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The Conceptual Design tools are between their historical qualitative if not disruptive 
changes. Being historically characterized as creativity and non-standard thinking, the 
ability to come up with inventive design decisions have been significantly strengthened 
with systematic and formal Conceptual Design tools during the last decades while still 
not yet fully parameterized or formalised. Many different softwares and algorithms based 
on the automatic analysis of the patents, scientific publications and other textual databases 
as well as attempts to digitalise cause-effect chains, problem and solution models are 
already being industrially adopted. However, the last decade of the exponential growth 
of the artificial intelligence approaches and especially word embeddings paves the way 
for a conceptually new approach to the Conceptual Design tools. There are many attempts 
to characterise and parametrise the inventing process with the help of AI however it is 
only the initial stage of the inventing capability of the AI, the main power of which will 
still be unleashed in future. 
The present research aims to investigate the capability of integration between systematic 
Conceptual Design tools with the modern AI technologies. The research includes the 
investigation of the word embeddings for parameterization and characterisation of the 
patents and scientific publications databases and navigation interface through such a 
semantic model of extracted concepts. The methods used in the research includes 
qualitative analysis and approbation of the heuristic and systematic Conceptual Design 
models such as TRIZ in case studies in different engineering fields. The analysis of such 
an heuristic approach is also studied with the group of physicists in the field of Quantum 
mechanics. Finally, the quantitative research including statistical methods, and AI-models 
including word embeddings were utilised to build a custom database of patents and 
scientific publications and to explore such a database opportunities for a model-driven 
systematic Conceptual Design. The achieved results of extracting meaningful and 
insightful semantic models of invention concepts based on the natural language 
processing and machine learning techniques including word embeddings analysis 
contributes to the investigation of the fully machine guided inventing process.  
Keywords: conceptual design, AI, word embeddings, patent analysis, machine aided 
innovation, systematic conceptual design tools, TRIZ, artificial inventiveness 
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1 Introduction 
1.1  Conceptual Design and Systematic Creativity 
How to design a bus? Before we attempt to tackle the first question, let us first put forward 
another question. What is the concept of a bus? At first sight, the last question sounds 
trivial, probably even naive, however, we can ask the same question to professionals. A 
mathematician would probably tell us that a bus is a material point moving from point A 
to point B at a regular speed of 50 km/hour and then coming back. A mechanical engineer 
would point to the engine parameters, gears, and torque. A philosopher will befuddle us 
with an unobtrusive -does that matter? An investor will hint that this is a relatively 
outdated technology. Finally, an innovator will mention the recent advances in the 
decentralized autonomous factories constructing fully electric buses. If they answered 
differently, are they all right? Then again, what is the concept of a bus, and how to design 
it? The truth is, neither question - what is the concept of a bus nor a fortiori and how to 
design it is trivial. To determine which of the respondents was closest to the rigth answer, 
we first need to identify what we need to achieve — the primary market or social needs 
and the design requirements. Such questions will help us identify the system's prior 
function that we are trying to achieve or maximize (Litvin et al., 1991; Fuller & Petersen, 
1996). If our questioning is within the context of fighting the polluting problem, then the 
prior function of emissions reduction will probably lead us to a clear electric bus concept. 
We might start re-considering the production line if we are a factory board. If we want to 
solve the citizens' dissemination problem innovatively, we might tilt to the idea that the 
best design concept of a bus is actually the Uber model. Why not? There are no buses in 
the streets (in a conventional thinking way), yet everyone is magically disseminated, so 
is not Uber the best bus concept?  
All these questions are the object of study in the Conceptual Design field. How to deliver 
the best design for anything, first requires us to determine what anything is. There are 
many ways to approach the question. We can think of the system's prior function 
(objective), the method of production, the market needs, the marketing strategies, the way 
the device or process is to be exploited, the materials and chemicals used, and the 
technologies behind the concept, among others. Addressing all these issues will form the 
future concept design requirements model (Floridi, 2017). 
Furthermore, there should be the art of a designer, who must transform the model of a 
system's requirements into the model of a system. The model of a system includes all its 
parameters, their values, limitations, time ranges including conditions, engineering, 
chemical, physical, and mathematical dependencies. The ambiguity of the transformation 
problem is held within the fact that the space of the generic model parameters is infinite. 
Thus, in incremental design, when a designer must improve (i.e., to optimize) the existing 
device, the first thing to do is take the model of the given system and then approach 
parameter optimization with obtainable modeling and engineering tools. In contrast, in 
conceptual design, when a designer has to improve the existing or invent a new device or 
process, first, the model (i.e., the concept) has to be identified (Andreasen, 2015; Kroll, 
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2001). Of course, the designer may reference the models from similar devices or 
processes. However, with substantial or conceptual change, it is likely to achieve a new 
functional breakthrough design with an additional considerable value. 
Future system model determination requires non-standard thinking, sometimes ignoring 
professional knowledge and expertise, and meeting inventive problem-solving 
(Savransky, 2000). Historically, these abilities are gathered under the term and notion of 
creativity. Having originating in ancient Greece, when the concept of creativity had the 
origins of divine inspiration, and until the 20th century with the developed theories of 
psychology and philosophy of creativity, it still needs to be covered by present-day 
science. In contrast to modern psychology, which argues about divergent and convergent, 
epistemic and non-epistemic components of creativity, we generalize these notions of 
creativity as the capacity for abstract modeling. As posited within the confines of this 
dissertation, creativity can be defined as the capacity to engage in modeling, incorporating 
the judicious selection of a model to elucidate the system under consideration and its 
attendant parameters, encompassing values, constraints, and interrelated dependencies. 
The attainment of this capability is attainable through the application of various 
theoretical and disciplinary models, referred to as boxes, thereby augmenting the 
designer's repertoire of models that can be employed to address a given problem. Of 
course, in the literal sense of it, a suitable model of the system does not exist; however, 
some models are justified and rational, meeting some predetermined requirements, and 
are better (in terms of some of the required parameters) than similar known models. 
Another usual property of those suitable models is that, at first glance, they may be 
unique. Of course, when discussing an infinite set of possible parameters and their 
possible interdependencies, it is challenging to discuss choosing the most suitable model. 
Such a process has an expressed heuristic character and is the leading research subject 
within Conceptual Design (French, 1985). To facilitate the process of model choice and 
handling, the concept of Systematic Creativity was introduced and generalized to the 
concept of Artificial Inventiveness. 
1.1.1 The main challenge of Conceptual Design 
The main challenge of delivering the prior design of a future concept is seen in the 
circumstances that, it is not always clear what exactly is needed, how to achieve it, how 
to set up the production and development, how to make it environmentally friendly and 
sustainable nor how to make it economically competitive. 
One of the main objections is that the prior design of the future product makes the most 
significant contribution to all these parameters at the stage of the product when there is 
not even a setup model. The model itself, the concept of the future product, will play a 
decisive role in its characteristics. From this point of view, it is at the conceptual design 
stage, when there is little information about the product, that the most critical decisions 
are made (French, 1985). At the same time, at the subsequent stages of detailed design 
and development, the decisions are primarily incremental when all the information is 
usually available. 
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The question arises: where to get this very model? What will the model of the future 
invented device look like? In answering these questions, there are two options. The first 
one is an incremental design, where a similar device is being taken, its model's parameters 
are analyzed, and the optimization of the product on a given ontology with the set of 
obtainable tools and accessible technologies is made (Bower & Christensen, 1995). 
Another option is conceptual design, where the rethinking of the very concept of a future 
invention is made. In this way, the designer may need a relevant source model and 
develop a new one. In order to achieve this, designers usually use their experience and 
existing knowledge and look for various references in the literature to deliver the number 
of earlier mentioned design requirements and possible design parameters. Despite the 
availability of various programs that simplify the life of modern designers, including 
various CAD and CAM systems for design, knowledge, and experience play a crucial 
role in this process because they determine how the designer approaches the existing 
problem and finds a solution to it. This is a consequence of the absence of a uniform way 
to achieve the final design or some step-by-step instruction that must be followed to get 
a good conceptual design or a suitable model (French, 1985). Simultaneously, in addition 
to a broad scope of experience and knowledge, a distinct level of design excellence is 
contingent upon the imaginative capacity of the designer. Creativity, in this case, is 
defined as a measure of a designer's ability to present perhaps non-standard yet rational 
and viable solutions (Kaufman & Baer, 2005). One of the main challenges of creativity, 
in contrast to experience and knowledge, is the need for a well-developed opportunity to 
measure it and, as a result, develop it in some directed and controllable manner. These 
circumstances lead to the need to systematically address creativity and develop new tools 
to facilitate the process. 
1.1.2 What are the methods to facilitate Systematic Creativity? 
Despite the heuristic quality of the conceptual design process and the insufficiently 
tangible nature of creativity, various attempts have been made in the past century to 
strengthen and simplify the conceptual design process. Thus, scientists and engineers 
have tried to influence team or group creativity. In 1953, the famous and popular 
brainstorming appeared, described by Osborn (Osborn, 1953), which received different 
branches and was further developed by the scientific and industrial community (Dixon, 
1966). Physiologists have proposed various methods (including natural and chemical 
approaches) to stimulate the creative process of the brain, which are usually defined as 
unscientific or not universally accepted. Many different methods have been proposed on 
how to come up with creative ideas through associative thinking tools (Wang and 
Nickerson, 2017). General heuristics and rules were developed to be followed by 
designers in engineering (French, 1985; Floridi, 2017). 
In addition to the methods mentioned above, from the mid-twentieth century onward, 
more formal techniques emerged for designing at the conceptual design stage and 
enhancing creativity. One of the first such methodologies appeared in 1956 and was the 
Theory of Inventive Problem Solving (TRIZ), as the author afterward called it. The theory 
was born by its inventor, Genrich Altshuller while working in the patent office and 
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studying the nature of inventions for a decade (Altshuller and Shapiro, 1956). At some 
point, while working with author's certificates (Soviet patents), he noticed that many 
different inventions from various fields had common heuristic approaches to overcome 
certain similar obstacles. Thus, while working on the theory, the author first identified 
general heuristic techniques that he later called inventive principles and then introduced 
a whole ontology of definitions and rules by which various technical and engineering 
contradictions are solved (Savransky, 2000). Besides TRIZ, other theories and 
methodologies were introduced in the XX century that aimed to create inventive concepts 
based on more formal logic, such as Case-based Reasoning (CBR), C-K Theory (Hatchuel 
and Weil, 2009), first published by Hatchuel in French (1996), Axiomatic Design (AD) 
and other tools and methodologies (Chechurin and Borgianni, 2016). The difference 
between such methods is that they refer to systematic formal rules of inventive modeling. 
Thus, at the different stages of the design process, they lead the designer structurally 
toward a final design version. At the same time, they rather complement than replace the 
talent and professionalism of a genuine inventor. 
