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Abstract: This paper highlights a sustainability and self-organization perspective of the innovation
ecosystems. Such issues as under what conditions self-organization takes place and what mechanisms
form an innovation ecosystem in a sustainable way are underexplored in the academic literature.
To ensure self-development of actors in the ecosystem, a self-adjustment mechanism is needed that
allows implementation of sustainability principles. This article proposes a practical tool for assessing
an actor in an ecosystem using the method of analytic hierarchy process (AHP), developed by T. Saaty.
It allows for operationalizing the processes of self-organization in the ecosystem without an external
intervention and addresses the main implications for sustainable development of innovation industrial
ecosystems. The authors illustrate their assumptions with an empirical case study of the industrial
ecosystem “Technologies for Improving the Quality of Life” (Moscow, Russia). The propositions arising
from this analysis provide information to help academics, policymakers, government, and individual
enterprises with a more adequate understanding of the practical mechanisms and tools that help
trigger self-organization and sustainable development of the innovation ecosystems.

Keywords: innovation ecosystem; industrial ecosystem; sustainability; self-organization; analytic
hierarchy process (AHP); cross-validation

1. Introduction

The Sustainable Development Goals (SDGs) aim to promote sustainable economic growth through
higher levels of productivity and implementation of technological innovations. As stated in Goal 9,
there is a request to build “sustainable infrastructure, promoting sustainable industrialization and
innovation” [1].

There is a need for an integrated multi-stakeholder approach to progress across the multiple SDGs
set in the 2030 Agenda for Sustainable Development. Moreover, new organizational models to foster
sustainable innovative development are required.

Technological, digital, environmental, and political trends swiftly and universally have covered
all social and economic processes. Emerging fundamental challenges change approaches to the
development of socioeconomic systems towards:

(1) Changing the paradigm from “human for economics” to “economics for human”;
(2) Transformation of the environment through the triad of nature, technology, and culture;
(3) Transformation of the new world order as a result of the humanitarian and technological revolution.
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Market participants are forced not only to respond to challenges, but also to predict them.
This requires a search for new behavioral models and new approaches to strategizing.

This situation is especially relevant for industrial enterprises, which have a significant inertial log
within their industry specifics.

Industrial enterprises have always played the role of the country’s economy driver. However,
to ensure sustainable development, maintain their competitive advantages, adapt to the requirements
of the realities of an individual enterprise flexibly and instantly is becoming increasingly difficult. It is
practically impossible to reflect new challenges alone for small enterprises or those already in the
stagnation stage.

The most acknowledged definition of “sustainable development” is that proposed by the
United Nations World Commission on Environment and Development (UNWCED): “Sustainable
development is development that meets the needs of the present without compromising the ability
of future generations to meet their own needs” [2]. This means that the strategy of each market
participant focused on long-term development should ensure a balanced triad of economic, social,
and environmental components.

There are different approaches to the concept of sustainable enterprise development [3-9].
Sustainable enterprises take into account both the economic and social aspirations of people related to
the enterprise and the impact on the natural environment [7]. The main positions of modern researchers
tend to comply with:

(1) Principles of social responsibility to employees and society;

(2) Balance of economic and environmental indicators;

(3) Integrity of the natural ecosystem through reimbursement of environmental expenses and
assessment of the impact of enterprise on the state of the environment;

(4) Provision of innovation and project orientation.

The importance of the social aspect in the enterprise development strategy has been especially
aggravated by the pandemic situation, which forces many companies to rebuild their target development
vectors taking into account the safety of both their employees and employees of partners and customers.

Summarizing the positions of researchers, the authors understand the sustainable development of
an individual industrial enterprise as the long-term balanced development of a company, the targets of
which are accumulated and harmonized according to the principle of triad: technological, social, and
environmental areas (Figure 1).

Figure 1. The triad of sustainable enterprise development.

In the digital age, a large role is given to innovativeness in the triad of sustainable
enterprise development.
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Innovative sustainable development is the development in which favorable conditions are created
(organizational and economic mechanisms, scientific and technical base, motivational and stimulating
mechanisms) for generation and implementation of innovative activities, introduction of scientific
and technological developments in production, and promotion of high-technology products on the
market. The search for organizational and managerial models that provide innovative sustainable
development through synergistic symbiosis has been going on for several decades. These models
include clusters, industrial networks, and industrial and eco-industrial parks. Each of these models
has its own advantages and limitations. The main limiting point of network and cluster models is that
horizontal synergistic interaction between participants is subject to vertical management from above.
The management system can be either a state structure or a large enterprise, building network relations
with other enterprises for their interests. Elements of the management vertical initially violate the
principles of harmonization and balanced development of individual participants, since the interests
and priorities of the governing body do not always coincide with the interests of other participants.
In Antifragility: Things That Gain from Disorder, Nassim Nicholas Taleb [10] defined large vertical
systems as “fragile” in terms of the risks of making managerial decisions. In contrast to such systems,
the combination of companies on partnership terms without vertical administration is “anti-fragile”
with respect to internal and external challenges. That is why another model of enterprise interaction,
being the innovation ecosystem, has been actively studied and discussed in the scientific community
in the last few years. The ecosystem model allows for forming a special friendly environment from
enterprises through a voluntary partnership for the generation and implementation of innovative
projects in various fields. It gives an opportunity for the ecosystem participants to be open to external
challenges through the integration of resources, knowledge, information, technologies, competencies,
ensuring the principles of their sustainable development. This approach allows for developing the
open innovation perspective through the principles of ecosystem, when all participating companies,
regardless of their size and type of activity, benefit from networking and collaboration.

Despite the increased interest of the scientific community in the problem of the formation and
development of innovation ecosystems, one should admit the weak methodological elaboration of this
theory, which complicates its application in practice.

