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With increasing awareness among policymakers and other stakeholders of the importance of standards in
supporting innovation, many national governments and standards organisations are taking strategic foresight ap-
proaches to standardisation. This is especially the case for ICT-based ‘smart systems’, where an increasing number of
different technologies and systems are interconnected to each other, involving a complex variety of actors.
Roadmapping is a widely used tool to support such strategic policy processes, yet there remain significant challenges
in terms of structuring and managing roadmapping exercises. This paper proposes a systematic process of managing
roadmapping practices to develop effective strategies for standardisation in support of innovation. Based on litera-
ture regarding public-level strategy roadmaps and reviews of existing standardisation roadmapping exercises, a
more systematic process has been developed, incorporating activities and tools to address increased challenges
associated with standardisation in such complex areas. The findings of the research not only provide guidance on
how roadmapping processes can be structured and organised to more effectively address standardisation issues
in innovation strategies for smart systems, but also highlight policy implications, including potential roles for

government in supporting standardisation efforts.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

With the growing importance and pervasiveness of Information and
Communications Technology (ICT), there has been increasing awareness
of the importance of standards for ICT innovation since the last decades
of the 20th century. The proliferation of various technical components
that need to be interconnected within larger systems presents associated
standardisation challenges, requiring more anticipatory standards to
achieve interoperability among networked products (Blumenthal and
Clark, 1995; David and Shurmer, 1996; Jakobs et al., 2011). Many studies
have been carried out, exploring important roles of standards in
supporting technological innovation, including: defining and estab-
lishing common foundations upon which innovative technology
may be developed; codifying and diffusing state-of-the-art technology
and practices; and allowing interoperability across products and systems
(Allen and Sriram, 2000; Tassey, 2000; Blind and Gauch, 2009; Swann,
2010; NSTC, 2011). While timely and well-designed standards can
support innovation, premature or inappropriate standards may have
detrimental impacts on innovation, including: imposing constraints by
increasing irreversibility and decreasing flexibility, locking in inferior
standards or technologies (e.g., the QWERTY keyboard), and risking
monopolies, especially in network industries where standards can
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become technological bottlenecks (David, 1985; Shurmer and Lea, 1995;
Hanseth et al., 1996; Swann, 2000; Langlois, 2001; CIE, 2006).

Because of this dual nature of standards, strategic approaches
for timely and appropriate standardisation are critical for innovation
systems. However, this is especially challenging for complex systems
integrating different technologies and subsystems, as they require not
only a large infrastructure of interconnection standards, but also input
from a variety of stakeholders from different organisations and disci-
plines (Blumenthal and Clark, 1995; NPE, 2012; Tassey, 2014). These
systems are also continuously evolving, based on new R&D-driven inno-
vations in individual components and technologies. Furthermore, the
pervasiveness of smart ICT-based systems in areas of critical national
and societal importance - including energy (e.g., smart grids), transporta-
tion (e.g., smart mobility), and industrial productivity and competitive-
ness (e.g., smart manufacturing) - results in an even greater variety of
stakeholder interests, regulatory issues, and policy considerations. Conse-
quently, a more systematic and anticipatory approach to strategic
standardisation is called for, particularly in complex heterogeneous
areas of ‘smart systems" where ICT plays a critical role.

The need for more systematic foresight approaches to standardisation
has been widely recognised among policymakers and standards

1 Although definitions vary, the term ‘smart systems’ used in this paper refers to systems
that, by incorporating a wide varieties of networked digital computing and communica-
tion technologies, are able to detect, analyse, and respond to the environment in
performing smart actions (NIST, 2010a; TTA, 2013; DKE, 2014).
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organisations (EXPRESS, 2010; NSTC, 2011; European Commission,
2011).In order to address such challenges, there have been a number
of future-oriented analyses for effective anticipation and manage-
ment of standards. Roadmapping is one of the most widely used
tools for such foresight exercises, supporting systematic planning
and development of standardisation strategies. Many countries
have developed standardisation roadmaps in various areas related
to smart systems, as there are significant challenges and opportuni-
ties associated with standardisation in these complex areas (e.g.,
NIST, 2010a; Hogan et al., 2011; NPE, 2012; DKE, 2012, 2014; TTA,
2013; Scapolo et al., 2014). Despite its wide adoption, there remain
considerable challenges for policymakers and standards organisa-
tions in terms of how to structure and manage roadmapping for stra-
tegic foresight analyses of standardisation. Although recent work by
Featherston et al. (2016) presents a framework to support the
anticipation of standards with careful characterisation of various
technologies and innovation activities relevant to standardisation,
more research is needed to develop a systematic process of
organising and managing roadmapping exercises, which effectively
engages and coordinates between various stakeholders and Stan-
dards Development Organisations (SDOs).

In this regard, this paper proposes a more systematic and structured
process model for managing roadmapping exercises to support effective
standardisation in highly complex heterogeneous areas of smart
systems. We begin by reviewing the existing literature on general stra-
tegic roadmapping processes. It is followed by case studies of existing
standardisation roadmapping exercises, exploring the applicability of
these processes and identifying key issues and challenges associated
with standardisation in smart systems. This review of existing practices
provides further insights into detailed activities and tools that are per-
ceived by practitioners to be effective in addressing some of these is-
sues, illustrating systematic processes of organising, managing, and
governing multi-stakeholder, multi-disciplinary standardisation
roadmapping exercises. We conclude by discussing the implications of
our findings for how roadmapping processes might be better structured
and managed to effectively address standardisation issues in innovation
strategies for complex areas of smart systems.

2. Literature review

The most commonly used definition of standards is provided by the
International Organisation for Standardisation (ISO), which defines a
standard as“... a document, established by consensus and approved
by a recognised body, that provides, for common and repeated use,
rules, guidelines or characteristics for activities or their results, aimed
at the achievement of the optimum degree of order in a given context”
(ISO/IEC, 2004; cited in Andersen, 2013, p. 80). Standards and
standardisation are explored in various domains and disciplines with
different perspectives (Lyytinen et al., 2008; Narayanan and Chen,
2012). In the following sections, we give a brief overview of selected ac-
ademic and practice literature, focusing on important standardisation-
related factors to be accounted for in strategic foresight analyses for
technological innovation. In particular, we draw on this review to devel-
op insights and an initial conceptual framework for structuring our
case study analyses of standardisation roadmapping activities in smart
systems.

2.1. Roles of standards and standardisation

The systematic perspective on innovation has made many scholars
and policymakers aware of importance of standards as powerful institu-
tional mechanisms that shape technological change and innovation; a
variety of roles and functions of standards in innovation are thus
emphasised by various innovation literature (Porter, 1990; Lundvall,
1992; Ehrnberg and Jacobsson, 1997; Smith, 1997; Allen and Sriram,
2000; Tassey, 2000; Bergek et al., 2008; Swann, 2010; NSTC, 2011). By

providing a systematic and integrated perspective of understanding
activities and key factors that influence innovation (Edquist, 2001),
the ‘functions’ of innovation systems approach appears to be particularly
useful in analysing the innovation roles of standards in a structured
way. Focusing on dynamics of what is actually happening in overall
innovation systems, it can also help identify potential system failures,
providing rationales for policy interventions in strategic management
of standardisation. By looking at how standards are accounted for in
literature adopting functions of innovation systems, it is noted that stan-
dards are particularly linked to certain functions proposed by Bergek
etal. (2008): legitimation, influence on the direction of search, develop-
ment of positive externalities, and knowledge development and diffu-
sion. Other literature discussing standards in the context of innovation
are also reviewed, and factors corresponding to these functions are
identified for coherent analyses on various roles and functions provided
by standardisation in supporting innovation systems.

