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This article is concerned with the prospects for the implementation of synchronous technology for knowledge 
processing and transfer by visual methods in the context of end-to-end engineering project-based training. A formal 
characterization of information about complex systems based on the visual cognitive meta-language VI-XML, 
forming a synchronous project-based educational environment, is proposed. This environment is a set of methods, 
using visualization metaphors, while the object under study is presented from different points of view and levels 
of detail (expertise). Visualization metaphors form the mechanisms for processing and transferringknowledge by 
comparing abstract or real objects to visually perceptible images. Visual modeling languages, in turn, are formed 
by fi xed sets of metaphors and rules for construction of visual models from them. The proposed approach to the 
presentation of models underlies the universal visual modeling environment, which provides a single interface for 
creating and editing visual conceptual, structural-functional, and object models. It provides the ability to encapsu-
late the levels of visual modeling in a single closed hierarchy, accompanying the stages of system analysis and 
design. The experience of using a universal visual modeling environment in the frame of practical work and group 
design has proven itself to be good for the solution of educational problems in the fi eld of knowledge transfer in a 
visual form that is easily interpreted by students.

Key words: Visual modeling, Project-based education, Formalized knowledge processing, Synchronous technolo-
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INTRODUCTION 

The issues of engineering training in terms of the expo-
nential growth of the volume of information and increas-
ing uncertainty require the use of effective methods of 
knowledge transfer. The solution of systems engineering, 
design and technological problems should be considered 
interconnected in the form of a single and inseparable 
logistic chain of the product life cycle. Modern produc-
tion systems are characterized by deep integration of the 
whole complex of works on design, production, planning, 
marketing, implementation, operation and utilization of 
products in the context of synchronous technologies 
and a single information and control environment. This 
was the prerequisite for the formation of a new scientifi c 
direction – “design and technological informatics”, and 
allowed moving to the knowledge model of formalization 
of production activities [1].
The modern nature of the consideration of complex pro-
duction systems in the concept of Industry 4.0 defi nes the 
problem of analyzing the ongoing production processes, 
the labor intensity of building information systems for the 
formal description, storage,and processing of knowledge 
about their objects and processes [2]. The technologi-
cal business environment has pressed entrepreneurs to 
adopt information systems to overcome operating defi -
ciencies [3]. SMEs can play a vital role in assisting and 
fostering entrepreneurial activity with a special focus on 
information technology businesses [4].
A variety of effective approaches to knowledge transfer 

is implemented through a variety of visual tools and mod-
els [2-9]. Comprehensive training in engineering spe-
cialties is largely based on visual tools that ensure the 
creation, transmission,and application of mechanisms 
for the formalization and manipulation of knowledge in 
a single semantic interdisciplinary and interspecifi c hier-
archy, providing a single and complete description of the 
product life cycle processes [10, 11]. The postulate “one 
picture replaces 1000 words, and one diagram 1000 
drawings”has already become classic. Among the lev-
els of visual models of knowledge representation about 
production systems, fi rst of all, it is required to single out 
conceptually-abstract [6], structural-functional [7], and 
object models [8]. The research on the methods of syn-
thesis of a set of valid, reproducible and systemic meth-
ods and means of visual description of the processes 
occurring in complex systems is relevant. New visual 
modeling approaches will be able to include in the sub-
ject of their activities almost all levels of organization of 
matter: from the molecular nature of matter (N – nano) to 
the nature of life (B – bio), the nature of mind (C – cogno) 
and information exchange processes (I – info) i.e. to be a 
means for effi cient description of NBIC systems.
First, at each level, there are objects of the same nature, 
but the presented descriptions of the model of different 
levels are not synchronized (the problem of synchroni-
zation). One of the main objectives of the development 
of integrated visual modeling systems is to synchro-
nize the parametric and structural composition of inter-
connected objects at various levels. Secondly, another 
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aspect is the problem of cognition, which is caused by 
the heterogeneity of the methods used in modern visual 
models for obtaining and storing knowledge about the 
subject area. Thirdly, the problem of convergence, which 
is caused by the complexity of the interpenetration of 
technologies (conceptual, structural-functional, logical 
and physical levels of the model), when the boundaries 
between the individual levels are effaced, and many in-
teresting solutions are located at the intersection of the 
levels of visual models. New visual modeling tools can 
be safely applied to NBIC systems, which will include the 
tools for representation of almost all levels of organiza-
tion of matter. Fourthly, the problem of encapsulation at 
this stage of development is due to the fragmentation of 
visual analysis and its isolation from use in designing at 
different stages of the life cycle. This determines the low 
effi ciency of the use of visual methods, in particular in the 
analysis of technological processes, while they provide 
a description of the individual modules of the social-pro-
duction system and do not have the means to migrate 
these models at different levels of expertise.
The search for a solution to these problems is currently 
focused on the use of visual modeling and design as the 
main tool for generating, storing and processing knowl-
edge on a specifi c subject area. The creation of rules for 
the description of concepts and judgments will make it 
possible to create a language for the description of engi-
neering and technological knowledge [12]. The authors 
propose such a language as a subset of XML and call it 
I-XML (Intelligence XML), orienting it to the visual repre-
sentation of NBIC systems.

