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Abstract

The relevance of developing knowledge-based systems used to support innovative processes for 
creating products and services is related to the objective need to reduce the life cycle of products under 
the influence of modern digital technologies in developing network enterprises. Well-known research 
results in the field of model-oriented design of products, processes, systems and enterprises do not 
fully provide semantic interoperability in the interaction of stakeholders in the innovation process. 
The aim of this work is to build a knowledge-based system architecture that implements semantic 
interoperability of network enterprise participants at various stages of the product lifecycle. The work 
is based on the use of a model-oriented approach to building a digital thread at all stages of the product 
lifecycle, an ontological approach to semantic modeling of a distributed knowledge base and a multi-
agent approach to organizing interaction between interested participants in the innovation process. 
The paper proposes a functional architecture of a knowledge-based system that includes modules for 
planning the innovation process, forming product value characteristics and functional requirements, 
construction and value chain design. A multi-level system of ontologies of the innovation process 
is also developed and its application in the work of functional modules that provide access to 
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Introduction

Innovative processes for creating new 
products are characterized by a high 
degree of uncertainty and dynamic 

changes in the requirements for the products, 
especially at the initial stages of the life cycle 
associated with the definition of the product 
concept and subsequent design. At the same 
time, the trend of generally reducing the prod-
uct life cycle in the conditions of widespread 
use of digital technologies, in particular, the 
technology of “digital twins” and virtualiza-
tion of interaction between participants in the 
innovation process of a network enterprise, 
determines the need to develop new methods 
for modeling the information space at all stages 
of the life cycle.

The main problem of existing methods of 
modeling the information space in the form 
of project repositories [1] is the weak seman-
tic connectivity of the information resources 
used, reflecting various aspects of the innova-
tive process of creating products. As a result of 
emerging semantic problems, it becomes very 
difficult to obtain consistent design solutions 
formed by heterogeneous network enterprise 
stakeholders. This makes it relevant to develop 
a knowledge-based system that would ensure 
an integrated, consistent and dynamic use of 
knowledge throughout the innovation process –  

associated knowledge bases is described. The development of knowledge-based systems based on the 
results obtained will allow us to find the best design solutions for the configuration of products and 
corresponding value chains due to the possible iteration of the innovation process and increasing the 
semantic interoperability of network enterprise stakeholders.
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from the origination of the product idea to its 
actual implementation in an industrially man-
ufactured product.

The solution of the problem of integrated rep-
resentation of knowledge about a product and 
related business processes is currently based on 
a model-oriented approach to building systems 
and enterprises [2, 3], the implementation of 
the concept of digital twins [4], as well as the 
concept of dynamic maintenance of product 
models at all stages of the lifecycle – the con-
cept of a digital thread [5, 6]. Semantic integ-
rity and consistency of information sources 
used (semantic interoperability) is studied in 
works related to the construction of ontolo-
gies of enterprises [7, 8]. At the same time, the 
complex linking of these concepts within the 
framework of creating a unified system based 
on knowledge is far from a theoretical solu-
tion and practical implementation, especially 
in terms of creating mechanisms for the tran-
sition between models at different stages of the 
product lifecycle and interaction of stakehold-
ers in the innovation process.

In connection with the above, the aim of 
this paper is to define the architecture of a 
knowledge-based system based on a multi-
level system of ontologies of the innovation 
process which would ensure semantic consist-
ency of product and process models at vari-
ous stages of the life cycle, ensuring effective 
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dynamic interaction of real and potential par-
ticipants of a network enterprise using multi-
agent technologies.

1. Methodological frameworks  
of knowledge-based systems  

creating the design  
of innovative processes

The design of innovative processes for cre-
ating products of a networked enterprise, as a 
rule, has a nonlinear iterative nature, involv-
ing a long time of searching and testing con-
ceptual ideas, resources for their imple-
mentation, coordination with prospective 
participants of the network enterprise plans 
to manufacture and market products and ser-
vices. This dynamic nature of product design 
processes necessitates the use of various 
methods for modeling products and services, 
as well as related processes at all stages of the 
life cycle.

