive Manufacturing, or
Cloud Computing [11], [13]. Integrating these shall ultimately
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contribute to realizing the vision of global networks of busi-
nesses. With a growing number of interconnected technologies
and components, a complex system of systems emerges [11].
This increases the demand for capable standards to ensure
interoperability [1], which is a key prerequisite for the vision
of IIoT to be realized [13].

B. Standardization

1) Process and Principles of Standardization: Standards
serve as a channel for knowledge and information transfer and
provide for interoperability and compatibility [14]. The latter
function is especially important in the context of the ongoing
digital transformation, which demands the interoperation of
components and whole systems [1]. Standards can emerge either
from a market-based process (de facto standards) or as the result
of a committee-based approach where stakeholders agree on
a solution [15], [16]. In such a voluntary process, technical
specifications are developed in specific committees established
in standard setting organizations (SSOs) [17], [18]. There, stake-
holders from industry, academia, public authorities, and interest
groups seek a consensus on solutions that will eventually be
adopted as official standards [17]–[19], which are the result of
technical discussions and political negotiations [4]. This can
be a time consuming and bureaucratic process, which may be
problematic in times of fast technological change and the often-
times quick emergence of de facto standards [16]. Consortia, as
“private sector-led organizations that create or otherwise support
standards” [20], have been addressing these shortcomings of
formal standard development organizations (SDOs) providing
an institutional platform and mechanisms for faster and more
flexible market-based technical coordination [21].

How the standardization processes are organized affects the
outcomes of standardization [22]. The governance models, pro-
cesses, and principles followed in standards development may
vary from one organization to the other [23], influencing their
respective openness, level of consensus, transparency, and man-
agement of intellectual property rights [19]. Standardization in
formal SDOs such as ISO and IEC, their national counterparts,
but also IEEE and consortia such as IETF or W3C, is a collab-
orative, inclusive and due process, open to all interested parties
[21], [23], [24], which lends particular legitimacy to the pro-
cesses and outcomes [16]. From an organizational perspective,
legitimacy is “a generalized perception or assumption that the
actions of an entity are desirable, proper, or appropriate within
some socially constructed system of norms, values, beliefs, and
definitions” [25]; from a procedural perspective, it is “the aspect
of governance that validates institutional decisions as emanating
from right processes” [26].

Standardization and standards require a kind of democratic
legitimacy, contributing to the acceptance and proliferation of
application of the standard [27]. Since standards are not only
based on technical considerations, but always involve “com-
mercial interests, political preferences, moral evaluations etc. at
the same time [ …], the democratic legitimacy of all standards
is at issue as a matter of principle” [28]. Especially in network
industries such as ICT, legitimacy is paramount, since standards

can become quasi-mandatory due to network effects, forcing
users to conform to the prevailing standards [28].

Legitimacy can be distinguished in input, throughput, and
output legitimacy [27], [29]. Input legitimacy refers to the rep-
resentation of different stakeholders during the standardization
process. This rests upon the requirement that “those who are
affected by a decision must be able to take part in the pre-
ceding governance processes and have an equal opportunity
to engage in the discourse” [27]. Membership in international
SDOs should be open on a nondiscriminatory basis at every
stage of the standards development process, providing any inter-
ested stakeholder the opportunity to participate [30]. However,
even in formal SDOs, balanced participation of all interested
stakeholders—especially beyond nonindustrial participants—is
oftentimes problematic [31].

Throughput legitimacy comprises the modalities of decision
making (e.g., the consensus principle as a centerpiece) and
the transparency of the development process [27]. Legitimacy
requires fair and transparent rules. The accordant requirements
for standards development are manifested in the WTO Technical
Barriers to Trade Agreement, covering “transparency, openness,
impartiality and consensus, effectiveness and relevance, [and]
coherence” [30], which are to be adhered to in international stan-
dardization and by the SDOs of signatory countries. Although
there are many consortia that do not adhere to such principles,
e.g., by not considering nonindustry interests or by constraining
access [20], and some that adapt them to their specific needs and
commercial interests [15], [32], others such as IETF or W3C
fully embrace these principles, and have even signed an accor-
dant initiative to support open standards (OpenStand initiative).
Being based on a consensus process increases social acceptance.

Output legitimacy, finally, concerns the actual result of the
standardization process and its problem-solving capacity [27]. It
thus “results from the effectiveness and coordinative capacity of
a standard and is therefore predominantly related to its diffusion”
[33]. Output legitimacy is achieved when a standard is regarded
as “good,” in the sense of beneficial or acceptable, by those
who are affected—regardless of the issuing organization or
the development process [28]. However, as Werle and Iversen
outline, the “benefit” of a standard cannot be demonstrated by its
diffusion alone, but rather requires consideration of all relevant
technical, commercial, socio-economic and socio-political as-
pects during development, given the standard’s potential positive
and negative externalities [28].

In any case, participation in standardization offers the parties
involved the opportunity to gain new knowledge and solve
problems collectively [7]. Standardization committees serve as
a platform for knowledge sharing and production; the outcomes
(thus, the standards) are a form of codified knowledge [34]. For
markets, the coordination that takes place during standardization
plays an important enabling role and can influence business
processes and innovations [35]. In the next section, the role
of standards and standardization for innovation is examined in
more detail.

2) Role of Standards for Innovation and Emerging Technolo-
gies: Standardization and innovation are inextricably linked
[36] and the important role of standards in the development of
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innovation is well acknowledged in research [37]–[39]. Stan-
dards support the diffusion of innovation and technology transfer
by codifying the state of the art in technology and knowledge
[35], [36], [39], [40]. They thus represent a technology transfer
channel which is integrated into a consensus process, and as a
public good are openly accessible to any interested stakeholder
[34], [36]. They contribute to bringing knowledge gained in
R&D into innovative products and processes, realizing commer-
cial benefits and exerting an economic impact [34]. In addition,
the time-to-market of new technologies and innovations can
be reduced through standardization [17]. In the stages where
markets for new technologies form, standards help to build the
necessary cohesion, credibility, focus, and critical mass [40].
Research has also revealed the various roles that different types
of standards play within and between the phases of the R&D
process, from pure basic research toward market diffusion. The
specific contributions of terminology, testing, interface, compat-
ibility, quality, and variety-reducing standards are essential for
emerging technologies to progress along the innovation cycle
[37]. A failure to standardize in a timely manner can hinder or
slow down the diffusion of a new technology [41]. Like R&D
itself, standardization is a platform for cooperation and coordi-
nation, even between actors who are otherwise competitors [10].
As such platform, standardization and standards are “important
elements in the framework conditions for research, development,
and innovation” [34].

Given the fundamental role of standards for innovation, the
topic has been taken up by innovation policy. Research funding
programs have recognized standardization as an instrument for
technology and knowledge transfer, e.g., within the EU Research
and Innovation Program Horizon 2020 where participation in
standardization is specifically considered a research output
[23], [34].