LITERATURE REVIEW

Obviously, having found the ways to solve the above 
problems on the basis of visual design methods and sys-
tem analysis, an adequate methodology for a formalized 
integrated presentation and management of technical, 
industrial, economic, social and psychological knowl-
edge in complex systems can be offered. Herein, visu-
al modeling is understood as a set of methods that use 
visualization metaphors, suggest representing an object 
from different points of view and can be used to develop 
and evolve the object of modeling [1, 2]. The metaphors 
of visualization are the comparison of abstract or real ob-
jects of visually perceptible images. The languages of 
visual modeling, in turn, are formed by fi xed sets of met-
aphors and the rules for constructing visual models from 
them. The term “visual design” means the use of visual 
expressions (graphs, drawings, icons, tables), which are 
elements of a graphic language, in the design process. 
That is, this term refers to those systems that allow rep-
resenting knowledge about the object of design in two- 
(or more) dimensional form.
The concepts of one subject area often correlate with 
the concepts of another one, or vice versa, the concepts 
with the same designata have different characteristics in 
different contexts. Ensuring a clear relationship and unity 

of interpretation of concepts is one of the most important 
tasks solved at the initial conceptual stages of modeling. 
The formation of concepts occurs as a result of abstrac-
tion, which reveals therelations of independence, differ-
entiation,and integration between concepts [13-15]. The 
concepts are independent if their attributes do not over-
lap. If the two concepts have common attributes, then 
there is a differentiation of concepts. If all the attributes 
of one concept are the attributes of another concept, 
then they are integrated. The following abstractions are 
known [8, 16-18]: generalization (specialization), typifi -
cation (specifi cation), aggregation (decomposition), and 
association (individuality). Generalization and typifi ca-
tion, as well as the inverse specialization and concreti-
zation of them, express the commonality of the concepts 
that appear during differentiation. Aggregation and asso-
ciation, and their reverse decomposition and individual-
ization reveal the integration of the concepts. In general-
ization, a new concept is generated on the basis of one 
or several similar concepts, when the generated concept 
retains the common attributes of the original concepts, 
but ignores their insignifi cant differences. Generalization 
is the generation of a concept based on the intersection 
of the schemes of generalized concepts and the extend-
ed union of their extensions.
In decomposition, the concept – aggregate is divided into 
the aggregated concepts included in it. Aggregation is a 
limiting case of association, in which all possible links are 
present (only a part of links is established during associ-
ation): several associations can be defi ned on the same 
set of concepts, while their aggregation is unique [13 18].
A conceptual structure is a set of concepts for which the 
formation (abstraction) methods are given. The carrier of 
the conceptual structure is the set of concepts, and its 
signature is the set of mappings of generalization, typi-
fi cation, aggregation,and association [13-18]. Unlike the 
semantic network and conceptual-ontological approach, 
where different types of relationships are defi ned on con-
cepts that carry different semantic load, the conceptual 
structure is defi ned by a set of concepts with four types of 
mappings, the only purpose of which is to show the way 
a concept is formed. The conceptual structure is close 
to the extended ERmodel (“entity-relationship” model), 
but in the ERmodel the elements are not concepts, but 
data types. To ensure a continuous modeling process, 
from conceptual to informational modeling, it is neces-
sary to implement a mechanism to transfer the concep-
tual structure components into the data model compo-
nents, while the conceptual structure itself must meet 
the requirements of completeness and consistency. A 
conceptual structure will be called incomplete if there 
are concepts used in the conceptual structure, but not 
explicitly defi ned in it. The conceptual structure is contra-
dictory if there is an entity described as belonging to and 
not belonging to the same concept. In order to reduce 
the time required for elimination of contradictions in the 
next design stages, the synthesized conceptual structure 
must be verifi ed. The development of verifi cation meth-
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ods for conceptual structures is one of the important ob-
jectives of building complex tools for visual modeling. At 
the same time, the conceptual analysis results can be 
easily formalized and subjected to elementary checks for 
completeness and consistency.
Visual modeling tools can be effectively used both in 
auditing existing production systems and in solving ed-
ucational problems in the training of modern engineers. 
Firstly, such tools can provide information on the design 
of electronic means (EM). This causes the complexity of 
the compact description of the objects under study as a 
whole and requires the use of hierarchical decomposi-
tion. Secondly, visual tools should be able to describe 
process models.