Theoretically, the process of creating prod-
ucts based on system modeling is reflected 
in the OMG Model Driven System Design 
(MDSD) approach [2]. According to this 
approach, any product can have a complex 
structure of subordinate components, which, 
on the one hand, must have clearly defined 
requirements at each time, and on the other 
hand, these components must be represented 
by a set of models in order to develop the most 
appropriate solutions that meet the formu-
lated requirements. Making design solutions 
depends on many factors and, above all, on 
the availability of resources, capabilities and 
risks of their implementation. The assessment 
of capabilities and risks can be characterized 
by incomplete and unreliable information, as 
well as variability in the state of resources over 
time under the influence of various external 
conditions. These circumstances make it nec-
essary to save various design solutions in the 
project repository and continuously update 
information about the status of work on the 
project.

In this regard, we should pay attention to the 
organization of information storage in intelli-
gent project repositories that integrate a vari-
ety of information sources about the project 
using ontological tools [1]. This creates a uni-
fied information space for stakeholders in the 
process of creating products that belong to 
different categories. However, the text form 
that underlies the documentary organization 
of project information has a number of limi-
tations related to the isolation of documents 
from each other. In this case, the model rep-
resentation of project information provides 
greater connectivity of the analyzed objects 
and their parameters, as well as the ability to 
use a variety of tools for quantitative and qual-
itative assessment of design solutions.

The development of the concept of dynamic 
maintenance of information about the state of 
project decisions regarding the product being 
developed at various stages of the product life 
cycle is a concept that is characterized by “the 
use of integrated information stores, which 
include, in addition to collecting and analyz-
ing primary data, tools for object representa-
tion of the domain in the form of collections of 
digital twins (DTC) with a description of the 
structure, composition of objects, their prop-
erties, as well as known relationships between 
them. Promising technologies for organizing 
integrated information storage should also 
include methods for their systematic descrip-
tion (construction) and logical and analytical 
processing” [4].

As a rule, a digital twin is a software and 
hardware complex that displays the state of 
components of a real product or equipment 
in time. The digital twin receives information 
from its physical counterpart, for example, 
using the Internet of Things (IoT) and per-
forms, if necessary, control actions to bring 
the physical object to the required state. At 
the same time, the digital twin can perform 
analytical and predictive functions, analyz-
ing large amounts of data and functioning, 
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in fact, as a software agent endowed with the 
intellectual ability to model situations. In 
principle, digital twins can be combined into 
multi-agent systems to simulate more com-
plex technological processes.

Digital twins are mainly used at the product 
operation stage, accumulating large amounts 
of data about the product structure or pro-
duction process. This data can also be used 
to improve or redesign the product structure. 
The result of product design can be immedi-
ately reflected in the information structure of 
the digital twin. At the same time, the concept 
of digital twins is not suitable for implement-
ing the actual product design processes. This 
is due to the fact that design requires not only 
information about the functioning of existing 
products, but also external information about 
scientific and technical developments, the 
behavior of competitors, suppliers, manufac-
turers and consumers of products.

In this regard, the development of the digital 
thread concept is of great interest. It considers 
the creation, implementation and operation 
of products at all stages of the life cycle [5], 
modeling, in fact, not individual products and 
processes, but interrelated processes of the 
enterprise and their interaction with exter-
nal stakeholders in production activities. As 
a result, Model-Based Enterprises are formed 
[3], which best meets the requirements for 
creating flexible and dynamically formed net-
work enterprises [9].