1.1.3 The importance of model-based Systematic Creativity and how to achieve it 
In the previous sub-chapters, the conceptual design's main challenges have been stated, 
and the importance of creativity was underlined, along with the main directions on how 
to facilitate it. The following highlights the importance of the model in the framework of 
conceptual design that will be elucidated in the example of Brainstorming. One of the 
main ideas of Brainstorming is the prohibition of criticizing the voiced ideas at certain 
stages of the process. Consequently, the space of ideas is saturated with various concepts 
that pave the way for other ones as a node for further branch development. This occurs 
since group members with favorably different backgrounds are meant to complement and 
develop voiced ideas. Research shows that brainstorming is relatively effective, and 
therefore, it has been adopted in many industries and different countries and has 
undergone several further technique generations (Maaravi, 2021). The success secret of 
Brainstorming from the point of conceptual design lies in the fact that each new idea 
voiced defines a new coordinate system that complements the existing model or creates 
a new one. Thus, a generalized model of the future solution is created, filled with new 
parameters during the brainstorming session. After the end of the session, the extra 
coordinates are cut off, and the future concept is made up of the remaining parameters of 
the model, for which more optimal values are then refined. 
At the same time, in TRIZ, directed modeling occurs from the beginning of the design 
process. Such formal methods of creativity are aimed to force a designer to model a 
problem first on a specific inventive language, modifying possible parameters and 
replacing one model with another in a controllable manner. Such methods, which prove 
their practical applicability based on formal steps, can lead an engineer to a fundamental 
future inventive concept of a new process or device. This process makes creativity 
systematic, independent of physiological and biological parameters and may be artificial. 
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Thus, one of the model-based creativity methods, to a certain extent, is TRIZ (Savransky, 
2000). An actively developing set of heuristic principles and certain inventive grammars 
turned TRIZ into a theory by the end of the 20th century due to the active participation of 
the community and the creation of a more significant number of tools for solving 
inventive problems. To strengthen the interaction with the framework, by the beginning 
of the 21st century, digital tools began to appear, the purpose of which, on the one hand, 
the storage and automatic access to the knowledge base and inventive tools (Chakrabarti 
et al., 2017), and on the other hand, the reduction of the entry threshold for the designer 
and simplification of the workflow with the TRIZ’s toolkit (Becattini at al., 2013). 
Such methods of digital assistance to creativity are based on a number of the following 
principles: they either provide digital tools for automating the routine work of a designer 
or provide access to various knowledge bases (Cascini and Rissone, 2004; Yan et al., 
2015); either they try to invent various concepts instead of a designer (Bzymek, 2013); or 
they combine a hybrid of interaction of a human and a machine (Becattini et al., 2012; 
Xin et al., 2021). The former can hardly be called the facilitator of creativity because it 
rather simplifies or automates the usual routine process. The latter approach can also 
hardly be meant to facilitate creativity since, on the one hand, these fully machine-
generated solutions offer a ready-made invention concept, and on the other hand, they 
usually work on tabular ways of matching specific rules with the base of predefined cases, 
which can scarcely be called creativity. But of particular interest are the methods that 
work based on the interaction of a designer and a machine. The author considers such 
interaction to be the most interesting since, first, it includes the benefit of work with a 
knowledge base of cases, as well as the proposals of various inventive principles, and 
second, it embraces the experience of the qualified designer, revealing based on a human-
computer dialogue. The principal value of such methods lies in the fact that, in addition 
to providing access to information, they force the designer to follow some involuntary 
workflow within the framework of a predetermined ontology of a particular method of 
invention, conclusively leading to creative solutions based on specific future invention 
model directed operations. 
Thus, according to the dissertation, creativity is the ability to determine the relevant 
model of the designed system, including the nature of a model, fundamental parameters, 
values' types, ranges, and mutual dependencies. And by nature of a model, it does not 
mean the different possible dimensions of a mathematical model, but rather the basic 
parameters of the model which usually vary depending on the field. The model's type may 
come from mathematics or automation theory, mechanics or information theory, etc. It 
leads us to the idea that those fields with usual for models are just the different points of 
view of the designed system, and they form so-called boxes. Each box can provide its 
vision of the problem; thus, the more boxes we have to examine the issue, the more 
creative solutions may come. The several points are still to be disclaimed. First, different 
boxes end of view models may stay on the same genuine principle. As the Laplace 
equation is a particular principle of the functional dependence of one parameter from 
others, as a principle, it may be applied in many different fields, thus keeping inside the 
same inventive idea. The equation may be used to model heat diffusion, model the 
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environment in quantum physics, model predator and prey dynamics, and many different 
applications; thus, following the idea, it may be called the mathematical inventive 
principle. These principles genuinely connect the boxes and fields that may extend our 
understanding of the designed system. Second, it needs to be corrected to say that the 
amount of one's boxes accounted, in any way, is proportional to creativity; however, the 
ability to maneuver different boxes and take different focuses on the system may bring 
the unintuitive but effective (regarding some parameters) model. Third, when we say 
unintuitive, one would think that Creativity is the ability to get creative or, in any way, 
non-standard or unusual solutions, where we can only partially agree. On the other, hand, 
creativity (in a classical understanding) is a box itself, and when one is trying to find a 
creative solution, the right one, which may turn out to be a standard, may be hidden from 
the designer's eye. From another side, creativity is relative. What may be unintuitive and 
non-standard for one may be a classic solution and a common model for another designer 
from a different field and the same opposite. 
The terms of fields and boxes are closely related to the notion of a concept. 
Acknowledging the terminology of C-K Theory (Hatchuel and Weil, 2009), where 
Concept is opposed to Knowledge, we present a slightly different vision of what Concept 
is. The C-K Theory concept is an intentionally formulated design hypothesis, that being 
neither true nor false forms the basis of the theory and is directed to obtain new 
knowledge. Thus, a concept is actually a proposition that may and may not be transferred 
to knowledge (if proofed). We distinguish between two concept types depending on the 
context. The general concept of an invention is the most generic model of this invention, 
including all possible parameters, applications, main properties, functions, etc. At the 
same time, any subset of this set of parameters is also a concept, but rather specific or 
more focused. And right as in C-K theory, where a concept may become knowledge and 
may not, in our vision, the concept may be just helpful or insightful, but identification of 
the concept is a step in a directly and systematically driven design. 
Of course, design concepts, i.e., models, may be of different abstraction levels. 
Conceptual design is usually much more impactful than detailed design (Hsu and Liu, 
2000); the higher level of abstraction for a concept influences more than the further 
digitalization of a model. At the same time, as the design implementation keeps the 
product's or technology's primary value in the same way, the core idea of a future system 
concept may consist of the concept parameters' particular qualities. In terms of this, we 
propose the dependence of the epistemic value from the designing abstraction level 
depicted on Fig.1. 
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Figure 1: Example figure imported from Excel. Add an extra empty line below the caption to 
separate the main text from the caption. 
 
1.2 State of the art in academic literature in Systematic Creativity 
In the field of systematic creativity, patents have emerged as a valuable source of 
inventive design solutions across various domains. Patents are an ample source of creative 
design solutions from very different fields. Consequently, patents form the basis of TRIZ 
and the basis of other systematic inventive techniques as well. At the same time patents 
became a target for data scientists and data miners in order to retrieve design concepts 
automatically during the last decade (Abbas, Zhang, and Khan, 2014). Besides significant 
potential for automation or digital support toward creativity, patent data retrieval solves 
several complex issues and challenges, such as emerging technology identification 
(Gerken and Moehrle, 2012; Yoon and Kim, 2012), technology forecasting (Ranaei, 
2018), networking and cooperation possibilities identification (Park et al., 2015), prior art 
search (Luo, Sarica and Wood, 2021), patent infringement risk evaluation (Bergmann et 
al., 2008), patent network visualization and analysis (Kim, Suh and Park, 2008), patent 
landscaping report generation (Ranaei et al., 2016). Most automatic patent analysis 
studies are based on the analysis of patent similarity (Chen et al., 2020; An et al., 2021; 
Block et al., 2021; Ni, Samet, and Cavallucci, 2021). These studies are primarily based 
on the semantic analysis of textual patent application data such as title, abstract, 
keywords, the full text of the patent, and, particularly, the claims section. Since the 
technology for automatic patent analysis and patent insight extraction is quite close to 
each other, the novel ways for patent analysis are included in the present state-of-the-art 
overview. 
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The automation of patent analysis started about half a century ago and advanced 
significantly during the last decades. The methods of automatic patent processing 
presented in the 70s and 80s have been mostly related to the analysis of the patent 
summaries and claims data to extract predefined key terms; extract the specific semantic 
patterns in the identified sentence structure; parse formal grammars as automatic 
identification of chemical compounds (Sano and Fujiwara, 1993). The problem of patent 
similarity identification and patent knowledge extraction is still alive and prevailing and 
therefore remains the target of many scientists nowadays (Ni, Samet, and Cavallucci, 
2021). What has changed during the last 50 years are the methods, instrumentarium, and 
the computational power, as well as relatively easy threshold of entry into programming 
and the high availability of such data analysis and software development environments 
as Python and R that are preferred for data science. One of the main peculiarities of novel 
approaches to the problem is the widespread use of neural networks to analyze data from 
patent texts (Ni, Samet and Cavallucci, 2021). Even those researchers who do not use or 
independently train neural networks often use libraries and dependencies that include 
already trained models. Despite the fact that the theory of neural networks has been 
known since the last century, it was the access to computational capabilities and the 
consequence of the study of neural networks concerning the semantics and analysis of 
natural languages that made the NN use of such interest and exploitation. 
Despite the compelling number of patent mining studies there two main clusters of 
semantic analysis in patent data retrieval may be delignated. First cluster is related to the 
technical terms’ identification and relevant statistical analysis. The base of the approach 
forms the tokenization of sensual (other than articles, prefixes, etc.) words and further 
statistical comparing based on such a metrics as TF-IDF, identifying the relevancy and 
the frequency of a specific term within the paten text comparing to other parent texts 
(Ranaei et al., 2016). The topic modelling algorithms such as Latent Dirichlet Allocation 
(LDA) became a natural continuation of such an approach, providing the allocation of 
patents within a certain number of topics, allowing to create of clustering based on the 
statistical semantic similarity of patents (Kaliteevskii et al., 2021). Such clustering 
methods competed with more common approaches, such as the K-Means cluster of 
algorithms, hierarchical clustering, kNN, and others during the last decade. Thus, most 
up-to-date methods of technical terms analysis are based on so-called word embeddings 
first presented by Mikolov in 2013, who did his research on semantics in Google (2013). 
The main idea and analytical value of the approach is the possibility of transforming any 
existing word into a numeric vector in the semantic space. Semantic space, in that case 
means that any pair of semantically close words will be close in that space, while neutral 
words will be far from each other. This neural network based technology that provided 
several semantic vectorization algorithms such as word2vec, doc2vec, and sent2vec and 
paved the way for more advanced further developed neural algorithms as BERT (Devlin 
et al., 2018) opened substantial opportunities for patent miners and retrievers and led to 
surge in publications of relevant studies (Risch and Krestel, 2018; Risch and Krestel, 
2019; Berdyugina and Cavallucci, 2020; Hanifi et al., 2022; Kaliteevskii, Ogurtsov and 
Smirnov, 2023). 