2.1.1. ‘Legitimation’ function of standards

Legitimacy is considered to be a prerequisite for new innovation
systems to occur, providing it with appropriateness and desirability so
that resources are mobilised and demand is formed (Bergek et al.,
2008). Standards provide this legitimacy in two main ways. First, acting
as signposts, they reduce social uncertainty and stimulate interactive
learning activities by providing and communicating necessary informa-
tion (Lundvall, 1992; Van de Ven, 1993; Edquist and Johnson, 1997).
They not only reduce innovators' uncertainty about the future, encour-
aging them to engage in innovation, but also increase buyers' accep-
tance of, and confidence in, new technologies, thereby facilitating
market growth and allowing subsequent innovation (Foray, 1998; CIE,
2006; Blind and Gauch, 2009; Swann and Lambert, 2010; European
Commission, 2011). Second, a consensus process of setting standards
increases social acceptance, by managing and mitigating conflicts that
may arise between different approaches (Carlsson and Stankiewicz,
1991).

2.1.2. ‘Influence on the direction of search’ function of standards

By helping transmit information about what routines are acceptable
and providing incentives for engaging in certain innovation activities,
standards have significant influence on the behaviour of actors, guiding
learning activities and directions of search (Edquist and Johnson, 1997;
Smith, 1997). Standards also provide important technical guidance, by
not only stating a target level of quality and providing some direction
on how to achieve the target, but also articulating customers' demands
and making them readily accessible to producers (Mansell, 1995;
Bergholz et al., 2006; Swann, 2010; Hogan et al., 2015). Moreover, as
results of converging processes towards dominant designs or specific
technologies among competing possibilities, standards have significant
influence on guiding the allocation of resources and other innovation
efforts in certain directions, facilitating the function of ‘resource
mobilisation’ (Porter, 1990; Lundvall, 1992; Van de Ven, 1993).

2.1.3. ‘Development of positive externalities’ function of standards
Standards can develop positive externalities in the form of network
effects - i.e., benefits to users of a system rise with increasing number of
users (Smith, 1997) - increasing the attractiveness for customers and
leading to rapid diffusion of innovations (Ehrnberg and Jacobsson,
1997). Such externalities encourage actors to participate in other
functional activities such as ‘knowledge development and diffusion’
and ‘market formation’, strengthening the overall functionality of the
system (Bergek et al., 2008). For example, variety-reduction standards
foster the diffusion of new products and technologies by allowing the
exploitation of economies-of-scale (Blind and Gauch, 2009); measure-
ment standards also help develop economies-of-scale by enabling
advances in process control (Swann, 2010). In addition, compatibility
and interface standards generate positive network externalities by
establishing successful linkages between various components and
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products, allowing more actors to join the innovation system (CIE,
2006; Blind and Gauch, 2009; Swann, 2010; Hogan et al., 2015).

2.1.4. Knowledge development and diffusion’ function of standards

There are various ways in which standards and standardisation play
significant roles in supporting the creation and transfer of new knowl-
edge within innovation systems. As a widely-agreed and implemented
baseline of accumulated technological experience, a standard provides
an essential platform on which new technologies and processes can
build, supporting further innovation (Hawkins, 1995; Allen and Sriram,
2000; CIE, 2006; Blind, 2009; EXPRESS, 2010). The act of standardisation
itself also promotes knowledge creation, as it provides a forum of collec-
tive cognitive processes where actors with heterogeneous backgrounds
discuss new ideas, enabling user-oriented, market-driven innovations
(Bredillet, 2003; Bergholz et al., 2006; Blind, 2009; Hogan et al., 2015).
In addition, standardisation is an effective channel of knowledge transfer
from the R&D base, where various stakeholders can share best practice
and state-of-the-art research insights (OCST, 1993; Tassey, 2000; CIE,
2006; Blind, 2009). The resulting standards themselves also allow knowl-
edge transfer and diffusion, by codifying research results and making
them available to the public, thus bridging the gap between research
and other stages of innovation (Blind, 2002, 2009; European Commission,
2011).

2.2. Strategic approach to standardisation

Despite the important roles of standards and standardisation
outlined above, strategic efforts to standardisation emerged only with
the pervasiveness of ICT and associated challenges presented by it
(Branscomb and Kahin, 1995). Since then, a few literature have
explored strategic approaches to standardisation, even though most of
these have been from a business, rather than public policy, perspective
(Betancourt and Walsh, 1995; DeLacey et al., 2006). Today's technology
and business environment, however, have increased policy imperatives
for a strategic approach to standardisation, in order to realise greater
public benefits. Blumenthal and Clark (1995, p. 431) argue that current
standardisation processes face great challenges from “the pace of tech-
nological advance, the growing number of industry sectors involved,
and the lack of coherent leadership to set a long-range direction for
emerging standards.” As it is difficult to achieve interoperability in com-
plex heterogeneous systems involving a variety of industry segments, a
large number of standards need to be developed in various areas and
disciplines (Branscomb and Kahin, 1995). This requires not only “a com-
bination of various standards (be they formal, de facto, or de jure), at
different levels of maturity and from different SDOs (Aikin and
Cavallini, 1995, p. 254),” but also the coordinated engagement of these
SDOs and other stakeholders.

Current challenges faced by the standards community are even more
complicated with the emergence of smart systems. With more devices
and applications with different technology bases interconnected to
each other, as well as more data and information to be transmitted
between them on a real-time basis, there is a high demand for a growing
number and a variety of types of standards based on technical knowl-
edge from various disciplines (Tassey, 2014). In order to effectively
meet such demands, a cross-sectoral systems thinking is required for
coordination of diverse standards-related activities in different industry
segments with different technology platforms (Ernst, 2009; Jakobs et al.,
2011; NPE, 2012). As domains that have been traditionally viewed
separate are now merging, resulting in new relationships among stan-
dards that did not exist before, standards need to be developed in a
more systematic and integrated manner. Consequently, it would
involve a variety of stakeholders with not only different backgrounds
and disciplines, but also diverse interests and needs, making their coor-
dinated engagement much more difficult. Hence, coordination-efforts at
a higher system level may be needed, in order to effectively engage
these stakeholders in developing standards that appropriately address

their varied demands (Biddle et al., 2012). As discussed in the following
section, this may require active engagement by government, which
cannot only provide a coherent longer-term vision of standardisation,
but also “balance interests and ensure that competing perspectives are
heard (Blumenthal & Clark 1995, p. 435).”