3) Current Challenges for Standardization in Context of the
IIoT and the Need for New Approaches: Interoperability and
compatibility between technologies, devices, machines, and
applications across value chains, domains, and countries are
the basis of the IIoT. Standards enable this interoperability and
guarantee that technologies work together smoothly and reliably
[42]. Furthermore, the increasing information flows also require
standardized formats, and information security and integrity
need to be assured [43]. Yet, the many different technologi-
cal domains with stakeholders from various disciplines and
organizations that characterize complex smart systems, such
as the IIoT, pose challenges to standards development and
today’s standardization ecosystem [1]. Traditional engineering
disciplines, automation and IT cannot be viewed separately,
but instead need to be integrated—as must their standards. The
different standardization cultures of the domains, the diverging
innovation speeds, the continuous evolution of the system and
its components, and the proliferation of standards add to the
complexity of that endeavor [44], [45]. These characteristics
form a complex system of systems that requires a coordinated
and systematic approach by a variety of stakeholders.

In order to be successful and sufficiently fast, standardization
needs cross-sectoral systems thinking [1] as well as multidisci-
plinary, flexible and comprehensive processes and new tools [1],

[46], [47]. Some such new approaches and tools have emerged in
recent years, such as roadmaps [1], [48], use cases [49], require-
ments engineering approaches [50], Reference Architectures
[51], standards mapping [52], and anticipation and foresight
studies [46]. One tool that has recently attracted global attention
is testbeds. Before exploring their role in standardization in
more detail, the following section introduces the general concept
of testbeds and highlights their role in the life cycle of new
technologies as well as in innovation policy.

C. Testbeds and Innovation

1) Definition of Testbeds: Digital transformation challenges
the research and innovation landscape and demands new
approaches. Experimentation and innovation-based platform
ecosystems can bring stakeholders together to collaboratively
work on solutions and innovation opportunities for the IIoT
and other new technologies. Testbeds can play a key role here
[53]. They “provide a platform for cooperation among industry,
small and medium-sized companies (SMEs) and academia and
facilitate the widespread adoption of solutions by developing
prototypes and pragmatically implementing new solutions” [3].
As delimited, spatially confined environments, testbeds allow
for experimentation and testing outside real production envi-
ronments [8], [9] “to think through innovations and test new
applications, processes, products, services and business models
to ascertain their usefulness and viability before taking them to
market” [54].

There are many types of test and experimentation platforms
(TEP) and a wide range of accordant terminology. Ballon
et al. [9] distinguish six types of TEPs, including testbeds, as
well as prototyping platforms, field trials, market pilots, societal
pilots, and living labs. Other authors categorize the latter as an
extension to testbeds in which applications are exposed to users
[8]. In addition to these TEPs, there are also so-called “sand-
boxes” in the UK and “Reallabore” in Germany: Both concepts
provide test platforms for innovation and regulation with the aim
of supporting regulation for innovative technologies [55], [56].
They allow for real-time deliberation of rules and regulations for
new technologies and applications so that regulation can keep
pace with innovation [57], [58].

2) Testbeds as an Innovation Policy Tool: The transfer of
R&D results and the diffusion of innovative technologies into
marketable products is a major issue for economies worldwide
[59]. The challenges associated with digitalization exceed the
existing capacities of many national and regional innovation
infrastructures [60]. Here, testbeds can significantly contribute
to meeting these challenges, providing a new component in the
innovation infrastructure [59]. The potential of testbeds as “plat-
forms that generate and share knowledge to address megatrends
and support research and innovation (R&I) efforts to increase
[ …] competitiveness” [61] has been recognized worldwide. Ac-
cordingly, testbeds covering diverse technical domains, setups,
scales, and objectives have emerged as a new tool for innovation
policy [57], [58], [62]. Many of the accordant strategies have
in common that they strive to address a weakness inherent to
many national and regional innovation systems: the successful
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transfer of R&D results into innovative products [63], [64].
While it can take years and massive investments of resources to
bring an idea to market through long phases of R&D, requiring
heavy investments in science, engineering, and problem-solving,
the preproduction stages have often been too much neglected
[64]. This gap between invention and commercialization—the
so-called “Valley of Death”—represents a “lack of structure,
resources, and expertise” [65]. This phase of the innovation life
cycle is characterized by the need for high investments on the one
hand, but high uncertainties about the potential market success
on the other. With support schemes focusing on R&D phases and
neglecting precommercialization, many innovative technologies
run the risk of getting stuck in R&D or early demonstration
phases [66].

Recognizing this gap, governments are seeking to implement
policy tools to help bridge this Valley of Death. In the United
States, for instance, a National Network of Manufacturing Insti-
tutes (now called “Manufacturing USA”) has been implemented
to support smart manufacturing technologies throughout the
entire innovation life cycle up to commercialization, which
explicitly involves testbeds designed to connect universities,
government, and industry [67].

Considering the maturity of a particular technology using its
respective Technology Readiness Level (TRL) [63], the Euro-
pean research funding program Horizon 2020 focuses on fund-
ing activities aimed at translating R&D results into commercial-
ization, and thus, specifically addresses prototyping, validation
in pilot lines, demonstration, living labs, and testbeds [68].

Testbeds can bring value along the entire R&D cycle, espe-
cially in medium-level TRLs, namely those that correspond to
the Valley of Death. Linking research and innovation with end-
users’ needs in a collaborative setting supports the transfer of
knowledge to industry and society, and the provision of feedback
to research, making them an important part of the innovation
infrastructure [61]. Testbeds help bring new technologies to
companies and users so that they can advance from validation
in a laboratory (TRL 4) to prototypes in industrial environments
(TRL 7) [69].

Given the increasing complexity of emerging technologies,
the importance of testing and improving applications before
they are exposed to their real environment is rising [62]. In
testbeds, new technologies can be validated, showcased, and
demonstrated in relevant industrial environments [70]. Thereby,
testbeds help to reduce risks associated with the introduction
of new technologies, contributing to an increased acceptance
of new products and therefore market success [59]–[61]. Espe-
cially for SMEs, which often lack necessary resources, testbeds
facilitate access to knowledge and technology. Testbeds can
help to provide evidence for the effectiveness of a technology,
and to identify potential technical, economic and regulatory
barriers. These contributions of testbeds enable and speed up
the introduction of innovations to the market and, therefore, help
meet global challenges and improve the competitiveness of the
respective innovation system [61].

As acknowledged by research, also standards support the
diffusion of new technologies [37], [38], [40]. Similar to the
Valley of Death issue in innovation, standardization, too, faces

issues of uncertainty and complexity. Overcoming these chal-
lenges would be beneficial for standardization and, therefore,
also for the diffusion of emerging technologies. The next section
explores the potential and recent application of testbeds for
standardization.

III. TESTBEDS IN STANDARDIZATION

A. Conceptional Background

The EU Horizon 2020 program emphasizes the use of testbeds
to lower barriers to market access for innovations. Here, the
testbeds are also meant to promote standards and therefore foster
trust [69]. However, testbeds are not only used for standards
promotion, but have recently come into focus for standards
development in the domain of smart manufacturing. As a form of
premarket collaboration, their insights are fed into standardiza-
tion to contribute to define requirements towards a technology
[3]. Here, they are meant to support a “more user-driven and
participatory-led standards development process” [71].