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The second cluster of semantic analysis in patent data retrieval refers to sentence 
structural analysis, especially applicable to claims and abstract sections. One of the first 
studies aimed in structural sentence identification in order to extract functional 
relationships between terms from patents was called SAO (based on identification of the 
subject - action - object relationship) and was first presented as InventionMachine patents 
(Tsourikov et al., 2000; Devoino et al., 2001) and further developed by a TRIZ 
community (Cascini, Fantechi and Spinicci, 2004).  This approach opened one of the most 
popular directions for the structural relationship’s extraction for the following decade 
(Choi et al., 2012; Park, Ree and Kim, 2013) and spawned knitted research and neural 
network techniques such as SAO2VEC and others. 
Another bunch of patent analysis methods aim to extract different TRIZ patterns from a 
patent application text to help solve inventive problems. Thus, several studies are 
presented investigating TRIZ and automatic patent analysis for function identification, 
knowledge retrieval, and inventive principal recommendation (Govindarajan et al., 2019). 
The system aimed for a human-computer dialogue manner based on TRIZ ontology to 
identify contradiction automatically presented (Becattini et al., 2013). Another study to 
identify contradiction was presented by (Rousselot, Zanni-Merk, and Denis Cavallucci, 
2012). Novel approaches towards digitizing and sensification of TRIZ are also being 
conducted with the help of AI and neural network algorithms (Ni, Samet, and Cavallucci, 
2021). 
The state of the art research towards systematic creativity based on patents' extracted 
concepts is presented in the study of (Luo, Sarica and Wood, 2021). The idea of the 
research is in the extraction of the semantic concepts of the inventions presented in a 
patents from all the fields of engineering and technology to provide an inspirational 
stimuli for a designer based on near and far stimuli fields (semantically close and distant 
concepts) to generate new design ideas by analogy and combination (Luo, Sarica and 
Wood, 2021). 
1.3 Research questions 
Creativity, as the ability to create not trivial but effective solutions has been the subject 
of intensive research for almost a century. Many different studies have been aimed at so-
called artistic creativity and group or team creativity. Some studies and theories have been 
devoted to the systematic approach towards ability to create an effective design. The 
modern digital capabilities, opportunities of utilization of AI-based algorithms and data-
driven approaches opened up different ways towards creativity facilitating. Given this, 
the main RQ of the current dissertation is the following. 
Main RQ. How to facilitate the Conceptual Design stage of new products 
and technology development systematically? 
The main RQ is divided into two. The first Research Question is formulated to cover 
recent advances towards formal and systematic ideation tools. This is important for the 
  
24 
understanding of the systematic Conceptual Design as a notion and for determining the 
possible features of formal tools that may be digitalized or automated. Thus, the first 
research question is formulated as follows: 
RQ 1. What are the systematic Conceptual Design tools and their 
limitations? 
The second research question’s related gap lies within the recent advances in addressing 
the Conceptual Design with the digital tools and,  related to the substantial recent attempts 
of scientific community to utilize open accessed patents and scientific literature textual 
data with the text mining and natural language processing techniques in order to extract 
data-driven insights for a wide range of issues and challenges. The second research 
question is formulated below and has additionally divided between the three different sub 
questions. 
RQ 2. How systematic Conceptual Design tools could be supported with 
quantitative data-driven approaches? 
The first sub question RQ2.1 aims to cover the main parameters of the formal and 
systematic Conceptual Design stage ideation tools to pave the way for further building a 
digital framework for systematic Conceptual Design. 
RQ 2.1. What are the main parameters of the systematic Conceptual Design 
tools and how these tools could be quantified? 
The second sub question RQ2.2. aims to cover the gap of the data sources that could be 
used for the building a data driven Conceptual Design framework. The data sources 
analysis includes patents and scientific publications feature extraction, i.e.,. 
parameterizations that might be useful for further quantitative statistical analysis. 
RQ 2.2. What are the data sources that could be used for the data-driven 
Conceptual Design framework? 
The third sub question RQ2.3. aims to cover the data retrieval and analysis techniques 
including natural language processing, artificial intelligence, neural networks and big data 
analysis aimed towards open-access scientific publications and patents application data 
in order to build a digital data-driven Conceptual Design framework. 
RQ 2.3. What are the methods that could be used for the data-driven 
Conceptual Design framework? 
1.4 Research Scope 
The research scope of the present dissertation is presented in Fig. 2. The Creativity as of 
the key parts of Conceptual Design is distinguished between systematic, unsystematic 
and artistic. Thus, the systematic methods to support conceptual design are the main focus 
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of this research. The presented in the dissertation approach is based on such formal 
inventive techniques as TRIZ and C-K Theory and further strengthened with the 
quantitative approaches based on the semantic analysis of patents with the text mining, 
natural language processing and neural network analysis approaches. 
 
Figure 2. Dependence of the epistemic value from the designing abstraction level. 
 
1.5 Dissertation outline 
This thesis consists of six sections. The first section contains the introductory section, 
definitions and main research questions formulation. The second part consists of the 
literature background of the dissertation. The third part contains the methodology of this 
research, including research philosophy and research approach. The fourth part contains 
the summary of the attached publications. The fifth conclusive section contains the 
summary of the dissertation and answers to the main research question. Figure 3 presents 
the main dissertation structure, including the sections description and the publications 
summary. 
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Figure 3. Dissertation outline structure (Chapters and Publications). 
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2 Background Literature 
2.1 Epistemology of Conceptual Design from innovation, invention 
and creative process 
To understand the epistemic and non-epistemic values difference and its relevance to 
Conceptual Design, the historical overview is provided as well as the concern of the 
philosophical side of the question. 
2.1.1 Epistemic and non-epistemic values of Conceptual Design 
One of the main disputes from a teleological point of view is about the main values of 
designing, which are epistemic and non-epistemic values (Dorato, 2004) or constitutive 
and contextual (Longino, 2020). The definitions and specific formulations have varied 
through the last several centuries and from one philosopher or scientist to another, but the 
main postulates are clear. 
Thus, one of the first constructive dialogues based on identifying the need for such 
separation in science was presented by David Hume in the 18th century, who introduced 
the fact-value dichotomy. He argued that there can be no such thing as a moral fact, and 
it is impossible to derive an “ought” from an “is”. Later, this theory was developed by 
different studies arguing the epistemic and non-epistemic nature of science, referring to 
the Kantian and Hegelian point of view. During the 20th century the dialogue has also 
achieved the field of design, arguing the heuristic and knowledge-based aspects of the 
conceptual design. 
The epistemic view on Conceptual Design bases its reasoning on the design process as 
the one that takes the existing knowledge and based on it acquires the new required one. 
Floridi in his works outlined that from the Greek philosophy the cognition of the world 
was built on a so-called mimetic point of view, which is observing and reproducing the 
surrounding world whether geometrical, physical, biological, chemical, or social 
disciplines (2017; 2019). At the same time at the current stage the world is more following 
a poietic point of view, which is built over a constructionist philosophy (Floridi, 2017). 
It is imperative to note that the most substantial impact is derived from scholarly fields 
such as computer science, economics, and engineering. These disciplines amplify other 
sciences by leveraging cutting-edge technologies, advanced simulations, intricate 
algorithms, and data-driven research to generate added value. In poietic science, it is 
imperative to create a model to construct a related system, rather than investigating a 
system to retrieve a model. This is the fundamental principle of conceptual design and 
should be strictly adhered to for optimal results. Starting from the model puts the 
understanding as constructing or vice versa manufacturing means the same thing as 
learning – i.e., acquiring, producing, and passing on information (Flusser, 2013). 
Introducing the tools of Level of Abstractions as the way to see and to design the model 
of a system Floridi pointed out the parameters based on which the model is to be built are 
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a subject to be chosen by the designer (the observer in such context) and may be different 
relatively from designer intent (2017). However, as he states, the conceptual logic of 
modelling as the description of a system with some structural parameters is not about the 
intrinsic logic of a system, as more to do with a model of a system. 
The non-epistemic point of view believes that Conceptual design is a heuristic process of 
obtaining ideas and turning them into knowledge. Thus, the study of French, who 
delivered one of the first published works in the field of Conceptual Design in 
engineering, put it this way: even though there are many methodologies in Conceptual 
Design, it is still up to the designer to choose one of them (1985). In that sense, the 
cognitive step required in the designing stage may reduce due to the specific tools, but 
the cognitive step is still the designer's privilege (French, 1985). As the synonym, the 
author shows that although a formal theory and logic like math are epistemic when 
considering what formulae to apply for a task, it is a heuristic process based primarily on 
non-epistemic values. At the same time, the author prophesies a significant development 
to the Conceptual Design methods so that there might be a change in the balance 
of epistemic of the field. According to the author, there are attributes of non-epistemic 
points of view such as heuristic, inspiration, and talent. Many scholars and experts in the 
field maintain that the invaluable gifts a talented designer possesses are irreplaceable by 
mere step-by-step instruction. Such skills and abilities are often considered innate and 
cannot be fully replicated through rote learning and instruction alone (French, 1985). In 
the work of (Diekmann, Peterson, 2013) authors stress that non-epistemic values are not 
just important for the designing process, but as important as epistemic. Defining the 
qualities of epistemic values as simplicity, fruitfulness and elegance (Rudner, 1953) that 
was further developed by Kuhn (1977), authors contrapose the non-epistemic ones as 
sustainability, equality, non-maleficence, reliability, economic prosperity, and others.   
Due to the authors, the engineers are most required to have such values when working on 
a model of a system. Thus, the values can help the engineer or designer with a choice of 
Represented properties, thresholds used in model, choice of model and influence the 
construction of models and the choice between rival models. With all these due to 
Diekmann and Peterson, the non-epistemic values at least counterbalance the influence 
of epistemic values (2013). 
The primary objective of the Conceptual Design process is to devise a design concept that 
accurately represents future systems through a particular model with a specific degree of 
digitalization. A comprehensive design concept encompasses various dimensions, while 
a specific design concept comprises model parameters, interconnections, value ranges, 
and functional dependencies. In conceptual design, both epistemic and non-epistemic 
values hold significant importance. Epistemic values play a vital role in parameterizing 
and customizing the model, allowing for a wider selection of models to choose from. 
Meanwhile, non-epistemic values serve as heuristics for model choice and reveal the 
interconnections between hidden key model parameters. 
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2.1.2 Conceptual design as a core of Innovation 
In the previous chapter, the Conceptual Design was presented from the point of scientific 
method and in the context of philosophical approach to design. In the current chapter, the 
analysis is aimed to understand what the role of Conceptual Design as a part of the 
Innovation process is and how it relates to the technology to form the holistic picture 
around the epistemology of the Conceptual Design.  
In this chapter, we will mostly refer to the mentioned but not disclosed ontological 
representation of Conceptual Design stated in the previous sub-chapter the Thus, in the 
context of innovations, Conceptual Design may be seen as the set of tools to support the 
first technological step of the Innovation process (French, 1985) or just as the certain 
stage inherent to Innovation process (Godin, 2014). Two different models and in-depth 
discussion describing both points of view are presented in (Godin, 2014). The first one 
presented in “linear model of innovation” is aimed to study a posterior nature of invention 
that led to innovation, the second one, which may be seen as an expansion of the first, 
studies the invention and the further sequential diffusion of it within a society. The 
approach of transition from Invention to diffusion is described with several authors of the 
early XX century. Thus, one of the first mentioning were by Wissler, (1923) who 
presented the transition from invention to diffusion, and later in further developing 
researches the concept of preliminary discovery has been also presented (Dixon and 
Ginsbergt, 1928; Linton, 1936).  