METHODS

Visualization of the complex systems design is under-
stood as the phenomenon of the formal description of 
the system design process and the fi nished project in 
the form of a universal calligrapher with the possibility 
of decomposition and simulation of variants. For this 
purpose, a set of techniques (notations) of use of the 
graphical models (graphical notation) and techniques of 
formal textual description (textual notation), together with 
the means of interactive human-machine interaction, is 
created. This provides a visual and detailed presentation 
of the characteristics of objects in the design process, 

Figure 1: The relationship of the levels of visual modeling [7]

expert analysis and online decision-making [12].
The visual design methods are based on visual languag-
es and methods (rules – notations) of the model devel-
opment based on them. A visual language is defi ned as 
a language that systematically uses visual meanings to 
describe its main objects in textual and graphic nota-
tions. The conceptual, structural-functional, logical and 
physical levels of modeling are singled out (Fig. 1). Ana-
lyzing the interrelation of visual models shown in Figure 
1, it should be noted that the lower level represents the 
specifi c abstractions; it contains directly the physical el-
ements of the production process, decomposed to the 
atomic level – the level of technological transition and 
the elements of information systems corresponding to 
them. At higher levels, the decisions are made within the 
competence of groups, sites, workshops, etc. up to the 
level of top management. At the same time, the objective 
of formal description tools for processes and elements 
of each level is to provide the necessary information for 
this level without excessive detailing. At the upper levels, 
conceptual-abstract methods prevail, at the middle ones, 
the structural-functional and object-based methods pre-
vail (when presenting the concrete abstractions).
The conceptual-ontological or structural-functional ap-
proaches are often used to study business processes, 
while the object analysis is used to describe information 
fl ows and systems. As for the creation of a universal vi-
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sual design methodology that takes into account all as-
pects, it is required to assess the degree of interrelation 
of conceptual and object analysis.
Conceptual analysis is some generalization of the objec-
tive and therefore the statement about the possibility of 
synthesizing the mechanism of transforming the concep-
tual model into the objective one with the preservation 
of completeness and consistency is true. Graphically, 
the relationship between the components of the concep-
tual and object models can be represented in the form 
of a hexagonal close-packed lattice, which determines 
the principles of the functioning of the mechanisms for 
transforming models. As a result, it can be argued that 
the use of the conceptual model (and its particular im-
plementations, structural-functional, object, and the like 
models) for a complete description of the subject area is 
suffi cient [12-19]. As the core of the system, the authors 
use a conceptual model, supplemented by a description 
of the solution of one or several applied tasks:
Program: = Conceptual model (Structure + Syntax + Se-
mantics) + Solution to the problem.
The conceptual structure and syntax of the concepts 
are described herein in a metalanguage, declared in the 
context technology, and the description of the semantics 
and problems to be solved is performed in a specialized 
subject language defi ned in the conceptual model.

Figure 2: Scheme of formalization of information by means of VI-XML

RESULTS

The language of formalized description of synchro-
nous visual models VI-XML is based on a unifi ed graph 
structure. The vertices of the graph of the VI model are 
represented herein as a concept describing the objects 
and their parameters, and the edges of the graph are 
represented herein as the judgments describing the re-
lationship of objects. Then the visual model can be de-
scribed in XML, the elements of which are the concepts 
and judgments given in Figure 2. In general, the VI-XML 
fi le has the following structure [7]. The root element of 
knowledge contains one element of ideas and opinions, 
and they, respectively, contain any number of elements of 
idea or opinion. After analyzing the structure of VI-XML, 
the following can be concluded: this language is effective 
for knowledge description, but does not fully meet the 
objectives of its visual presentation. A simulated system 
can be defi ned as a collection of objects and connec-
tions between them. Widely used notations (IDEF0 and 
UML, etc.) graphically represent the diagrams, where 
the components are represented by different blocks (for 
example, activity IDEF0), and the links are usually rep-
resented by different types of lines (arrows or interface 
arcs IDEF0) or determined by nested objects. From the 
point of view of VI-XML, the objects in diagrams are the 
concepts, and the links are the bundles of judgments. 
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The difference between the notations in this case is that 
each of them breaks the system up into concepts and 
judgments according to different criteria.
The implementation of visual models is dominated by: 
conceptually abstract, structural-functional, object and 
component approaches. In order to consider all aspects 
of modeling at each of the levels of expertise, it is neces-
sary to take into account the degree of interconnection 
between conceptual and object analysis. Graphically, 
such a relationship can be represented in the form of 
a hexagonal conceptual model in the form of a hexago-
nal close-packed lattice (Figure 3) [12]. It illustrates the 
principles of encapsulating models of different levels of 
expertise (detail). Figure 3 shows one segment of such 
a lattice; in general, it is synthesized for each space of 
the conceptual domain, forming a cellular conceptu-
al structure. This construction of the model description 
language forms the basis of a universal visual modeling 
environment that provides a single interface for creating 
and editing visual models in common and new graphical 
languages. The proposed approach, based on the hex-
agonal conceptual model [12], determines the ability to 
combine all levels of visual modeling into a single closed 
hierarchy that accompanies both process analysis and 
the construction of information and control modules
 (Figure 3).

