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Featured Application: Generation of a Dynamic Innovation Information System (DIIS) for opti-
mized planning and decision-making thanks to the dynamic evaluation of innovations over their
life cycle, applying a methodology for Digital Ecosystems in the Fourth Industrial Revolution
and an innovation management model based on the Viable System Model.

Abstract: Innovations are essential for global development and market dynamics. Innovation man-
agement is central to organizations for gaining adaptability and dynamic capabilities to ensure their
sustainability over time. Right decisions are essential for the implementation of innovations. How-
ever, on many occasions, especially in the product development process, decisions are taken based on
static analysis, qualitative criteria, questionnaires, and/or quantitative evaluations that are outdated.
Moreover, many innovation developments do not consider the existing databases in their information
systems of similar innovation projects, especially in the early phases of new innovations when evalua-
tions are mainly driven by area, group, or person. Furthermore, inventions are introduced in different
regions, plants, and socio-economic situations, providing different results. In this context, considering
that innovations shape our current and future world, including all products and services, as well as
how humans, organizations, and machines interact, the significance of the paper is clear. Therefore, it
is necessary to develop an innovation management model based on the Viable System Model to cope
with any potential future environment based on internal organizational capabilities. For this purpose,
the paper designs a Digital Ecosystem for the Fourth Industrial Revolution (DE4.0) based on the
Plan-Do-Check-Act methodology applicable to any information system consisting of a digital twin, a
simulation model, databases from existing information systems, and quality management techniques.
This DE4.0 provides a huge advantage for the applicability and scalability of innovations as it allows
one to plan, monitor, assess, and improve. Moreover, based on the conceptual model, a generic
project evaluation scheme is developed, providing a platform for innovation project management
and control during the whole innovation life cycle. As a result, the research provides a scientific and
practical contribution for an integrated management of innovations based on the best information
and set of techniques available. Based on this framework, a supply-chain case study is developed.
The results show how, depending on the intended goals, the past experiences, the evolution of the
innovation, and the innovation scope, indicators can be influenced towards reaching the initial goals
and reducing the innovation risks. Finally, a discussion about the potential use and role of the DE4.0
for innovation projects and the related learning process is performed.
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1. Introduction

The need for innovation is imperative; however, at the same time, innovation is
not easy. Innovation efforts over time have resulted in a multitude of failed innovation
projects. Even huge companies that once were the forerunners and creators of whole
markets had failed to stay competitive when changes occurred [1]. Nowadays, innovation
is no longer conceived as a specific result of individual actions but more as a holistic view
of innovation, leading to the challenge of transforming information into knowledge [2].
In this context, several countries chose to create innovation regulations that would help
companies in the way they manage their systems, processes, activities, or innovation
initiatives. The creation of these standards led necessitated a unified international standard,
the ISO 56000 series. This seeks to reference some of the best practices among the different
stakeholders in the innovation process [3]. However, this series does not provide an
integrated system for managing and monitoring innovation projects [4]. Innovation is
the basis for the development of human wealth. Thus, innovation management plays a
fundamental role in knowledge generation, resource allocation, and investment planning.
However, innovation management needs to consider organizational capabilities and goals
in relation to its environment to remain competitive when facing changes [1,2,4]. Thus,
continuous innovation development is needed to generate companies and maintain and
improve the competitiveness of existing organizations. Therefore, an innovation strategy
should be closely linked to the company’s vision and overall business strategy and based
on comprehensive and relevant information, both from inside the company and from the
market and the environment [5].

Research on the innovation process in and among organizations has evolved as a mul-
tidisciplinary endeavor. Most studies have focused on variables by using narrow research
traditions. Therefore, there is a research gap in the study of organizational innovation [6].
Moreover, there is a lack of standards for the effective project management of innovation
projects according to their type [7]. The selection of innovation projects is a dynamic
decision-making process involving evaluating, deciding about, and allocating resources.
In this context, there is a research gap in the quality of the decision-making process [8].
Considering that innovation does not always mean using the latest technology, innovation
management techniques and tools can help companies to adapt to circumstances and meet
market challenges in a systematic way [2]. According to Liberatone and Stylianou, only 14%
of innovations have significant success. Several authors have shown that better manage-
ment of innovation can increase the chances of success. Consequently, innovation process
effectiveness must be assessed by financial and non-financial criteria at all stages [9] with
both qualitative and quantitative factors. In this regard, such an approach does not exist,
and therefore, there is a research and practical gap in innovation performance measure-
ment [10]. The challenge is to adopt a new mode of thinking to master a new innovation
management model [11]. Future innovation management needs to use new methods of
innovation evaluation at different steps of the innovation process [11]. In this context, there
is a need for the implementation of systematic measurement for innovation activities over
time based on a combination of quality management and innovation management in an
integrated management system [3]. As a result, the goal is to design an innovation manage-
ment model capable of directing the strategy of an organization towards a predefined set
of goals based on its digital intra-organizational logistics Viable System Model. The model
defines the tasks for the different planning horizons as strategic, tactical, and operative.
The goal of the research is to generate an approach for how to evaluate innovations based
on different criteria in all potential future environment scenarios based on the conceptual
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model. There is also a practical gap for companies on how to design, develop, and integrate
formal monitoring and tracking systems, where the new innovations and products are
tracked relative to original objectives [5]. Therefore, a main goal of the paper is to develop
a methodology for Digital Ecosystems in the Fourth Industrial Revolution (DE4.0). The
methodology is based on databases and indicators from information systems such as ERP
(Enterprise Resource Planning) systems at different levels, a digital twin of the given system
such as a supply chain in which innovation will be implemented, then a simulation tool
based on the digital twin to derive conclusions based on quality management techniques
with the goal of better planning, monitoring, assessments, and adjustments, following a
Plan-Do-Check-Act methodology.

The paper is structured with an introduction of the research topic, an overview of
the related research background, a description of the methodology and materials used,
followed by the conceptual model development and a modularization case study. It was
developed by applying the conceptual model for a product modularization innovation. In
this context, simulation serves as a tool to test the approach in different companies based
on the developed Dynamic Innovation Information System (DIIS), which enables one to
evaluate new innovations over their life cycle in a digital twin platform with simulation
capabilities and quality techniques based on the PDCA methodology. Later, we provide
a discussion about project management, the innovation life cycle, the use and role of
information systems, digital twins, and simulations for the evaluation of the risks of
innovations such as new products and technologies. Finally, we present an overview of the
main conclusions and implications, as well as limitations, and future research areas.

2. Research Background and Framework
2.1. Innovation Framework

Humankind has always been able to realize ideas with innovations such as controlling
fire, democracy, railways, the light bulb, and the development of new medicine [1]. In
this regard, various scholars from social and economic fields were pioneers in advancing
the concept of a knowledge-based economy and predicting the decline of an industrial
manufacturing culture [2]. Knowledge plays a key role in the global economy as it is the
basis of innovation [12]. In the mid-1990s, the knowledge-driven economy concept evolved
as knowledge became more important than ever before, especially as applications of
information and communication technologies were the drivers of the new economy [2]. In
this context, investment by private companies in research and development (R&D) and by
universities in research and education are crucial sources of knowledge and innovation [13].
The first definition of innovation was proposed by Schumpeter (1934). He associated it
with economic development and considered it a new combination of productive resources.
The conception of innovation has evolved significantly over the last 60 years. During the
1950s, innovation was considered a discrete development resulting from studies carried out
by isolated researchers [2]. Moreover, innovation models have developed from a process
within the firm to include factors of the external environment [4]. Nowadays, innovation
is no longer considered a specific result of individual actions but more a holistic view of
innovation, leading to the challenge of transforming information into knowledge [2]. As
a result, technological development and innovation are at the core of the political and
economic discussions as it has a qualitative nature (new products, technologies, etc.) that is
also converted into quantitative measures (profits, market share, etc.) [4].