One of the first essential and recognizable in scientific circles point of view of Innovation 
is ascribed to Austrian scholar Schumpeter. Along with other adherents from the Austrian 
school who were pioneers to study the theory of value and cost in economy, Schumpeter 
quoted the Russian (at that time Soviet) economist Kondratiev and credited him for the 
“Kondratiev Waves” described in (Kondratiev, 1925), whose theory was popular for 
several decades in the Western world before the another theory presented by John 
Maynard Keynes, which gained greater popularity and spawned the Keynesian School 
(Keynes, 1921). Schumpeter, a pioneering scholar in the field, conducted extensive 
research on the intricate linkages between innovation and entrepreneurship, and 
developed a comprehensive taxonomy for classifying various types of innovations. 
Schumpeter identified innovation as the critical dimension of economic change and 
according to him there are five types of innovation: 1) the introduction of a new product 
or new product quality; 2) the introduction of a new production process; 3) the opening 
of a new market; 4) the securing of a new source of raw materials or other inputs; and 5) 
the creation and application of a new organizational structure in an industrial sector. Thus, 
Schumpeter's Innovation types are rather of broader nature and the role of engineering 
conceptual design may be recognized in the first three. Thus, taking a major role in new 
product and technology development, Conceptual Design is invaluable for creating new 
markets. 
In the field of engineering design, we're more focused on product or process development 
that lead to technological change (Ranaei, 2018). Thus, after the Schumpeterian 
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Innovation types the, several different classification have been presented to the scientific 
community during the XX century, which are the one offered by Myers and Marquis 
(1969), later by Mensch (Mensch, 1979) and by Freeman and Perez (Freeman and Perez, 
1988). Although classifications may vary in type number and their specific formulation, 
the main cluster may be extracted: incremental and breakthrough (or radical) Innovations. 
The last is in detail developed by Clayton M. Christensen in his work (1995), where he 
coined a new term of disruptive technologies or disruptive innovation. Since the 
incremental types of innovation imply an analysis and development of an existing system, 
(representing some product or process) with an established model and parameters as well 
as a specific market need and following a well-described list of requirements, all these 
are done on the design stages that follows the conceptual one. 
However, in recent studies of Dalsgaard and Halskov (2019), the authors represent that 
it's might be not obvious to do an incremental innovation, and when the models of 
concepts are close to their optimised parameters or when the S-curve of some technology 
is saturated, the incremental innovation is led by the most professional designers. This 
may be understood through the fact that when the model of some system is already well 
established, there may be hard to put it further and a more conceptual point of view has 
to be applied to reassess the value of some parameters or recombinate the elements of a 
design system. As the methodology to work with well-established products authors 
suggest to use a proposed Six C model including client, customer, competitor, catalog, 
content, and context (Dalsgaard and Halskov, 2019). 
Schumpeter's attention to technological development as a part of circular flow was 
focused on a part of his notion of Creative Destruction; the circular flow he has observed 
as a "spontaneous and discontinuous change in the channels of flow, disturbance of 
equilibrium, which forever alters and displaces the equilibrium state previously existing". 
What was later widely accepted as a notion of displacement of one technology by another 
was the former one as a result of the Innovation process. The idea is that such a process 
creates a free market, a place for a new technology to evolve. And due to Schumpeter's 
theory this technological change is held within the following three stages: invention (the 
new product or process or technology appears), innovation (Approbation or further 
development of an invention for commercial relevance and meeting economic 
requirements), and diffusion (the spread of innovation thought the society, adaptation and 
feedback compilation) (Neisser, 1935). 
To put it simply, Conceptual design has a twofold function. It serves as both a framework 
for crafting novel inventions and a tool for analyzing existing innovations. In the former 
case, Conceptual design is constantly progressing, introducing fresh methods and 
resources for systematically and efficiently designing towards technological 
advancements and continued innovation (which we will delve into in greater depth in the 
upcoming chapter). In the latter, Conceptual design aids us in comprehending the life 
cycle of innovations, encompassing their emergence and ultimate success. 
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To the continuation of the previous sub-chapter discussion, it will be interesting to 
highlight, if addressed as products and technologies that meet the market and society 
needs by its nature, keeps an evident non-epistemic character and at the same time the 
creature of such an Innovations facilitate the development of such a new technologies, 
formal algorithms and methods which in turn belongs to epistemic values. 
2.1.3 Creativity as designing component 
In previous chapters we found that Conceptual design as a process is led by the existing 
knowledge as well as the acquiring of new knowledge with systematic and unsystematic 
tools. In the present chapter we will delineate in what form the invention plays a role in a 
conceptual design stage as a result of the inventor's epiphany. 
When we are talking about Conceptual Design the first and most valuable dichotomy is 
between the System and the Model, describing the system (Floridi, 2017). Thus, the 
model of the system may be called concept, regardless of if one is working with a model 
thinking of a certain abstract system or has a complex existing system that is trying to 
project with a certain model that fits the requirements. 
Thus, in one of the first books on Conceptual Design in our current practical engineering 
understanding French describes design as all the process of conception, invention, 
visualization, calculation, marshalling, refinement, and specifying of details which 
determines the form of an engineering product (French, 1985). And according to him, 
conceptual design is the phase where engineering science, practical knowledge, 
production methods, and commercial aspects need to be brought together (French, 1985). 
Even though the French recognised the methods that Conceptual Design methodologies 
could offer to engineers, French still recognizes the need of talent for the designer and 
less measurable values as inspiration. At the same time, he assumes that Conceptual 
Design methods are there to help designers with quite a number of problems: by mean of 
reducing the size of mental step required in the design process; by prompting inventive 
actions, and reducing the chances of overlooking them; by increasing insight into 
problems, and the speed of acquiring insight; by diversifying the approach to problems; 
and finally, by generating design philosophies (synthesizing principles, design rationales) 
for the particular problem in question. At the same time, he concludes that design methods 
cannot replace the gifts of the talented designer, nor provide step by step instructions for 
the production of brilliant designs (French, 1985). As an example, French points at a 
student trying to solve a mathematical problem - all the theories are there but it's up to a 
student to choose a specific one. In the same way, a designer works with a model of a 
future product. To summarize his position, French thought that design principles even 
being at the early stage of development themselves already have been playing a crucial 
role in helping the designer do the job even if there is no “talent” and to advance 
continuously if there is no inspiration. 
A big overview on innovative conceptual design is provided in (Kroll, 2001). In the vision 
of the author Conceptual Design comes down to the analysis of parameters of the model 
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and presents a set of methods in systematic and at the same time flexible way on how to 
lead a designer through the whole design process, supporting the critical issues 
(parameters) identification and proposing a configuration specific solution to these issues. 
And by parameters it's not meant the working with a ready-made model by means of 
optimization, but in opposite creating the model from parameters, where the parameters 
are preeminent (Rothwell, 2002). According to the author conceptual design encompasses 
the generation of concepts and integration into system-level solutions as an integral part 
of the Innovation process. Talking about generating new ideas as a primary design 
facilitator, the author highlights that the generation of ideas itself is not as hard as finding 
the right working idea that would form the basis of future concepts. Thus,, as a first step, 
Kroll sets as parameter identification of the model, including identifying the most critical 
parameters and influential systems. As for parameters in the system design, the author 
refers to any general issue, factor or concept that may be put as a parameter to a model 
from the point of developing or investigating the problem. Despite parameter analysis, 
the author pays attention to as important processes as technology observation as a key 
term in finding an innovative way of solving a problem (or designing a system with such 
an innovative element) and identification of needs that precedes the designing of a 
solution. The wrong or not inaccurate need identification can lead to incorrect 
construction of the model according to the Kroll (2001). 
In the following, we will try to answer the question: what is a good conceptual design and 
when it comes to Invention? As a main precursor of a possible technological change, 
inventions or innovative design differ from conceptual design in common. Thus, speaking 
within the defined ontology, invention appears when the model of a system is seen 
differently, or the new model appears that leads to a new different system. The peculiarity 
of such a system is that these inventive model distinctions are hard to catch, and they 
require nonstandard thinking. In this way the notion of Creativity appears. 
Thus, Creativity allows a designer to come up with non-standard parameters of a designed 
model. It may refer to specific parameters as well as the whole combination of parameters 
representing a model. There may be found two main types of Creativity particulary artistic 
(or common) creativity and Systematic Creativity (Chechurin and Collan, 2019). 
When talking of creativity, one of the broadest investigations of Creativity is done by 
Brewster Ghiselin (Ghiselin, 1952). In Ghiselin's Creative Process, the author collected 
38 papers of different extraordinary men of the first half of XX century, including 
Einstein, Mozart, Poincare, Nietzsche and other bright minds. The anthology gathers 
insights on creativity, inventiveness, and illumination from various fields including 
mathematics, physics, art, and poetry. Thus, the detailed vision of what is the 
inventiveness in mathematical discovery was given by Poincaré first published in (1910). 
Poincaré saw the beauty and the aesthetics of the invention that is recognizable by 
mathematicians as a certain complex pattern of elements and some reasoning behind the 
pattern. As Einstein in (Ghiselin, 1952) was referring to some abstract elements or images 
that form the way of his reasoning, instead of words, Poincare is referring to the abstract 
mathematical elements as a play of numbers and forms. Complex patterns or some 
  
33 
compilation of such forms may consist of very different elements, and they can be far 
from each other in the regular life, but those patterns that are meaningful and might solve 
the problem of the subject, are the beautiful ones and the further the elements one from 
other the more beautiful the final pattern. According to Poincaré's theory on invention, 
the process involves carefully selecting a compilation from a vast array of sources. 
However, the biggest challenge lies in the sheer endlessness of the set, which can make 
it difficult to make consistent choices. Therefore, the process is more akin to a delicate 
balance of finding and selecting the most suitable elements. And talking of compilations 
consisting of remote elements the majority of them will be senseless, but those rare 
compilations that are useful will be fertile. Another idea of Poincaré is that to work with 
those numbers and forms one must be able to apply some rules that form the mathematical 
world. At the same time, he questions the ability to iterate over these rules and keep them 
all in mind at the same time as a key ingredient to creativity. Moreover, he argues that, 
unlike chess players, for whom the number of these models in their head at a time 
determines the success of the game, in mathematics it is much more important to be able 
to select one or another model according to mathematical intuition. And to be successful 
in that, Poincare is referring to the subconscious process of processing the system that 
you're working with during a continuous time. After some substantial efforts applied to 
the model, the solution may come suddenly at any moment. 
The importance of unconsciousness was pointed out by many different scientists and 
creative minds (Ghiselin, Mozart, Einstein, others). We can think of the unconscious 
process of working with models as a way to find new reflections from daily life and from 
memory (Raami, 2015). Thus, for the system that is being processed unconsciously, new 
parameters choice, values, and ranges are iterated in the search for the right model. 