As the development of ICT has brought about the rise of
consortia considered more capable of dealing with the specific
challenges, today, a trend towards “multi-mode standardization”
is observed by Wiegmann et al. [23], in which e.g., committee-
and market-based mechanisms and elements are used sequen-
tially or in dynamic interaction when developing standards.
Previous studies have shown that companies use activities in
consortia to build up connections with fellow members, gen-
erating support for their proposals, some of which they then
submit to formal standardization [7]. That consortia are used
for prestandardization activities outside formal SDOs is also
due to the fact that they often have more agile processes [72]—a
feature that is also called for in formal standardization in light of
accelerating technological dynamics, software-intense systems
and shorter innovation cycles of IIoT technologies and smart
systems [72].

Agility promotes high responsiveness to changing environ-
ments and requirements as well as accelerated dynamics and
speeds [73], following development processes that are iterative,
incremental, and test-driven [72]. Considering this prominent
role of testing, testbeds could potentially contribute to more
agility in standards development as well. Testing and enhancing
standards dynamically in realistic test cases can help identify
and address unforeseeable problems and constraints in chang-
ing environments, and also help validate standards [72]. Thus,
given the current challenges to formal standardization, agility
might become an important characteristic of standardization,
supported by the inclusion of testbeds into the standards devel-
opment process. As observed in consortia, also testbeds could
be used as a form of premarket collaborative activity, the results
of which are used to develop standards or are continuously fed
into formal standardization. Testbeds with relevant use cases
and reference implementations could thus change traditional
standardization, becoming part of the process, adapting it to the
agile technology development processes in industry.

Neither agile approaches nor specifically test-driven standard-
ization are new in standards development. Emerging standards
have been tested by designers and developers for many years
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[5]. Especially organizations in IT standardization (e.g., W3C
or IETF) follow such principles.

Even large-scale trials and testbeds are nothing new in stan-
dardization: Since the early stages of 5G, the new generation
of cellular mobile communications, standardization has been
accompanied by testbeds, prototypes, and experimental trials
to demonstrate the feasibility of technologies and whether it
is possible to meet the standards requirements as set out by
3GPP and ITU, thereby contributing significantly to progress in
standards development [6], [74].

Although testbeds are not a new tool for collaboration, having
long been used for joint R&D and even in standardization, the
strategic and comprehensive international approach to it and spe-
cific application for smart manufacturing are novel. Industry and
governments worldwide are implementing accordant initiatives
and platforms that aim at supporting standards development with
their activities.

B. Testbed Platforms Worldwide

Given the complexity of smart manufacturing and standard-
ization in this domain, more and more attention is being paid to
testbeds and their potential contributions to facilitating standards
development. In recent years, individual testbed projects and
platforms have emerged that pool diverse testbeds. This section
introduces some of the most important of these, which, although
different in their setup, have all taken up the tool of testbeds as a
vehicle that can potentially facilitate the standardization of smart
manufacturing technologies.

The Industrial Internet Consortium (IIC) is an industry-driven
platform founded in 2014 by large U.S. companies under the
umbrella of the Object Management Group standards consor-
tium, with currently more than 240 international members. They
work together to identify, compile, and promote best practices
and influence international standardization by creating use cases
and testbeds [75]. Currently, 24 “controlled experimentation
platforms” are run by different IIC members. The testbed part-
ners aim to implement specific use cases and scenarios not
only to generate new products and services, but specifically
also to explore the interoperability between new and existing
technologies. Distinct targets are the generation of requirements
and priorities for the development [2] as well as the validation
of standards for the industrial internet [54].

In Germany, the nonprofit organization Labs Network Indus-
trie 4.0 (LNI4.0) was also founded by major German companies
and industry associations. In contrast to the IIC, however, mem-
bers do not have to pay membership fees. LNI4.0 uses testbeds
as a precompetitive transfer channel for knowledge gained
through R&D, specifically addressing SMEs. The members
develop and demonstrate Industry 4.0 application scenarios (use
cases), which can serve as “important base scenarios to analyze
and identify technical requirements for deployment, expansion
and new developments of the standards afterwards” [76]. The
use cases are implemented in testbeds, which offer SMEs an
opportunity to test the technical and economic feasibility of
technologies and use cases without risk or competitive pressure,
or to work on solutions with other interested stakeholders.

Furthermore, the testbeds are used to identify standard gaps
and to collect information to support standardization processes,
delivering results to standardization organizations in a timely
fashion [48], [77].

The LNI4.0 is part of a broader ecosystem concerned with
standardization for Industry 4.0. It collaborates closely with the
Plattform Industrie 4.0 (PI4.0) and the Standardization Council
Industry 4.0 (SCI4.0), which aim to connect the stakeholders
in all Industry 4.0 domains, initiating standardization activities
and orchestrating them nationally and internationally [78].

Another major initiative has emerged in China, where the
government has introduced its ambitious strategy “Made-in-
China 2025” intended to make the country a world leader in
science and technology and to upgrade China’s industry along
the entire value chain [79]. The Alliance of Industrial Internet
(AII), established in 2016 with the support of the Chinese
Ministry of Industry and Information Technology, represents a
concept very similar to the German PI4.0. Jointly with industry,
this public platform aims to accelerate the development of the
IIoT, undertaking joint research and facilitating the application
of the IIoT, e.g., through testbeds [80]. These testbeds are
run by national and international stakeholders from industry,
academia, and governmental institutions, who aim to develop
and test technologies and further develop standards. Driven by
the motivation to connect companies from different domains and
to keep pace with the fast technological development, meanwhile
a total of 48 testbeds are running under the AII, with 59 different
application cases covering Big Data, Blockchain, 5G and others
(as of February 2019) [81].

C. Research Gap

By now there is a broad range of literature on the role and
effects of standards and standardization in general from an eco-
nomic perspective. Especially their role for innovation has been
increasingly studied in recent years [37]–[40], [82]. In addition,
also strategies and instruments have been investigated that are
meant to support standards development, which has become
an increasingly challenging task given the rising complexity of
today’s smart systems [1].

Although the benefits of testbeds for the diffusion of inno-
vations are broadly acknowledged in politics and practice, the
existing economic literature on testbeds in general is scarce.
Despite a few publications discussing conceptualizations, tax-
onomies, requirements, and challenges of testbeds [9], [62], [83],
scientific publications otherwise predominantly address testbeds
with a technology focus. With dedicated platform organizations
promoting testbeds for standardization in the context of the IIoT,
some white papers and technical reports have recently been
published, covering standards related aspects of testbeds [84],
[85] and first results from the IIC [54]. A study on cooperation
strategies in Industry 4.0, based on interviews with more than
150 international experts, found that these experts, particularly
those from Germany and the USA, considered testbeds the most
effective instruments to cooperate and accelerate the develop-
ment of standards [3]. However, the study does not provide
further insights into concrete cases or how this works exactly.
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TABLE I
TESTBEDS INCLUDED IN THE ARTICLE

Fig. 1. Testbeds in innovation and for standardization.