The Digital Thread for Smart Manufactur-
ing Systems project includes methods and 
protocols that extend and complement the 
end-to-end flow of information that passes 
through the processes of product design, pro-
duction, and support, enabling the integra-
tion of intelligent manufacturing systems. As 
a result, the life cycle of bringing the product 
to the production stage is shortened, while 

saving costs [6]. The project focuses on estab-
lishing the relationship between the product 
model and the production process model, 
which makes it possible to make adjustments 
to design solutions through feedback from 
the implementation of the production pro-
cess to the product design. At the same time, 
the basic principles of system engineering 
are used in terms of requirements manage-
ment, verification and validation in a clearly 
formalized form. However, the problems 
of transmitting unambiguous semantics of 
requirements and feedback on their imple-
mentation have not been fully resolved. In 
this regard, the development of the Quality 
Information Framework (QIF) to formalize 
the requirements for information exchange 
in terms of quality measurement is of par-
ticular interest1. 

To attract external stakeholders to the prod-
uct design process and take into account the 
competitive environment, it is necessary to 
expand the product model and production 
processes to cover all the business processes of 
the enterprise, in fact, implementing the enter-
prise engineering approach. In this regard, 
the application of the Model-Based Enter-
prise (MBE) concept involves the introduc-
tion of advances in standards, testing meth-
ods and metrology which allow manufacturers 
to integrate models of systems, services, prod-
ucts, processes and logistics throughout the 
production enterprise [10]. At the same time, 
great importance is attached to ensuring that 
consumer qualities match the capabilities of 
their process implementation, as well as the 
best interoperability of decentralized distrib-
uted subsystems in order to form various prod-
uct configuration versions for specific require-
ments specifications.

The MBE concept assumes the implementa-
tion of the following project principles [10]:
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 integration of various types of static and 
dynamic models of intelligent production sys-
tems and analytical systems based on the inter-
disciplinary exchange of system and project 
information between them;

 transformation of enterprises into ser-
vice-oriented production systems that allow 
flexible building of business processes on a 
dynamic basis using modern digital technolo-
gies – IoT, AI, Big Data, etc.;

 specification of a complex product struc-
ture using models, methods and tools that 
allow one to implement the concept of fully 
integrated production systems that are adap-
tive in real time to changing requirements and 
conditions within the enterprise and in the 
external environment;

 visualization of product lifecycle data nec-
essary for visual representation and percep-
tion of product information by participants of 
innovation and production processes;

 identification of production capabilities 
that allow for evaluating the ability to meet 
the stated requirements for the product based 
on modeling the use of the provided resources 
at all stages of the life cycle;

 synthesis and contextualization of infor-
mation from traditionally incompatible 
sources to justify decisions in the operational 
management of product creation processes at 
different stages of the life cycle;

 extracting and applying knowledge to 
perform operations based on hybrid intelli-
gent systems in order to analyze unstructured 
information to ensure decision-making and 
continuous improvement of production sys-
tems.

The implementation of these principles is 
largely determined by the ability of hybrid 
intelligent knowledge-based systems to per-
form semantic mapping of the conceptual 
model of products and related processes in 
a multi-level ontology of the innovation pro-

cess. In this regard, the work [11] on inte-
grating models of created products within the 
framework of implementing a digital thread 
based on an ontological approach is known. 
The work is mainly devoted to the technolog-
ical aspects of presenting various models in 
a single format that provides their semantic 
analysis. To do this, the SysML models of a 
certain product are converted to JSON doc-
uments and then converted to an RDF graph 
using the SysML ontology. In this case, the 
model dictionary can be automatically gen-
erated and compared with existing domain 
ontologies. If necessary, during sequential 
processing of RDF triplets, the identified 
new terms are added to the existing domain 
ontology. Then, as a result of a number of 
transformations and mapping to domain 
ontologies aligned using the BFO reference 
ontology, a refined RDF graph is formed, 
which is then used in the process of mak-
ing innovative decisions. However, aspects 
related to multi-agent implementation of 
interaction between participants in the inno-
vation process based on a multi-level system 
of ontologies and the corresponding cogni-
tive interpretation of the interaction results 
are not disclosed in the article [11].