According to George Polya, the Hungarian mathematician of the XX century, 
mathematical discovery and inventiveness is not only a subconscious work that requires 
talent and practice but the whole theory (or even compilation of theories), including a 
specific mental discipline, interest and practice of applying a method (Polya, 1962). 
Despite the quite general compilation, Polya offers a whole set of practical methods to 
increase that mathematical creativity such as applying analysis (or backward reasoning) 
and synthesis (as forward reasoning) to the problem, using mathematical induction and 
deduction. The Polya‘s framework also includes approaches on how to work with 
inventive patterns systematically, including  how to recognize, remember, generalize and 
further apply a certain specific approach. 
Such approaches presented by George Polya as the alternate application of analysis and 
synthesis for problem-solving in conceptual design are later detailed described in a series 
of works by Guilford, an American psychologist, one of the leading researcher of 
Creativity as human intelligence property in XX century (Guilford, 1956; 1967; 1967). 
The main idea of Guilford is that creativity is a circular flow of generating ideas (or 
divergent creativity) and detailing or developing the specific idea (or convergent 
thinking) with further evaluation. 
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Models also play a vital role When discussing creativity in art and poetry. Thus, Lawrence 
(1952) pointed out that the artist has to produce the picture from his vision, not from the 
real world (not taking the realism art in the attention), while taking the sources from the 
real world, i.e., from the physical model is only spoils a picture. Thus, the author’s vision 
of a real world, as of a system, is directionally the same, while unlike an engineer, an 
artist takes one detail out and adds another, in between changing the rest. This allows the 
artist to share their own model of picture, which has its value itself besides the source 
depicted. According to the poet Valery (Ghiselin, 1952), this picture may be 
“multidimensional”, because different users reflect on different things from the piece of 
art. We can think of this kind of art as for generic models, allowing some fluctuations and 
flexible bounds. At the same time, how to create such a model is a question that is still 
without a specific answer. 
Another classification for Creativity may be a division between individual and social 
creativity. Within the current thesis, we are considering only the individual capacity to 
create. Still, we can’t ignore the investigations of Alex Osborn, the creator and formalizer 
of Brainstorming concept (1953) who identifies the increased capacity of centralized 
social idea generation by several team members. 
The main conclusion from this chapter is that despite multiple theories on how to conceive 
the invention process, achieving the success in it is generally called creativity. From the 
conceptual design and natural sciences, it may be seen that creativity is how effectively 
one may work with a concept of a model of a system. How the model is identified, how 
the parameters are set, what is the chosen range, a threshold etc. The right choice of a 
model for a system might appear in a successful solution to a hard problem or in an 
invention launching another technological change. In artistic fields such as art and poetry, 
it is absolutely crucial to observe how artists incorporate subtle details into their work. 
These details serve as the very parameters of the artist’s vision, and they must be 
effectively communicated to us in order for the work to be fully appreciated.’’. In this 
case, the model represents vision. The pieces of art or sculpture or poetry, when we say 
that each viewer recognizes their own values, are the systems of the generic models 
artfully designed by their authors. Besides, artistic creativity may be viewed through the 
prism of model-based creativity, however, it would be incorrect to compare the modeling 
in artistic creativity and modeling in systematic creativity, since in art there is no right or 
wrong answer or model. The choice of a model itself may be already an Art in artistic 
fields. Whereas in formal fields such as mathematics or engineering there are certain 
formal rules or requirements and limitations that distinguish the right model from the 
wrong one or not useful. 
Consequently, the author states that model-based creativity from a conceptual design 
point of view is the ability to change model parameters in a directed way; or, even more 
generally, to change the whole descriptive models of the system. Taking this into account, 
we want to declare that any tool or field or methodology that may extend the number of 
models in a designer’s pocket will increase one’s systematic creativity potential. We state 
the creativity potential, but not the creativity itself, because, besides knowing a certain 
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model, another art is to think of it in the right moment and intentionally apply it to a 
specific design problem. And this is Creativity, but it would be impossible in case, there 
is no such a model in one’s head or in a book behind them. It does not matter how creative 
the designer is, but if the tools have no differential equations,  they will be unarmed in 
modelling a gas turbine. But this does not mean that we tie creativity to epistemic values 
only (or so-called hard skills), but on the contrary, we make a point that they are no less 
critical than non-epistemic (or so-called soft skills) and form the basis of human creativity 
in engineering and technical sciences and are applicable in others. This leads to the fact 
that any natural or applied science that provides you with a different point of view, or 
generally, that provides you with a certain abstraction (i.e., a model) for a system extends 
your creative capacity. 
2.2 Tools to support Systematic Creativity 
In the previous chapters we have considered the epistemic and nonepistemic qualities of 
the conceptual design process and the role of creativity and inventive approaches in 
Science, Technology and Innovation (STI). In the current chapter, the methods of 
inventive techniques are presented including those artistic and informal methods as well 
as formal, systematic, and machine-aided approaches to Ideation and Systematic 
Creativity. 
2.2.1 Unsystematic tools to support Ideation 
Ideation is a process aimed at facilitating the idea generation towards specific problem 
solving. There are several classifications of the Ideation process as systematic and 
unsystematic (Barak, 2004), logical and intuitive (Shah, Smith and Vargas-Hernandez, 
2003), social (or group) and individual and other more rare classifications presented in 
(Wang, 2019). The last division, which opposes social or group such as Brainstorming 
(Osborn, 1953), K-J Technique (Hogarth, 1980) to individual ones, are a point of multiple 
academical studies (Sawyer, 2010) and of substantial industrial value due to the practical 
simplicity of a method and at the same time tangible attainment. Simultaneously, due to 
the more organizational or environmental approach to Ideation, this method is usually 
applied with the cooperation of other more logical and systematic methods which are 
more relevant for the present review. It must also be pointed out that physiological 
methods of creativity are out of this review, due to the undetermined value and multiple 
scientific refutations, despite the recognized value by physiologists and psychologists. 
These physiological methods may include not only the direct physical or chemical 
influence on ’’human brain but just any environmental change that may appear influential 
as morning jogging, Charcot shower etc., which are also periodically mentioned as idea 
stimulating. 
According to Shah, there are five clusters of intuitive creativity facilitating methods 
namely:  Germinal, Transformational, Progressive, Organizational, and Hybrid (Shah, 
1998). Germinal ideas aimed to idea generation from scratch, such as Morphological 
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Analysis (Zwicky, 1969; Geum and Yongtae Park, 2016) (although the dissertation author 
is inclined to attribute the method to systematic); Transformational ideas aimed to 
generate new concepts based on the already existing ones, such as Lateral Thinking (De 
Bono and Zimbalist, 1970); Progressive ideation methods on the other hand, are a cluster 
of methods with an idea of applying several different iterations on the same idea/concept 
made by individual or several designers; Organizational methods primarily aimed at the 
right organizing of the ideation process, rather than how to generate a new specific idea 
— these methods includes templates and diagram following as Storyboarding, Affinity 
method, Mind Mapping and others (VanGundy, 1988; Wycoff, 1991; Kim, McKay and 
Thomas; 2019) and different ideation methods based on physical cards (Peters, Loke and 
Ahmadpour, 2020); Hybrid methods are somehow combinate approaches from the 
previous methods, including Synectics (Gordon, 1961). 
There is a lack of agreement in scholarly works regarding the classification of systematic 
and unsystematic methods. Although some scholars label intuitive methods as 
unsystematic (Barak, 2004), others recognize specific intuitive techniques as systematic 
(Kim, McKay, and Thomas, 2019; Geum and Yongtae Park, 2016).We consider intuitive 
methods as unsystematic or informal, and logical methods as systematic or formal. The 
reason for classifying the intuitive ideation methods as unsystematic is that they mostly 
aimed to support divergent (stimuli, working and long-term memory, etc.) and convergent 
(comprehension, decision) thinking, assist to increase a designer's motivation and 
improve creative process (Barak, 2004; Wang and Nickerson, 2017) rather than somehow 
systematically (formally or directionally) advance a designer towards a possible inventive 
solution. Unsystematic Ideation methods also aimed to identify and organize information 
and knowledge, to stimulate one's cognitive capabilities, to increase associative and 
analogical thinking (Wang, 2019). 
2.2.2 Formal Inventive Conceptual Design tools 
As already mentioned in the previous chapter, formal or systematic inventive tools have 
two sub-classes: analytical and history-based (Shah, 1998). In the realm of design, two 
primary methodologies prevail: analytical and history-based. Analytical techniques rely 
on a systematic approach that guides the designer towards a resolution using logical 
reasoning or established design principles. Conversely, history-based methods involve 
the designer referencing a repository of previous solutions or successful design principles 
to develop their own individualized solution. (Shah, 1998) 
The analytical methods are essentially enriched with another three subclasses according 
to the research of (Mohan, Chen, and Shah, 2011): Factorization (morphing the amount 
of dimensions of parameters) with an example of Morphological Analysis (Zwicky, 
1969), Idea morphing (morphing the parameter values) with an example of Taguchi 
method of statistical analysis of parameters (Karna and Sahai, 2012) and generalized 
principles with an example of different combinations of design principle s(when the 
choice is made from some recommended set of design principles or physical effects). 
  
37 
The purpose of analytical methods is to cultivate innovative solutions through a 
comprehensive examination of a system's parameters and their interrelationships with 
other systems. This process entails scrutinizing system dimensions, parameter ranges, 
causal chains, both desirable and undesirable attributes, and utility and loss functions. In 
general, these methods are aimed at analysis of a system. Thus, in Axiomatic Design (AD) 
developed by Suh (1990; 1998), two structural axioms are formulated; the system should 
maintain the independence of functional requirements, and each independent element of 
a system should be as easy as possible. Those axioms are of a heuristic nature, and 
Axiomatic Design does not provide certain tricks, however, the design pattern follows the 
designer towards more robust and elegant conceptual design. Morphological analysis and 
Taguchi method are good examples of other approaches that are aimed at system analysis. 
Thus, Morphological Analysis leads the designer through possible solution concepts 
generated as a result of system parameters different combinations and Taguchi method is 
used for statistical analysis of system parameters in order to identify the stable (robust) 
state of the system. 
History-based logical methods are aimed to support the designer's performance based on 
the previous experience. Thus, the idea of Case-based Reasoning (CBR) is in adapting 
old solutions and experience to meet some new demands. Obviously, designers use their 
experience by default, due to natural cognitive abilities, but in CBR it is simply proposed 
to do this in a more formal way, from the process of retrieving relevant cases to the 
process of reusing experience. So, in the case of companies, CBR is usually used to keep 
the experience of the entire firm in a uniform form so that engineers can reuse it later. 
CBR is also widely used in Computer Science because it describes the natural course of 
learning for a model due to the versatility of its method. And to the versatility, CBR is 
often used in collaboration with other methods (Chechurin and Borgianni, 2019). Another 
good example of history-based ideation methods is mimicry or biomimetics (Vincent and 
Cavallucci, 2018). The idea of a method is based on adopting the design solutions from 
mother nature in engineering design, since there are many heuristic non-trivial structures 
and inventive decisions hidden in nature. 