Despite the acknowledged role of standards for innovation and
the increasing use of testbeds to bridge the Valley of Death, as
well as the increasing promotion and application of testbeds for
the IIoT, the use of testbeds for standardization and the resulting
potential for the diffusion of innovation (see Fig. 1) have not yet
been addressed in scientific economic literature.

This article is aimed at contributing to close this gap by
exploring testbeds and platforms in the IIoT domain as a po-
tential tool to meet current challenges for standardization. We
investigate how different testbeds of various platforms operate.
The article specifically aims to assess whether and how testbed
activities influence standardization processes and outcomes.
It thereby addresses opportunities and threats associated with
testbed activities, e.g., regarding stakeholder representation and
legitimacy.

IV. METHODOLOGY

In view of the scarcity of scientific literature, this article
follows an exploratory, qualitative approach. Designed as a
multiple-case study, the approach helps to gain a deeper un-
derstanding of the phenomenon [86]. It is particularly suitable
for new topic areas and allows to derive novel and empirically
valid theory from the data analysis [87].

The article investigates nine testbeds run by the three above
mentioned platform organizations, the U.S.-based international
IIC, the Chinese platform AII, and the German initiative LNI4.0.

In addition, the study also includes an independent German
testbed project. The selection thus encompasses initiatives with
a broad international coverage, including the main industrial
economies for which the transition towards smart manufacturing
is of major importance. In addition, these platforms are the three
most notable and active initiatives worldwide, with a broad
spectrum of international members. Since not all testbeds run
by the platform initiatives covered deal with standards and
standardization, the testbeds had to be preselected in a first
step through extensive desk research of the respective platform
databases provided on their websites and the corresponding
published reports or media releases. Table I displays the testbeds
identified and selected for this study along with information
about the participating organizations. Information on the single
testbeds, the stakeholders involved, processes and standardiza-
tion activities is gathered through literature research and by
conducting interviews. The literature predominantly comprises
the websites of the testbed platforms and the respective or-
ganizations involved, as well as published technical reports,
white papers, and press releases. To gain deeper insights, seven
semi-structured interviews with experts from the testbeds, plat-
forms and standardization organizations were conducted from
February to April 2019, including researchers from academic
institutions, and engineers and managers from companies. The
interviewees were chosen to include representatives from the
German, U.S., and Chinese platforms and their testbeds, respec-
tively. Each of the interviews took between 20 and 70 min. Based
on a questionnaire, the interviews were semi-structured to allow
for more flexibility and the elaboration of interesting phenomena
that were brought up by the experts during the interview. The
focus was on the testbeds’ objectives as well as the processes
within the testbeds and with relevant stakeholders, including
SSOs. Table II provides an overview of the interview partners.
In addition, participation in official demonstrations of individual
testbeds and platforms as well as relevant industry fairs allowed
for further insights and triangulation of the findings. They also
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TABLE II
OVERVIEW OF INTERVIEW PARTNERS (IP)

provided the opportunity to discuss specific details with other
experts. The data collected were then coded and analyzed using
the Atlas.ti software.

V. TESTBEDS AS A TOOL IN STANDARDIZATION FOR THE IIOT

A. Testbed Cases: Overview and Background

Manufacturing concepts are changing fundamentally with
the introduction of the IoT and cyber-physical systems [88].
Networks of devices, machinery, enterprise systems, and pro-
duction facilities are emerging, in which massive amounts of
information are exchanged [47]. Yet, enabling efficient, seam-
less and reliable communication is complex and challenging,
especially as increasingly large IIoT systems are built. Ensuring
the interoperability of connected components is therefore crucial
[13]. Standards are needed to enable devices to communicate
and interoperate. They specify the exchange and processing of
information, providing “interoperability, compatibility, reliabil-
ity, and effective operations on a global scale” [42]. Some such
standards exist but need to be extended, others are still lacking
[89]. Recognizing the need for advanced interoperability solu-
tions from a technology and standards perspective has therefore
driven the implementation of accordant testbeds worldwide.

All testbeds in the sample focus on interoperability issues
in the IIoT. The topics range from Time Sensitive Networking
(TSN) technologies [T1,7,9] through integrated architectures
and universal interfaces for flexible adaptation of production
capabilities [T2,3,4] to data communication channels to higher
level IT systems [T8]. Furthermore, the testbeds are concerned
with data gathering from sensors [T6] or demonstrate digital
representations of assets [T5].

With only two exceptions [T6 and T8], the testbeds have part-
ners not only from industry, but also from research institutes and
universities, which even—as in all LNI4.0 cases—provide the
physical testbed facilities as neutral infrastructure. The number
of partners varies, ranging from testbeds with only three or four
permanent members to testbeds with more than 20 partners.
In addition, the LNI4.0 testbeds—with their special focus on
addressing and involving SMEs—are permanently accessible to
interested parties, charging no membership fees—as is the case
for the AII platform as well. Costs are limited to the participants’
own expenses for personnel and technology. In contrast, the IIC
charges membership fees, which vary depending on the size and
type of organization.

Some of the testbeds stand out in that they do not have one
physical location, but two or even more facilities globally (such
as [T4] with two model factories in Germany and South Korea
each, or [T7] with facilities in Texas and Germany).

Initially set up to pragmatically find, implement, test and
demonstrate solutions to technical challenges, the sample
testbeds automatically also address standardization needs and
issues. As one interview partner (IP 1) explained:

“When we systematically work out the requirements of the companies
in the testbeds, experience has shown that we immediately uncover
standardization needs. In fact, internationally.”

Another interviewee highlighted the testbeds’ focus on the
technical solution, rather than on standardization in the first
place: The overarching objective of the testbeds is

“interoperability […]. You can not achieve that without standards –
they are means to an end – however, not the actual and initial goal
of the testbeds.” (IP2)

Implementing, testing and advancing technical solutions, the
testbeds address standards and standardization at various levels,
covering a broad variety of specific objectives and approaches.
The sample of this study provides for five different approaches,
which ultimately correspond to the different stages of standards
development—from identification of standards needs, through
the initiation of a standards project, to the development of a
standard and its demonstration [90]. The core contributions of
testbeds include the implementation and verification of technical
solutions as well as the deduction of requirements which are
fed into standardization committees [54], [91]. Recognizing that
demonstration and testing are a prerequisite for successful inter-
national standardization in the IIoT [92], the work of the testbeds
can contribute to paving the way for enhanced standardized
IIoT communication and interoperability [93], (IP2). In the next
section, the five approaches are explored in more detail.

B. Processes and Approaches Established by Testbeds With
Regard to Their Standardization Activities

Given the multiplicity of technologies that the testbeds deal
with and the various stakeholders involved, as well as the differ-
ent set ups, objectives and scopes of the platform organizations,
the processes and approaches with regard to standard- and
standardization-related issues followed in the testbeds differ.