The article is organized as follows. Section 2 provides a theoretical overview of an innovation
ecosystem and discusses the previous works, which have utilized the analytic hierarchy process
(AHP) approach to justify the selection of this tool for our methodology. Section 3 is devoted to
theoretical foundations of our research introducing the authors’ conceptual assumptions and chosen
approaches. Section 4 presents a new methodology for the evaluation of an ecosystem’s actor
using the AHP method. Evaluation of the ecosystem’s actor is carried out on the basis of blocks of
indicators, including ecological dimension. Section 5 focuses on the implementation of the proposed
methodological approach. The authors illustrate their assumptions with an empirical case study of the
ecosystem “Technologies for Improving the Quality of Life” (Moscow, Russia). In Section 6, the authors
discuss propositions arising from the conducted analysis to bring out the self-organization features of
innovation ecosystems and their implications in terms of sustainability development. Additionally,
some limitations of the research and future research perspectives are proposed.

Finally, Section 7 highlights the key findings of the study and presents the theoretical contribution
and practical significance of the study.

2. Literature Review

Innovation is considered to be a crucial factor, which can improve the competitiveness of firms
and ensure sustainability. Collaborations have become a trend in regard to enabling long-term business
growth. Open innovation combines internal and external resources to generate new technologies
and identify new paths to the market [11]. Meanwhile, the issue of sustainability has become
critical in recent years. Traditionally, the term “sustainability” is articulated as the three-dimensional
framework—economic, social, and environmental (Figure 1).
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In the current era of active creation of collaborations and alliances, rapid development of open
innovations has started to affect enterprises and the whole ecosystem. Entrepreneurial sustainability is
relying more and more on collaboration through dynamic and open platforms. These trends bring new
topics to the concept of sustainability in terms of culture creation [12], governing mechanisms [13],
communication channels, and other aspects of open innovation dynamics [14].

With the development of the concept of “open innovation,” the management of companies
is increasingly focused on results, regardless of the place of their creation and the origin of the
resources involved. Within the paradigm of open innovation, large companies dominate, forming
innovative markets and networks. Small and medium-sized companies, including start-ups, have
more limited financial and human resources, are focused on a shorter time horizon, and experience
difficulties in implementing innovative strategies. Such enterprises are faced with the need to either
allocate significant costs for attracting highly qualified personnel, initiating and implementing projects,
or dependence on external sources of information, knowledge, competencies, and technologies [15,16].

Members of the ecosystem include suppliers, producers, competitors, and other stakeholders
(educational and research institutions, communities, public sector actors, etc.). In this regard,
the question of innovation in sustainable development needs to be analyzed at the level of the
whole value chain, not just the firm. Thus, the study of the problem of sustainable enterprise
development is possible through an ecosystem approach. Acting at the level of the ecosystem is often
necessary to investigate complex interactions and self-organization mechanisms taking place between
all stakeholders.

Alongside open innovation is the quadruple-helix theory [17], which identifies relations between
various stakeholders (civil society, media, and the culture-based public) and integrates top—down
policies and grassroots innovations.

The quintuple-helix model [18] expands the previous research by highlighting the role of the
environment and thus brings together the concepts of innovation ecosystem and sustainable development.

The concept of an ecosystem is associated with a natural ecosystem in which living organisms
and their habitats are united, harmonious, and balanced [19].

In a number of publications, an ecosystem is understood as a continuation of the development
of cluster models. For example, Jacobides, Cennamo, and Gawer [20] believe that an innovation
ecosystem refers to various organizational forms of economic activity, interconnected by specific
types of complementarity. Such a definition, in fact, is an analogue of cluster industrial symbioses
and does not reflect a fundamental difference from them. Moore [21] suggests another definition
of ecosystems. Here, ecosystems are understood as an economic community supported by a basis
of interacting economic units that are the organisms of the entrepreneurial world, which also does
not clarify the goals and principles of their formation. Adner and Kapura [22] and Autio and
Thomas [23] consider an ecosystem as a network of interconnected organizations connected around
a coordinating firm or platform, which again is similar to network models and contradicts the
principle of self-organization, being the basis of the analogy of natural and socioeconomic ecosystems.
The definitions formulated by Kleiner [24] and Proskurnin [25] are more logical from the standpoint of
the principles of consistency, balance, and self-organization. Proskurnin [25] believes that an innovation
ecosystem is a self-organizing, self-regulating, and self-developing open system, characterized by
input flows of ideas, value, people, information, and resources.

The most comprehensive definition of innovation ecosystem was developed by Granstrand and
Holgersson [26]. According to the authors, such an ecosystem is “the evolving set of actors, activities,
and artifacts, and the institutions and relations, including complementary and substitute relations,
that are important for the innovative performance of an actor or a population of actors” [26]. Thus,
the authors put focus on the intertwined CS-relations (competition/substitution), providing additional
precision and a balanced view of what is going on in an innovation ecosystem [27].

Generally, there have been formed five theoretical directions on innovation ecosystems
(Figure 2) [28-36].
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Figure 2. Main theoretical directions within the innovation ecosystem concept [26,27].

Our research interest lies primarily with the fourth and fifth research directions. From an
evolutionary economics perspective, actors’ self-organization and self-development is critically
important. The industrial ecology approach relies on the assumption of an industrial system that
develops by optimizing the production of goods and materials minimizing industry’s impact on the
environment through circular processes. Within self-organization, different actors develop innovation
processes to recycle products, reduce industrial, natural resources, and energy waste, exploit local
resources, etc. The CS (competition/substitution) relations are sources of sustainability of this industrial
system. The ecological dimension refers to sustainability through self-organization [26].

Having agreed with the above researchers on a number of points, the authors of this study consider
an industrial innovation ecosystem as a self-organizing and self-developing system without an external
governing body, creating a special business-friendly environment for generating and implementing
innovative projects on the basis of competition/substitution relations leading to sustainability [37].

It should be understood that the implementation of the ecosystem model requires coordination
systems and mechanisms of actors’ interaction, different from traditional models, aimed at stimulating
sustainable development of enterprises. In practice, as a rule, the roles of actors are not clearly
defined and may change as the ecosystem develops. The role of the core company in coordinating the
ecosystem has been discussed in detail [37]. According to the authors [38], transparent and clear rules
for cooperation and interaction of actors are primarily required for the development of an ecosystem.