Some researchers assign TRIZ to analytical methods (Shah, Smith and Vargas-
Hernandez, 2003) and some researchers assign TRIZ to history-based (Kim, 2020). This 
originates from the fact that TRIZ is of diversified nature and provides as powerful tools 
for analysis and reasoning, as databases of effects and inventive principles, as one of the 
first structured physical effects database was compiled by Altshuller and was based on 
physical cards. This is why we would assign it to the hybrid sub-class and review it 
differently in the following chapter. 
2.2.3 TRIZ as a formal tool to support inventive design 
TRIZ, one of the most influential conceptual design tools for engineering in the XX 
century, was preliminary derived by Genrich Altshuller and further developed by his 
colleagues and the community (Altshuller, 1999). The word "TRIZ" stands for the 
Russian acronym "The Theory of the Inventive Problem Solving." the theory consists of 
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different conceptual tools to support a designer in a problem solving process based on the 
heuristic patterns derived from patents and the physical effects knowledgebase. Due to its 
diversified nature, some parts of TRIZ may be related to the history-based logical 
systematic design methods (Kim, 2020), as Technical Engineering System Evolution, 
Effects database, Inventive Principles, and to the set of analytical design methods (Shah, 
Smith and Vargas-Hernandez, 2003), as Ideal Final Result (IFR), Function Modelling, 
Nine screen, Contradictions and ARIZ; Contradiction Matrix can refer to both subclasses. 
Despite the fact that TRIZ is still developing in the community and is overgrown with 
new tools that gradually replace the old ones, there are many authors who point out the 
limitations of TRIZ. (Chechurin and Borgianni, 2016; Graner and MißlerBeh, 2012). 
Research conducted by Mishra in 2013 identified the primary limitations of IFR, a tool 
of TRIZ. The critique primarily focuses on the unsystematic and controversial nature of 
IFR. In 2012, Rese and Baier's research presented several unsuccessful experiences of 
using TRIZ in innovative networks. Research conducted by Mishra in 2013 identified the 
primary limitations of IFR, a tool of TRIZ. The critique primarily focuses on the 
unsystematic and controversial nature of IFR. In 2012, Rese and Baier's research 
presented several unsuccessful experiences of using TRIZ in innovative networks. Some 
researchers point out that to be genuinely applied by designers TRIZ requires a high level 
of mastering (Howard, Culley and Dekoninck, 2011). Cavallucci and Rousselot point out 
the weakness for management of complex problems with classical TRIZ that leads to 
unsystematized utilization of TRIZ tools by the experts (2010). 
Other limitations of TRIZ  relate to its economically, scientifically and mathematically 
limited properties. Thus, Chechurin and Collan state that despite the 'inventive" nature of 
TRIZ, the laws of ideality in TRIZ are not that ideal in the real world (Chechurin and 
Collan, 2020). Thus, design concepts that are considered ideal (those which are in a 
maximum degree dynamic and adjustable) may be simply economically inconsistent or 
of a lower interest in the real world. The analogy is built based on so-called real options 
(Trigeorgis, 1995) from economics. The same idea, a lack of business and economy 
orientation of TRIZ, is presented in (Ilevbare et al., 2011; Abramov and Sobolev, 2019). 
The main weakness of TRIZ may be formulated in the context of anticipation from the 
tool; despite the major practitioner popularity, independently, TRIZ may not be suitable 
for resolving intricate problems pertaining to systems, nor can it offer a structured 
methodology to address contradictions in complex systems. The reason being, TRIZ 
necessitates that the designer identifies the central contradiction in the system, which may 
be unfeasible in highly intricate systems containing multiple interconnected components 
that require consideration as a whole. Especially if the design is already well-optimized 
and balanced. This weakness, was approached with Functional Modelling appeared in the 
late TRIZ developments (Chechurin, 2016) to consider the whole system, however, the 
main outcomes were the ability to use trimming as an instrument and gain additional 
convenience to use Su-Field analysis and sub-system and super-system interconnections. 
From another weakness towards complex system related to the lack of quantitative or 
functional (mathematically) qualities of TRIZ (Chechurin and Collan, 2020). Fields like 
control theory, mechanics, and complex systems theory commonly deal with quantitative 
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and dynamic functional relationships, which are crucial in engineering. However, TRIZ 
restricts its applicability by not giving enough attention to these areas. In study of 
Chechurin it is clearly seen that TRIZ lacks the scientific openness and community 
support (2016), thus, only 1200 Scopus-cited publications related to TRIZ are discovered 
and less than 2% of them are in the journals with an impact-factor higher than 1.0. 
Another common concern regarding TRIZ is the too general nature of the theory and lack 
of Industry specific tools (Ilevbare, Probert and Phaal, 2013; Renev and Chechurin, 2016 
In the latter part of the 20th century, ARIZ tools were introduced to systematize the 
implementation of TRIZ techniques. Nonetheless, this advancement rendered TRIZ (in 
the guise of ARIZ) overly inflexible and narrow, resulting in a decline in ARIZ's appeal. 
Consequently, there was a shift towards more comprehensive heuristic methodologies of 
heightened intricacy. 
Similarly, due to the fundamental character of TRIZ, the theory is acknowledged not only 
in engineering design, but also in the adjacent fields such as eco-design (Buzuku and 
Shnai), business and management (Brad S. and Brad E., 2015; Souchkov, 2019), finance 
and marketing, education (Shnai, 2020), software development, digital product 
development (Kaliteevskii,  Bryksin and Chechurin, 2021). The most popular tools of 
TRIZ in such fields are IFR for formulating the requirements for ideal systems and 
contradictions with cooperation with inventive principles. 
Due to its rather generic origin, TRIZ is often used in collaboration with other creativity 
tools such as Case-based Reasoning, Axiomatic Design and tools for Innovation support 
such as QFD, Kano Model and others (Chechurin and Borgianni, 2016). Despite the large 
number of both opponents and supporters of TRIZ, its methodologies demonstrate their 
effectiveness in practice. Its concepts are also well suited for automation and integration 
with digital add-ons, which we will discuss separately in the next chapter. 
2.2.4 Machine-aided, data-driven and automatic approaches towards ideation 
Ideation and Conceptual Design methods have been massively digitized during the last 
decades (Brad, 2008; Wang and Nickerson, 2017) and also significantly advanced the so-
called methods of computer-aided innovation (Cascini, 2008). Designers can enhance 
their analytical, ideation, and problem-solving abilities through the use of digital tools. 
By automating tedious tasks and providing conceptual support, these tools simplify the 
exploration of technology during the early stages of conceptual design. Additionally, they 
promote innovative design thinking and streamline teamwork by incorporating inventive 
principles and patterns. Furthermore, digital tools offer designers access to valuable data 
and knowledge, seamlessly integrate with professional software such as CAD/CAM 
systems, and enable efficient data representation, mapping, and visualization. 
The main interest within the context of the dissertation represents the methods based on 
the formal and systematic approaches to Ideation. Therefore, several tools are developed 
that work based on such tools as TRIZ and CBR, which are among the most popular 
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(Chechurin and Borgianni, 2016). Th here are several studies representing the semantic 
approach utilised towards TRIZ ideology. 
The semantic approach based on neural network analysis and natural language processing 
techniques is presented in the work of (Ni, Samet and Cavallucci, 2021). Authors 
presented a tool that aimed to automatically identify the semantic distance between the 
sentences that represents different invention patent applications. The purpose of this tool 
is to extract ideas from patents in related scientific fields that are semantically similar. 
The authors achieved this by utilizing a causal identification algorithm that relies on 
supervised learning from the SNLI database, as referenced in Ni, Samet and Cavallucci's 
2021 publication and Bowman et al.'s 2015 work. Similar research is aimed to find the 
semantic distance between the inventions of the company that has to support history-
based conceptual design is presented in (Yan et al., 2014) and based on the combination 
of TRIZ and CBR study is presented in (Zhang et al., 2018). The more complete systems 
based on the several TRIZ philosophies including the database and the formalization of 
the stored ontology of inventive principles, standards and physical effects is implemented 
in IngeniousTRIZ software presented by its authors in (Yan et al., 2015; Zanni-Merk, 
Cavallucci and Rousselot, 2009 Yan et al. (2018) conducted a study that emphasizes the 
significance of recognizing the semantic difference between TRIZ principles and 
standards in assisting novice designers to navigate them. To facilitate this process, Cascini 
and Rissone (2004) have developed a knowledge management system for plastic design 
that draws on TRIZ philosophy and the semantic distances outlined by Yan et al. The idea 
of applying the whole NLP toolset in order to find semantic distances for biomimicry is 
presented in (Vincent et al., 2006; Vincent and Cavallucci, 2018). Authors find 
conceptually similar designs made by humans and by nature delivering the similar 
function or solving similar contradictions. 
The studies aimed to identify the system contradiction, one of the central conception of 
general problem solving and TRIZ in particular are presented in (Becattini et al., 2012; 
Borgianni, 2013; Cascini and Russo, 2007; Rousselot et al., 2012). There are two types 
of computer-aided intelligent (CAI) software available to designers that facilitate 
seamless collaboration with machines, even if they lack specific knowledge in TRIZ. This 
software operates through a dialogue-based interface that allows for natural language 
questioning of the system operator. By utilizing preconfigured questions, the system 
builds a logical framework, identifies contradictions that require resolution, and provides 
practical recommendations based on TRIZ philosophy. This process enhances the design 
by promoting a deeper comprehension of the system's elements and their interactions. 
(Borgianni, 2013) 
The system that identifies the technology evolutionary trends that is based on TRIZ but 
implements a more advanced approach is presented in (Cascini et al., 2009). The system 
is set to perform the functional analysis in order to build a tree of evolutionary trending 
for a specific technical system. 
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The research for identification of causal chains and main ideas of the inventions hidden 
in patent data is described in studies of (Nikulin et al., 2013; Kang, Souili and Cavallucci, 
2018). The idea of the former is to structure the problem context in a systematic way via 
Root Cause Analysis and to provide partial solutions and the potentially relevant effects 
to the designer (Nikulin, et al., 2013). The idea of the last is in strengthening the existing 
PatExtractor software with the functionality of patent text simplification with main ideas 
kept in order to extract problems, partial solutions, action parameters and evaluation 
parameters, representing the main ontology of Inventive Design Methods (IDM) (Kang, 
Souili and Cavallucci, 2018). 
The system that is functioning based on patent data and aimed to support designers with 
identification of similar inventive concepts but from different fields is presented in (Luo, 
Sarica and Wood, 2021). The algorithm uses neural networks and a semantic approach to 
identify and help designers to find conceptual references within the new & far fields 
stimuli. 
It may be noticed that the majority of methods utilizes patents as a source of patterns, 
inventive principles, design guides and suggestions. The main parametrization from the 
point of feature extraction based on patents are present in the following chapter. 
2.3 Approaches to extract data for machine-aided ideation 
The following and the last chapters of Literature Background are aimed for identification 
and understanding of the patent analysis from the point of their application and based on 
the algorithms that are behind. Thus, the main directions in the patent analysis research 
are presented in the first sub-chapter, and the main patent parametrization and processing 
algorithm are presented in the second and the third sub-chapters, correspondingly. 