The proposed research focuses on the 
development of a functional architecture 
of a knowledge-based system that supports 
iterative dynamic decision-making on the 
configuration of new products and related 
processes with the participation of all stake-
holders within the network enterprise. The 
main focus is on the initial stages of product 
creation, including the formation of require-
ments and design of the product and value 
chain, as a system of related production 
and logistics processes. At the same time, a 
multi-level system of ontologies of the inno-
vation process is proposed as a system-form-
ing component which provides semantic 
interoperability of knowledge about products 
and related processes.
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2. Statement of the problem  
of developing a knowledge-based  

system for the design  
of innovative processes  
for creating products

In accordance with the classical provisions 
of system engineering the process of design-
ing products and services includes the follow-
ing stages [2] (Figure 1):

Forming a product concept involves deter-
mining the consumer’s value characteristics 
(business requirements) and evaluating them 
from the point of view of marketing attractive-
ness. In the future, the product concept is speci-
fied in terms of the possibility of technical imple-
mentation in the form of a set of functional and 
non-functional requirements.

Product construction design is the defini-
tion of a product structure based on an anal-
ysis of existing advances in the manufacturing 
of products and services, as well as promising 
technologies that can be used to create a prod-
uct. The result of this stage is the component 
structure of the product and the definition of 
a list of technologies for the production of its 
components.

Detailed design of product creation pro-
cesses involves the selection of network 
enterprise participants who will supply or 
produce certain product components in 
accordance with the specified requirements 
and technical design. Thus, at this stage, a 
value chain is formed that determines the 
distribution of work among the participants 
of the network enterprise. At this stage, a 
large amount of work is associated with 
coordinating the capabilities of suppliers and 
manufacturers to create certain components 
of products in accordance with design solu-
tions and requirements.

Due to possible inconsistencies in the 
resource and other capabilities of the selected 
enterprises with the design solutions and 
requirements, iterative reversals are allowed 
during the product design process to review 
the project decisions and even changes in the 
product concept. This circumstance makes it 
necessary to dynamically maintain different 
versions of the project in order to choose the 
most effective solution version, taking into 
account all possible limitations (simultane-
ously maintaining a set of digital threads).
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To justify the design solutions in existing 
works, it is proposed to use a modeling tool, 
which is selected depending on the nature of 
the problem being solved. For example, to 
solve marketing problems of justifying the 
choice of consumer qualities of products, these 
can be statistical models of market assessment, 
and to assess the performance of the designed 
product – simulation models. To integrate var-
ious types of models, it is proposed to use a sys-
tem of project repositories united by a single 
object identification system that links all prod-
uct-related artifacts at all stages of the lifecy-
cle. The work [12] proposes the architecture 
for such a product lifecycle management sys-
tem (System Lifecycle Handler, SLH), which 
is shown in Figure 2.

The main element of this system is a han-
dle system that allows global identification 
for any artifact in the digital thread associated 
with the product project, as well as searching 
for related artifacts using a system of meta-
data descriptors such as (a) the artifact name, 
(b) the artifact type and schema, (c) the arti-
fact author, (d) the artifact location, and (e) 
other attributes. The digital thread dashboard 
allows you to view, query, and visualize a digi-

tal thread or any of its subgraphs at any stage 
of the lifecycle. The service system provides 
the following features:

 connect to corporate data stores (reposi-
tories) such as PLM systems, alarm systems, 
requirements management systems, databases, 
and environment modeling tools;

 search for individual artifacts;

 linking artifacts from the various reposito-
ries and the implementation of the conversion 
from one form to another;

 synchronization of changes in different 
repositories;

 graphical representation of the state of arti-
facts using various visualization tools.