To begin with, the very approaches for setting up the testbed
itself may differ. While in the industry-driven IIC usually a
couple of big international corporations collaborate and decide
to set up a testbed in order to test and further develop technical
solutions, the initiation differs in the German LNI4.0. Like a
large part of the German Industrie 4.0 initiative, it has a strong
focus on SMEs, striving to support them in the process of digital
transformation. Thus, as an interviewee from LNI4.0 stated
(IP1), here a testbed oftentimes starts with SMEs, recognizing
specific issues when implementing IIoT solutions in their man-
ufacturing environment, that they cannot solve on their own. As
soon as several SMEs with similar use cases approach the LNI4.0
platform with these issues, a testbed is set up where interested
(vertical and horizontal) stakeholders who are concerned with
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this issue work collaboratively to find a technical solution. Often
these testbeds are anchored in the facilities of research institu-
tions and universities, which contribute their R&D expertise to
the project.

1) Identification of Standards Gaps: When working on tech-
nical solutions for interoperability within the testbed, the part-
ners might identify a standards gap, which they could then
address. In this case, an individual solution is developed ex-
perimentally and tested jointly. Standardization options are then
explored, and the solution is eventually brought to a standards
organization (as e.g., in [T6]). There it is assessed whether the
identified gap is relevant and whether the proposed solution
could be applicable for general use [94]. For this purpose, the
single platforms maintain multiple liaisons and active relation-
ships with international SDOs and consortia, and can assist their
testbeds in finding the right standardization body to work with
on the development of a standard.

2) Development of New Standards: Having initiated a stan-
dards project in an SDO or consortium, the testbeds continue
to support the development of the respective new standard. The
sample provides exemplary cases where two existing standards
need to be made work together [T2, T4, T8], urging the de-
velopment of an accordant new standard. An IIC testbed for
sensor connectivity and digital interfaces for data exchange
[T8] e.g., seeks to map two standards necessary for advanced
requirements in the IIoT, OPC UA (IEC 62541) and IO-Link
(adopted as IEC 61131-9), and implement an accordant usage
scenario. This work represented a starting point for the devel-
opment of an IO-Link/OPC UA companion standard, which
will be carried out in a joint working group of the IO Link
Community and the OPC UA foundation, the consortia respon-
sible for each of the two initial standards. Since the testbed
participants are also members of the consortia, information can
be forwarded directly. Not only have the results of the testbeds
initiated and supported the standards development process in
this working group, the testbed also serves as a reference im-
plementation, which is a prerequisite for final adoption by the
consortium [93].

3) Further Enhancement of Standards: Similarly, in other
cases, a standard that is already under development in a particular
SDO or consortium is implemented and tested in a testbed to
further enhance it for the advanced requirements of the IIoT. This
is the case, for e.g., in [T1, T7, and T9] where the current TSN is
addressed, a standard that is fundamental for communication in
IIoT systems [88]. TSN is a technology that enhances the estab-
lished Ethernet standard with new capabilities for automation
and control systems [91]. The standard is currently being devel-
oped at IEEE. All three platforms, IIC, LNI4.0 and AII, run their
own TSN testbed operated by several companies and scientific
institutions. Some of the participants of one of the TSN testbeds
are also active in the TSN testbed of another platform, since all
three have different application foci on TSN, as an interviewee
explained. With the deployment of early-phase enhancements of
the standard, the different vendors have the opportunity to test
whether the interoperability of their devices works, can derive
requirements for the new standard, and systematically develop
software and source code to solve identified issues. In the case

of the LNI4.0 TSN testbed, an interviewee (IP1) explained the
procedure:

“We start the testbed and bring together all vendors and producers
(direct competitors, actually). We ask them to tackle the problem sys-
tematically. They do this jointly, start developing exemplary software
to solve the issues, e.g. around this IEEE 802.1 standard. There are
first projects and drafts at IEEE as Word files. And we have started
to edit and add single paragraphs and to inform the IEEE about
our actions. The added paragraphs are then implemented as source
code to test. This is then tested by all vendors, on their devices and
machines. And then we run a plugfest in the testbed, where the code
is tested across all vendors.”

This real-life implementation helps in the standardization
process to more easily and practically provide feedback on what
works and where changes are needed [91].

4) Demonstration of Standards: The testbeds not only pro-
vide interested stakeholders the opportunity to access the latest
technologies and the current status quo of standards under de-
velopment, enabling them to feed in their requirements, but they
can also serve to demonstrate finished standards to those who are
meant to implement them. By making such standards accessible
and tangible to users through the implementation of relevant
use cases jointly developed by industry and research institutions
(see e.g., [T5]), the testbed helps to diffuse these standards in
industry [92].

5) Open-Source Approaches: As a specific fifth case,
testbeds provide opportunities for open-source approaches to
standards development and the implementation of standardized
solutions (see [T5 and T6]). The use of open-source practices has
recently raised increased interest in the standardization commu-
nity to improve processes and meet current challenges [95]. A
recent article [96] identified distinct scenarios in which both
communities (standardization and open source) complement
each other providing the foundation for successful interaction.

While one of the testbeds studied [T6] at this time is only
considering the possibility of initiating an open-source imple-
mentation of a solution created in the testbed, others are already
going further. Set up as an open-source project, [T5] is seeking
to provide a testbed open to all interested stakeholders in order to
develop, test and demonstrate an administration shell for Indus-
try 4.0 components, working jointly on an open standard in an
open-source process. The results are shared publicly on GitHub,
in public workshops and plugfests. Table III summarizes the five
different approaches.

To avoid duplication in their efforts and to align the activi-
ties internationally, the three testbed platforms and also single
testbeds have established cooperation mechanisms between each
other as well as with other relevant initiatives and alliances, sign-
ing liaison agreements and regularly exchanging information
on current activities [97]. Alignment and exchange are further
enhanced as many stakeholders are active in two or more of the
platforms and testbeds at the same time, facilitating the flow
of information for all parties involved. But even single testbeds
join forces and cooperate internationally; e.g., the IIC “Smart
Factory Web” testbed [T4] consists of several intelligent factory
testbeds worldwide, among others the LNI4.0 testbeds “PLUG
and WORK” [T2] and “Smart factory OWL” [T3] as well as
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TABLE III
APPROACHES TAKEN BY TESTBEDS REGARDING STANDARDIZATION ACTIVITIES

South Korean facilities. This enables the individual participants
to enhance international cooperation in the IIoT between Europe,
the USA and Asia [98].

VI. DISCUSSION

The testbeds investigated in this article all are set up to enable
and enhance the interoperability of IIoT technologies through
extensive joint testing.

“The testbeds are established to keep pace with the fast technological
development. […] They basically follow two objectives: to develop
and test technology, and to further develop standards.” (IP7)

Given the overall technology and commercialization related
goals, bringing insights directly to SDOs and consortia may even
not be the initial purpose of the testbeds. Rather, standardization
is a “means to the end” in that solutions achieved in the testbeds
are sought to be made available and to be accepted by a broad
user base.