Every innovation model is based on the reduction of complexity of reality and, there-
fore, inevitably tends to overlook the specific factors of each innovation case [4]. In this
context, the purpose of innovation management is to control and reduce the risk of the
development strategy, considering that innovation is a high-risk activity [14] and that
our mental models are limited [15]. The development of innovation project portfolios
has attracted the attention of practitioners and researchers in the last two decades [16].
Moreover, an innovation project performance assessment can be performed in several
ways, for instance, by considering technical, economic, and other factors [10]. During the
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1980s and 1990s, debates over economic growth and competitiveness reoriented upon the
centrality of innovation and pointed out the lack of measurement tools to transform the
existing innovation theory into effective managerial management methods to link macro-
approaches to the micro-level [17], i.e., from the strategic to the operative management
levels. Moreover, innovation can have different outcomes depending on its application
scope. One of the highest priorities should be given to gaining clarity on how to assess
the outcomes of innovation. Simplification, conceptual clarification, theoretical models,
and cumulative empirical work are needed [18] with an innovation measurement method
depending on the innovation phase [9].

Innovation and continuous improvement are based on the company’s ability to be
creative and learn [5]. However, innovation inevitably gives rise to new problems. It
can cause chain reactions throughout an entire company [13]. The objective of innovative
project management is to better integrate and control the risk associated with the stress
that accompanies the process of innovation; it is the management of uncertainty [13]. A
management and control model can only work if you manage to grasp all its processes and
understand their interdependence [19]. In this context, innovation management techniques
include a range of tools, techniques, and methodologies that help companies in a systematic
way [2]. All the major actors agree that only a few innovation management techniques and
tools (IMTs) are widely recognized, and most are unidentifiable and inaccessible to firms.
Over 37% of the actors declared that most firms are not aware of the existence of IMTs,
while 34% stated that few IMTs are sufficiently defined to be successfully applied within
firms. All actors are convinced that new challenges coming from the knowledge-driven
economy require new IMTs [2]. The current main IMTs used are project management (82%),
followed by business plan development (67%), corporate intranets (66%), and benchmark-
ing (60%) [1]. However, corporate reporting is still founded on a financial and management
accounting model developed for the industrial economy and is not able to deal with today’s
knowledge economy, where most corporate value creation is based on knowledge assets
rather than on physical resources and financial capital [2]. Furthermore, there is a mutually
reinforcing interaction between innovation management tools and knowledge creation,
thus leading to a key role within strategic management [20]. In this context, Industry
4.0 creates opportunities based on using digital technologies and platforms to manage
innovation [21]. One of them, the digital twin concept first presented in the NASA 2010
technology roadmap [22], has already been used as a platform to bring education and
research activities together [23]. A DT model enables one to monitor, optimize, and forecast
processes that support the continuous improvement process [24]. Simulations based on
a digital twin model can increase organizational adaptability as what-if scenarios could
be verified at the design stage through a series of simulation experiments [25]. Moreover,
the literature refers to the existence of a significant set of practices in the quality field that
can support and facilitate the formalization of integrated management systems, including
quality and innovation management systems. Nevertheless, it appears that to ensure a cor-
rect and adequate transition to an IMS (Innovation Management System), companies must
follow the guidelines presented throughout ISO 56002:2019 that reveal objective examples
of implementation of certain practices, as it categorically explains the key points that should
be included in the innovation processes and/or initiatives to ensure the total success of its
innovation activities. Therefore, companies face a big challenge when trying to integrate
both quality management and innovation management systems in a coherent, meaningful,
and practical way [3]. There are also difficulties inherent in the lack of conceptualization for
their practical application and their role in developing firm dynamic capabilities [26]. Tech-
niques associated with entrepreneurship management (business models and plans, as well
as simulation tools, technology transfer, and spin-offs) were the most popular, followed by
cooperative and networking tools and industrial property management techniques. On the
other hand, continuous improvement tools, production organization, and lean techniques
were the least utilized, perhaps due to their manufacturing characteristics. The research has
clear management implications. First, it calls for focused innovation management, applying
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sophisticated innovation management techniques and systems. Second, it outlines the
contingent aspect of this application when looking for efficiency. Third, tools must be
implemented considering the firm, its experience, and the sector of activity [26].

2.2. Organizational and Innovation Strategy

The corporate strategy concept was developed to provide managers with an oper-
ational method to ensure the optimal alignment with organizational goals in the long
term [27]. In this context, the organizational structure of many companies is strongly
based on functional areas aiming for the minimization of costs of individual processes but
missing the opportunity for an optimal global process [21]. This needs to be complemented
with the conflicts within a given process. For example, the logistical corporate conflict of
goals comprises three conflicts of interest [28], one being the conflict between costs and
service level.

Innovation strategies can only be defined in accordance with the corporate strategy and
play a central role for companies in competition. The main goal of the corporate strategy
is to increase the company’s value. This is achieved by identifying and implementing
new potential for success. The research and development strategy, on the other hand,
is implemented operationally by departments. It thus follows the innovation strategy
and deals with the selection and evaluation as well as the optimized design of research
and development projects. Thus, the company’s success depends not only on the choice
and implementation of a suitable innovation strategy but also, above all, on an optimal
interaction between the individual sub-strategies. The strategic management of innovations
must be greatly upgraded and become the subject of an overall corporate strategy process
to make this possible [9].

2.3. Innovation Management

Trott (2005) provides a list of seven types of innovation: organizational, manage-
ment, product, process, production, commercial or marketing, and service innovations [15].
Securing the competitiveness of the company by means of successful innovations is the
fundamental goal of innovation management [21]. The goal of innovation management can,
therefore, also be seen as “the sustainable maximization of the benefits for the company
created by innovation activity” [9]. In the practical field, those organizations with success-
ful innovation models outperform their competitors in terms of development, financial
performance, and employment, leading to more social benefits. However, innovation
management is a complex task that requires skills and knowledge very different from the
standard management skill set and experience [29].

The innovation process is defined as the development and selection of ideas for inno-
vation and the transformation of these ideas into innovation. To emphasize the uncertain
character of this innovation process, other authors use the innovation journey. Further-
more, in this paper, an innovation project is considered to be the innovation process of one
particular innovation. Andrew and Sirkin argue that the management of an innovation
project is essentially like any other business project, though it comes with more risk and
uncertainty [1]. The efficiency of the innovation processes is primarily influenced by the
operational processes of innovation management. The main task here is the performance,
cost, and time evaluation of the various projects. Based on this, it is possible to control the
innovation or project portfolio [9].

The core of innovation management is a systematic approach to the implementation
of changes that should lead to the improvement of the products, processes, or position of
the whole company. The innovation activity is successful only if there is an appropriate
response from the market, for example, in the form of higher sales or happier customers, in
the form of image strengthening and the creation of better relations with the individual
groups of the company. However, at the same time, source options and financial require-
ments of the company owners and creditors must be respected, and the innovation activities
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cannot endanger the stability of the company. It is not possible to perceive innovations
only as an improvement of the products that a company offers [19].

Before exploring the diversity of existing models, we look at how innovation process
models developed over time. The mental model that people have of innovation has
not been the same over time. The main reason for this is the changing nature of the
environment in which innovation takes place. According to Rothwell (1994) [30], the
innovation management models are Technology Push (1950s—mid-1960s), Market Pull
(mid-1960s—early 1970s), The “Coupling” Model (early 1970s—mid-1980s), the integrated
innovation process model (early 1980s—early 1990s), and the integrated, parallel, flexible,
and connected model (1990s-present day). All models start with some form of idea
generation or searching for ideas for innovation and selection of projects. The next step is
to turn the (selected) idea into some tangible product, process, or service with steps such as
development and realization. Later, the newly developed product, process, or service is
going to be implemented in “the real world”. This phase is called implementation/launch.
It entails the preparation of customers and marketing activities. Most authors stop here
with their innovation process. However, some authors include a post-launch phase. This
entails the sustaining and supporting of the innovation or even re-innovating and scaling it
up. Finally, some authors include a phase for explicit learning [1].

2.4. Project Evaluation

Project evaluation is currently based on the strategic implications of innovation projects
with regard to sustainability along economic, social, and ecological dimensions. Thus, the
selection of proper evaluation criteria usually leads to an effective innovation project
portfolio. Furthermore, project evaluation and selection imply challenges such as how to
prioritize and maximize value when considering a given set of resource constraints [16].
By responding effectively to these challenges, a balanced portfolio of innovation projects
aligned with organizational goals will be obtained. This is crucial to a company whose
success depends on internal resources and its capabilities to adjust to the organizational
environment dynamics [8].