Thus, the presented architecture of the SLH 
system basically implements the functions of 
an integrated knowledge management sys-
tem, which allows maintaining consistent 
information about the process of creating and 
subsequent operation of the product. In con-
trast to the described product lifecycle man-
agement system, it is proposed to develop a 
knowledge-based system (KBS), which would 
allow, along with the specified components, to 
implement:

MODELING OF SOCIAL AND ECONOMIC SYSTEMS

WEB 
Browser

REST 
(HTTP) 

API

Fig. 2. Conceptual architecture of the product lifecycle management system [12]

Digital Thread dashboard 

Handle System (mgf.io) 

Digital Thread dashboard 

Artifact Service

Connection Service

Grapht Service

Core Service (Syndeia platform)



BUSINESS INFORMATICS   Vol. 14  No 3 – 2020

42

 setting up mechanisms for solving the 
problem of building innovative processes on 
the specifics of the domain;

 integration of knowledge sources about 
products and related processes based on a sin-
gle conceptual model of the domain;

 assessment of the prospects for the applica-
tion of design properties and requirements for 
products, components and technologies used;

 design of value chains with the selection of 
participants in the innovation process with the 
best opportunities;

 agreement of parameters of manufactured 
products with all interested participants of the 
innovation process.

In accordance with these requirements, a 
KBS architecture for designing innovative 
product creation processes is proposed (Figure 
3). A central component is the ontology of the 
innovation process, which more deeply reflects 
the semantic conceptual model of the domain 
on the basis of which all the above require-
ments are implemented.

The main functional components correspond 
to the stages of the innovative product crea-
tion process. Each of them contains modules 
for selecting relevant artifacts from the corre-
sponding data bases, ranking them by impor-
tance and evaluating them from the point of 
view of resource implementation capabilities. 
Project solutions are saved in the repository for 
different versions of the project from the point 
of view of the possibility of dynamically build-
ing and evaluating various versions for innova-
tive processes and selecting the best version at 
each time.

Next, we will consider the features of imple-
menting functional modules for designing 
innovative product creation processes from 
the point of view of forming design solutions 
based on the use of ontologies and databases 
of artifacts. Mechanisms for ranking design 
solutions based on the application of QFD 
and FMEA methods were considered earlier 
in [9], and the assessment of compliance of 
resource capabilities with value characteris-
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tics and functional requirements based on the 
application of fuzzy logic methods was con-
sidered in [13].

3. Structure of the knowledge  
base for designing innovative processes  

for product creation

In the architecture of KBS, a special place 
is occupied by the system of ontologies [14], 
which describes the structure of the innova-
tive process of creating products in a network 
enterprise and the requirements for its organi-
zation, characteristic of various domains. This 
system provides integration of network enter-
prise databases into a single distributed knowl-
edge base.

The following structure of ontologies is pro-
posed, which will ensure the joint use of KBS 
by all participants in the innovation process of 
a network enterprise (Figure 4).

In particular, the system of ontologies 
includes the following elements:

 metaontology or the description language 
used to describe all other ontologies;

 upper level reference ontolongy that con-
tains key concepts, such as Object, Event, 
Space, Individual quality, and Time frame, 
and sets the approach to describing ontologies 
of domains. This ontology is used to align and 
share various lower level ontologies;

 mid-level reference ontology related to the 
area of this research-organization of activities 
and production of network enterprises;

 domain ontologies shared by participants 
in the value chain related to the production 
of a certain type of product that can be used 
by enterprises in the relevant industries and 
included in their knowledge base (refer to the 
reference ontology and contain product classi-
fications, components, standard requirements 
and processes, etc.);

 applied ontology of the network enter-
prise, expanded from the upper and mid-
dle levels of ontologies, which is part of the 
knowledge base of the network enterprise and 
includes models of products and services pro-
duced, production chains and interaction pat-
terns of the organization;
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 applied ontologies of participants in the 
value chain, extended from the upper and mid-
dle levels of ontologies, which are part of the 
knowledge bases of the relevant organizations 
and are used to describe the methods and prac-
tices used, information about the activities, 
products and contracts of the organization.

Heterogeneous data submitted by organi-
zations can be integrated and converted into 
a standardized description format (in the 
form of an RDF graph) and aligned accord-
ing to the ontologies used. Alignment is a 
prerequisite for making queries (in SPARQL 
or any other standardized language) to the 
unified knowledge base to control the integ-
rity and implement the functions of the main 
modules.