Any ecosystem should be open to new participants to be developed. Some ecosystems are
evolving towards a more market-based logic, encouraging competition and independence of suppliers
and partners. In these ecosystems, complementors become more versatile and less valuable to the core
company. Other ecosystems can gradually transform into hierarchical supplier-based value chains,
where the network architect clearly defines the rules of the game and regulates the relationships
between the participants [20].

In our opinion, the nature of an innovation ecosystem, as an analogue of a natural one, is that the
vertical hierarchy of administration is completely absent in this model. First of all, this concerns the
process of assessing and selecting new actors to participate in ecosystem projects, which should be as
objective and independent as possible. In addition, in the context of our research, the key question is
how to stimulate enterprises in innovation ecosystems to develop sustainably with limited resource
potential, a shortage of qualified personnel, and professional knowledge.
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Despite numerous research studies on entrepreneurial sustainable development, understanding
how sustainability management models operate remains a great challenge. Thus, there is a relevant
gap between the theoretical development of sustainability models and practical application of these
models [39-42].

Many current works are devoted to the investigation of the initial barriers that negatively impact
on the adoption of sustainable practices [43-45]. In [43], the authors highlighted the internal forces
stimulating enterprises to introduce innovative sustainable management tools. They revealed that
capability of the enterprise to engage with its stakeholders, as well as some adequate managerial and
organizational features, are the main drivers for implementing sustainable development practices.

In this regard, the dynamic capabilities approach creates a logical foundation while considering
sustainable development in the context of innovation [46]. Integrated with sustainable development
issues, the notion of dynamic capability sheds light on the way the enterprises manage to perceive
sustainable development issues by building an innovation dynamic.

Several recent studies explore the concept of dynamic capabilities in relation to corporate
sustainability issues [47,48].

Thus, incorporating sustainability efforts into the business practices of the organization is one of
the key barriers for the entrepreneurs’ sustainable development.

To solve the above problems, new tools and mechanisms for the introduction of actors
self-organization in the innovation ecosystem, stimulating their sustainable development, are needed.
This issue has received very little attention in the scientific literature.

The authors, therefore, position the consideration on innovation ecosystems in self-organization
and sustainability perspective. The main research question is how to operationalize the processes of
self-organization in the innovation ecosystem without an external governing body. To this end, the
authors propose a new tool for cross-validation of ecosystem actors based on the method of analytic
hierarchy process (AHP) [49-51], which will ensure the independence and transparency of the process
of assessing actors for the suitability of an enterprise to a particular role in the initiated project, taking
into account the principles of ecosystem interaction and sustainability.

The method of analytic hierarchy process is relevant in group decision-making and is aimed at
solving practice-oriented tasks of multicriteria optimization. The ability of taking into account a large
number of both quantitative and qualitative criteria for optimality are among the main advantages of
this method. The simplicity and versatility of its use formed the basis for mass application in solving
tasks of the optimal allocation of resources according to established priorities among many alternatives.
The AHP allows to evaluate alternatives based on the calculation of priorities (relative importance)
using the pairwise comparison procedure. The advantage of the method is the ability to reasonably
compare heterogeneous factors. The AHP is widely used in practice and is actively developed by
scientists around the world, for example, for risk evaluation [52-54], for evaluation of sustainable
development of territories, cities, and industry [55-58]. The method has also found wide application
in solving problems of analysis and evaluation of relationships in biological ecosystems [59-61].

Thus, in this article, the authors propose to use the analytical hierarchy method as a tool for
self-tuning the ecosystem, namely, for actors’ cross-validation with each other. Ultimately, this will
make it possible to operationalize the processes of self-organization in the ecosystem and will contribute
to its sustainable development of industrial enterprises as ecosystem’s actors.

7

3. Conceptual Framework

The Davos Manifesto, issued for the World Economic Forum in 2019, initiated by Klaus Schwab [62],
speaks of a new model of capitalism—stakeholder capitalism, where companies should stand up for
competitive equality in the “game field,” especially in the “economy of Internet platform,” and this
very idea is the basis for the formation of an innovation industrial ecosystem.

The nature of the industrial ecosystem, as an analogue of the natural one, is the absence of vertical
hierarchy of administration therein. The association of participants (actors) is self-organizing on the
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basis of voluntariness, equality, and partnership, which does not imply randomness and spontaneity.
The unifying principle in the ecosystem is the presence of an intellectual core or a mastermind, being
a certain idea that inspires and unites actors among themselves. A new technology, a project, or a
platform could become such an idea. For example, in accordance with the UN sustainable development
goals and the Davos Manifesto of 2019, the development of new technologies or materials to improve
the quality of life could be such a mastermind. An introduction of such a model will result in creating
an intellectual environment for the implementation of breakthrough technological projects on the
principles of network partnership, cross-border and cognition. Such a model helps participants
to achieve their own interests, goals, and competitive advantages through the development and
implementation of new products, technologies, materials, engineering, and digital transformation of
business processes, including recycling (Figure 3).

AN ECOSYSTEM
-
PROJECT 1

| T

|, s w 1
“ LARGE INDUSTRIAL Msl’fn;::lll\l;li:l‘;{D “ ENGINEERING
ENTERPRISES 0 ENTERPRISES COMPANIES “

Figure 3. An ecosystem structure. Source: Own elaboration.

Industrial and engineering enterprises, research and scientific organizations, startups, investment
funds, industry and territorial authorities, that is, any organizations interested in the innovative
development of both their enterprise and the industry as a whole, can be participants or actors in such
an ecosystem.

The sustainability of an industrial innovation ecosystem can be defined as the ability to do the
following:

constant exchange of information, knowledge, technologies between actors;
generation of ideas;
environment that ensures the development and implementation of innovative projects;

AN NI N

ensuring the sustainable development of actors.

The principles of combining actors into an ecosystem can be grouped into two levels:
(1) Principles of direct ecosystem interaction:

(a) Self-organization and self-development;

(b) Trust and partnership;

(c) Corporate culture;

(d) Customer focus;

(e) Project orientation, innovativeness and openness to change;
(f) Collaboration via information and intellectual resources;
(g) Interdisciplinarity;

(h) Ensuring information and economic security.
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(2) Principles of sustainable development of actors:

(i) Quality-of-life project orientation;

()  Observance of environmental safety by actors;
(k) Focus of actors on resource conservation;

(I)  Financial stability of actors;

(m) Market stability of actors;

(n) Operational stability of actors.