The cases studied show that demonstration and testing in
the testbeds can constitute a supportive tool for international
standardization and represent a promising road for standard-
ization to meet current challenges. However, with the increas-
ing importance of testbeds for standardization, certain threats
and opportunities need to be considered and effects must be
monitored carefully. This concerns especially the effects on
the standardization process and the legitimacy of standards and
standardization.

A. Testbeds and Standardization as Platforms
for Knowledge Transfer

Both, testbeds and standardization, are strategic alliances
which involve contributions from their participants, such as
resources and technical expertise [19]. Motives for participation
are similar for both, since both provide a platform for knowledge
transfer, where participants gain access to technological devel-
opments by other organizations, enabling knowledge spillovers
[14]. Testbeds represent a more direct and practical platform for
stakeholders of new technologies and innovations to exchange
information and knowledge, express needs and requirements.
The cases show that many stakeholders in the testbeds are also
members of relevant SDOs and consortia and use their testbed

activities to benefit directly from them in the work of the techni-
cal committees. In other cases, testbeds can even provide a forum
for stakeholders who would otherwise not easily participate in
standardization, such as SMEs, to express their requirements,
which can then be considered in standards development. In
this way, synergies emerge from participation in testbeds and
standardization. As stakeholders from research institutes and
industry work together, the latest knowledge gained in R&D
can be transferred directly between both stakeholder groups
and both activities. Another advantage of standardization and
testbeds alike is that both help to decrease market uncertainty,
reduce technology-related risks, and provide access to markets
[19], [61], [68]. The benefits of participating in both activities
can potentially amplify their positive effects on the diffusion of
innovations.

B. Effects on the Legitimacy of Standardization

With the growing role of testbeds in establishing interoper-
ability and developing accordant standards, the effects of testbed
activities on the legitimacy of standardization processes and
outcomes, and the adherence to standardization principles, need
to be carefully considered. This applies all the more when dom-
inant industry partners cooperate in such facilities, potentially
creating de facto standards. First preliminary conclusions can be
drawn from our observations of the IIoT testbeds studied, which
however, need to be monitored in the long term.

Regarding input legitimacy, namely the balanced participation
of stakeholders, we can see different potential effects. Regular
standardization in technical committees, especially in the ICT, is
typically dominated by big vendors and service providers [99],
who pass on their customers’ needs only in a filtered way, if at
all [6]. Since participation in technical committees—and even
more so in international standardization—requires substantial
financial resources, only a few of those who will ultimately be
affected by the standard are able to participate directly [28]. In
this sense, our cases suggest that testbeds could both strengthen
and also inhibit a broader stakeholder representation or consid-
eration of their requirements in standardization, depending also
on the openness of the testbeds and their platforms.

In general, as postulated by Niitamo et al. [100], testbeds
should generally be open to interested stakeholders and neutral
regarding technology in order to enable maximum innovation
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and avoid path dependencies. This applies even more if the
testbed is also used for standardization activities and thus con-
tributes to best technical solutions. When testbeds gain more and
more relevance in the standards development process as much of
the standardization work is performed there, this certainly raises
questions about their own openness and inclusiveness. As they
are meant to support a “more user-driven and participatory-led
standards development process” [71], they need to live up to
these expectations. All three major testbed platforms studied
(IIC, LNI4.0 and AII) are basically open to any interested stake-
holder. However, the IIC charges membership fees, which—
though graduated by the type and size of the organization—could
act as a barrier to entry for organizations with fewer resources,
especially since active engagement entails additional costs. In
fact, the membership list shows that commercial members are
mainly larger companies which could represent a threat for
misrepresentation of SMEs in the testbed work and thus in
standardization activities. Strikingly, there was no user interest
group or any other stakeholder group besides industry and
academia involved in the sample testbeds. Prohibitive financial
hurdles in terms of membership fees could act as barriers to
entry. The threat could be that the dominance of big players in
international standardization could even be enforced if they also
dominate in the testbeds—even more so if these facilities and
platforms gain more relevance in standardization. The effects
are highly dependent on the setup and policies of the accordant
platform. Open-source approaches—as followed by [T5], for
example—could provide for greater involvement by more inter-
est groups. At least the plugfests in the testbeds conducted to
test the developed solutions are described as open to everyone
(including non-members of the platforms and testbeds).

The LNI4.0 actively seeks to involve SMEs, providing them
the opportunity to come into contact with IIoT technology.
Thereby, they can express their specific requirements, which can
then be brought to standardization—an additional opportunity
for more comprehensive involvement of SMEs in standardiza-
tion. As an interviewee (IP1) from LNI4.0 outlined:

“Standardization is usually Bosch, Siemens, Continental, GE,
Philips. Never an [SME] with 18 employees. Never. And now here
in the testbed [this SME] can join and exert influence with its
expert, basically with no additional effort. Without actually doing
standardization work. He does not go to a committee meeting. But
he looks: could I, as an SME, implement this thing later? And what
could prevent me from implementing it?”

These insights can then be brought to the technical committees
by the testbed co-partners, thus giving those SMEs a voice that
would usually not be represented due to their lack of resources
[28]. In testbeds, SMEs can benefit at no additional cost: Testing
and demonstrating the latest technology as a major driver for
testbeds comes with the free additional benefit of bringing one’s
own requirements into the standardization process. While this
may contribute to diminishing the issue of representation, the
filtering effect observed in conventional standardization work
in technical committees may potentially persist. This, therefore,
necessitates accordant communication channels.

With respect to throughput legitimacy, that is, how partic-
ipation takes place and how processes are designed, we also

find implications for principles such as consensus and trans-
parency. Transparency, as a major principle of international
standardization, requires access to information on the current
work programs of the standards organization, on proposals and
final results for interested stakeholders [30]. Therefore, when
concerned with standardization activities, testbeds should pay
careful attention to transparent operations in order to maintain
legitimacy and avoid the criticism that many consortia, but also
formal SSOs [31], have often faced. In the cases of this study,
both LNI4.0 and IIC provide comprehensive information on their
websites about ongoing projects and testbeds. The IIC has so far
published several white papers and articles on testbed activities,
the participants involved and the interim results [54]; the AII has
also recently published a white paper covering all testbeds and
their activities [81].

What is more, the core principle of standardization is
consensus-based decision-making, which can be difficult, es-
pecially when the interests within a committee are quite diverse
[28]. Furthermore, finding consensus is not necessarily a ratio-
nal process aimed at searching for the best technical solution,
but also relies on negotiations, commercial considerations and
politics [31]. Oftentimes, much of this takes place outside the
committee meetings [99]. In this sense, testbeds constitute such
external fora. As an interviewee (IP1) illustrated:

“Consensus must be found. However, this is not found in the formal
standardization bodies, but in the testbed. And by developers. These
are no standardizers. The work of the standardizers is still to be done.
[…] The work of the standardizers is not replaced.”