The process of ontological alignment 
involves establishing correspondences 
between the concepts used in applied ontolo-
gies, and from the point of view of computer 
science is due to the need to integrate heter-
ogeneous databases developed independently 
and using their own dictionaries. To facilitate 
this process, reference ontologies (top-level, 
middle-level, and subject-level) are used.

The language used for the formalization of 
ontologies determines metaontology. In the 
context of the Semantic Web project, or to 
ensure semantic interoperability of complex 
systems interacting over the Internet, OWL, 
a language developed by the World Wide Web 
consortium, is often used as such a language 
[15]. Languages based on first-order logic are 
also used for knowledge exchange in com-
puter systems [16, 17].

When using a knowledge base represented 
as an RDF graph, OWL metaontology can 
be described based on the basic RDF schema 

[18] and include built-in classes and proper-
ties that together form the basis of the RDF/
XML OWL 2 syntax. Decentralization of 
the network enterprise and the need to share 
knowledge bases of different organizations 
implies alignment and integration of applied 
ontologies. For these purposes, reference 
ontologies of the upper levels and reference 
ontologies of subject areas are used [19].

Among the well-known top-level refer-
ence ontologies, we can distinguish the BFO 
ontology, which is used by over 100 projects 
[20], GFO projects [21], DOLCE [22], and 
SUMO2. Among the reference subject ontol-
ogies of interest for the organization of the 
innovation process of a network enterprise 
are product ontologies, such as eClassOWL, 
GoodRelations and derivatives [23], Google 
taxonomy3, which are used to describe more 
than 30,000 types of products, nodes and 
components, as well as taxonomies of pro-
cesses and activities [24].

For the organization of interaction and 
selection of participants of a network enter-
prise in a single information space, it is pro-
posed to use the reference ontology of the 
innovation process, the key concepts of 
which are presented in the article [9].

An example of a system of related ontol-

ogies for designing innovation processes is 

shown in Figure 5. The resulting set of related 

data and ontologies is a distributed knowl-

edge base of KBS. It can be used to ensure 

the interaction of organizations that are part 

of the network enterprise structure at various 

levels – both for describing quality charac-

teristics, and when designing a production 

system, organizing the value chain, and the 

innovation process.
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Fig. 5. Example of a related ontologies system for designing innovation processes
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4. Organization  
of interaction between  

participants in the value chain  
of a network enterprise

The use of a distributed knowledge base in 
the process of design a value chain and the 
structure of a network enterprise is carried out 
within the framework of five main modules:

 planning module (coordinator);

 quality attribute forming module;

 requirements forming module;

 construction design module;

 value chain design module.

The planning module receives informa-
tion about the type of Product being designed, 
determines the order and calls the correspond-
ing modules, analyzes the results obtained, 
and initiates clarification of the missing infor-
mation. To justify the choice of quality char-

acteristics and product requirements, as well 
as product construction versions and value 
chains, an approach based on a combination of 
QFD and fuzzy logic methods is used [9, 25].

The quality attribute forming module is used 
at the stage of forming a Product concept to 
identify and formalize Quality attributes (Fig-
ure 6) through which the value of the Product 
for the consumer is determined.

The reference ontology defines the general 
concepts of Product and Attribute, as well as the 
types of attributes in accordance with the Kano 
method [26]. In shared ontologies, Product 
types that are specific to a particular domain are 
added. The organization’s knowledge base stores 
descriptions of different types of typical attrib-
utes for different types of products. This knowl-
edge is accumulated in the course of research on 
consumer preferences and can be used to deter-
mine the attributes of a new product, so that:
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TESLA Model 3
VIN: ….
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Product
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1..*
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Fig. 6. A fragment of the reference ontology:  
an example of describing the quality attributes of a product
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 selects the Product type corresponding to 
the specified one;

 a set of Product attributes of different types 
is generated from the knowledge base that is 
specific to this type of Product;

 all Required attributes will be associated 
with the new Product;

 the Expected and Attractive attributes are 
evaluated and included in the set;

 minimizes the presence of Non-Influencing, 
Contradictory and Distasteful attributes.