2.3. Roles of government in standardisation

Increased globalisation and economic integration have led to a
growing realisation of the importance of standards as critical infrastruc-
ture for national competitiveness and economic developments, raising
governmental interests in the potential of active involvements in
standardisation to support national interests (Garcia, 1993;
Branscomb and Kahin, 1995). This can be especially important in the
context of ICT-based smart systems, as they become increasingly perva-
sive in infrastructure for areas of critical socio-economic importance,
including energy (e.g., smart grid), transportation (e.g., smart mobility),
and industrial production (e.g., smart manufacturing).

Some academic literature has suggested that there are certain
areas where government interventions may actually be necessary
in standardisation, with strong justifications and economic rationales
for each policy activity from the system-failure perspective, including:
engagement of a wider group of stakeholders, maintaining the stock
of standards, collaboration between standardisation and the research
community, access to standards, and coordination of different govern-
ment activities (Repussard, 1995; De Vries, 1999; Garcia et al., 2005;
Swann, 2010). Based on a survey of how the federal government can
effectively engage in standardisation, NIST (2010b) has also identified
different modes of government engagement:

= Convenor/coordinator: identifying needs and directions, and archi-
tectures in cross-sectoral collaborations to meet national priorities.

= Technical leader: leading SDO governance and program execution as
a member of an SDO.

= Participant: members of a standards writing committee.

= Facilitator: contracting for services to enable standards writing.

= Implementer/adopter: selecting and implementing a standard, or
requiring its implementation through regulation.

= Funder/enabler: funding standardisation activities of SDOs or
assigning them to manage the process.

= Technical advisor: providing R&D to support standards development
or developing test methods to support a technical standard.

= Coordinator of federal agency needs: formally collaborating to address

a common problem, and transferring this knowledge to an SDO.

Interested observer: monitoring developments and assessing oppor-

tunities for engagement.

The increased interest of governments, however, presents challenges
during consensus-seeking processes within international standardisation
fora, where there may be national vested interests. Such challenges are
further complicated by the fact that many multinational firms — which
have great influence in international standards-setting given their size
and global reach — may have interests which conflict with those of the
nations of their origin (OTA, 1992; David and Shurmer, 1996). In order
to address increased challenges associated with such competing interests,
various organisations at a higher policy level - e.g., quasi-government
institutions or industry consortia at national/regional/international
levels - may take the responsibility of coordinating a variety of stake-
holders (EXPRESS, 2010; European Commission, 2011). However, per-
haps due to the unprecedented level of complexity, current efforts for
strategic approaches to standardisation in smart systems are often limited
to the national level, led by national governments or government-funded
standards organisations (e.g., Hogan et al.,, 2011; NIST, 2012; NPE, 2012;
TTA, 2013; DKE, 2014).
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2.4. Roadmapping for strategic approach to standardisation

In order to address increased challenges in standardisation of smart
systems, roadmapping is often used as a practical tool for effective antic-
ipation and management of standardisation. Strategic roadmapping,
with its focus on developing consensus and creating a common vision
among participants, has become one of the most extensively used
techniques for supporting technological innovation and management
(Phaal and Muller, 2009). In particular, roadmapping frameworks are
designed to support the development of coherent, holistic, and high-
level integrated view of complex systems, while displaying the interac-
tions between various innovation activities over time (Kostoff and
Schaller, 2001; Groenveld, 2007; Popper, 2008).

The systems-based nature of strategic roadmapping makes it useful
in future-oriented analyses for standardisation (e.g., identifying
standard gaps and generating plans to align necessary standardisation
activities), as roadmapping can effectively identify key gaps in knowl-
edge and their contexts (Phaal et al., 2010). In addition, it is an effective
way to frame standardisation strategies within the context of broader
technology strategies or existing future-oriented analyses for innova-
tion systems, making the best use of standards and standardisation
(Moreton, 1999). The approach is particularly useful in areas related
to smart systems, where the level of complexity requires even higher
degrees of anticipatory and systematic standardisation to achieve inter-
operability. Consequently, a number of standardisation roadmaps have
been developed for various smart system applications, including smart
grid, cloud computing, electromobility, and smart manufacturing (e.g.,
NIST, 2010a; Hogan et al., 2011; NPE, 2012; DKE, 2014).

These standardisation roadmaps are adopted at various levels with a
variety of forms and processes, in order to suit different strategic and
standardisation needs. Although careful planning and governance are
required for effective management of roadmapping processes, there
are limited studies exploring this issue, leaving significant challenges
for policymakers and standards organisations in appropriately de-
signing and organising standardisation roadmapping exercises
(Miao et al., 2012; Min et al., 2012; Ho, 2014). In order to fill this re-
search gap, the current study investigates how existing
standardisation roadmapping exercises have been carried out in a
variety of smart system domains; it can help identify insights and po-
tential effective practices which may offer the basis of a more systemat-
ic process of structuring and managing roadmapping for strategic
foresight of standardisation in complex heterogeneous areas.

2.5. Roadmapping process

Before exploring processes of standardisation roadmapping exer-
cises, it is appropriate to review existing academic and practice litera-
ture on roadmapping processes. Although there are no hard and fast
rules, the following phases have been identified as general guidelines
for strategic roadmapping processes (e.g., Garcia and Bray, 1997;
EIRMA, 1997; Groenveld, 2007; Phaal and Muller, 2009):

1) Initiation and planning: to define scope and objectives of the roadmap,
and identify participants, structure, and process of developing it.

2) Input and analysis: to capture, structure, and share relevant
knowledge.

3) Synthesis and output: to create the roadmap through convergence,
and implement it to fulfil objectives.

4) Follow-up: to review and update the roadmap.

Detailed procedures of each phase differ depending on the purpose
and type of the roadmap. Nevertheless, as the roadmapping is essential-
ly a technique used in strategy development, they usually follow the
general strategy process. Comparing published process models for busi-
ness and technology strategy, Phaal et al. (2010) propose a

generalised strategy process model comprising of the following
steps:

1. Vision and goals: to establish a sense of direction, in terms of a future
vision and goals.

2. Appraisal of current position: to collate and assess information
currently available, relating to current and historical strategies,
activities, and performance.

3a. Assessment of external environments: to collect and assess infor-
mation relating to external factors, issues, and drivers to identify
opportunities and threats.

3b. Assessment of internal environments: to collect and assess infor-
mation relating to internal resources, capabilities, and constraints,
to identify strengths and weaknesses.

4. Generation and assessment of strategic options: to generate strate-
gic options, identify gaps, and assess and select the options to derive
strategic plans.