This again, however, leads us back to the importance of broad
stakeholder representation in testbeds as well.

Finally, the findings from our case study indicate that output
legitimacy could be improved through testbeds. On the one hand,
if testbeds succeed in involving otherwise misrepresented users
of the standard at stake, the applicability and benefits of the
standard can be enhanced. On the other hand, from a purely
technical perspective, output legitimacy can be improved since
the standards are intensively tested, demonstrated and validated
in the testbed by a multiplicity of affected stakeholders. Thus,
the quality of the outcome can be increased.

C. Effects on Processes and Approaches

As technologies converge and smart systems emerge, the
different standardization cultures and paradigms clash [101]. As
observed in complex and dynamic markets, there is a shift toward
a combined approach of market—and committee-based stan-
dardization [102], either sequentially or in dynamic interaction
[23]. Yet, the understanding of such multimode standardization
is still limited. Given the high technological uncertainties in
smart systems, market uncertainties are high as well. In such
cases, more market-based approaches gain a more prominent
role [103]. Testbeds can take over this role, but in cooperation
with SDOs they can achieve the necessary legitimacy required
for a broad acceptance of a standard [23].

Since standardization for the IIoT extensively involves
IT-related topics, in particular interoperability and connectivity
of software and components, consortia play an important role.
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As interoperability is at the focus of all of the testbeds studied,
they indeed bring their insights and solutions mainly to the
relevant consortia. The testbeds covered in this article so far
have worked mainly with standards consortia such as the
OPC foundation, the Object Management Group, the Eclipse
Foundation, but also the IEEE. Their standards are, however,
oftentimes subsequently adopted by SDOs such as the IEC.
One testbed in the sample [T2] even contributed directly to a
DIN Spec, a new fast-to-develop specification introduced at the
German national standards body to meet the demand for faster
solutions (however, with a less broad stakeholder involvement,
and hence at the expense of broad consensus). This form was
explicitly chosen for its quick and less formal development
processes, as an interviewee (IP2) explained

“A regular standard takes very long. You have to have a committee,
everyone has to agree. A DIN Spec is much faster, more agile. Within
6–9 months you can raise something like this to a publication status
that makes it possible to put this into international standardization.”

With SDOs, consortia and testbeds jointly working together to
develop the necessary standards for the IIoT, each can add value
by contributing its strengths to the process. Whereas testbeds can
bring in validated proposals and feedback on functionalities in
real-case scenarios, consortia can contribute through their fast
and oftentimes agile processes in developing standards, while
SDOs guarantee due processes, a consensus-based quality out-
come and broad market acceptance. A balanced combination of
the institutionalized due process of SDOs with market-oriented
practical approaches of testbeds and consortia could help master
the challenges of digital transformation and enable efficient
standardization while safeguarding valuable principles. Thus,
if formal SDOs actively engage with the testbeds and platforms,
they can potentially exploit synergies and—as already called for
in the case of consortia—“establish a symbiotic co-existence”
[21]. The different testbed platforms are working towards the
establishment of broad international cooperation and liaisons.
The IIC not only maintains liaisons with consortia, but also
with formal standardization bodies such as the German DIN
and the joint technical committees of ISO and IEC. And also the
LNI4.0 is embedded in an ecosystem comprising formal SDOs
and consortia.

Testbed work is used to establish continuous feedback loops
from the testbeds to the technical committees of these consortia
and SDOs along the whole standardization process, providing
requirements and validated test results, and implementing and
verifying standard drafts. The testbeds thereby can contribute
to improving standards from a technical perspective and at the
same time speed up the standardization process. This can help
to meet the need for accelerated development of high-quality
standards for the IIoT.

As outlined by another interviewee (IP3), it sometimes used to
take several years and even versions of an interoperability stan-
dard before a usable and broadly acceptable version was reached.
As the accelerating technological change today does not allow
for such time-consuming proceedings, extensive verifications
through testbeds with broad stakeholder participation already

during the phase of standards development could improve the
availability of standards from a time and usability perspective.

From a larger perspective, an interviewee (IP2) summarized
the rationale behind the testbeds in standardization as follows:

“You cannot make a standard without trying it out first. For that,
you need a testbed. You cannot sell this to the industry without
having both, a test environment to demonstrate, but also a reference
to standardization work so the industry can be sure that this solution
will become accepted. Otherwise, it would be just some proprietary
work […]. But this way, you can say there’s a bigger community
behind it.”

The observations and results from the case studies indicate
that testbeds do indeed have the potential to support agile
standardization, which was affirmed by all interviewees. In the
IT domain, agile approaches are already established in standards
development, i.e., at the IETF or the W3C [72], characterized
by, among other things, parallel implementation and testing of
the specifications under development. The cases of testbeds in
this study provide a basis for deriving requirements, dynamic
real use-case testing and the validation of solutions as well
as iterative feedback loops into standardization committees.
They can thereby help to identify and address issues early on
and validate proposals quickly, thus constituting an important
enabler for accelerated and agile standardization to meet the
challenges of rapidly changing and complex systems.

“We are not replacing the standardizers. We still need them. What
we do is a very fast, enabling way to get to very quickly validated
standards in this area. That is, to avoid the fact that you need an
awful lot of text iterations. You still need iteration. I do believe,
however, that it is significantly less so. Because what has been
proposed to the standardizers [by the testbeds] in terms of texts is
already very mature from a technological point of view. It offers the
opportunity to be well implemented. And to be interoperable with
other manufacturers. It’s actually a kind of an “agility acceleration
approach” to standardization. (IP1)

Fig. 2 illustrates that testbeds could affect standardization at
every stage of the standard development process, starting from
the identification of a standards gap towards the initiation of a
standardization project, to the actual drafting phase. Feedback
loops between the testbeds and technical committees at all
stages, a constant switch between validation and (re-)editing of
the standard drafts, can contribute to achieving better standards
faster. But even once the final standard has been published,
testbeds can continue to contribute by demonstrating it to users
and thereby supporting its diffusion. Furthermore, up-to-date
requirements can be generated continuously and fed back to the
committees, assessing the need for potential revisions. Thus,
the whole process and lifecycle of a standard could benefit from
more agility to meet current challenges.

Yet, the corresponding infrastructures and processes in SDOs
need to be adapted accordingly to be able to effectively and
efficiently exploit the opportunities provided through testbeds.
As an interviewee (IP2) outlined, such transformations can
be supported by extending current approaches followed with
Publicly Available Specifications (PAS) at ISO/IEC or e.g., DIN
Spec at the national level, which are more flexible and less
formal than regular standards, setting them up as dedicated
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Fig. 2. Agile standardization process enabled through testbeds (standardization process adapted from Blind [90]).

comprehensive projects at the respective SDO. Within such
projects, stakeholders could use testbeds to develop and test in
parallel and provide results as open-source code to make them
immediately usable.