The received attributes are returned to the 
planning module, selected, and passed on to 
form a set of requirements.

For each mandatory or expected character-
istic, at least one related requirement must be 
formulated. The formalization of requirements 
is made using the requirements forming mod-
ule. Within this module, qualitative Attributes 

are specified in terms of functional and non-
functional Requirements for the Product that 
ensure the implementation of these Attributes 
[27] (Figure 7).

The top-level ontology includes a description 
of the concept of a Requirement and its rela-
tionships with other concepts (for example, an 
Attribute, Function, or Product element). Organ-
izations’ knowledge bases can store Standard 
requirements specific to certain Product catego-
ries.

When creating new Product requirements, the 
Original requirements are generated. Based on 
the Standard requirements, an Original require-
ment is usually created that refers to the Stand-
ard requirements (for example, “take into 
account the requirements of GOST R ISO 
12003”). Some Implied requirements may be 
highlighted based on previous experience from 
the organization’s knowledge base.
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Fig. 7. A fragment of the reference ontology.  
An example of the description of the product requirements
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To conduct further analysis, it is necessary to 
clarify the wording of requirements as much as 
possible, including by separating complex Origi-
nal requirements and separating Derived require-
ments from their composition.

The resulting set of requirements is returned to 
the planning module. Fuzzy estimation is used 
to determine the characteristics of requirements. 
The priority of a characteristic depends on its 
type: for required, expected and attractive char-
acteristics it is equal to one, for adverse ones –  
is equal to zero, for non-binding and contradic-
tory characteristics – a fuzzy scale of the cer-
tainty coefficient [0; 1] is applied. 

As a result of evaluating the resulting set of 
requirements, the planning module calls the 
next module or refers to the previous one for 
clarification.

Within the framework of the construction 
design module, the component composition is 
formalized, the structural Elements of the prod-
uct and its Functions are highlighted.

A requirement may be related to some Ele-
ment or Function of a product, either explicitly 
or indirectly, through the choice of production 
method, technology, sources of information/
knowledge used, regulations and tools. In this 
way, the design is defined through the Require-
ments (Figure 8).

Constructive Elements can be included in the 
Product structure to provide certain functions, 
mandatory interface requirements, or as a result 
of inheriting from a typical Product construction 
that has a product breakdown structure (PBS) 
that references product ontologies available in 
the knowledge base.

Based on typical solutions, a product variant 
(version) or Product project is formed, which 
combines many types of structural Elements and 
Functions performed by the product.

Each Project is reflected in structural Models 
(the composition of structural elements, com-
ponents or parts, structural and full-scale) and 
functional Models (product scenarios, simula-

tion models), which confirm compliance with 
the initial Requirements.

The Product project (project version) is selected 
by the planning module using a combination of 
QFD and fuzzy logic methods. Evaluating the 
total importance of Elements included in the 
Product construction allows you to rank ver-
sions. But the determining factor is whether the 
selected types of structural elements can be pur-
chased and/or whether they can be produced in 
accordance with existing Models.

To evaluate this possibility, the planning mod-
ule calls the value chain design module, which 
is used to analyze the market and select partici-
pants in the innovation Process that has several 
Versions. In order to choose the Version of Prod-
uct process, it is necessary to organize interac-
tion between different Enterprises based on their 
competencies, formalized and published in 
open sources (Figure 9). The process of match-
ing the requirements and capabilities of enter-
prises is carried out using multi-agent technol-
ogy [28].

Providers of structural elements or raw mate-
rials that are represented in some version of the 
Product construction are searched in the regis-
ter of Enterprises. For each Provider, the abil-
ity to deliver a certain category of Elements is 
evaluated. As initial requirements, the Provider 
receives a description of the Element, formal-
ized through links to the product ontology and 
existing structural and functional Models that 
describe the Element and its purpose, as well as 
design Requirements.