Innovation controlling is described in particular at the controlling strategic level in
relation to strategic financial ratios. In a hypercompetitive environment, the innovations of
small and medium-sized companies become the crucial activity that decides their survival.
Process innovation management and the evaluation of its efficiency and time are key
competitive advantages in relation to big companies [19]. Innovation activity always
involves a risk, which includes a constant number of factors. Their impact on the results of
activities cannot be accurately calculated in advance. When choosing a particular project, it
is necessary to evaluate its effectiveness, uncertainty, and risk factors [31].

3. Methodology and Materials
3.1. Methodology

In the research performed, the methodology is as follows:

1.  Literature review based on search by keywords “Viable System Model”, “Organi-
zational Strategy”, “Innovation Management”, “New Technologies and Products
Decision-Making”, “Projects Evaluation for Innovations, New Products, and Technolo-
gies”, “Digital Twin for New Technologies and Products Decision-Making”, “Innova-
tion Management Systems”, “Innovation tools”, “Information System for Innovation”.

2. Methodological approach selection: The Viable System Model (VSM) was selected
for its structure for viability and System Dynamics (SD) for its ability to analyze the
behavior of complex systems over time. The VSM is built on three main principles:
viability, recursivity, and autonomy. Viability is a property of every system that can
react to internal and external perturbations in order to maintain separate existence [32].
BEER explained that a company is also a viable system because it tries to survive [33].
Innovation management has been an increasingly covered topic in scientific and

management literature over the last fifty years, as innovation is of key importance



Appl. Sci. 2022,12, 6592

7 of 27

for the survival of an organization. When an organization is deeply involved with—
and used to—what they are good at (core competencies), it becomes trapped in it.
When the environment changes (e.g., changing consumer needs, changing regulations,
etc.), organizations are not able to adapt [1]. The VSM suggests a new organizational
approach that is based on the principle of recursion, according to which viable systems
are themselves composed of viable systems, each having self-organizing and self-
regulatory characteristics [34]. Based on this capability of information exchange,
the term “Industry 4.0” was introduced by representatives of business, politics, and
academics that promoted the idea of digitization together with autonomy and self-
behavior of machines as an approach to strengthening the competitive power of the
German manufacturing industry [35]. Self-optimization [35] and the advances of new
IT, such as IoT, cloud computing, and Big Data, enable smart characteristics such as
self-sensing, self-organizing, and self-adaptive [36]. This enables the smart product
to self-organize its required manufacturing processes and its flow throughout the
factory in a decentralized manner by sharing smart data with the CPS [37]. However,
the theories on self-organized systems are not mature, and complex system research
remains a hot topic [38].

3. Conceptual model design: The definition of recursion levels, management, and
control tasks for a novel innovation management model for strategic, tactical, and
operative levels.

4. Development of novel methodology for digital ecosystems: digital twin, simulation,
quality techniques, and information systems” databases.

5. Simulation and analysis of results: The development of various simulation models
based on predefined assumptions, logic formulation, scenario extraction, and analysis
of results for a given set of Key Performance Indicators (KPIs).

6.  Critical reflection and outlook: Cooperation between research partners and the chosen
methodological approach was set as a combination of a literature review, concep-
tual development, digital information ecosystems, quality management, and control
techniques and simulation in a case study for different companies.

3.2. Methodological Elements and Materials
The following sources, methods and tools were used to perform the research:

e  Viable System Model (VSM): as mentioned above, the VSM is based on three main
principles: viability, recursivity, and autonomy [39]. A viable system always consists
of an invariant structure of five necessary and sufficient subsystems in relation to
any organism or organization that is able to conserve its identity independently of
its related environment [15]. VSM has been used as a methodological approach to
describe and develop models to respond to industrial and social challenges, such as
organizational models for companies [40].

e  Martensen and Dahlgaard argue that an extended Plan-Do-Study-Act (PDSA) loop
is necessary when formulating excellent strategies and plans for innovation manage-
ment [5]. As it can be implemented in any organization regardless of its size, area,
or maturity, this guidance essentially conveys lessons that focus on different areas of
action, seeking to facilitate the definition and establishment of objectives and perfor-
mance indicators to assess the results of its innovation system. ISO 56002:2019 is based
on the principles of innovation management [14]. The structure of the innovation man-
agement system should be viewed, relating it to the different clauses of the standard
and the PDCA approach. This standard also refers to the need for an appropriate
structure to manage the risks and uncertainties associated with the organization’s
market, especially in the earliest stages of its creative processes. The structure that
is adopted also allows for an alignment with some international standards, such as
ISO 9001:2015 and ISO 14001:2015, enabling a more effective integration, development,
implementation, maintenance, and continuous improvement of the innovation man-
agement system. The adoption of this standard, together with the innovation tools,
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facilitates and boosts the innovation process of any company by providing principles
that allow it to structure and organize its internal innovation processes, maximize
innovation efforts, and harness the knowledge and creativity of its employees and
those with whom it collaborates externally and enable integration with other existing
management systems [3].

e  System Dynamics (SD): This is an approach used for the analysis of complex models to
identify and design successful policies [41]. For this purpose, it is increasingly applied
in private organizations and public administrations [42].

e  Databases from information systems: Databases for the different periods of the case
study were used. Databases included sales, procurement, production, distribution,
economic, and personnel data. Databases were read and exported by the simulation
software as well as extracted from the digital twin of the company in which an
innovation project was completed.

e Digital twin concept: consists of the digital twin of the organization and its related
supply chain and environment as it can help to manage and monitor the innovation
projects from the ideation phase up to their commercialization phase.

e  Simulation software: simulation models are mainly used to support decision-making
as they help to analyze the impacts of the alternative decisions in advance [43]. For
this purpose, SD software Vensim was selected to develop the case study.

4. Conceptual Model Development
4.1. Innovation Management Model Aligned with Organizational Goals
4.1.1. Innovation Management Tasks According to Planning Horizons

Given the focus of strategic foresight on the exploration and exploitation of potentiali-
ties and limits in organizing, past research has striven to establish a positive relationship
between strategic and innovation [20]. Innovation is an activity that involves all levels
within an organization, from the normative and strategic levels to the operational levels.
Management and planning tasks are classified into strategic, tactical, and operational levels
depending on the respective planning horizon. Thus, this classification was performed for
the innovation management tasks, as shown in Figure 1. First, innovation has strategic
tasks, i.e., tasks related to the vision of an organization towards fulfilling its purpose.
Strategic management of innovation includes the definition of the innovation principles
and program, the related organizational structure and investment program, and how to
measure the innovation development with an innovation target system based on continu-
ous observation and evaluation. Moreover, the physical centers where innovation takes
place should be defined, and resources need to be allocated while defining which activities
are to be performed inside and outside the organization, i.e., make-or-buy decisions.

Secondly, innovation management includes tactical management tasks such as defining
the requirements that the organization needs to face its challenges and achieve the target
results. For the purpose of acquiring these capabilities and functionalities, it is necessary to
develop a procurement program and a selection of partners for the innovation life-cycle
management. Furthermore, it is necessary to define the optimized layout of innovation and
development centers as well as to identify the best-fit information system for innovation
management. Then, all these activities need to be monitored through systematic innovation
controlling based on the continuous observation and evaluation of the internal performance
of innovations.