Within the ecosystem, lots of projects can be implemented simultaneously, and each actor of the
ecosystem has the opportunity to perform various roles and participate in different projects at the same
time. Table 1 presents possible roles of actors in the projects [27].

Table 1. Roles of actors in the ecosystem.

Tasks and Functions in the

Potential Actors
Ecosystem

Ecosystem Roles

Initiation of a new project. Project

Initiator, cust . . .
nihatotl, custoter testing and implementation

Industrial enterprises

Accumulation and generation of
domestic and world experience in

. . . Universities, research
industries, ensuring coherence of

Integrator interactions in the ecosystem, organizations, project offices,
. digital platforms
balancing energy exchange and
resources between actors
Design, logical and technological
fievelopment, f.orn}ahzatlon of Technoparks, startups,
ideas. Generating ideas and . . .
Developer engineering companies, research

initiating projects with other
actors. Project testing and
implementation

structures, universities.

Investment and venture funds,

Investment resource provider

Project financing

sectoral and territorial authorities

Unique resource provider

Providing access to unique
technologies, materials,
competencies, and information

Technoparks, startups,
engineering companies, research
structures

Project promoter

Promotion of implemented
projects, conversion of past

Any ecosystem actor

projects experience into new
projects. Project commercialization

Providing possible long-term
resource usage with the ability to
regenerate project outputs into
other projects

Circularity generator Any ecosystem actor

The main difficulty in the formation of ecosystems is operationalization of such basic ecosystem
principles as self-organization and self-development. The authors have proposed a mechanism
for implementing these principles through cross-validation as a new self-adjusting loop within
the ecosystem.

The first management model is the simplest traditional one, implemented as a response of the
system to external or internal challenges. The limitation of such management model is that the
challenge has already occurred, the problem has happened, and the problem-solving policy always
loses to the policy of preventive measures.

One of the basic laws of the development of organizational and economic systems, namely, the law
of self-preservation, states that the sum of the system potentials should exceed the sum of the external
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and internal challenges. That is, for effective and sustainable development, the system is to constantly
monitor the emergence of new information, tracking all kinds of trends, and, based on the knowledge
gained, increase its potential via a self-adjusting loop. Therefore, via realizing the self-adjusting loop,
the second management model allows the system to be resistant to external and internal challenges,
preventing or minimizing them via preventive measures, through a constant increase in its potential.

These two loops complement each other and work effectively within the same enterprise, providing
it with sustainable development in accordance with the laws of the organization.

Sustainable development of actors within the ecosystem is possible only when there is also
a mechanism that allows actors to effectively interact within the ecosystem, flexibly respond to
challenges, get ahead of negative phenomena, and adjust their development strategies. The third
management model, shown in Figure 4, implements a management system based on the principle of
self-organization, where each actor monitors both their own potential and the potentials of actors and
projects implemented within the ecosystem.

Figure 4 presents three different types of management models.

@ External

Evaluation by other actors within the
Control challenges
/
Development of /
nterpri tential
enterprise potentials pevelopment of

Managerial

response W
o Control

enterprise potentials
. External <\
challenges External .
Lo Control \
- @ {?IIenges
Traditional enterprise ’ Managerial
/ . response
- ."mntro.f feedback loop : p \ Managerial
Monitoring respanse

ra of external and Monitoring
I MODEL / / _' internal factors of externol and internal
| &;‘i"’;/ g
Il MODEL
Enterprise self- o i
development management o T emswmmm:smm
with embedced self- / Suél"ai;lab.fggnl‘gr;dse
adjusting foop e 4 development A 1l MODEL
R ; management within the J
ecosystem model .

Figure 4. Classification of management models. Source: Own elaboration.

Such a self-adjusting mechanism stimulates actors to be attractive to other participants in the
ecosystem, independently implementing an internal policy of corrective actions, building their own
vector of goals in accordance with the principles of ecosystem formation. Since there is no vertical
control that defines the structure and place of each actor in the system from above, the main mechanism
for the ecosystem formation and the distribution of roles therein is the desire of a particular actor and
its usefulness to other participants. The basis for building a self-adjusting mechanism in the ecosystem
should be an ecosystem platform created by cross-validation of actors with each other.

The evaluation is proposed to be carried out in several stages.

The first stage is to enter the ecosystem. At this stage, the enterprise can independently evaluate its
resource potential and its development strategies for compliance with the principles of the ecosystem.
The enterprise should conduct such evaluation regularly in the framework of the self-adjusting loop of
the second management model shown in Figure 4.

At the next stage, evaluation is carried out by other actors for compliance with the enterprise
being evaluated for one or another role in the initiated project.
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Finally, at the third stage, evaluation is carried out after the project has been implemented for
compliance with the effectiveness of the enterprise role in the project.

Having accumulated positive points by cross-validation, the actor becomes attractive in terms of
cooperation in joint projects for other participants. The results of evaluating the activities of the actor
by other project participants will enable the enterprise to focus on its problem areas, to pursue a policy
of internal corrective measures, while ensuring the sustainability of its development.

On the other hand, the ecosystem platform will allow each actor to constantly monitor the activities
of other actors, making an independent decision on cooperation with them in each individual project.

The cross-validation mechanism will further ensure the formation of a unified ecosystem data
bank with the goal of creating a project office based on blockchain principles.

4. Research Methodology

The authors propose using the analytic hierarchy method as a tool for ecosystem self-adjusting
through the cross-validation of actors within an ecosystem.

In accordance with the theory of decision-making, the choice of a business partner (actor) refers to
the types of tasks that are called partially structured. Modeling of such tasks at a quantitative level is
practically impossible, since not all connections between system components can be quantitatively
taken into account due to the lack of the required amount of information. In this case, the required
connections are usually established by experts. In this case, decision-making comes down to choosing
one of the synthesized alternatives. However, a characteristic feature of multicriteria tasks is that there
is no alternative that would have the best values for all criteria.