Figure 3: Hexagonal model of encapsulation of concep-
tual and object analysis of the subject area in the form 
of a hexagonal close-packed lattice (one lattice seg-

ment is shown):
O – Object; M – Method, CL – class, Pb – Problematics, 
S – Semantics, Pr – Pragmatics, C – Concept, D – Des-

ignatum, E – Entity), i, k – levels of areas.

For a graphic representation of the problem area, a fl at 
hexagonal structure formed by the Frege triangle (“Es-
sence – Designatum – Concept”) and the triangle “Prob-
lems – Pragmatics – Semantics” (Figure 3) [12-18] are 
introduced. Horizontal links defi ne the links between the 
components of a model of a separate subject subspace, 
and vertical links form generalizations of the components 
of the entire subject area as a whole. In the Frege tri-
angle, an entity is understood as a stable and unique 
representation of the subject area, perceived by a certain 
set of attributes [16-18]. Such attribute, as a designated 
entity, is characterized by its many meanings and has 
some problematic interpretation (semantic role).
The concept is represented by a set of entities (i.e. there 
is a generalization connection between them), united on 
the basis of common attributes. The concepts are given 
by the scheme, intensional and extensional. The desig-
natum, or a symbolic representation of a concept, is a lin-
guistic unit that carries some meaning in semantic terms. 
It may denote some specifi c entity syntactically.
The concept scheme is set by a set of attributes, in which 
the concept is defi ned [13-15]. The attributes are inter-
preted as concepts on which schemes are defi ned. The 
intensional, or the content of the concept, is represent-
ed by a set of values of interrelated attributes, making it 
possible to distinguish the entities belonging to a concept 
from other entities of the subject domain. Extensionality, 
or the scope of a concept, is considered as a set of enti-
ties belonging to the concept.
Usually, the concepts are used not in an absolute, but 
in a relative sense, called pragmatics [16-18]. The prag-
matics of the concept is revealed with the knowledge of 
the subject area. The problematics specify the semantics 
of the concept to its pragmatics. As a result, a meaningful 
interpretation of the concept in a certain subject area can 
be presented in the form of a hexagonal conceptual and 
ontological representation (see Figure 3). Thus, it can be 
argued that for each subject area there is a hexagonal 
concept interpretation concept.
When analyzing complex systems, in particular, complex 
social-production systems, one has to deal with various 
components (technological, social, informational, etc.), 
each of which forms its own subject area. Consequently, 
a generalized conceptual interpretation of the concepts 
in the analysis of complex social and production systems 
can be represented as a multi-level packed hexagonal 
structure, each of the planes of which characterizes a 
specifi c subject area (see Figure 3).
Using such a model, it is possible to link the concepts 
with different levels of expertise in XML-like meta-lan-
guage. As noted above, in terms of I-XML, the objects 
in the diagrams are the concepts, and the links are the 
bundles of judgments. The difference between the nota-
tions in this case is that each of them breaks the system 
into the concepts and judgments according to different 
criteria (which are taken into account as knowledge 
components). This construction of the model description 
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language forms the basis of a universal visual modeling 
environment that provides a single interface for creating 
and editing visual models in common and new visual 
languages. The proposed approach determines the pos-
sibility of combining all levels of visual modeling into a 
single closed hierarchy that accompanies both structural 
decomposition, process analysis, and the construction of 
information and control modules. This makes it possible 
to implement a universal visual design environment.