Thirdly, the innovation management model also presents operative tasks such as
the scheduling of the activities to be performed as well as coordination of innovation
projects up to the planning and control of activities of third companies while measuring
and calculating the related Key Performance Indicators (KPIs).
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[ Strategic management tasks ]
— Innovation principles, guidelines, culture (1.1) — Innovation development system, research
— Definition of innovation program (1.2) and development centers distribution (1.8)
— Organizational structure(1.3) — Innovationroadmap:researchand
— Creation of an innovationinvestment program development and resources planning, staff,
(1.4) equipment, budget, etc. (1.9)
— Innovation strategy (market-pull, technology- - “Make-or-buy” decision-making (1.10)
push)(1.5) — Product planning and development (1.11)
— Continuous observation & evaluationofthe =~ — Strategic Partnerships Definition(1.12)
innovation environment and ecosystems (1.6) — Technological Competence Maturity (1.13)
— Innovation target system (1.7)
[ Tactical management tasks ]
— Capability / Functionalities requirements — Innovation centers structure and layout
planning: planning of innovation development centers
o Determination of gross and net capability 2.7)
requirements (2.1) — Innovation IT systems selection (2.8)

Means procurement program (2.2)

o — Innovationlife cycle management (2.9)
o Innovation process scheduling (2.3)

o

e]

. — Continuous observation & evaluation of
Calculation of capacity needs (2.4)

. - 0 . ”
Comparison & adjustment of capadities (2.5) intemal perfomance chinnorations (2210)

= i ing (2
— Innovation partners selection (2.6) store el )

[ Operative management tasks ]

= [l o GO L DA Al — Planning & controlin external companies:

o Order calculation (3.7)

o Offers collection and evaluation (3.8)

o Contracting of suppliers (3.9)

o Release of supplier orders (3.10)
— Innovation projects coordination (3.11)
— Measure and calculationof KPIs (3.12)

o Determination of innovation activities
characteristics (3.1)

o Research and Development Laboratories and

Experiments Planning (3.2)

Detail scheduling (3.3)

Detail planning of resources (3.4)

Sequencing of innovation activities (3.5)

Communication and publication of results (3.6)

O O O ©O

Figure 1. Innovation management tasks according to planning horizons (own elaboration based
on [44]).

4.1.2. Innovation Management Recursion Levels

When an invention is introduced in a company, an assessment concerning the impact
of its introduction as an innovation within the organization must be assessed to estimate
the expected effects on the whole organization, on the different areas of the organization,
on the supply chain, as well as on the related environment. Therefore, in the conceptual
development for innovation management, it is necessary to consider the company level, the
areas that work at the same level as the innovation function, and the innovation function
itself. Furthermore, within the model, the company is assumed as a viable system at the
first recursion level. Thus, in this article, four recursion levels can be differentiated, as
shown in Figure 2:

e  Therecursion level of the company (n — 1), including other organizations or companies
if it belongs to a group.

e  The recursion level of innovation (n). In the same recursion level, there is production,
maintenance, finance, human resources, research and development, etc. This recursion
level includes the innovation function, as any organization should consider how to
define its strategy related to the development of inventions and introduction and
diffusion of innovations within its organizational structure.

O The recursion level of the different innovation types such as technical process,
product, organizational, management, production, commercial /marketing, and
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business model innovations (n + 1). This recursion level refers to the different
innovation types that can be developed and implemented.

O The level of innovation type with the associated innovation activities for the
different innovation types such as cutting and machining processes for the
technical process innovation type (n + 2).
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Figure 2. VSM recursion levels for company, innovation, technical process (own elaboration based
on [44,45]).

The tasks in the n +2 recursion level do not possess the structure of viable systems
since they are the elements of innovation execution. In the research performed, innovation
tasks were analyzed in detail, recursion level n. A useful example for understanding
the recursion levels in a practical way is as follows: new development of a management
innovation (n + 1) for a specific manufacturing process (n + 2), such as the laser cutting
process (tasks of n + 2) is introduced in the production (n) system within an organization
(n — 1) through the innovation (n) function. That is, an invention was developed for
the management of the laser cutting process and was implemented and managed in the
organization within the innovation function until it was established in the organization in
a stable way in the production function.

In Figure 3, the recursion level of a company can be seen. It shows how an organization
has a defined policy and mission, i.e., a purpose within society. Based on this and the
continuous observation of the organization’s environment, the organization’s strategy is
developed. The strategy is influenced by the internal state, while an organization has
internal mechanisms to plan and control its operations. Within these operations, the
innovation function is included, for which there is a specific innovation environment as
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well as the interconnection between the other functions of the organization as well as
between the other organizational systems and elements. Therefore, a key part of this
representation is that considering the innovation function as a part of a whole, i.e., the
organization, it influences all other areas when introducing an innovation. Knowing that
innovation is a high-risk activity in terms of its development and implementation success,
it is essential to identify the risks along any innovation life cycle as early as possible to
support decision-making in relation to investments in future inventions. That is, one
should avoid or regulate investment in an invention, introduction, or the maintenance of
the innovation within the organization if, for any reason (culture, technical, organizational,
etc.), it has implications for other functions that compromise the effective and efficient
realization of the organization’s purpose.
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Figure 3. VSM recursion level for the company (own elaboration based on [44—46].

4.1.3. Innovation Management Model Applying the Viable System Model

This subsection aims to describe the systems of the innovation VSM while specifying
the clusters of tasks related to Section 4.1.1. At the recursion level of innovation (n), as
shown in Figure 4, it is assumed that the different innovation types will be the respective
system 1, which also contains a viable system. The VSM of innovation management
within an organization is described by the functions and activities performed by its five
necessary systems:

e  System 5 establishes the innovation objectives, principles, and culture, and communi-
cates them to the other management systems, systems 3 and 4.

e System 4 observes and collects essential information from the external innovation
environment, such as technological development, innovation trends, legislation, and
competitors advances. Therefore, the innovation environment is mainly represented
by the technological evolution of new manufacturing technologies and, in general, all
agents and areas affecting the innovation ecosystem, such as case studies and their
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analysis of results, innovation costs for developing internally or buying from the
market, new business models, and existing innovations in the market of the different
types. With these and other information from the external related environment as well
as with information from system 5, system 4 creates a vision of what the innovation
development and activities of the organization have to become, and which are the
required measures to be followed to reach that envisioned state. In addition, the
vision of system 4 is validated with system 3. If the validation occurs, system 4 is
responsible for making the decision, and system 3 must carry out the implementation
of the changes related to the decision internally.

System 3 deals with maintaining the internal stability of the innovation management
model while optimizing the internal resources’ utilization levels based on the infor-
mation provided by system 4 about the environmental needs and requirements as
well as on the information from system 1 through its communication with system 2.
This system performs the operative innovation management and control activities. In
addition, system 3* allows a quick response to potential alerts and undesired disrup-
tions in the innovation process based on the monitoring function that it performs that
enables system 3 to act before information flows through system 2.

System 2 represents the coordination function between the different innovation types
in operational activities, thus enabling synergies and complementarity between in-
novation projects. This system collects all the information of the different innovation
types and acts as a filter for system 3. In this context, while system 2 performs func-
tions daily, the tactical system, system 3, optimizes innovation planning and control
over a longer planning horizon.

System 1: each innovation type within the innovation ecosystem is an operational unit
consisting of managerial units and the division that performs the operational tasks.
Environment includes all the external factors that affect the innovation management
in an organization. Figure 4 shows the environment of the entire innovation area as
well as of each innovation type.
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As can be seen in Figure 4, the innovation management model was developed as an
analogy of the VSM with the various innovation types as operational units of system 1.

4.2. Project Evaluation Scheme

After defining the generic conceptual framework, the steps, and elements for the
evaluation of innovation projects are to be defined as shown in Figure 5. For that purpose,
first, the organizational strategy has to be set. Later, based on identified capability gaps
and the different innovation types, the innovation strategy is defined. Then, based on the
strategy, the innovation project proposals are listed, and their characteristics are described.
Furthermore, once all project initiatives and innovation project characteristics are available,
the evaluation process consisting of both qualitative and quantitative assessment is to
be initiated. For this purpose, generic, innovation type-specific, and innovation-specific
key performance indicators should be defined and evaluated at the firm level, supply
chain level, and related environment level. Thus, based on the assessment results and the
resource constraints of the organization, the selection of innovation projects is realized.
Finally, this process needs to be performed iteratively on a rolling basis.

Orzsnizational Strute o Resources Constraints:
rganizat 8Y Budget, Staff, etc.
3 4
Innovation Types |E> Innovation Strategy | <:| Capability Gaps
@ Innovation Project <:| e Innovation Projects
Initiatives Selection Process
Iterative Process /\
Innovation Characteristics
7/
Qualitative Assessment

8
Quantitative Generic KPIs InnovationType | Innovation specific ‘,/
Assessment related KPIs | KPIs
9 ) Implications on three Levels

6" Level: ENVIRONMENT in the AREA OF INFLUENCE of the comparh

27 Level: SUPPLY CHAIN

1st Level: ORGANIZATION | ;

\ Organization /

Figure 5. Project evaluation: three levels and 11 steps in an iterative process (own elaboration).