The method of analytic hierarchy process is a mathematical tool for a systematic approach to
solving decision-making problems. While engaging in decision-making and predicting possible results,
managers usually face a complex system of interdependent components (resources, goals, company
personnel, etc.) that needs to be analyzed.

The AHP approach consists in decomposing the problem into simpler components and
stage-by-stage prioritization of the estimated components using pairwise comparisons. At the first
stage, the most important elements of the problem are identified. The second stage is devoted to the
search of ways to verify observations, test, and evaluate elements. At the third stage, the development
of a problem-solving method and assessment of its quality is carried out. The whole process is tested
until it is certain that the process has captured all the important characteristics necessary to present
and solve the problem.

The process can be carried out over a sequence of hierarchies. In this case, the results obtained in
one of them are used as input data when studying the next one. The hierarchical structures used in the
AHP are a tool for high-quality modeling of complex problems. The top of the hierarchy is the main
goal. The elements of the lower level represent many options for achieving the goal (alternatives).
Intermediate items correspond to criteria or factors that link the goal to the alternatives. The sequential
implementation of all the steps of the AHP provides for the possibility of changing the structure of the
hierarchy, in order to include in it newly emerging, or previously not considered important, criteria
and alternatives.

That is why the AHP is used by the authors as a cross-validation tool for an ecosystem’s actors.
Ateach stage of the assessment, the composition of the actors, the criteria, and the assessment procedure
itself can change.

Here are some of the AHP applications:

Choice is the selection of one alternative from a set of alternatives;

Prioritization/evaluation is determining the relative merit of a set of alternatives;

Resource allocation is finding the best combination of alternatives subject to a variety of constraints;
Benchmarking of processes or systems with known processes or systems;

o oo o

Risk management.



J. Open Innov. Technol. Mark. Complex. 2020, 6, 95 11 of 23

The authors propose using the hierarchy method as a tool for ecosystem self-adjusting, namely,
for cross-validation of actors by each other (Figure 5).

Determine the objective

—

Set up criteria

—

Construct the hierarchy

—

Make pairwise comparisons

—

Calculate weight indicator

Check consistency

No
CR<10-15
Yes
Calculating and
Aggregate weight indicator choosing the best

alternatives

Figure 5. A flowchart for the APH methodology. Source: Own elaboration.

The first AHP step is to construct a hierarchical structure combining the goal, criteria,
and alternatives that influence the choice of decision.

The goal is to evaluate the potential and sustainable development of the enterprise (company) by
ecosystem actors for compliance with a particular role in the project being initiated. The indicators
are divided into five groups (blocks). Three blocks of indicators are formed, taking into account the
principles of sustainable development of actors. The list of quality indicators is taken as the basis
used to compile the ESG (Environmental, social and governance) criteria rating of companies [63].
Compliance with the ESG principles implies the introduction of the best practices in the strategy and
business companies in such areas as the ecology (Environment), social policy (Social) and management
(Governance). The ideological basis of these practices is based on the UN Sustainable Development
Goals (SDGs).

Besides, two blocks of indicators have been identified for assessing the potential of companies in
terms of their usefulness to the ecosystem (Table 2). The types of potentials depend primarily on the
type of ecosystem being analyzed. The article concerns innovation industrial ecosystems. Accordingly,
innovative and technological potentials are evaluated. The list of indicators for assessing potentials is
based on the HSE University (Higher School of Economics) data books data [64].
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Table 2. Indicators for evaluating a company as a potential actor in the ecosystem.

Int ted I
No. niegrate Criteria
Indicator
Technological processes efficiency level
Technological Resource 1nte'n51ty of production
1 . Product quality
potential (T) . e .
Level of automation and digitalization of production
Share of unique technologies in the overall structure
Level of implementation of modern resource-saving “smart” technologies
. Amount of financing of environmental protection
Environmental . . .
2 . . Amount of industrial and solid waste
friendliness (E) . . .
Level of water, air, and soil pollution
Availability of educational environmental programs and projects
Level of social spending and investment in human capital
Social The number of accidents in the company per 1000 employees
3 - Degree of employee satisfaction with environmental quality
environment (S)
Corporate culture level
Long-term relationships with partners and consumers
Innovativeness level
Innovation Investment resource endowment for financing innovative programs and projects
4 . Level of personnel qualification and intellectual potential
potential () . . :
Viability of innovations
Innovative competence
Level of infrastructure development
Management Business reput.atllon
5 Resource provision

turity (M
maturity (M) Balancing the exchange of knowledge and resources between actors

Level of self-organization

The proposed scorecard contains a fairly large number of indicators, the significance of which
is unequal for various actors of the ecosystem. Therefore, when evaluating potential participants,
it is proposed to determine criteria weight coefficients for each actor, which in the future will make it
possible to obtain integral estimates.

The second AHP step. A pairwise comparison of criteria importance, is carried out on a
nine-point scale:

- Equal importance—1;

- Moderate importance—3;

- Strong importance—b5;

- Very strong importance—7;
- Extreme importance—9;

- In intermediate cases, even estimates of 2, 4, 6, 8 are possible.

The ecosystem actors act as experts.
The third AHP step. The normalized priority vector (NVP) is determined:
(a) the geometric mean values is calculated in each row of the matrix:

)

(b) the sum of geometric mean is calculated:

=

S = a; (2)

l
-
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(c) NVP components are calculated:

NVPi:%,izl,Z,....,n ®)
The sum of the components of the normalized priority vector is always equal to one. Each NVP
component is an assessment of the corresponding criterion importance.
The fourth AHP step. The consistency of the matrix estimates is checked. For this, three
characteristics are calculated:
(a) the largest eigenvalue of the matrix:

Amax = i(NVPi X il 11]‘1') 4)
j=

i=1

(b) the consistency index:

Cl = % (5)
(c) the consistency ratio:
CI
CR = RC (6)

where RC is the random index, determined theoretically for the case when the estimates are presented
in the matrix randomly, being dependent only on the size of the matrix (Table 3).