5. Implementation: to put the strategic plan into action.

6. Evaluation and learning: to review outcomes and disseminate results.

Although above steps closely represent the general process
of roadmapping activities to develop business strategies, further
challenges exist when developing roadmaps to support innovation
system-level (often public) strategy development. As such exercises
often have high-level scopes, covering broader issues of collective inter-
ests with infrastructure characteristics, they not only involve a large
number of stakeholders representing various perspectives, but also
need to effectively draw on previous roadmapping or other similar fore-
sight exercises. In this regard, Ho et al. (2014) have explored how
roadmapping processes can be structured and managed to effectively
support public strategy development, based on the case of additive
manufacturing in the US. Due to a wide variety of applications and
multiplicity of technological approaches, processes, and materials asso-
ciated with it, a systematic approach is needed to help the community
coalesce and coordinate around strategy development for supporting
the industry. Examining a series of roadmapping exercises, they
propose a systematic process model for structuring successive
roadmapping exercises that can be used to develop public-level strate-
gies for supporting emerging technologies (see Fig. 1). In particular, em-
phasis is put on how to gain more benefits from previous learning and
analyses to enhance efficiency of the process, through various prelimi-
nary activities.

Such process model may also be useful in roadmapping for strategic
standardisation foresight, as they too are used to support public-level
strategy developments for issues with collective interests, involving a
large number of stakeholders; they include not only innovation actors
with different technological knowledge and resources required for
standardisation, but also those who lack such technical knowledge but
are still affected by outcomes of standardisation (e.g., small companies,
consumers, regulators, and governmental organisations) (Yoo et al.,
2005; Swann, 2010; Blind, 2013). In addition, as this process is essen-
tially based on the general roadmapping process for strategic manage-
ment and technology foresight, it is readily adaptable within existing
future-oriented technology analyses; hence, the process ensures that
standardisation issues are addressed in a more effective and integrative
way within existing foresight activities of the innovation system.

In order to further examine the applicability and usability of the
process model and build on it for more effective practices, the current
research proposes to explore existing standardisation roadmapping ex-
ercises in smart systems. It can provide not only insights into issues and
challenges associated with strategic foresight analyses of
standardisation, but also further implications for structuring and
governing roadmapping processes in such complex heterogeneous
areas.
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Fig. 1. Process model for structuring successive roadmapping exerci

3. Research methodology

Given the complex, exploratory, and contemporary nature of the
research, a case study approach has been used, allowing the researcher
to develop clearer and richer explanations about a new concept based
on multiple sources of data (Yin, 2009). Reviewing a number of existing
standardisation roadmaps in various areas of smart systems provides
rich information on issues and challenges of standardisation foresight in
complex areas, along with implications for more effective processes of
managing roadmapping exercises. The selected roadmaps span various
smart system domains, covering variations in the issues, application char-
acteristics, and national context factors that influence standardisation:

= Case 1. National Institute of Standards and Technology (NIST)
Framework and Roadmap for Smart Grid Interoperability Standards in
the US

= Case 2. NIST Cloud Computing Standards Roadmap in the US
= Case 3. German Standardisation Roadmap for Electromobility
= (Case 4. German Standardisation Roadmap Industrie 4.0

= (Case 5. ICT Standardisation Strategy Map in Korea (for the purpose
of this research, only roadmaps in focus areas related to ICT Convergence,
including Smart Transport, Health ICT, Smart Home, and Green ICT, are
explored)

Mostly qualitative data were collected through the desk research of
archival documents, such as standardisation roadmaps and official re-
ports, which provide reliable and detailed information on standardisation
roadmapping exercises. Expert interviews with participants who have
been involved in developing these roadmaps were also carried out, in
order to help understand the background and details of major activities,
which may be difficult to access through document sources alone;
many interviews were thus conducted particularly for Case 5,
complementing lack of secondary sources available. Thirty experts
from various organisations participated in interviews, ensuring the
representation of varied perspectives; thirteen from standards organisa-
tions, six from industry, four from research laboratories, four from gov-
ernment agencies, and three from academia participated. Collected
information on lessons learnt from existing standardisation roadmapping
practices were then analysed against the baseline model developed by

ses to support public-level strategy developments (Ho et al., 2014).

Ho et al. (2014), providing implications for a systematic process
of managing roadmapping exercises for strategic approaches to
standardisation.

4. Review of existing standardisation roadmapping exercises
4.1. Increased challenges in strategic foresight of standardisation

From the review of existing practices, it is shown that there exist
increased challenges, thus potential areas of system failures, with stra-
tegic management and foresight analyses of standardisation in smart
systems. Many of these areas have emerged from integration of various
domains with different technological bases in different levels, creating a
complex system of systems; this results in new points of contact and
interfaces where standards are needed to allow secure interconnections
and reliable communications between them. In addition, further chal-
lenges arise when existing systems need to be integrated with emerging
technologies and systems, calling for more careful planning and devel-
opment of standardisation strategies. Therefore, an all-encompassing,
systematic approach is to be taken for comprehensive analyses of interre-
lationships and linkages between different technologies, allowing cross-
level and cross-domain strategy developments for standardisation in
such interdisciplinary areas.

The systems nature of smart systems also brings about stakeholder
complexities associated with strategic approaches to standardisation;
a large number of stakeholders representing various perspectives
need to be engaged, including the industry (companies, trade associa-
tions, etc.), research laboratories, academia, government, and SDOs.
This leads to not only communications challenges between participants
with different expertise and perspectives, but also coordination and
alignment of activities performed by various innovation actors; hence,
government is often actively engaged in roadmapping exercises as
participants and convenors, bringing and coordinating among these
actors with different interests and motivations. In addition, due to the
increased complexity and systems nature, standardisation roadmaps
are generally based on other supporting documents with information
regarding relevant standards and standardisation activities, which
need to be collated and incorporated into current roadmapping exercises.
Table 1 summarises such issues and challenges with strategic manage-
ment and foresight analyses of standardisation in smart systems.

Challenges and potential areas of system failures associated with
standardisation of smart systems closely resemble those of public-
level strategic roadmapping exercises as studied by Ho et al. (2014).
There are a large number of stakeholders involved in complex systems
integrating a wide variety of existing and emerging technologies;
relevant information from previous studies and analyses need to be
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Table 1
Existing standardisation roadmapping exercises in smart systems.

Case Developing organisation

Participants (order of %)

Highlighted challenges in strategic
management and
foresight analyses of standardisation

Role of government

Case 1: NIST Framework and
Roadmap for Smart Grid
Interoperability Standards
(NIST, 2010a)

Smart Grid and Cyber-Physical

Systems Program Office of the US  laboratories,

academia

Case 2: NIST Cloud Computing
Standards Roadmap (Hogan
et al, 2011)

Roadmap Working Group
academia

Case 3: The German National Platform for

Industry, Research

government, SDOs,

NIST Cloud Computing Standards Industry, government,
research laboratories,

Convenor/coordinator,
participant, funder/enabler

Due to the nature of a complex system of
systems:

- involvement of and communication
between a large number of stakeholders
with different expertise and perspectives

- cooperation among various SDOs
developing related standards

- integration of existing and emerging
systems

Due to the involvement of various
organisations with relevant standardisation
activities:

- participation and coordination of these
organisations

- collation and usage of existing supporting
documents

Convenor/coordinator,
funder/enabler

Standardisation Roadmap for
Electromobility (NPE, 2012)

Electromobility (NPE) of Germany

Industry, government,
academia, research
laboratories, SDOs

Convenor/coordinator, tech.
leader, participant,
coordinator of federal agency
needs