For the qualitative assessment, scoring models for factors such as strategic alignment,
maturity level, and team attitude can be applied. Moreover, quantitative KPIs for each
innovation type needs to be defined. For instance, for technical process innovation, factors
could be ergonomic, security, quality, availability, etc. KPIs need to be defined for each of the
different levels. For instance, for the company level, KPIs for production could be defined
as impacts on production volume, performance rate, production costs, production lead
time, OEE, capacity utilization rate for quality or rejection rate, control, rework costs, etc.

4.3. Methodology for Digital Ecosystems for the Fourth Industrial Revolution (DE4.0)

This subsection aims to develop a blueprint framework for a Digital Ecosystem based
on a multi-set of information databases, simulation, digital twins, to plan, implement,
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control, and monitor organizations and projects over their life cycle based on the Plan-
Do-Check-Act methodology, as shown in Figure 6. The digital twin model is based on
sub-models of the organization, its supply chain, and its related environment. A digital
twin model and the link with information system databases are the basis for performing
simulations that enable one to analyze policies based on what-if analysis and statistical
techniques. Based on Figure 3, there are already digital twin models and simulations for
the different functions within different types of organizations, such as procurement [47],
distribution [45,48,49], production and quality [50], maintenance [51], information sys-
tems [52], sales [53], human resources [54-56], design, and development [57], for the
planning and control of operations [52,58], for finance, improvement strategies, and strate-
gic planning [59-61], as well as at the normative level [46]. Moreover, there are already
models that can assess the three different levels, i.e., organization, supply chain, and related
environment [51]. All these models share the capabilities of facing dynamic environments
and attenuating their volatility by predicting and managing changes through enhanced
adaptability. This is achieved thanks to a combination of forecasting techniques, quality
management, simulation, and a connection to external databases for continuous improve-
ment of an organization at all levels and in all areas. By doing so, any change in any part of
the whole digital twin model can be identified and assessed, thus calculating the impacts
and risks associated with any change and improving the adaptation capabilities of any
organization applying the novel digital ecosystem to the management and improvement of
existing information ecosystems.

Novel Digital Ecosystem for the Fourth Industrial Revolution (DE4.0)

Act based on What-If
Simulation of Scenarios
1. Policy Optimization
2. Montecarlo Simulation—

Sensitivity Analysis 2.  Production and quality
3. Design of Experiments 3. Procurement
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Check based on quality
techniques and tools

Plan based on historical
development and databases until
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5 Market information.. ., etc.

Do with Digital Twin Models
1. Industrial assets and

1. Pareto

2. Root-cause analysis
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4. Quality control charts
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Supply chain

Related environment
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Figure 6. A Digital Ecosystem for the Fourth Industrial Revolution (DE4.0) (own elaboration).

4.4. The Dynamic Innovation Information System (DIIS)

By applying the digital ecosystem methodology to the innovation management models,
the DIIS is developed, as seen in Figure 7. It shows how an innovation plan for any invention
or innovation should be first developed. It can be realized by using qualitative or/and
quantitative data from outside and/or within the company. From the outside, it would
consist of open or private information related, for instance, to a specific technology. Within
the company, it would be the databases from existing information systems as well as files
within digital or physical repositories. This Plan-Phase has a strategic character, as it
should ensure the alignment of the innovation plan with the goals of the organization, as
well as consider all other functions and entities within the organization and the related
environment to reduce innovation risks. To carry out the plan, statistical analysis based
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on historical data can support the development of a rationalized plan helping the later
agreements and commitments with partners and other functions.

Dynamic Innovation Information System (DIIS)

Act:
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nagement and integration process based on:
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measures and related policies into the innovation process
and its associated organization and related external

mal

environment

Determine and define measures based on impacts and
their alignment with goals using statistical analysis

Check:

Analysis of all innovation related

indicators and parameters based on:
Monitoring of indicators and parameters

Apply quality management and
control techniques and tools
Analysis of deviations (as-is versus
plan values): Root-cause analysis

Strategic Management .
Innovation plan:

Define a goal-oriented innovation plan by means of the

following activities:

« Conduct interviews with all related entities

« Collect existing information and data of the innovation
environment

« Gather associated historical data related to the innovation

+ Use as source the information systems and databases
available such as ERP-Systems

« Agreements and commitments

Do:

Implementation according to initial plan
and targets:

+ Collect measure results from a digital
twin model

Execute innovation developments
Classify and introduce indicators in
information systems and databases

Operative Management

Figure 7. The Dynamic Information Innovation System (DIIS) (own elaboration).

In the Do-Phase, the plan is converted into reality, changing from a strategic to an
operative perspective. The innovation development needs to be monitored, data and
parameters to be collected, and indicators to be introduced into the existing information
systems and databases. To achieve that, a digital twin model provides the platform for
innovation implementation monitoring.

In the Check-Phase, all data and information collected need to be analyzed to assess
the evolution of the innovation indicators and parameters, that is, a control-oriented
phase. For this purpose, quality management and control techniques and tools represent a
fundamental element in identifying deviations and determining innovation risks.

Finally, in the Act-Phase, the DIIS derives measures for improving the innovation
process based on the Check-Phase and the simulations of different policies as well as
on statistical analysis to determine the impact of future planning after the adjustment
promoted by the Act-Phase. As this step influences the policies and the risks of the
innovation management and control project, it also has a strategic management aspect.

As shown in Figure 8, the initial planning of any innovation can be based on past ex-
periences and practical evidence from databases, such as for technical, technical-economic,
or brand new planning. However, for all these cases, the implications of the innovation in
the target indicators must be assessed to proceed with the introduction of the invention as
the innovation launch as well as its diffusion into the market. The theoretical background
enables one to use the lessons learned and the innovation parameters to reinforce the
innovation process based on the PDCA methodology. Moreover, during the innovation
life cycle, from the concept to its withdrawal from the market or the company, innovation
should be checked several times at certain milestones or in a continuous way based on the
data and information of experience and lessons learned from past experiences. Later, based
on this Check-Phase, the innovation plan is adjusted based on a dynamic Act-Plan that
enables its adaptation to fulfil the expected goals.
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elaboration).

5. Modularization Case Study Based on the DIIS
5.1. Goal and Methodological Steps of the Case Study

Firstly, the goal, scope, and methodology of the case study must be defined. The
goal of the case study is to design a model for the quantification of the evaluation scheme
parameters for a specific case study of different levels of modularization in product design
and development for different companies. For each company and planning methodology, a
new model is generated in which the simulation logic is adapted according to the different
settings applied. For the methodological framework, the following steps will be taken:

1. Definition of the objective, scope, hypothesis, and methodology including a general
description of target models and scenarios;

2. Definition of the Production System: Flow and Characteristics;

3. Definition of quantitative parameters and Key Performance Indicators (KPIs) to obtain
results and compare models;

4. Determination of interrelationships among variables within the model;

5. Description of the main assumptions for the simplification of the complexity of
the model;

6.  Creation of digital twin models for the different planning models;

7. Linking databases and validation of the behavior of the simulation models;

8. Application of quality-control techniques;

9.  Simulation and extraction of results;

10.  Evaluation of the results and derivation of conclusions.

5.2. Design of the Generic Case Study
5.2.1. Structure of the Case Study: Production System Flow and Characteristics

This subsection includes the generic description and specifications of the case
study. The general framework described herein applies to all specific digital twin and
simulation models.

Firstly, this subsection describes the general structure of the models that are applied
to all simulation models within the simulation case study. The structure is generated to
provide the necessary production system flow and characteristics to answer the research
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question. Thus, as seen in Figure 9, the structure considers a production system within a
supply chain of suppliers—production system-distributors—retailers/customers serving as
a generic framework applicable for any sector. Moreover, the production system consists
of technical processes, that is, the execution of the transportation, warehousing/storage,
and production of finished products, as well as management processes, systems, and
organizational structure from operational to strategic levels.

— = -

Production System

~ T LLTY .
| 2 I | or I Sy g* :
/ Processes Systems Structure & Retailer 2

Operational

Technical
Processes

< Retailer 3

1}

C——) Flow s # Productionplant, line, machine group  “aaa,, ,# Warehouse < Retailer

Figure 9. Structure of the simulation case study [61].