Table 3. RC values.

Size of the Matrix 1 2 3 4 5 6 7 8 9 10
RC 0 0 058 090 1.12 124 132 141 145 149

Matrix estimates are considered consistent, if CR < 10-15%; otherwise, they must be reviewed.
If the estimates in the matrix are consistent, then the resulting vector of priorities can be used as
importance weights of each block during the selection procedure.

A similar comparison procedure is carried out for each group of criteria within the balanced
scorecard (BSC) blocks for each of the potential actors. The final procedure for calculating criteria
priorities is carried out by multiplying the criteria priorities by the priorities of the corresponding blocks.

The procedure for evaluating potential actors will be as follows. Based on expert evaluations on a
unified scale, participants are given points for each of the listed criteria. The participant’s final score is
calculated using the additive convolution, which has the following form:

n

C(x) = Y aiCi(x) @

i=1
where C(x) is general criterion for an alternative x, showing its suitability for achieving the goal;
{C i (%)} | isa set of initial criteria; 7 is the number of initial criteria; 4; is particular criteria priority C;.

The higher the integral rating of the actor, the more it is suitable for the intended role.
Consider an example of using the analytic hierarchy process (AHP) method to assess the company
for compliance with the role of “Developer” in the ecosystem.

5. Case: An Assessment of Applicants for the Role of Actors in the Industrial Ecosystem
“Technologies for Improving the Quality of Life”

The method of analytic hierarchy process (AHP) described in the methodological part of the
article is implemented on the example of the ecosystem “Technologies for Improving the Quality of
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Life.” This ecosystem is of interest for assessing the ecosystem attractiveness and sustainability of
actors, as it is a cross-border, cross-sectoral, and dynamic ecosystem. In such an ecosystem, the actors
are represented by different countries, industries, research centers, and the distribution of roles
between them varies depending on the life cycle of ongoing projects and the ecosystem as a whole.
The ecosystem’s pacemaker is the idea of developing fundamentally new technologies and materials
in order to improve the quality of life.

Here are the subject areas of the ecosystem “Technologies for Improving the Quality of Life”:

(1) Development of new methods for the diagnosis and separation of environmental technogenic
nano-sized particles to reduce their impact on the safety and quality of human life.
(2) Technological reindustrialization to create the megalopolis of the future.

Here are the projects implemented by this ecosystem:

Project1. Separation and Pre-Concentration in the Chemical Diagnostics of Functional Materials and
Environmental Objects.

Project2. Development and Prototyping of Engineering Solutions.
Project3. Mineral Mining and Waste Management.
Project4. Artificial Intelligence and Technology for Robotics.

To implement each project, it is necessary to determine the composition of ecosystem actors.
Several actors claim to play the role of individual actors (Table 4).

Table 4. Distribution of actor roles in the industrial ecosystem “Technologies for Improving the Quality

of Life.”
Ecosystem Roles Actors
Initiator, customer Ministry of Science and Higher Education of the Russian Federation
Integrator National University of Science and Technology (NUST) “MISiS”
1. Laboratory of Separation and Pre-Concentration in the Chemical Diagnostics of
Functional Materials and Environmental Objects at NUST “MISiS”
2. Vernadsky Institute of Geochemistry and Analytical Chemistry of the Russian
Developers

Academy of Sciences

3. Institute of Microelectronics Technology and High-Purity Materials Russian
Academy of Sciences

1. Support grants of Ministry of Science and Higher Education of the Russian

Federation
Investment resource

providers 2. Russian enterprises of the nanotechnology industry (VIRIAL Ltd., CJSC R&D
Micran, NEVZ-CERAMICS, JSC)

Unique resource 1. Engineering Center for Industrial Prototyping of High-Complexity
providers

2. Industrial Technologies Engineering Center

Project promoters Center for Technology Commercialization at NUST “MISiS”

1. Center for Infrastructure Cooperation and Partnership MegaScience
Circularity generator

2. Brunel University

The developers play a key role in the development of new technologies and materials.
The attractiveness of three developers for the ecosystem in terms of cooperation with other actors
was evaluated based on the method of analytic hierarchy process via integral indicators. Developer
1 is the Laboratory at NUST “MISiS” (D1); Developer 2 is the Vernadsky Institute of Geochemistry
and Analytical Chemistry of the Russian Academy of Sciences (D2); Developer 3 is the Institute of
Microelectronics Technology and High-Purity Materials Russian Academy of Sciences (D3). The rest of
the ecosystem actors acted as experts and evaluated three participants claiming to be a Developer in
the ecosystem “Technologies for Improving the Quality of Life” (Table 5). The importance of indicators
in each of the five blocks for developers was determined by experts on a scale from 0 to 5.
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Table 5. Results of cross-validation of candidates for the role of “Developer” in the ecosystem.

15 of 23

Integrated
Indicator

Expert Review

Criteria

Dy

D,

D3

B

[t

Technological
potential (T)

C1.1 technological processes efficiency level

C1.2 resource intensity of production

C1.3 product quality

C1.4 level of automation and digitalization of production

C1.5 share of unique technologies in the overall structure

3
5
4
5
3

Q[ = | U | |

N | 01| w |

B

N

Environmental
friendliness (E)

C2.1 level of implementation of modern resource-saving “smart”
technologies

@

'S

'S

C2.2 amount of financing of environmental protection

C2.3 amount of industrial and solid waste

C2.4 level of water, air, and soil pollution

C2.5 availability of educational environmental programs and projects

Social
environment

)

(3.1 level of social spending and investment in human capital

C3.2 the number of accidents in the company per 1000 employees

C3.3 degree of employee satisfaction with environmental quality

C3.4 corporate culture level

C3.5 long-term relationships with partners and consumers

By

Innovation
potential ()

C4.1 innovativeness level

Q| G| =G| G| || W[ N

| U Q| W| W U W|WwWw|u | Ww

(21 IS T IS Y GU S VG S RV NG WS

C4.2 investment resource endowment for financing innovative
programs and projects

'

'S

w

C4.3 level of personnel qualification and intellectual potential

C4.4 viability of innovations

C4.5 innovative competence

Management
maturity (M)

C5.1 level of infrastructure development

C5.2 business reputation

C5.3 resource provision

| =G| G| =] O

| Q| & | =]l O,

[S70 (NG RSO VSO S S

C5.4 balancing the exchange of knowledge and resources between
actors

(5.5 level of self-organization

The first step in accordance with the AHP method is to construct a hierarchical structure combining

the goal, criteria, alternatives, and other factors that influence the choice of decision (Figure 4).