2.3.1 What can be learnt from patents and scientific publications? 
Patent Analysis is one of the fundamental processes in fostering and understanding 
Innovation (Ranaei, 2018). The Innovation managers use Patent Analysis to identify 
related work, analyze and forecast future technological trends, to analyze patentability 
and determine patent quality, to identify patent infringement, to check whether there is a 
freedom to operate, to find the invalidity of a patent and to conduct a technology survey 
(Abbas, Zhang, L. and Khan, S.U., 2014); The inventors and engineers use Patent 
Analysis to conduct Prior Art search and to support the heuristic stage of technology (Luo, 
Sarica and Wood, 2021); The data scientists use Patent Analysis to develop and prosper 
Big Data analysis techniques and machine learning algorithms. 
According to Oldham and Kitsara (2021), patent applications are structured documents 
that contain various parameters, making them ideal for automated analysis and data 
retrieval. There are different methods for analyzing patents, including keyword analysis 
for query management and classification, semantic analysis based on the content of the 
document (such as the title, abstract, and full text), metadata analysis (such as 
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classification, forward and backward citations, authors, and geography), and pattern 
recognition to extract information from application images (Shalaby and Zadrozny, 2019; 
Oldham and Kitsara, 2021).There are several main scenarios for what patent data is used 
for. Several studies identified the importance of Patent Analysis for identification of a 
new emerging technology (Ranaei, 2018). Thus, in the research presented on the example 
of photovoltaic cells, the emerging technology identification algorithm is presented 
(Yoon and Kim, 2012). Similar research on technology identification is presented in 
(Gerken and Moehrle, 2012). There were not many studies on emerging technology in 
the last decades of the last century, when the algorithm were based mostly on patent 
classification and classification graph analysis but the main attention the field received 
with the advance of semantic analysis algorithms for technology identification after 2010s 
(Yoon and Kim, 2012; Gerken and Moehrle, 2012; Wang and Cheung, C.F., 2011). 
Another semantic analysis approach aimed at evaluating the risk of patent infringement 
was conducted and presented in (Bergmann et al., 2008). The approach is based on 
visualizing the similarities and dissimilarities between relevant patent documents. The 
specificity of the research is that it was conducted for the specific field of biotechnology 
with a domain-specific expertise. More advanced approach based on the identification of 
Subject-Action-Object (SAO) was presented later in the work of (Park and Yoon, 2014). 
The main ideas of the studies for this application is the semantic and structural analysis 
of claims section to identify possible intersections and identify circumventions. 
The set of methods to analyze the prior art during the patent search stage include statistical 
and semantic analysis of patents data and comprehensive infographics visualization and 
interaction tools (Streitz et al., 1999; Kim, Suh and Park, 2008; Ranaei et al., 2016). 
Korobkin et al. (2017) have developed an algorithm that employs semantic trees to 
streamline prior art searches for both examiners and inventors. This versatile approach 
can be applied to other related domains, including the identification of emerging 
technologies. Visualization-based techniques, as highlighted by Kim, Suh, and Park 
(2008), are especially helpful in this respect. Patent Landscaping Reports produced in 
automatic or semi-automatic ways are also possible as mentioned in present studies 
(Ranaei, 2018). 
The interesting application for patent analysis was presented in the research of (Park et 
al., 2015) where authors present the idea of possible collaboration networking suggestions 
based on the identification of technological similarity and similar IP produced by different 
Academy, Industry and Governmental institutions for further technological collaboration. 
The algorithm includes analysis of citations, bibliographic data and the semantics of 
patents. 
The similar semantic approaches are also used for technology forecasting as presented in 
several studies (Ranaei, 2018) and for alternative patent classification construction (Kim 
and Choi, 2007). The latest is related to the fact that established classifications as IPC 
(International Patent Classification) and CPC (Cooperative Patent Classifications) have 
its objections as the lack of reclassification after new classifiers update and not always 
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unambiguously interpreted assignment of an invention class, what leads to long 
classification distance of conceptually similar inventions (Grawe Martins and Bonfante, 
2017; Ranaei, 2018). 
Scientific publication and Non-Patent Literature (NPL) analysis is also a field with a wide 
range of task. The main applications are in the field of analysis for Science, Technology 
and Innovation. There are several studies presenting the common approach for the 
analysis of patents and NPL data (Ranaei et al., 2016). The main limitations of automatic 
data extraction from NPL are the proprietary nature of most NPL sources, which does not 
always allow the formation of a holistic picture, despite the larger number of open 
scientific publications and NPLs than a patents in absolute numbers, as well as the lack 
of a unified structure for scientific publications. 
2.3.2 What are the main parameterizations that are used for analyse text data? 
Patents as a source for analysis are of particular interest for scientific community for two 
main reasons: first, patents are the main world Intellectual Property (IP) bank, and second, 
to deliver the function of the world's IP formal management, all patents follow a strict 
form of the structure, thus, making it very convenient for automatic analysis. As a result, 
patent data is both very insightful and at the same time suitable for automatic analysis. 
Despite many different applications of Patent Analysis described in the previous chapter, 
there is a limited number of features (i.e. parameters) that are extracted from patents. 
Generally, the main approaches are based: on the semantic analysis of TAK (title, 
abstract, keywords); on the analysis of patents full test and imaginary (description, claims, 
images, images-descriptions, main text); on the analysis of meta-information (authors, 
forward citations, backward citations, geography, institutions, bibliography, application 
timeline). 
In the realm of patent analysis, semantic analysis is employed for both full texts and 
TAKs. However, it is crucial to acknowledge the computational and conceptual 
disparities between the two. When processing massive amounts of data from vast patent 
databases, encompassing millions of patents, cutting-edge computational resources are 
essential for statistical algorithms to generate a comprehensive overview. Second, why 
only TAKs are usually used is related to the fact that statistical and semantic methods are 
better working on the concentrated conceptual information that is generally fortunately 
contained either in title, abstract or keywords. For this purpose, even without any 
computational limitations there is a practice to simplify the full text of a patent or extract 
only main ideas before starting the statistical analysis (Kang, Souili and Cavallucci, 
2018). Another trade-off between TAKs and full text analysis is the analysis of only the 
claims part of the patent, since it is usually limited in size (i.e. bytes), and at the same 
time keeps the most valuable patent protected information (also utilised for functional 
relationships identification) (Korobkin et al., 2017). 
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Main semantic features that are extracted from patent title, abstract and keywords are the 
relevant technological terms that may consist of single words, n-Grams or collocations. 
These are usually used to identify the technological scope of the patent, either to extract 
an application or main function of patent (Ranaei, 2018) either to extract materials and 
chemical compounds in patents (Sano and Fujiwara, 1993) or to identify the uniqueness 
of identified relevant terms. Row words are rarely stored in the database, rather the 
preprocessing is usually made to improve the quality of further statistical analysis. Thus, 
the first stage that is usually made is a tokenization (sometimes preceded by stopwords 
removal), i.e., extraction words as terms for the further analysis. The following is 
stemming or/and lemmatization, both are used for unifying and standardizing the way 
words are stored. Stemming is an NLP algorithm that deletes the ending of a word such 
as -ing, -ed, -ble etc. to keep the term rooting only. The lemmatization is another NLP 
algorithm that is used for extraction of the actual words dictionary form, usually also 
called word's lemma or lexema. These lemmatized words are the main source of 
parametrization of semantic algorithms used in many different studies for further 
processing. 
One facet of semantic processing pertains to scrutinizing the structural attributes of patent 
texts. Specifically, this involves scrutinizing either the TAKs or the full text (including 
solely the claims) of patents. The objective of such analysis is to detect the correlations 
between words within a sentence or among various sentences. For such an idea the 
following approaches are used: the extraction of causal chains (Nikulin, 2013), the 
extraction of Subject-Action-Object relations in sentences (Cascini, Fantechi and 
Spinicci, 2004), extraction of functional properties from the text and extracting of the 
main patent ideas (Kang, Souili and Cavallucci, 2018). All the mentioned features are 
usually stored in lemmatized form as strings or term arrays parameters. 
When examining patents in their entirety, supplementary techniques are employed 
alongside the standard TAKs analysis. A significant benefit of analyzing the complete 
text is the capacity to vectorize not only terms and sentences, but also paragraphs, yielding 
more comprehensive and enlightening information. This facilitates a more accurate 
detection of commonalities between patents. In addition, performing a thorough 
examination of the entire patent text allows for the categorization of each claim as a 
discrete element. This facilitates comparisons between patents based on specific claim 
statements. Furthermore, the original images included in the complete text can be 
extracted and preserved in .tiff format or as a textual description. As mentioned earlier, 
in some studies that analyzes the full text of patent, the simplification of full text is made 
in order to obtain the machine-generated structurally unified abstract derived 
automatically on formal rules before the parametrization (Kang, Souili and Cavallucci, 
2018). 
When analyzing patents, the meta information is often not processed using semantic and 
syntactic algorithms. However, there are still challenges to be addressed in this area. The 
primary concerns relate to the standardization of the stored meta data and its parameters 
for subsequent analysis. Consequently, there may be uncertainties regarding the naming 
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conventions used by different companies (such as Procter&Gamble, P&G, Procter & 
Gamble LTD, etc.), ambiguities of authors and inventors names (P.Jones, Peter Jones, 
Jones P.P., etc.) and their correspondence (are two P. Jones is the same person?), 
ambiguities of links and citations made on different standards (such as MLA, APA, etc) 
and other analogous ambiguity challenges in terms and names. The main algorithm that 
is used at the preprocessing stage for further parameterization in such cases is the 
probabilistic approach for restoring the original or single (i.e., unified) value based on 
context and other metadata. For example, if two P. Jones are from the same institution 
then, probably, both may be assigned with a single affiliation identity. Another approach 
is the help of different dictionaries that helps to unify the data. For the Procter&Gamble 
type of challenge, in case we have a dictionary of all possible company names we can 
also assign them with a single id. 
The following chapter describes the main approaches and algorithms that are used for the 
further analysis based on specified parametrization and vectorization methods. 
2.3.3 What are the algorithms that applied for these parameterization analysis? 
There are many studies on how to analyze patent data made in the fields of Innovation 
management and in the field of Data Science. The increased interest of data scientists in 
the issue of Patent Analysis not only allows approbation of ready-proven algorithms for 
text and graphs analysis, but also coming up with novel algorithms and approaches 
developed specifically for analyzing patent applications data. 
The automation regarding patent analysis started during the last several decades of the 
XX century. In one of the first studies on automatic patent analysis it was suggested to 
extract predefined terms from the text summary via parsing a text with a dictionary 
implying it might be an abstract of a patent (Nishida,  Kishimoto, and Takamatsu, 1979). 