In summary, all models have a set of suppliers, one raw-materials warehouse, three
production processes, one finished products warehouse, a set of distributors, and three
retailers serving end-users, each with a certain demand. All models maintain this structure
over the simulation period.

5.2.2. Key Performance Indicators

The results were calculated from the simulation for all models to evaluate the response
according to the following key performance indicators:

Cumulated demand (# thous. products): market demand for the product;
Cumulated real demand (# thous. products): real demand based on the market
demand minus the demand loss due to long customer order lead times;

e  Cumulated production (# thous. products): the cumulative sum of all units produced

over the 500 simulated production weeks;

@ Availability of the production plant (%);

@ Performance at the final production step (# thous. products/week);

Development Time (# weeks): time required for the innovation to be implemented;

Absenteeism rate (%): percentage of employees that do not assist their workplace

because of various motives, one being the medical conditions generated by non-

ergonomic workplaces;

Labor productivity (products/employeex week);

@ Production lead time (# weeks): the number of weeks between the placement of the

order and the delivery of the product for its distribution;

@ Suppliers” quality rate (%);

Cumulated Service level (%): the quantity of units delivered on time divided by the

total number of delivered units;

e  Sales (million USD): multiplication of the number of produced units by the sales price
of each produced unit type;

e  Cumulated Operational Costs (million euros): all costs related to production system
operations. It is the sum of procurement, production and distribution costs con-
sidering raw materials costs, transportation activities, working capital, labor costs,
working shifts, and maintenance costs. The running costs of the project initiative are
also included;

o  Cumulated Investment (million USD): the amount of the investment made to improve
the production system;
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o  Profits (million USD): the result of the sales minus operational costs;
e  Return on investment (ROI) (%): the difference in profits minus the investment value
divided by the investment value.

5.2.3. Model Development

Once the problem has been defined, modelers must start generating assumptions as
well as defining the standard values that define the models. These provide the basis for the
model behavior and how the research question arose. First, assumptions are defined:

e  Distribution of finished products as well as the procurement of raw material is given;
e  Each order has a production unit;
e  Bill of materials (BOM) is not considered.

Moreover, the following items are considered to enable the comparison between the
simulation models:

Same demand, use of demand replicas;

Same number of employees and capabilities;

Same production logic for all simulation models;

The warehouses without stock capacity limitations;

Transport between the different production stages has no limitations;

There are two products. One existing product is in its mature stage and has a stable

demand and with a price of USD 10,000/ unit. The new model is in the process of

being launched with a price of USD 20,000/ unit. These values were used to calculate

sales. If there is loss in volume, it is assumed that the new product in development

will have the loss in volume due to unknown future demand;

e  The simulation model considers a volume loss when the customer order lead time is
greater than 60 days;

e  Time restrictions: 10 working years, i.e., 500 weeks, as the model attempts to evaluate

the impacts in the medium and long term;

5.3. Design of Case Study Based on the DIIS

For the case study, databases from three companies are available. These databases
serve as a basis for planning innovation projects of similar innovation types, such as
modularization. The other three companies intend to introduce the innovation; for that
purpose, the historical databases from the first three companies are used for initial planning.
The three companies intending to introduce the innovation have a digital twin model
of their supply chains and the related environment. By simulating different planning
methodologies with the digital twin models and applying quality control charts for the key
performance indicators, the DIIS applying the PDCA methodology is applied during the
life cycle of innovation.

5.4. Development of Innovation Project Planning and Monitoring Based on the
PDCA Methodology

An innovation project can be planned with different approaches depending on how to
apply or not apply the PDCA methodology. As shown in Figure 10, the first methodology is
standard planning, i.e., applying the same innovation introduction strategy to all companies
and production plants, named “One fits all” planning. The second methodology is the static
Do-Check planning methodology, which is based on the historical data and information
from similar past innovation types, i.e., the initial definition of the innovation characteristics
towards the target goals will be maintained until its introduction. The third methodology
is dynamic Plan-Act planning, i.e., continuous or discrete (in milestones), for adjusting the
innovation project after each Do-Check cycle. Although the first planning is based on the
same historical data and information as the static Do-Check, the subsequent innovation
plans and characteristics will be adapted if the modularization level is adjusted after each
PDCA cycle. Moreover, for each of the planning methodologies, different assumptions and
information are needed, as shown in Figure 10.



Appl. Sci. 2022,12, 6592

Standard Planning Slatc [:,‘:af‘:f:; Dased Dynamic Plan-Act Planning

o Homogeneity among
companies' capabilities

o Same consideration of different
innovation types

o Market in stationary situation

“One fits all” Planning

The same innovation management
and monitoring strategy for all

innovations

o Innovation characteristics
o Impact of the innovation

Planning Type

Information

needed to perform
the planning

o Consideration of companies’
capabilities, innovation types,
and related environment
influence based on historical
data and information

Static planning based on
Historical Do-Check

experiences
Standard planning information
plus:

o Databases and information or
innovation related areas within

o Dynamic balance of indicators
based on current and historical
information of companies’
capabilities, innovation types
and related environment

Dynamic Plan-Act planning
based on currentand historical

Dynamic Plan adjustment

3 Static Do-Check information

plus:
o Monitoring for gathering data
and information from market,
y, related

and outside of the organization:

A ge Values and Deviati and innovation evolution and

related areas

| > @ > @ 4

Phase 1: Innovation- Phase 2: Static and Goal- Phase 3: Dynamic Planning for
desired planning oriented Planning enhanced market adaptability and
“Standard innovation “Fact-based specific goal-adherence
introduction” innovation introduction” “Customized and Adaptable
innovation introduction”

I I
I I
I

I I
I I
I I
I I
I I
1 Goal-oriented plan based on past I Do-Check
1 I
I I
I I
I I
I I
I I
I I

Figure 10. Innovation Project Planning Methodologies based on the PDCA approach (own

elaboration).

5.5. Validation of the DIIS

The validation of the simulation models can be carried out using different methods.
In this process, some simulation variables will be used to observe their behavior and to
evaluate whether the models will be validated. Sterman defined 12 possible methods to
validate system dynamics models [62]. One of them, the test of extreme values, is used to
validate the simulation model that shows that the response of the model is plausible when
taking extreme values for different input parameters. For all models, the same input and
output variables are chosen to analyze and validate the models. These input variables are
the total number of employees and the absenteeism rate.

e  For a lower number of employees and higher absenteeism rate, profits (million USD),
return on investment (ROI), and real demand (# thous. products) should be lower
and the operational costs (million USD) should be higher. As shown in Figure 11, the
model behaves as expected. Green lines represent the results for 500 employees, red
lines are for 250 employees, and blue lines are for 100 employees.

Profits (million USD)
2000 40
o l ) o /—‘

—-2000

Return on investment (ROI) (%)

-4000 -515

|
—-700

500 250 500
250 0 Time (weeks)

—6000

B Time (weeks)

Cumulated real demand (# thous. products) Cumulated Operational Costs (million euros)

300000 7 5000
225000 g 3750
T |
150000 e — 3550,
LT LT [
75000 | B 1250
/f;:% T |
0 s
250 500

Time (weeks) Time (weeks)

Figure 11. Validation based on extreme-value tests for number of employees (own elaboration).
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6. Results

The results are depicted for three companies, each of them compared for the three plan-
ning methodologies, standard “one fits all” planning, static planning based on historical
Do-Check, and dynamic Plan-Act planning based on current and historical Do-Check. All
three companies in all different methodologies have the same target goals with two priority
goals and several other second priority goals. These goals are a minimum of 280,000 of
real demand satisfied, quality rate suppliers with a minimum of 95%, an absenteeism rate
lower than 12%, an investment level lower than USD 1000 million, a profits level lower
than USD 700 million, and an ROI higher than 10%. From these goals, the absenteeism
rate and profit indicators are the first targets to be met, followed by the second priority
goals. Moreover, the “one fits all” planning model derives the 40% modularization rate
based on non-goal-oriented planning, i.e., a push-innovation strategy. On the other hand,
static planning is already a pull-innovation strategy oriented to target goals based on the
analysis of databases of the three companies that tried to introduce similar modularization
strategies. Based on statistical analysis, 80% of modularization is derived and maintained
throughout the innovation life cycle. Later, the dynamic Plan-Act planning modifies the
original 80% modularization level depending on the results obtained along the innovation
life cycle towards achieving the target goals at their two priority levels. For that purpose,
in Tables 1-3, it can be observed how the dynamic model changes the percentage of mod-
ularization in each PDCA cycle. All companies present three PDCA cycles. The first is
based on historical data from other companies at the initial time (t = 0 weeks) and remains
until week 120. Then, a Plan-Act is performed based on the Do-Check evolution of the
company, as well as the similar evolution of the other three companies. Based on this
analysis, the modularization rate is reviewed, and a new value is provided and maintained
until week 260. Then, the same process is followed, adjusting the modularization rate until
week 500, the end of the innovation life cycle.