Due to the integration of two separate
domains:

- coordination and integration of
standardisation activities required for new

Case 4: The German
Standardisation Roadmap
Industrie 4.0 (DKE, 2014)

Electronics & Information
Technologies of DIN and VDE
(DKE)

Case 5: ICT Standardisation Strategy ~ Telecommunications Technology Research laboratories,
industry, academia,
government, SDOs

Map (particularly in areas of ICT
Convergence) (TTA, 2013)

Association (TTA) of Korea

German Commission for Electrical, Industry, academia,
SDOs, government

points of contact and interfaces

- participation of a variety of actors from
different sectors

Due to the nature of a complex system of
systems:

- involvement of and communication
between actors from different disciplines

- cooperation among various SDOs

- integration of existing and emerging
systems

- all-encompassing approach required for
cross-level/cross-domain strategies

Due to the nature of interdisciplinary areas:
- all-encompassing approach required for
cross-level/cross-domain strategies

- involvement of and communication
between stakeholders from different
disciplines

Convenor/coordinator,
participant, coordinator of
federal agency needs

Technical leader, participant,
implementer/adopter,
funder/enabler

incorporated in current foresight exercises as well. Therefore, the
systematic process model proposed by Ho et al. (2014) can be also ap-
plicable to roadmapping exercises for strategic standardisation.

Despite the adequacy and usefulness of the proposed process
model, it may not be entirely sufficient to be applied for strategic
standardisation of ICT-enabled smart systems, which requires a
more anticipatory and interdisciplinary approach. Hence, detailed
procedures of existing roadmapping exercises are studied to explore
how these challenges and potentials of system failures can be addressed
more appropriately, by closely examining specific activities and practices
undertaken in each practice. Although existing practices do not address
all issues and challenges associated with standardisation of smart sys-
tems, lessons learnt from these exercises are expected to provide further
insights and implications for how roadmapping processes can be struc-
tured, managed, and governed, in order to effectively carry out
standardisation roadmapping exercises for complex heterogeneous
areas from a higher level of innovation policies and strategies.

4.2. lllustrative case study of detailed process of standardisation roadmapping

Detailed processes of the five roadmapping practices have been
studied to explore how specific activities and steps they have adopted
can be useful in appropriately addressing some of the organisational
challenges of standardisation in smart systems. The case of NIST Frame-
work and Roadmap for Smart Grid Interoperability Standards is shown
here as an illustrative example, as it provides the richest information

due to relatively long history of development and easy access to data,
both from abundant archival documents and eleven expert interviews;
an earlier version of this case analysis is presented by Ho (2014). It is to
be noted that the actual roadmapping exercise was performed more it-
eratively rather than linearly as described here, as many activities were
carried out in parallel, according to an interviewee.

4.2.1. Step 0: preliminary activities

Before actual roadmapping workshops took place, existing informa-
tion from previous works on smart grid were gathered, including the
IntelliGrid program, the Modern Grid Initiative, and work done by the
GridWise Architectural Council. Based on this information, decision was
made among relevant government agencies to identify eight priority
areas where there are urgent needs for smart grid-related standards; pro-
cesses and participants of developing the roadmap were also decided
(NIST, 2010a).

4.2.2. Step 1: identify vision

Based on preliminary activities, the vision of smart grid was formulat-
ed, describing the technological and architectural destination to be
described in the roadmap. The definition and characteristics of smart
grid were also articulated, helping a variety of stakeholders broadly
agree on what features and characteristics smart grid should have in the
future (EPRI, 2009).
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4.2.3. Steps 2 & 3: identify existing standards and issues

The first roadmapping workshop organised in multiple breakout
sessions was held, focusing on various tasks including: defining basic
system architectures, identifying current issues, and evaluating existing
standards. Although it was refined and finalised in a later step, basic
system architectures were first outlined, consisting of: architectural
goals for smart grid; a conceptual reference model, comprised of the
conceptual domain models with their actors and applications; models
for smart grid information networks; a smart grid interface to the cus-
tomer domain; and conceptual business services (NIST, 2012). As the
conceptual structure and overall organisation embodying “high-level
principles and requirements that designs of smart grid applications
and systems must satisfy,” system architectures not only helped support
communications between various stakeholders, but also identified
interfaces for which interoperability standards are needed (NIST, 2010a,
p. 19). Participants also identified current issues and key standards -
either existing or available in the near future to meet smart grid needs -
to be included in Catalog of Standards (CoS) (NIST, 2010a).

4.2.4. Step 4: use case analyses to identify standard gaps, develop action
plans, and refine system architectures

The second workshop focused on identifying additional standard
requirements by analysing use cases. For each use case, participants
discussed how actors would interact with systems within smart grid
to accomplish a specified goal (Ibrahim, 2009). They then identified
actors in their domains, defined information exchanges that fulfil the
scenario, and finally specified relevant standard requirements that
could carry these information exchanges (NIST, 2010a). Requirements
collected from various use cases were categorised, analysed, and
compared against CoS; the remaining requirements were assessed as
known deficiencies, hence identified as standard gaps (EPRI, 2009;
NIST, 2012). According to an interviewee, a set of priorities for address-
ing these standard gaps were also selected according to various factors,
such as immediacy of need, relevance to high-priority smart grid func-
tionalities, deployment state of related technologies, and estimated
timeframe. Priority Action Plans (PAPs) were then generated, with a
list of action items and timelines for accomplishing PAP objectives
(EPRI, 2009). Results of gap analyses from use cases were also used to
refine system architectures, by identifying gaps in architectural princi-
ples and concepts outlined in a previous step (NIST, 2010a, 2012).

4.2.5. Step 5: publication and implementation

An interviewee noted that a request for public comments was issued
to gather additional information and resources, before publishing the
final roadmap. Once published, PAPs were executed in various SDOs to
accomplish the smart grid vision (NIST, 2010a).

4.2.6. Step 6: review and follow-up

Throughout the first roadmapping exercise, needs for a number of
modifications were recognised in terms of the governance structure of
developing the roadmap, according to interviewees. First, although
workshops were useful to build initial consensus and increase aware-
ness on importance of standardisation activities, it was a laborious job
to hold workshops with over 500 participants; hence, Smart Grid
Interoperability Panel was established as a more structured system for
an ongoing roadmapping process, providing coordination, acceleration,
and harmonisation of SDOs' efforts for the timely availability of
appropriate smart grid standards (NIST, 2014). Second, recognising
the importance of managing the overall roadmapping process, Program
Management Officers were created to make sure that every process is
followed smoothly, mitigating any political conflicts and modifying
processes as they gain more experience throughout roadmapping
exercises.