The next step is to conduct a pairwise comparison of the importance of five blocks of indicators
for each potential actor for the role of a developer. The comparison results are shown in Table 6.

Table 6. Evaluation matrix of importance of indicator blocks for developer.

Bl B2 B3 B4 B5
Bl 1 5 1/5 1/5 1
B2 1/5 1 1/9 1/9 1/5
B3 5 9 1 1 5
B4 5 9 1 1 5
B5 1 5 1/5 1/5 1

M 12,200 29,000 2,511 2,511 12,200

Then, it is necessary to define the normalized priority vector (NVP):
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(a) calculate the geometric mean in each row of the matrix by Equation (1):

a = i/l x5x (1/5) x (1/5) x1=0.725

1 = i/(1/5) x1x (1/9) % (1/9) x 1 x (1/5) = 0.218

Similarly:
a3 = 2.954; a4 = 2954; a5 = 0.725

(b) calculate the sum of geometric mean by Equation (2):
5§ =10.725+0.218 4 2.954 + 2.954 + 0.725 = 7.576

(c) using Equation (3), calculate the NVP components for the developer:

NVP; = % = 0.095
NVP, = % = 0.028
NVP; = % = 0.390
NVP, = % = 0.390
NVPs = % = 0.096

Then, the consistency of evaluations in the matrix should be checked. The eigenvalue of the
matrix Equation (4) is as follows:

(a)
Amax = 0.096 X 12.2 +0.028 X 29 + 0.390 X 2.511 + 0.390 X 2.511 4 0.096 x 12.2 = 5.1276

(b) the consistency index Equation (5) is:

5.1276 — 5
Cl = —— =0.0319
5-1
(c) as the random consistency index for criteria 5 is 1.12 in accordance with Table 5, the consistency

ratio Equation (6) is:
0.0319
CR = i = 0.0285 ®)
Since the consistency ratio is 2.85%, the evaluations of blocks in the matrix can be considered
consistent, and the resulting priority vector can be used as weight coefficients of importance of each
block during the selection procedure. The results of calculating the priorities of blocks are shown in

Table 7.

Table 7. Priority vectors of blocks for the developer.

Block NVP for the Developer
Technological potential 0.104
Environmental friendliness 0.045
Social environment 0.104
Innovation potential 0.246

Management maturity 0.501
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A similar comparison procedure is carried out for each group of indicators within the blocks for a
potential actor. The final procedure for calculating criteria priorities is carried out by multiplying the
priorities of indicators by the priorities of the corresponding blocks. The resulting vectors of criteria
indicators for the developer are shown in Table 8 (designations for Figure 5 are used in the Table).

Table 8. The resulting vectors of criteria priority for the developer.

Particular Criterion General Criterion for an
Block Criteria IBZ‘I:e(l)(f) ;l;: Priority, (o) Alternative, C(x)
Dy D, D3 Dy D, D3

C1.1 0.006125 3 4 4 0018375  0.0245 0.0245
C12 0.034446 5 4 3 017223 0137784  0.103338
B1 C13 0.014525 4 5 5 0058101 0.072627  0.072627
Cl4 0.034446 5 4 4 017223 1.440237  0.137784

C15 0.006125 3 3 2 0018375 0.018375  0.01225
Final e];iflftlion for 0439311 0391069  0.350498
2.1 0.002988 3 4 4 0008963 0.011951  0.011951
22 0.001305 2 3 3 0002609 0.003914  0.003914
B2 23 0.002988 3 5 4 0008963 0.014939  0.011951
C24 0.007085 4 3 4 0028341 0.021256  0.028341
25 0.014427 5 3 4 0072134 004328  0.057707
Final eglil:lf;ion for 012101  0.095339  0.113864
C3.1 0.106346 5 5 4 0531732 0531732 0425385
C32 0.106346 5 3 4 0531732 0319039 0425385
B3 C33 0.035449 4 3 3 0141795 0.106346  0.106346
C34 0.035449 4 3 4 0141795 0.106346  0.141795
C35 0.106346 5 5 3 0531732 0531732 0.319039
Final erlilS(agon for 1.878786  1.595195  1.417952
c4.1 0.106346 5 4 5 0531732 0425385  0.531732
c42 0.035449 4 4 3 0141795 0.141795  0.106346
B4 c43 0.106346 5 5 5 0531732 0531732 0.531732
C44 0.035449 4 5 4 0141795 0.177244  0.141795
C4.5 0.106346 5 4 4 0531732 0425385 0425385
Final e];’lfflfzon for 1.878786 1701542  1.736991
C5.1 0.042231 5 4 4 0211157  0.168926  0.168926
C5.2 0.015833 4 3 4 0063333 00475  0.063333

B5 C5.3 0.015833 4 4 3 0063333 0.063333  0.0475
C5.4 0.015833 4 3 4 0063333 00475  0.063333
C5.5 0.005936 3 3 3 0017808 0.017808  0.017808

Final eBVlZl:lng“ for 0418965  0.345067  0.3609
Integral evaluation: 4736857  4.128213  3.9802043

Based on expert evaluations, scores are distributed for participants on a unified scale for each of
the listed indicators. The participant’s final evaluation is calculated using the additive convolution
Equation (7). In accordance with the AHP method, the higher the integral estimate of an actor, the more
it is suitable for the intended role.
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In terms of meeting the ecosystem goals, the most significant criteria are management maturity
and innovation potential. The values of these criteria are 0.419 and 1.879 for Developer 1, 0.345
and 1.702 for Developer 2, and 1.737 and 0.361 for Developer 3. Accordingly, Developer 2 holds the
second position in terms of ecosystem attractiveness with final integral evaluation of 4.128. Although,
according to the final evaluation for two key blocks, the scores for Developer 3 are higher.