The results for the first company, as presented in Table 1, show how the best results
in terms of production are obtained for the static historical Do-Check model, while the
dynamic Plan-Act model is closer to the absenteeism rate of 12% as well as to the profit level
of 700 million USD. Although optimization can be observed from the “one fits all” planning
and the static planning, the dynamic Plan-Act model is not able to meet the priority goals
at the same time with three iterative PDCA improvements. For this company, it needs
to be assessed whether the introduction of the innovation makes sense considering the
impacts on the overall indicators. On the one hand, the absenteeism rate improves slightly;
however, profits decrease, and the ROI of the innovation is negative. Here, it is where the
DIIS gains relevance and significance as it can predict these results, enabling any manager
and decision-maker to assess the improvements if they are worth the investment and the
negative results in some indicators.

The results for the second company, as presented in Table 2, show how the best
results in terms of real demand are obtained for the dynamic Plan-Act model with almost
20,000 units more than the “One fits all” model. Moreover, the absenteeism rate is 9.5%,
being lower than the target goal and 3% lower than the “One fits all” model. Furthermore,
the profits level is above the goal of USD 700 million for all three planning methods while
securing more than USD 150 million more for the Plan-Act model.
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Table 1. Simulation results for the Innovation Case Study: Product Modularization in Company 1.

Company 1

“One Fits All” Planning Static Planning Based on

Dynamic Plan-Act Planning Based on

No. Key Indicator Historical Do-Check Current and Historical Do-Check
80% Mod.: 0-120 Weeks
40% Modularization 80% Modularization 60% Mod.: 120-260 Weeks
65% Mod.: 260-500 Weeks
1 Y Demand (# 10° products) 308,738 308,738 308,738
2 Y. Demand real (#10° products) 264,087 276,187 270,730
3 Y- Production (# products) 234,366 247,585 241,552
4 O Plant availability rate (%) 83.4 84.8 84.3
5 @ Performance rate (%) 91.7 101.5 97.8
6 Development time (weeks) 48 96 78
7 Absenteeism rate (%) 13.3 114 12.1
8 Labor productivity (units/empl. x day) 469 495 483
9 @ Production lead time (# days) 98.4 89.8 93.2
10 @ Suppliers” quality rate (%) 92.0 94.0 93.3
11 Cumulated service level (%) 95.2 96.0 95.8
12 Y Sales (million USD) 3878 4120 4010
13 Y- Operational costs (million USD) 2655 2527 2594
14 Y Investment (million USD) 518 1046 803
15 Y- Profits (million USD) 705 547 614
16 Return on investment (ROI) (%) -0.5 —15.3 —11.6
Table 2. Simulation results for the Innovation Case Study: Product Modularization in Company 2.
Company 2
” . ” . Static Planning Based on Dynamic Plan-Act Planning Based on
No. Key Indicator One Fits All” Planning Historical Do-Check Current and Historical Do-Check
80% Mod.: 0-120 Weeks
40% Modularization 80% Modularization 90% Mod.: 120-260 Weeks
85% Mod.: 260-500 Weeks
1 Y. Demand (# 10° products) 308,738 308,738 308,738
2 Y Demand real (#10° products) 270,267 286,840 289,848
3 Y. Production (# products) 240,967 259,900 263,442
4 @ Plant availability rate (%) 84.1 86.1 86.5
5 @ Performance rate (%) 96.0 105.8 107.6
6 Development time (weeks) 48 96 102
7 Absenteeism rate (%) 125 9.8 9.5
8 Labor productivity (units/empl. x day) 482 52.0 52.7
9 @ Production lead time (# days) 94.9 82.3 80.4
10 @ Suppliers” quality rate (%) 92.8 95.6 96.0
11 Cumulated service level (%) 95.8 96.2 96.4
12 Y- Sales (million USD) 4001 4333 4393
13 Y. Operational costs (million USD) 2575 2390 2347
14 Y Investment (million USD) 499 979 976
15 Y Profits (million USD) 927 964 1070
16 Return on investment (ROI) (%) 44.0 26.2 372
Table 3. Simulation results for the Innovation Case Study: Product Modularization in Company 3.
Company 3
“ . ” . Static Planning Based on Dynamic Plan-Act Planning Based on
No. Key Indicator One Fits All” Planning Historical Do-Check Current and Historical Do-Check
80% Mod.: 0-120 Weeks
40% Modularization 80% Modularization 85% Mod.: 120-260 Weeks
82.5% Mod.: 260-500 Weeks
1 Y Demand (# 10° products) 308,738 308,738 308,738
2 Y Demand real (#10° products) 276,347 297,114 298,955
3 Y_ Production (# products) 247,639 272,573 241,552
4 @ Plant availability rate (%) 84.9 87.4 87.7
5 @ Performance rate (%) 99.5 112.2 113.3
6 Development time (weeks) 48 96 99
7 Absenteeism rate (%) 11.7 8.3 8.1
8 Labor productivity (units/empl. x day) 495 54.5 55.0
9 @ Production lead time (# days) 91.2 74.1 72.8
10 @ Suppliers’ quality rate (%) 93.6 97.2 97.4
11 Cumulated service level (%) 96.0 96.6 96.8
12 Y Sales (million USD) 4123 4538 4575
13 Y_ Operational costs (million USD) 2494 2248 2220
14 Y Investment (million USD) 484 970 997
15 Y. Profits (million USD) 1144 1320 1358
16 Return on investment (ROI) (%) 90.2 63.3 65.3
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In addition, the second priority goals are also met with the Plan-Act model: the real
demand is almost 10,000 units more than the goal of 280,000; the quality rate of suppliers is
96%, i.e., 1% more than the target value; the investment level is lower than 1000 million
USD; and the ROl is higher than the 10% target value, improving from 26% to 37% from the
static Do-Check to the dynamic Plan-Act system, respectively. In conclusion, it can be seen
how the DIIS applied for the case study in this company not only enables the optimization
of the achievement of target goals with different priority levels but also helps to balance the
indicators during the innovation life cycle. The modularization level for this company is
80% until week 120 and 90% until week 260, with a final modularization rate of 85%. Thus,
the innovation introduction is optimized in effectiveness, and its efficiency is focused on
the priority indicators.

The results for the third company, as presented in Table 3, show how the best results in
terms of real demand are obtained for the dynamic Plan-Act model with at least 20,000 units
more than the “One fits all” model. Moreover, the absenteeism rate is 8.1%, being lower
than the target goal and more than 3% lower than the “One fits all” model. Furthermore,
the profits level is almost double the goal of USD 700 million while securing more than
USD 200 million more for the dynamic Plan-Act model.

In addition, the second priority goals are also met with the Plan-Act model: the
real demand is almost 20,000 units more than the goal of 280,000, and the quality rate
of suppliers is higher than 97%, i.e., 2% more than the target value, the investment level
is optimized and lower than USD 1000 million, and the ROI is six times higher than the
10% target value. In conclusion, it can be seen how the DIIS applied for the case study in
this company enables the optimization of the achievement of target goals with different
priority levels and supports the balance of indicators during the innovation life cycle. The
modularization level for this company is 80% until week 120 and 85% until week 260, with
a final modularization rate of 82.5%.

It is also relevant to mention how the results vary depending on the organization
in which the innovation is introduced, although the innovation has the same technical
characteristics. However, the companies have different capabilities and functions, thus
providing different output results for the same input innovation. As a result, the importance
of the DIIS for innovation project design, assessment, management, and monitoring is set.