4.3. Implications for roadmapping processes for strategic standardisation

A close examination of five existing standardisation roadmapping
practices provides insights into how some of the challenges associated
with standardisation of smart systems can be addressed in actual
roadmapping processes, ensuring that additional attention and
organisational efforts are paid to issues related to the governance
and organisation of roadmapping exercises. Table 2 summarises
key activities and practices adopted in each case, providing implica-
tions for a more systematic process of organising and managing
standardisation roadmapping exercises. Preliminary activities of
gathering existing information from previous works to effectively
design roadmapping workshops is a particularly important step in
facilitating ‘knowledge development and diffusion’ function of inno-
vation systems; it not only supports the coordinated engagement of
various stakeholders, but also provides syntheses of up-to-date in-
formation and state-of-the-art research. It also helps establish com-
mon definitions of key terminologies and fundamental concepts in
the beginning of roadmapping practices, which is critical for efficient
communications among participants with different backgrounds and ex-
pertise. Similarly, developing system architectures at an early stage -
even though they are often revised throughout the roadmapping prac-
tice - helps facilitate discussions and collaborations, by allowing partici-
pants have common understandings on the complex and
interdisciplinary structure of smart systems. Providing a high-level visu-
al conceptualisation of the overall system, it can be also used in identify-
ing standard gaps through use case analyses, in order to achieve
interoperability between different domains and systems composed of
different technology bases. As a structured way of anticipating future
standards needs for highly complex systems, the use case method is an
important tool adopted in many standardisation roadmapping exercises,
enhancing ‘legitimation’ function of standards in innovation systems by
reducing uncertainties.

4.4, Other policy implications for standardisation roadmapping

4.4.1. Participation of a variety of innovation system stakeholders

Most interviewees highlighted the importance of participants in
standardisation roadmapping, as the roadmap heavily relies on the
knowledge and insights they bring into the process. In addition, stake-
holders from different types of organisations have different perspec-
tives, thus make different contributions. According to multiple
interviewees, participants from the industry - including manufacturers,
service providers, and utilities — provide substantial knowledge and re-
sources on what customers really want and how systems actually work,
as they are at the cutting edge of the industry with a better understand-
ing of current market trends. On the other hand, participants from re-
search organisations provide more state-of-the-art knowledge of
technologies still at research stages, whereas participants from acade-
mia tend to offer longer-term views that increase overall values in the
industry and society, but other participants may not yet be aware of.

Hence, selecting an appropriate mix of participants from various
stakeholder organisations is considered critically important to ensure
a balance of contributions and perspectives. Interviewees from Korea
expressed their concerns that roadmaps mainly developed by researchers
with purely technical perspectives may potentially overly generate
research-oriented standard gaps which do not address real needs of the
industry. On the other hand, interviewees from the US pointed out that
dominant participation from the industry may possibly result in focusing
on short-term benefits only, as their main objective is to create economic
values through business models. Such imbalance of important perspec-
tives of the overall system may lead to standardisation activities that
guide innovation systems in an inappropriate direction. Therefore, a
well-balanced participation of stakeholders representing various perspec-
tives — including those of researchers, private companies, economists,
market analysts, and regulators - is often essential, so that standards
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Table 2

Implications from case studies for detailed activities of standardisation roadmapping exercises.

Phases of road-mapping
process

Steps of public-level strategic
roadmapping (Ho et al., 2014)
activities)

Activities and practices used in existing standardisation
roadmapping exercises (with cases illustrating particular

Proposed activities for managing
standardisation roadmapping exercises

Initiation & planning 0. Preliminary activities

1. Vision & goals
- Identify objectives (4)

- Define major elements (1,2,3,4,5)
- Scenario planning (2,5)
- Conceptual model (1,2,3,5)

- Gather existing information (1,3,5)

- Identify focus areas (1,5)

- Decide processes & participants (1,3,5)
- Identify vision (1,2,3,5)

- Gather existing information

- Identify scope

- Decide processes & participants
- Identify vision, goals & objectives

- Define fundamental concepts (by scenario planning,
developing conceptual models, or defining essential
characteristics)

- Define essential characteristics (1,2)

Input & analysis 2. Appraisal of current status

- Identify current activities (3,4,5)

- Identify current standards & standardisation activities

- Identify existing standards (1,2,3,4)

- Design basic system architectures (1,2)
- Identify current technical/non-technical issues (1,3,4,5)

3. Identifying opportunities &

challenges - SWOT analysis (3,5)
4. Generation of strategic - Identify gaps (1,2,5)
options - Develop use cases (1,2,3)

- Refine system architectures (1)
- Establish strategic priorities (3,5)
- Develop action plans (1,3,4,5)

Synthesis & output

- Design basic system architectures

- Analysis of national/international environments:
technical/non-technical issues (e.g., SWOT analysis)
- Gap analysis (by developing use cases)

- Refine system architectures
- Establish priorities based on strategic importance
- Develop action plans

- Cross-review of action plans (1,5)

5. Publication &
implementation

Follow-up 6. Review & follow-up

- Wider public review process (1,4)

- Execute action plans (1,2,3)

- Provide guidelines for strategies (2,3,4,5)
- Feedback from participants (5)

- Modify structure/process (1)

- Review process

- Execute action plans

- Guidelines for strategic decisions
- Obtain feedback for evaluation

- Modify process if necessary

can effectively support the efficient development and timely diffusion of
new innovation.

4.4.2. Potential roles of government

The participation of various stakeholders with different perspectives
calls for an active engagement of government or other public organisa-
tions as convenor or coordinator in standardisation roadmapping. Many
interviewees noted that government can facilitate collaboration of a
variety of innovation actors by helping them coordinate and align
their activities in a more systematic way, supporting the effectiveness
and efficiency of the overall innovation system. The mediating role of
government may also include helping resolve conflicts between various
stakeholders or innovation systems, or helping gain legitimacy and in-
crease social acceptance, which are critical functions of standardisation
in innovation systems.

According to multiple interviewees, this convening and brokering role
of government in standardisation is becoming increasingly important
with the growth of ICT-enabled smart systems, where their complex
heterogeneous nature requires various stakeholders with different
backgrounds and interests to work together, resulting in additional
challenges in communication and cross-sectoral cooperation. Various
SDOs with different expertise also need to work together, requiring co-
ordination of their activities and harmonisation of standards developed
by them. In addition, there are multiple federal departments and agen-
cies involved in supporting the development of smart systems, whose
standardisation efforts and interests need to be coordinated as well.
Therefore, government may have a useful role in helping to convene
such a wide variety of actors, and to align their standardisation efforts
related to complex innovation system challenges.

Even when such convening and coordinating role can be conducted
by other organisations (e.g., non-profit industry consortia as in Case 5),
government may still play active roles in standardisation roadmapping
as funder or enabler, especially in areas of national economic or soci-
etal importance. ICT convergence in Korea, cloud computing in the
US, and smart manufacturing in Germany are all considered to be
areas of strategic importance for national economic competitiveness.
Whereas smart grid and electromobility standards support important
national infrastructures, and hence serve as critical public good resources

- i.e., goods whose benefits are available to everyone and from which no
one can be excluded (Kindleberger, 1983). Since public goods are not only
typically under produced, but also subject to considerable market and sys-
tem failures (Tassey, 2000; Garcia, 2004; Garcia et al., 2005; NIST, 2010b),
government needs to play a more active role in supporting the develop-
ment of relevant standards, which are critical for effective operations of
such infrastructures (as shown in Case 1 and Case 3).