The absence of constructive Element from Pro-
viders associated with mandatory Requirements 
can lead to one of the following organizational 
scenarios initiated by the planning module:

 completion of work due to the lack of prod-
uct Elements necessary for creating the Product;

 revision of the Product concept in order to 
clarify the characteristics and requirements;

 selecting a different Product construction 
version according to the rank;
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Fig. 8. A fragment of the reference ontology:  
an example of a product project description
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Fig. 9. A fragment of the top-level reference ontology:  
an example of a description of participants in the value chain

 select the version of producing the Element 
to order using the necessary technologies and 
tools.

In order to identify a Manufacturer that can 
produce custom Elements according to the Prod-
uct construction, Process versions are formed. 
These enterprises could perform work on the 
production of Elements, as well as work on the 
design, assembly, processing, adjustment, main-

tenance and delivery of products. The composi-
tion and relationships of Activities are contained 
in the domain ontology. For each of these types 
of Activities, possible Tools and Technologies are 
identified that ensure the production of construc-
tive Elements with specified Design constraints and 
that meet the established Requirements.

The Process versions are evaluated by the plan-
ning module in the same way that Product pro-

Development  
of energy storage systems
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jects are evaluated using QFD and fuzzy logic 
methods. Evaluating the total importance of 
all Activities using the QFD method allows 
you to rank versions in the process chain and 
select Manufacturers based on their compe-
tence requirements (ability to perform Activi-
ties, knowledge of Tools and Technologies). The 
algorithm for evaluating deviations of Require-
ments from the capabilities of the Enterprise 
based on fuzzy logic is considered in the article 
[13], while determining the possibility of per-
forming Activities on their own or outsourcing it.

The search for Manufacturers is carried out by 
comparing the description of the type of Activ-
ity and the corresponding Tools and Technolo-
gies with the facts presented in the databases of 
enterprises. If there are no Enterprises that fully 
meet the specified conditions, then the process 
is switched to other versions according to the 
previously defined rank.

A process version with a list of Activities that 
must be performed to form the final Product 
construction is saved by the planning module in 
the knowledge base of the network enterprise 
and used at the production stage for coordinat-
ing work, as well as for developing new types of 
products.

Conclusion

As a result of the study of methods for design-
ing innovative processes for creating products 
of a network enterprise and their implementa-
tion in knowledge-based systems, the following 
conclusions can be drawn:

 within the framework of the innova-
tion process, the most preferable approach is 
to build enterprises based on models (Model 
Based Enterprise, MBE), which best imple-
ments the concept of “digital thread”;

 to organize the “digital thread” within the 
framework of the proposed knowledge-based 
system, it is necessary to use a distributed 
knowledge base and a multi-level ontology sys-
tem for designing innovative processes of prod-

uct creation which displays both the typical 
structures of products and value chains, as well 
as the accumulated production experience and 
capabilities of enterprises;

 to organize the functioning of KBS in the 
structure of the system there should be allo-
cated modules for the formation of quality 
characteristics of the product, requirements 
for the product, the product construction and 
value chains (the process of its production), as 
well as the planning module;

 within the framework of designing the 
structure of the innovation process of a network 
enterprise, it is advisable to use a combination 
of various methods (QFD and fuzzy logic) that 
ensure the best choice of product construction, 
value chains and the composition of enterprises 
participating in the value chain.

The novelty of the proposed knowledge-based 
system architecture for the design of an innova-
tion process lies in the possible iteration of this 
process, which allows us to find the best design 
solutions for both the product construction and 
the value chain. In addition, the implementa-
tion of this architecture will improve the seman-
tic interoperability of participants in the innova-
tion process, and, consequently, the quality of 
innovative products created.

As part of the further development of the pro-
posed methods and approaches to the develop-
ment of KBS for the organization of the innova-
tive process of product creation, it is advisable to 
develop algorithms for individual modules of the 
system, methods and tools for integrating ontol-
ogies included in the distributed knowledge base, 
methods of multi-agent interaction of network 
enterprise participants that allow one to dynam-
ically adapt the structure of the innovation pro-
cess of a network enterprise to requirements that 
change at all stages of the product lifecycle. 
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