7. Discussion

Firstly, the literature identified a need for an innovation management model that could
cope with the environment’s complexity and define the gap in the existing application of
innovation management tools, techniques, and systems for innovation. The conceptual
model and the case study results show how a digital ecosystem can be developed and
provide a platform for selecting, managing, and monitoring innovation projects based on
the PDCA methodology. In addition, many companies perform assessments, especially at
the conception of new ideas, inventions, and concepts, without introducing any information
into a system, thus reducing the traceability and the learning options for the innovation
project as well as for future innovation projects. In this regard, the DE4.0 and the DIIS
provide a suitable response to this challenge, providing transparency and adaptability to
enhance and develop dynamic capabilities, thus securing organizational sustainability.

Secondly, it is clear from the results that the organizational topology in terms of how
a company is able to introduce an innovation is of vital importance. In some cases, this
can be helpful when deciding whether to proceed or not with a certain innovation. This
led us to the need to develop customized innovation plans depending on organizational
topology. This topology is to be defined by the maturity level in a set of criteria such as
culture, organization, technical, etc.

Thirdly, the PDCA methodology can be performed continuously or in discrete intervals.
If the ecosystem is digital, it can be assessed at any time from any location, making it
possible to perform adjustments in real time while others are performed at time intervals to
evaluate indicator dynamics leading both options to efficient project management.
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Fourthly, as shown from the results of the different companies, it has been described
how the data, information, and learning from similar innovation project experiences are
key when designing and deciding on new innovations. Therefore, this article suggests
including the iterative learning process in the innovation life cycle as it provides significant
advantages for the scope and scalability of the innovation introduction, as well as for its
market diffusion.

Fifthly, the use of information systems connected with digital twins of an organization
and its processes provides the basic framework for enhancing the system with simulation
capabilities. These are key for identifying the policies and innovation characteristics that
reduce the overall risks in the short and long term, thus not only for the future of the
organization based on the innovation implementation but also for the sustainability of
the whole company, its supply chain, and the related environment. With multiple sources
of storing, treating, and sending/receiving data and information, cybersecurity plays a
key role in these digital ecosystems. Furthermore, artificial intelligence is fundamental to
enhancing the capabilities of the DE4.0 and the DIIS.

The advantage of this approach is the ability to convert all historical data, facts, and
information from stakeholders and organizations, each with a specific set of capabilities,
operating in different related market environments, into a fact- and scientific-based inno-
vation plan. Moreover, this approach can improve dynamically over time thanks to the
combination of elements that lead to a new management era that provides adaptability
mechanisms oriented to organizational goals. Management is about running and chang-
ing any kind of organization. In this context, this research provides a step forward as it
generates a new management framework based on innovation management according to
current technological possibilities that enable ubiquitous information interconnection in a
single source of truth. As a result, the paper recommends putting innovation at the core
of organizational sustainability as the driver of change while securing future operating
stability. Moreover, this management approach can enable flatter organizational structures
based on the DE4.0 as well as the DIIS.

Although the existing possibilities for the development of a management era based
on the fourth and in the advent of the fifth industrial revolution, decision-making in
all planning horizons within and between organizations of any type is largely driven
by pressure groups and based on subjective reasons while the real facts are, on many
occasions, hidden. Many can argue that this is something of the past and that the advent
of information technology and its development toward a digital world and knowledge
economy have changed it already, but what happens after a plan or evaluation has been
carefully made? Is it not changed or influenced by multiple non-controllable factors? The
practice speaks for itself. Plans based on facts are made; however, they cannot change
at the speed at which humans and their interactions affect the process. Many have also
forgotten that new technologies and digital systems that are not based on real facts and
data are useless. Research shows how the human factor in its interactions and decisions
significantly affects the overall output of the organizational system [52,54-56]. Today, when
top managers face a decision, typically, it is based on a set of slides prepared according
to various agreement loops of multiple departments. In this context, the process up until
the decision-making moment reduces the objectivity of data and facts, while an increase
in subjectivity arises based on the person, department, and/or pressure-group-driven
interests. As a result, top managers are forced to make decisions the same way a person
takes a step in the direction of a single light in a dark room, suggesting technically viable
and economically preferable solutions but missing the bigger picture based on facts, data,
risk analysis, and their evaluation based on historical lessons learned. This is where
the article provides a significant contribution as it mixes the real and digital world for a
common beneficial purpose by providing transparency as the basis for better fact-based
decision-making adaptable to real needs and customized for employees and managers to
put the real facts and general interest first instead of person, department, or group-driven
arguments and/or motivations.



Appl. Sci. 2022,12, 6592

24 of 27

Moreover, it is important to point out other aspects related to the persons involved
in the innovation project when considering the factors affecting innovation success and
reducing the risks for the company, supply-chain partners, and the related environment of
the firm:

1.  Screening of innovation team members: in the innovation project selection, a relevant
factor is the members of the team that will work on the innovation. For this, screening
potential candidates is a key measure for managers.

2. Creation of innovation teams: the selected members and their compatibility could be
important factor managers and successful innovation results.

3. Development of high-performance teams: team members can, if managers decide,
have direct contact with mentors or scientists supporting them in the innovation
process and its management.

4. Innovation and technology evaluators: top managers must decide how to select an
evaluator or group of evaluators for the assessment. Moreover, it could be the case
that different evaluators assessed the innovation in different stages of the innovation
journey. Furthermore, managers should specify if there is a guide of good practice
for evaluators.

5. Synergy creation: the presentation of the innovation progress and how it is managed
to other innovation teams could help to generate synergies for existing innovation
projects as well as generate new ideas for future innovations.

8. Conclusions

Based on the research performed, it was concluded that there is a need to study how
innovation projects are decided, monitored, and improved along the innovation life cycle
within a company. On the one hand, an innovation model was generated applying the
Viable System Model that ensures that new initiatives are aligned with organizational
goals and adapted to the environment dynamics. On the other hand, we developed a
project evaluation scheme to be applied with a Digital Ecosystem for the Fourth Industrial
Revolution (DE4.0) in the Dynamic Innovation Information System (DIIS) that serves as a
basis to assess innovation projects dynamically, by knowing the status of organizational
functionalities or capabilities in each moment with the help of a digital twin model and by
using simulation means.

Furthermore, the paper provided a combination of conceptual modeling with the
Viable System Model, leading to a structure for different planning horizons, strategies,
tactics, and operations for environmental and market dynamics. It also presented a novel
methodology for the development of digital ecosystems in the Fourth Industrial Revolu-
tion consisting of information systems and their related databases, digital twin models
of management and technical processes and assets, simulation capabilities, and models
while applying quality management and control techniques as well as statistical analy-
sis. This set of elements developed a unique methodology, DE4.0, that can enhance the
effectiveness and efficiency of any information ecosystem. Therefore, it was applied to
innovation management and innovation project management in the DIIS based on the
PDCA methodology.

Moreover, this research provides managers with the decision-making capabilities that
they need to consider when deciding which innovations must be developed, how they
should be developed, and which impacts, positive and negative, they will have to enlarge
the positive effects on the value chain and develop and plan preventive measures to avoid or
minimize the negative effects. Therefore, the DIIS based on the PDCA methodology, and the
results developed in the paper show that managers need to consider this digital ecosystem,
as it increases the probability of reaching their targets. For this purpose, organizational
strategic goals, supply chain areas, new technologies, and new product characteristics need
to be known. Based on this step, managers are provided with a model in which they can
orientate their decision-making activities, with a focus on the organizational targets in each
PDCA cycle.
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The limitations of this research are as follows:

Generic case study model, which needs specific sector knowledge for its application;
Digital twin model is not based on a real supply chain;

Product characteristics are not specified for particular use cases;

Limited ability of the model to capture qualitative information in certain events and
moments of past and current innovation plans and projects.

Future research could focus on the following:

Apply in real organizations;

Implement different new products and different technologies from different sectors;
Implement all areas of the conceptual model in detail in a digital twin model with
simulation and artificial intelligence capabilities.

To sum up, the research shows the potential benefits of the conceptual model for
decision-making in innovation projects. As a result, the proposed methodology provides
a useful conceptual model, a novel digital ecosystem (DE4.0), and a Dynamic Innovation
Information System (DIIS) based on the PDCA methodology applicable for any organization
when deciding and managing their innovation project portfolio thanks to the dynamic
evaluation of impacts.
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