“Testbeds could contribute to a more agile standardization. The first
effects can already be felt […] DIN Specs are more agile; can also
be revised. They can also be backed up in parallel with practical
tests. And this would have to go further: that you make real projects
out of it, where you then also do real development work at the same
time. And even provide the result as open source. Then it can also be
used immediately. […] And if you could say: “This has already been
implemented, dear industry, there is also an implementation. Please
download and use it.” This would significantly speed up the spread
of DIN Spec.” (IP2)

Another interviewee (IP3), however, highlighted that imple-
menting accordant management structures in SDOs is not trivial,
especially on the international level, where complexity is even
higher considering the multiplicity of stakeholder interests.

D. Strategic Considerations

Finally, the testbeds and their platform organizations can
also serve a greater strategic purpose. They are, e.g., meant to
support standards acceptance and diffusion through intensified
marketing and promotion activities, as practiced especially by
the IIC (according to IP 2, 4, and 5). Here the testbed partners
strive to use the generated publicity for general purposes:

“This is also new. Now, unlike in the past, with these official testbeds,
if necessary, you get a label or attention by operating them and that
is advertisement for yourself. […] You invest a lot in the testbed. And
[the publicity] helps to find new partners and gain reputation in the
community.” (IP2)

Furthermore, there is also a geo-strategic aspect to be con-
sidered. The national IIoT initiatives and their standardization-
related activities and testbed platforms aim at strengthening the
competitiveness of the domestic industry and strong representa-
tion in international standard setting. As a German interviewee

outlined it from his German and European perspective, testbeds
are also considered a helpful tool for instance to meet growing
pressure regarding dominance in standardization by China:

“The Chinese have recognized that standardization is the essential
lever for access to and continuity in markets. […] In almost half of
the 32 standardization organizations they have now taken over the
chairmanship. We consider this as a real threat. And our answer is
that we not only react with Siemens and Bosch, but also actively and
consciously approach the topic together with all SMEs in Germany,
and go to the committees with our [testbed] validations of standards
[…]. Thus, bring our point of view and our standards forward […].
That is the real idea behind it: the economic-strategic one. Not just
from a German perspective, but an entire European one.” (IP1)

“The importance of testbeds will increase, because it is a very valid
approach. The relevance of standardization is immense. Thus, it is
important to strengthen the European position, not to leave it to
others. Not just the European, also the North American.” (IP1)

Nevertheless, the three platforms are in constant exchange on
a professional level. In fact, the Chinese AII, the IIC and the
German LNI4.0 have signed liaison agreements for cooperation
and regularly have official meetings at least once a month to
exchange and discuss information on current activities (IP1). In
addition, single testbed partners are active in testbeds in all three
platforms, which leads to an intensified information flow on a
pragmatic and operational level.

VII. CONCLUSION

Based on an exploratory multiple case study approach, this
article contributed a first assessment of testbeds of several IIoT
platforms worldwide and their contributions to the develop-
ment of interoperability standards. The findings indicate that
the testbeds fulfill a coordinative function. Set up to jointly
work on technical solutions for interoperability, standards, and
standardization were taken as a means to make the test results and
developed solutions broadly available. Five different approaches
were identified in which continuous and iterative feedback loops
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along the whole standardization process were established with
standardization bodies and consortia, and even open source
developments were supported. These approaches can contribute
to a more agile standardization that meets the requirements
of rapidly changing complex technologies. Providing validated
solutions to standards development allows for a faster definition
of standards with no detriment to high quality. Thus, with
testbeds becoming part of the standardization and innovation
ecosystem, they can contribute to accelerating standardization
and technology diffusion processes. Yet, the medium- and long-
term effects of such activities outside formal SDOs need to be
carefully monitored regarding, for instance, the representation
of stakeholders and the impact of nonformalized activities on
the legitimacy of standardization processes and outcomes.

The current coordinated international testbed activities for
IIoT have the potential to change conventional standardization
processes. Thus, the findings of this article have some implica-
tions for practice as well as theory. Concerning the latter, our
insights are in line with the concept of multimode standardiza-
tion as described by Wiegmann et al. [23], specifically regarding
the combined, dynamic-interactive approach of market- and
committee-based standardization. Yet, it extends this view by
considering testbeds as another form of market-based alliance
besides consortia. As observed in consortia, testbeds can also
serve as a platform outside formal committees to achieve pre-
standardization consensus and to impact standardization in the
committees. Furthermore, the findings indicate that testbeds
could contribute significantly to an agile standardization con-
cept needed to face the growing complexity and accelerated
technological development of smart systems. Specifically, open
source approaches followed in the testbeds could be an important
enabler for an agile standardization that allows for broad and
open participation.

This is also an important insight for practitioners in standard-
ization. Given the experiences from the investigated testbeds,
this tool will potentially gain more relevance in the future. As
coordination is increasingly sought in testbeds, stakeholders
active or interested in standardization should pay attention to
the activities performed in the testbeds, monitor developments,
or even consider active participation. This again highlights
the importance of testbeds’ openness, inclusiveness, and trans-
parency. SDOs, too, should continue to carefully observe testbed
activities and actively engage and cooperate with them to take
advantage of the new opportunities, benefit from their contribu-
tions, and stay involved in these relevant activities. They should
further work on establishing their own infrastructure designed
to efficiently exploit the opportunities that come with testbeds.
In return, regular testbeds implemented to support R&D and
market diffusion of new technologies should be alerted and pay
attention to the standardization potential of their activities as an
additional technology transfer channel which can even enhance
their impact.

This is an important lesson for policy makers, who should
embrace standardization as a relevant output of testbeds, and
include this aspect in their funding schemes and R&D project
calls. Testbeds as innovation infrastructure facilitate learning

from the latest research results in real-world applications. They
offer an opportunity to connect standardization and R&D more
closely and practically, potentially leading to better standards
faster. This, however, certainly requires ensuring that interested
stakeholders have access to this infrastructure, e.g., SMEs which
could benefit from dedicated support schemes. This way, SMEs
could benefit twofold by getting access to R&D infrastructure
and standardization. Given that testbeds are strategic alliances
outside formal SDOs, policy makers should pay careful attention
to the effects of testbeds on standardization, specifically on
their input, throughput, and output legitimacy, including the
adherence to the standardization principles set out by the WTO
or the OpenStand initiative to guarantee the development of
legitimate standards. This entails ensuring broad stakeholder
representation, openness, and transparency.

This article has some limitations. First, the topic area is quite
new for standardization in the IIoT and Industry 4.0. Thus, the
number of cases of testbeds from IIoT platforms with substantial
experiences to learn from is still limited. Future studies could
include more cases to gain deeper insights and extend our under-
standing of the emerging impacts and processes. Furthermore, so
far, long-term effects on standardization processes, culture and
stakeholder representation cannot yet be observed and remain
subject to future studies. A comparative study on testbeds and
infrastructures in other fields, such as telecommunications or
other smart systems, could reveal further interesting insights.
Finally, it is worth exploring the framework and possible tools
necessary to support the transformation toward agile standard-
ization processes [20].
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