5. Proposed process of roadmapping for strategic standardisation

Based on the public-strategy roadmapping process model proposed
by Ho et al. (2014) as well as lessons learnt from case studies, a more
systematic and structured process model is developed for managing
roadmapping exercises, to effectively address some challenges related
to strategic foresight for standardisation of highly complex heteroge-
neous systems. In particular, incorporating useful steps and activities
adopted in actual roadmapping practices, the proposed process helps
ensure that appropriate levels of additional care, systematic attentions,
and organisational efforts are paid to issues such as governance, stake-
holder inputs, benchmarking, and system characterisations. This process
is summarised in the model shown in Fig. 2. The actual process would
be more complex, dynamic, and iterative in nature, but it is still helpful
to begin with a structured and rational view based on systems and pro-
cess thinking (Phaal et al., 2010). A step-by-step description of the process
is presented, with illustrative examples from case studies.

5.1. Step 0: preliminary activities

Preliminary activities during the planning and initiation phase are
repeatedly highlighted in most cases, as an important first step
of standardisation roadmapping exercises. Existing information is
gathered from previously generated reports and other foresight analy-
ses on relevant issues, in order to access as much current knowledge
and state-of-the-art understanding of the technology and its
standardisation landscape as possible. Standardisation roadmaps in
Case 1, Case 2, and Case 3 are actually built on previously published
supporting documents (NPE, 2010; NIST, 2010a; Hogan et al., 2011).
As they are often syntheses of collective experiences and up-to-date
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Fig. 2. Proposed process model for managing standardisation roadmapping exercises of smart systems.

knowledge representing various perspectives, using this information
can significantly enhance efficiency of the roadmapping process and
quality of outputs.

Based on existing information gathered, the focus of the roadmap
needs to be defined to help clarify scope and boundaries of the roadmap,
as well as processes of how the roadmapping exercise is actually going
to be run and executed. Workshops with breakout sessions can be
employed to foster collaborations and interactions among various
stakeholders; discussion topics in each breakout session can be
designed according to the themes that appear to be important from pre-
vious analyses, as adopted in Case 1 and Case 3. Selecting roadmapping
participants is another essential step, as the roadmap heavily relies on
the knowledge and insights they bring into the process; Section 4.4.1
discusses that selecting the right mix of participants from various
organisations representing a variety of perspectives is critical in order
to collect a balanced view of the innovation system.

5.2. Step 1a: identify visions and goals

When the actual roadmapping workshop begins, a future vision of
the field and its broad goals in terms of standardisation need to be
shared and agreed among participants, in order to establish a common
sense of direction which is critical for the success of strategic
standardisation. Although it is difficult to achieve consensus on definite
goals of standardisation in such complex systems, it is necessary to define
an initial high-level vision to develop common strategies (Emerging
Industries, 2001; Phaal et al., 2010). Articulating objectives and expected
outcomes of roadmapping may also help guide the general direction of
the roadmap.

5.3. Step 1b: define fundamental concepts

Standardisation of smart systems involves participation of a variety
of stakeholders with different backgrounds and expertise, leading to in-
creased challenges for communication; additional confusions and ambi-
guities may also exist due to new terminologies and vocabularies
relevant to emerging technologies. Common definitions of fundamental
concepts relevant to the system under consideration thus need to be de-
fined, in order to ensure that they speak the same language from the
early stage of roadmapping exercises. It can not only facilitate commu-
nications among participants during roadmapping exercises, but also
reduce uncertainties, thereby supporting ‘legitimation’ and ‘knowledge
diffusion’ functions of standards in innovation systems (see Sections

2.1.1 and 2.1.4). Due to the systems nature of smart systems involving
a lot of information exchange, defining major elements of information
systems such as main components, domains, actors, and service models
can play an important role in providing better understanding of the
technology (NPE, 2010; NIST, 2010a; Hogan et al., 2011; TTA, 2013).
Sometimes, tools such as scenario planning and conceptual models, as
adopted in Case 2 and Case 5, may facilitate this process, by allowing a
clearer overview of the system (Hogan et al., 2011; TTA, 2013); however,
the lack of structured methods of developing and evaluating scenarios
may result in complexities due to an unhelpfully wide variety of different
types in terms of form and content, as criticised by some interviewees. For
domains involving integration of existing and emerging systems, it is
more efficient to first define the existing system landscape coherently
and completely, before defining the additional level of integration and
its emergent behaviour (DKE, 2014).

5.4. Step 2a: design basic system architectures

“An architecture models the structure of a system and describes the
entities and interactions within the system (NIST, 2010a, p. 28).”
Designing basic system architectures based on currently available
information and knowledge not only allows systematic analyses of
interrelationships between different technologies, but also supports
communications between various stakeholders with different exper-
tise, hence facilitating cross-domain strategic standardisation as in
Case 1 and Case 2 (NIST, 2010a; Hogan et al., 2011). Allowing efficient
dissemination of technical information and forming a baseline from
which new technologies and innovations emerge, basic system archi-
tectures can thus enhance the ‘knowledge development and diffusion’
function of standards in innovation systems (refer to Section 2.1.4). In
addition, it can be used as a tool for identifying standard requirements
to ensure interoperability of the overall system. It may not be practical
to develop a definite, single, and all-encompassing architecture for a
complex system of systems such as smart grid and smart manufactur-
ing; independent, yet interconnected architectures for subsystems can
be developed instead, which are continuously revised as the technology
evolves over time and as a higher level of consensus is reached through-
out the roadmapping process (NIST, 2010a).

5.5. Step 2b: identify current standards and standardisation activities

Once basic system architectures are defined, it can be used to analyse
and communicate the present standardisation landscape, as it is “a
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conceptual reference model for discussing the characteristics, uses,
behaviour, and other elements of... (the system) and the relationships
among these elements (NIST, 2010a, p. 28).” Current status of standards
and standardisation activities relevant to complex smart systems can be
discussed and organised with reference to system architectures, as
adopted in most cases (NPE, 2010; NIST, 2010a; DKE, 2014). Since
most smart systems emerge from the integration of previous generation
technologies with varieties of ICT, existing standards that are relevant to
smart systems are originally developed in support of pre-exiting, analo-
gous technologies; for example, some of the existing standards relevant
to cloud computing are originally designed for web services and the Inter-
net (Hogan et al.,, 2011). Hence, relevant standards and standardisation
activities should be identified by examining current standardisation land-
scape of existing, related technologies.

5.6. Step 3: analysis of national/international environments: technical/non-
technical issues

Once current status of the standardisation landscape is identified,
national and international environments need to be analysed, in order
to identify opportunities and challenges in terms of standardisation;
more structured tools such as SWOT analysis can be helpful, as in Case
5 (TTA, 2013). This step is particularly important for standardisation
roadmaps whose goal is to secure national competitiveness of the
industry in international markets (NPE, 2010; TTA, 2013; DKE, 2014).
Moreover, it is critical to consider various perspectives other than just
technological issues, as standards influence and are influenced by
various innovation activities. Many interviewees highlighted the impor-
tance of ensuring well-balanced representations of various perspec-
tives, including technology, market, industry, regulations (including
intellectual property), and government policies.