DISCUSSION

Information and Communications Technologies (ICTs) 
include modern tools of knowledge-sharing and com-
munication [19-20]. A certain lexical stock of technical 
terms and their defi nitions are used by the specialists for 
the solution of professional problems. The volume of vo-
cabulary, its content and fi gurative conformity are deter-
mined by the specialty and the relevant subject area, as 
well as the level of education and job responsibilities of 
the specialists. Regardless of this, there is a lexical min-
imum of terms that provides professional understanding 
at all levels of professional activity. This allows solving 
professional problems competently and effi ciently with 
minimal expenditure of working time and eliminates the 
redundancy of discussions, additions,and clarifi cations.
In the framework of training technical specialists for the 
development of programs of study in applied disciplines 
and training materials, it is important to know the vol-
ume of technical terms that students have in mind when 

they begin to study these disciplines. One of the forms 
for determining the conformity of the fi gurative represen-
tation of terms and their defi nitions is the compilation of 
thematic visual glossaries by the students. The students 
use an unlimited variety of images for the terms, from 
which they choose the one that best corresponds to their 
idea of the object defi ned by this term.
The approbation of the considered approaches to the 
visual formalization of knowledge was carried out at 
N.E. Bauman Moscow State Technical University in the 
framework of the course “Instrument Engineering Tech-
nology”(undergraduate). Second-year undergraduate 
students were offered a list of fi fty technical terms and 
their defi nitions in the discipline “Instrument Engineering 
Technology” for studying and visualization, which were 
grouped in chronological order as they appeared in the 
educational material in 14 groups (Figure 4). The random 
sample shown in the fi gure is a representative part of the 
population. In this case, the law of distribution of an attri-
bute in the sample corresponds to the law of distribution 
of this attribute in the general population. In assessing 
the representativeness of the sample, the information 
about the population can be qualitative and quantita-
tive. A qualitative assessment of the representativeness 
of the sample to identify the fi gurative understanding of 
technical terms and their defi nitions by second-year stu-
dents was based on the results of several pilot studies, 
during which the similarities and divergences in the fi g-
urative representations of technical terms were studied 
by the second-year students of different cohorts. The 

Figure 4: The results of the study of the fi gurative (visual) understanding of technical terms by the second-year 
students (the number of visualized terms corresponding to the subject area (blue color), the number of visualized 

terms not corresponding to the subject area (brown color)).
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similarity of the representations of students from differ-
ent groups of different cohorts testifi es to the system in 
preparing students for their future profession as part of 
vocational guidance and makes it possible to judge the 
volume of their lexical stock of technical terms. Accord-
ing to the experience, the study of such pilot groups, 
numbering 20-30 people, allows predicting accurately 
the results obtained in surveys of 1-3 thousand peo-
ple. In the study of the fi eld of fi gurative understanding 
of technical terms, a survey of 80 second-year students 
of one cohort was conducted. The presented sam-
ple of 37 respondents for this study is representative.
According to the analysis of Figure 4, the group of 
terms that form an area of fi gurative understanding at 
the stage of the study of the discipline under consider-
ation includes only the terms: “overmeasure”, “toler-
ance” and “batch of products”; their images are highly 
informative. Ignorance of the rest of terms (the com-
plexity of correct interpretation of the image) creates 
diffi culties in mastering the discipline and mutual un-
derstanding of the teacher and students, and therefore 
requires contextual adaptive learning. The thematic vi-
sualized glossaries were used both in the assessment 
of the initial level of preparation (before giving lectures 
on the subject) and in the assessment of the fi nal com-
petencies (fi nal, upon completion of training and modu-
larly). This approach has proven itself to be good in as-
sessing the trainees' professional lexical competencies. 
The proposed technique has also proven itself good in 
the solution of educational problems in the courses on 
systems engineering, robotics [21] and other multi-inte-
grated disciplines [22-24] during knowledge transfer in 
the visual form easily interpretable by students (including 
foreign students). The particular effi ciency of the use of 
cognitive graphics tools should be noted when teaching 
foreign students. This approach signifi cantly reduces the 
time taken by students to overcome the language barrier, 
contributes to the formation of a professional vocabulary 
and improves the quality of learning.

CONCLUSION

As a result of the work, the concept of implementing a 
visual educational environment in the implementation 
of project-based learning methods, providing a single 
interface for the creation and editing of visual domain 
models at different levels of expertise with the tools of 
basic graphical languages is proposed. The language 
of the formalized description of visual models VI-XML 
is proposed. The presented solutions provide the syn-
chronism of the technology of subject area description 
and allow overcoming the fragmentation and isolation 
of the application of visual analysis at different levels of 
production systems modeling. The considered approach 
was actively used in the implementation of education-
al technologies based on project-based teaching meth-
ods. The use of a universal visual design environment 
has proven itself to be good in the educational process 
in the training of design engineers and technologists.
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