From the point of view of sustainable development, Developer 1 has the best result with the total
value of 2.419 for three blocks (ESG), the score of Developer 2 is 2.036, and it is 1.893 for Developer 3.
When analyzing the results of the assessment, Developer 1 holds the first place with a value of 2.318,
Developer 2 is the second with 2.093, and Developer 3 is the third with potentials value of 2.087.

For all five blocks of indicators, D1—the Laboratory of Separation and Pre-Concentration in the
Chemical Diagnostics of Functional Materials and Environmental Objects at NUST “MISiS”—is the
most significant (attractive) one for the ecosystem “Technologies for Improving the Quality of Life.”
Its integral evaluation, showing suitability of the analyzed participant for the intended role in the
project, was 4.7368, which is 0.64 points higher than the closest competitor, Developer 2.

6. Discussion

Thus, by accumulating positive points through cross-validation, the actor becomes attractive
in terms of cooperation in joint projects for other participants. With the help of a cross-validation
tool, an actor can directly influence other actors through their own validation, further making
a well-grounded independent decision on cooperation in each individual project. To ensure the
functioning of the ecosystem self-adjusting, the assessment should be carried out constantly, both at
the entrance of the actor into the ecosystem and after the implementation of each project. The goal
of this approach is to create an ecosystem platform that allows actors to effectively interact within
the ecosystem, respond flexibly to challenges, stay ahead of negative phenomena, and adjust their
strategies. This will ultimately make it possible to ensure the sustainable development of each actor
and the ecosystem as a whole.

Considering the open innovation paradigm, it is obvious that, at the micro level, open innovation is
an advantage for any company, regardless of size and industry, and a driver in the context of globalized
economic activity. From a macro-economic point of view, the following question arises. Do the open
innovations contribute to turning innovation-based growth into a benefit for all participants in the
context of regional policy? The authors studied this problem on the example of two regions [8].

The quadruple innovation helix model connects social ecology, knowledge, and innovation.
The most important system-forming element is the knowledge resource, which, as a result of the
circulation of knowledge, turns into innovations and know-how implemented in society and the
economy. This raises another question in open innovation: the level of spillover effects in global value
chains. Spillover effects are characterized by complex multi-factor flows of knowledge between
manufacturers of equipment, products, technologies, and knowledge in ecosystems, and their
dependence on the institutional features of the territories where ecosystems arise.

Definitely, the innovation ecosystem concept and its contribution to the scientific literature on
innovation and industrial processes cannot be fully understood without a self-organization and
sustainability perspective [65-68]. Meanwhile, such issue as what mechanisms form an innovation
ecosystem in a sustainable and self-organizing way is underexplored in the academic literature. In the
article, the authors propose a practical tool for assessing an ecosystem’s actor using the method
of analytic hierarchy process (AHP). This method is relevant for group decision-making, and is
aimed primarily at solving practice-oriented problems of multicriteria optimization. Among the main
advantages of this method is the ability to take into account a large number of both quantitative and
qualitative criteria for optimality. Its ease and versatility of using has served as the basis for mass
application in solving problems of optimal resource allocation according to established priorities
among many alternatives in business and management [69], quality management [70], ecology [71],
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programming [72], education [73], oil industry [74], construction [75], nuclear energy [76], transport [77],
and other fields.

Meanwhile, the proposed practical tool has some limitations in practical use. The following main
limitations should be mentioned: labor-intensive approach, high volatility of estimates, and high
susceptibility to the ranking method and parameter values.

The evaluation algorithm using the proposed method can be improved in the following ways:

(1) For some actors, the implementation of certain criteria is optional (non-essential). In this case,
it is proposed to modify the method of pairwise comparisons as follows: if the significance of any
criterion for the actor is “0,” then in the matrix of pairwise comparisons for all other criteria a
relatively large number is set (for example, “100”), respectively, the relative importance of the
criteria will be close to “0” (0.01).

(2) Considering a rather large number of criteria (“25”), as well as the possibility of further increasing
their number, when performing additive convolution it is possible to limit the number of included
criteria by setting a lower threshold for their significance (for example, “0.05”).

The authors raise the following questions to be addressed as future perspectives for the research.
Future works on innovation ecosystems would focus on ecosystem platforms’ development issue,
which make it possible to model and capture the self-organization and self-development mechanisms
of innovation ecosystems. Culture for open innovation dynamics is also important in the realization of
self-development mechanisms, because the actors have to conquer cultural barriers in addition to legal
and institutional barriers. Enhancing the culture of collaboration in innovation ecosystems will allow
actors to work effectively both within the system and more actively cooperate with external parties.
Accumulated cross-validation data will become the basis for the formation of a unified ecosystem data
bank, and in the future, a project office can be created thereon based on a blockchain and a digital
platform, ensuring the interconnection between actors in the ecosystem.

7. Conclusions

This paper proposed a methodological framework for studying innovation ecosystems in the
context of self-organization and sustainability perspective. The main research question was how to
operationalize the processes of self-organization in the innovation ecosystem without an external
governing body. To this end, the authors propose a new tool for cross-validation of an ecosystem’s
actors based on the method of analytic hierarchy process (AHP). It allows for operationalizing the
processes of self-organization in the ecosystem without an external intervention and addresses the
main implications for sustainable development of innovation industrial ecosystems.

The authors illustrated their assumptions with an empirical case study of the industrial ecosystem
“Technologies for Improving the Quality of Life,” which is part of the ecosystem of the National
University of Science and Technology (NUST) “MISiS” (Moscow, Russia).

The propositions arising from this analysis provide information to help academics, policymakers,
government, and individual enterprises with a more adequate understanding of the practical
mechanisms and tools that help trigger self-organization and sustainable development of the
innovation ecosystems.

The proposed novel tool for assessing an actor of the ecosystem makes a significant contribution
to the innovation ecosystem theory and methodology development in terms of conceptualization of
the self-organization and self-development processes and further investigation of their impact on
ecosystem sustainable development.
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