5.7. Step 4a: gap analysis

In order to address challenges and opportunities identified in the
previous step, gap analysis is then performed, identifying key areas
where standards are needed to support the innovation system. A
structured method of use cases (adopted in Case 1, Case 2, and Case 3)
can be a useful tool for anticipating future directions of technologies
and relevant standards needs. Describing how systems would interact
from a utility-centric perspective with the aid of system architectures,
use cases help determine standard requirements to achieve interoperabil-
ity within various parts of the system; these requirements are then com-
pared against the list of existing standards or current standardisation
activities, in order to identify standards gaps that need to be closed in
the future (NPE, 2010; NIST, 2010a; Hogan et al., 2011). Use case methods
allow maximum innovation in emerging areas with high uncertainties,
yet ensuring their ready deployment and interoperability within the
system (NIST, 2010a), thus reinforcing the ‘knowledge development
and diffusion’ function of standardisation in innovation systems (refer
to Section 2.1.4).

5.8. Step 4b: refine system architecture

Gap analysis from use cases may also reveal any gaps in the architec-
tural principles and concepts that have not been aware earlier, noted an
interviewee from Case 1. Hence, the basic, simpler version of system
architectures designed in Step 2a can be refined, by incorporating addi-
tional requirements identified through use cases; providing a common
framework of reference, refined architectures can be used to describe,
discuss, and develop strategic action plans for standardisation.

5.9. Step 4c: establish priorities and action plans

Standards gaps identified through use case analyses are then
assessed in terms of various factors, e.g., strategic importance, urgency,

and estimated timeframe, in order to prioritise and develop action plans
to address them. Strategic options and detailed plans for each action are
then generated, including whether to develop new standards or revise
existing standards, identifying which SDOs should be responsible for
standardisation activities, and detailed timelines for each task. Inter-
viewees from Case 1 and Case 5 noted the importance of reviewing stra-
tegic action plans across related domains and systems, in order to
ensure consistency and effectiveness of strategies developed. Due to
the systematic and interdisciplinary nature of smart systems, compre-
hensive reviews of interrelationships and linkages between different
domains and their standardisation activities are critical to support over-
all innovation systems more effectively. For standardisation roadmaps
with objectives to secure national competitiveness of the industry,
strategic positions - whether to be an active participant, co-operator,
or observer - in international standardisation may be also determined,
as in Case 3 and Case 5 (NPE, 2010; TTA, 2013).

5.10. Step 5: publication and implementation

A draft version of the roadmap may go through a public review pro-
cess, in order to engage wider stakeholders who did not have opportu-
nities to participate in roadmapping workshops (as observed in Case 1
and Case 4). Developed strategies may then be implemented by various
organisations, influencing the selection, prioritising, and timing of
standardisation activities in relevant committees. According to multiple
interviewees, roadmaps can trigger various activities by both public and
private decision makers in supporting smart systems industries. In addi-
tion, as syntheses of up-to-date knowledge, they may be used as critical
sources of information for subsequent foresight analyses in relevant
fields; for example, contents of the Cloud Computing Standards
Roadmap in Case 2 are incorporated into a wider Cloud Computing
Technology Roadmap (Hogan et al., 2011; Badger et al., 2011), while
contents of the German Standardisation Roadmap for Electromobility
in Case 3 are incorporated in a similar roadmap developed by the Trans-
atlantic Economic Council (NPE, 2012).

5.11. Step 6: review and follow-up

As roadmapping is an ongoing learning process rather than a single,
one-off activity, it is important to continuously review and revise its
development process through evaluation and learning, in order to sup-
port ongoing knowledge management. Feedback from participants is
critical to improve the overall roadmapping process, so surveys or ques-
tionnaires may be employed (as observed in Case 5). Based on these
feedbacks as well as learning from experiences, processes and relevant
governance structures of roadmapping exercises can be modified
where necessary (as observed from Case 1).

6. Concluding remarks

This paper presents a novel systematic process model for supporting
future-oriented analyses of standardisation designed, in particular, for
highly complex heterogeneous smart systems, where there are increased
challenges of achieving interoperability between systems with different
technological bases. The proposed process is intended to better support
the effective organisation, management, and governance of
standardisation roadmapping exercises, ensuring that appropriate at-
tention is given to diverse stakeholder interests, as well as complex
technology and policy considerations of smart systems. Based on
public-level strategic roadmapping processes presented in existing lit-
erature, the process has been developed through the study of five
major standardisation roadmapping exercises in various smart system
domains. The case studies provide insights into the growing challenges
and potential for system failures associated with complex
standardisation efforts, particularly in emerging technologies with in-
terdisciplinary systems nature, involving various stakeholders from
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different organisations and disciplines. The study also provides illustra-
tive examples of specific activities and tools that may be effective in ad-
dressing these challenges, as highlighted in an in-depth case study of the
NIST Framework and Roadmap for Smart Grid Interoperability Standards.
Useful practices for addressing some of the organisational challenges of
standardisation in smart systems include: gathering existing information
for increased efficiency; establishing common definitions of fundamental
concepts and developing system architectures at an early stage; and
structured methods of use cases to identify standards gaps. Developing
system architectures is found to be particularly useful in supporting stake-
holder communications and strategic standardisation in complex, hetero-
geneous areas of smart systems. In addition, other policy implications are
drawn out, including issues of participating stakeholders and important
roles of government (particularly in areas where there are issues for na-
tional competitiveness, security, and societal infrastructure) in
standardisation foresight exercises.

Based on these findings, a more systematic and structured process of
organising and managing roadmapping exercises is proposed, focused
on ensuring that appropriate levels of systematic attention and
organisational effort are paid to address increased standardisation
challenges of smart systems. It particularly introduces a number of
effective new steps to existing roadmapping process models, incor-
porates other useful practices within existing steps, and refines
some activities and techniques. It is important to note that the pro-
posed process model is designed to help address challenges associat-
ed with organisation, management, and governance of
standardisation roadmapping exercises. This complements the re-
cent study by Featherston et al. (2016) presenting a framework
with careful characterisation of various technologies and innovation
activities relevant to standardisation, in order to ensure that the
standardisation roadmap itself is configured to address challenges due
to technical complexities, multiple stakeholders involved, and interdisci-
plinary nature of the particular technological system under consideration.

While future research should help refine the proposed process
model, its principles identified in this paper provide valuable insights
for standards organisations and policymakers when developing
roadmaps to support strategic foresight analyses for standardisation in
complex heterogeneous areas of smart systems. It informs not only
how such roadmapping exercises can be structured and managed, but
also how they can be governed, identifying potentially important roles
that government can play as convenor or coordinator. Although nation-
al governments played important roles in all cases considered in this
paper, the proposed process should be also employable by other large,
diverse multi-stakeholder organisations - such as public agencies or in-
dustry consortia - for strategic approaches to standardisation in areas
where a systematic, integrated, and high-level perspective is needed.
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