The continuation of the research provided one of the first constitutional studies relying 
on Natural Language Processing and was performed in the early 80s (Nishida and 
Takamatsu, 1982). This study introduces a method to process patent claims. It parses 
formal language structures and extracts terms using predefined sentence templates based 
on semantic rules. The algorithm included identification of structural patent elements as 
composition, function, quality (qualitative measure of words relationships) based on 
predefined classification and derived with the help of Hornby’s verb patterns (Hornby, 
1954). The described method has the opportunity to identify ambiguities of the structure 
of a sentence and is allowed to resolve those by the program operator in a semi-automatic 
way. The approach also included the normalization of subjects interacting and the 
relational database architecture to store the extracted data. Interestingly, that for each 
patent-claim text analysis algorithm implemented with the help of LISP required roughly 
50 seconds. The following algorithm of automatic sentence structure disambiguation 
resolution was presented in (Inagaki et al., 1990). 
In the years leading up to 2000, automated patent analysis algorithms were becoming 
more adept at comprehending sentence meaning and identifying connections between 
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formal grammar and terms (Sano and Fujiwara, 1993). This led to a growing interest in 
applying semantic linguistics and natural language processing techniques to patent 
analysis (Watts et al., 1997). Subsequently, numerous studies were conducted on the 
automatic extraction of chemical compounds from patents (Postma et al., 1990; 
Chowdhury and Lynch, 1991; 1992; Kemp and Lynch, 1998), as their formal structural 
grammar lends itself to straightforward processing. 
During the first decade of 2000s the patent analysis algorithms based on the pre-
configured dictionaries, associations rules and decision-trees have been replaced by the 
first algorithm based on the advanced semantics. Thus, in the research presented in 
(Cascini, Fantechi and Spinicci, 2004) the approach based on the analysis and extraction 
of Subject-Action-Object was presented. Problem-solution extraction approach was 
presented in (Hui and Yu, 2005).  There was also the first exploitation of neural networks 
for the alternative patent classification construction (Trappey,  Lin and Wang, 2005). 
After the 2010s the Patent Analysis related research was saturated with the methods based 
on SAO extraction (Park, Ree and Kim, 2013; Park et al., 2013; Choi et al., 2012; Park, 
Yoon and Kim, 2012). Patent claims analysis based on the semantic tree matching 
algorithms and hierarchical keywords vectors appeared in (Lee Song, and Park, 2013). 
Naïve Bayesian Algorithm for patent applications text similarity problem was presented 
in (Wang and Cheung, 2011). The neural networks approaches based on Kohonen 
network and back-propagation algorithms for prior art search were also presented (Yu 
and Lo, 2009; Trappey et al., 2013; Segev and Kantola, 2012). The methods for semantic 
clusterization of patent abstract data based on LDA have also become popular in the 
scientific community (Du et al., 2012). 
In the current 2020s, the neural network approaches became predominant within the 
much-increased interest to the automatic Patent Analysis. Unsupervised Natural 
Language Processing neural network algorithms based on word embeddings such as 
Word2Vec allowed data scientists to get the semantic space of all the terms presented 
within patent literature and exploit it for almost all patent analysis applications. The 
further generations of word embeddings such as BERT are already exploited for feature 
extraction and analysis of patents (Devlin et al., 2018). For the semantic extraction from 
texts LSTM neural networks demonstrate one of the highest efficiency (Chen et al., 2020). 
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3 Research Methodology 
3.1 Research Philosophy 
This chapter presents the main research prerequisites, research philosophy and 
methodology. The research philosophy is uncovered through the presented by Saunders 
research onion as an instrument (2009). The main uncovered things are: how the research 
is held, what are the prerequisites  and what is the philosophy that is behind; what is the 
methodology used in the dissertation; how the research is designed; and what are the data 
sources and the algorithms for data processing selected. 
This study is comprised of two distinct segments, each utilizing unique methodologies. 
Its primary objective was to create conceptual design techniques for products and 
technologies rooted in nanoelements (Pozina et al., 2018). As the research progressed, 
novel tools were established to facilitate the heuristic phase of nanotechnologies, which 
subsequently unearthed valuable findings with potential implications for wider domains. 
In summary, the two components of this study can be characterized as such. This study 
involves two distinct segments. In the first segment, deduction is employed to investigate 
the formal creative techniques utilized in a variety of scientific and technological 
disciplines. The second segment, on the other hand, utilizes an inductive approach to 
scrutinize systems that can facilitate the Conceptual Design phase of novel technologies 
by automatically processing patents and scientific publications. Both portions follow a 
pragmatic approach to tackle the research dilemma, recognizing that there is no definitive 
answer, but rather aim for a comprehensive grasp of the issue through the research 
methodology. The deductive part of the research is focused on the analysis of inventive 
design tools for Academia and Industry. This part of the research is focused on the 
applicability of systematic methods to design and invent with the projection on TRIZ 
theory and different fields of science as object of the research. The analysis was conducted 
following the post-positivist manner and exploited prevailingly qualitative methods. 
Thus, for the time-horizons longitudinal and cross-sectional data was used. The 
longitudinal was the data of how physicists apply TRIZ for nature science. This research 
was conducted over 4 years during the INDEED project and depicted in the Publication 
III. Other studies, described in Publication I and Publication II were conducted with 
cross-sectional data, and built on the case studies. 
The second and most critical aspect of the research involves a deductive approach. Our 
aim is to create a system that conceptualizes inventions discovered in patent data. To 
accomplish this, we conduct a formal analysis of knowledge from scientific publications 
and patent applications, using a post-positivistic scientific approach. While the author 
provides interpretation of intermediate results and guides data collection and algorithm 
development, all data sources and algorithms remain entirely objective. For this part of 
the study, we employ a cross-sectional method for data collection, with real-time analysis 
performed on data downloaded from databases (Publications IV, V). We rely exclusively 
on quantitative analysis in this section, as statistical and mathematical modeling is carried 
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out without any personal interpretation. All insights, hypotheses, and decisions made at 
this stage are based solely on data. 
3.2 Research Approach 
The object of the research which is systematic Conceptual Design is from one side a very 
heuristic field which lies closely to the non-epistemic values and the notion of Creativity 
(Poincaré, 1910; Perelman 1961; Polya, 1962; Feynman; 1985) and from another side it 
have been studied and researched intensively during last decades. The heuristic part of 
the Conceptual Design process was addressed from many different points of view starting 
from neurophysiological and social to formal mathematical approaches. In the era of 
digitalisation, the amount of the relevant data that might be the subject for the research to 
study heuristics has been intensively fulfilled. This is why the spiral research 
methodology was used with exploitation of both qualitative and quantitative methods. 
The Research was initiated as Conceptual design supporting tools development for the 
nanowire’s technology and product design. During the circles of the spiral methodology 
it transformed to the more common framework that might be used for different areas of 
engineering as it was achieved during the research that the essence of the non-trivial 
Conceptual Design lies in interfield areas of engineering and science.  
Various methodologies have been utilized in order to test hypotheses and analyze 
feedback from focus groups, as well as to conduct theoretical analysis of case studies 
related to heuristic design development. Preprocessing and processing of textual data 
have been carried out through quantitative approaches in order to build semantic models. 
With a focus on processing textual documents such as patents and scientific publications, 
inventive data-driven models have been successfully extracted, thereby substantiating the 
hypothesis that such literature can serve as a valuable source of information. 
3.3 Overview of data sources and methods utilised in publications 
3.3.1 Data Sources 
For the qualitative analysis of the relevant literature reviews, case study analysis and 
patents different electronic libraries have been utilised, such as Web of Science, Derwent 
Innovation Index, Scopus, Google Scholar and LUTPub. These sources have been used 
for the literature on automation and control design and patents related to automation 
technologies in Publication I and TRIZ related literature for the digital product design 
and development in Publication II. The literature on systematic and formal Conceptual 
Design tools as well as digital Conceptual Design algorithms have been studied for the 
Publication IV and Publication V. The algorithms of data mining and neural networks 
approaches have been observed in Publication VI. All the literature and patents sources 
have been utilised for the literature review part of the present thesis. For the Publication 
III the main data source were the survey results gathered from participants in INDEED 
consortium utilising the Google Forms tool. The survey collected information on 
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participants' background, research scope, attitudes towards heuristic methods, and 
experiences with TRIZ. The survey responses are utilised as the primary data source for 
the Publication III, providing insights and limitations of the effectiveness of heuristic 
methods, particularly TRIZ, for problems in classical physics and narrow engineering 
problems. 
Throughout the research process, a range of quantitative data sources were utilized, 
including Google Patents, Espacenet, USPTO Web Patent Database, Patentscope by 
WIPO, Lens.org, and Derwent World Patents Index. These sources provided ample data 
to analyze abstracts and conduct TAK analysis of patents and non-patent literature. 
However, to analyze full texts of freely available patents and accessible scientific 
publications, a custom program was developed to gather data from free sources. The data 
sources used in Publication IV and Publication V were the United States Patent and 
Trademark Office (USPTO) and the CORE UK Articles Collection. A grand total of 
3,514,730 patents were downloaded and processed from the USPTO database in XML 
format, and 4,875,744 scientific publications were downloaded and processed from the 
CORE UK database in JSON format. For the Publication VI the main data source was the 
manually created sample from the words extracted from the patents for the learning and 
testing of the neural networks’ algorithms. 
3.3.2 Quantitative approaches 
The quantitative approach in Publication III includes the analysis of survey responses. 
The survey included multiple-choice and Likert scale questions, allowing for quantitative 
analysis of participants' attitudes and experiences. The publication presents the survey 
results in the form of percentages and frequencies to provide a quantitative understanding 
of participants' perspectives on heuristic methods and TRIZ. 
The quantitative approaches in the Publication IV and Publication V include data 
extraction, preprocessing, concept extraction, and semantic analysis. We have curated a 
vast collection of patents and scientific publications from reliable sources such as USPTO 
and CORE UK. After carefully extracting and processing the text, we eliminated any 
irrelevant or semantically meaningless parts. Our approach involved removing 
stopwords, implementing stemming and lemmatization, and filtering out non-English 
documents. By utilizing Doc2Vec algorithm, TF-IDF metrics, and LDA algorithm, we 
were able to extract semantic concepts from the documents and create a semantic space 
of documents. We also calculated keyword relevancy to topics and identified clusters of 
semantically similar documents. Our analysis involved studying trends in scientific 
publications and patents related to specific search queries through relevancy coefficients 
of documents to topics and publications to plot trends over time. 
In the Publication VI several quantitative approaches are utilised. The first most valuable 
concept in the context of the research that is used is word embeddings, which are 
numerical representations of a word's meaning, to capture the semantic relations between 
words. Several metrics such as Mahalanobis distance, point-to-set distance are employed 
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to measure the closeness of different semantic representations of words. These metrics 
are used to classify words into relevant thematic and non-thematic categories. 
Additionally, the Publication VI evaluates the performance of different classification 
algorithms, including K-nearest neighbors, Decision Tree, Random Forest, Adaptive 
Boosting, Support Vector Machines, and neural networks, using metrics such as 
Precision, Recall, and F1 score to compare the statistical results. 
 
3.3.3 Qualitative approaches 
The qualitative approaches used in Publication I and Publication II include conceptual 
analysis and interpretation, heuristic reasoning, and the application of principles from the 
Theory of Inventive Problem Solving (TRIZ) and relevant systematic Conceptual Design 
tools as Case-Based reasoning and Axiomatic design and others. These approaches 
involve interpreting, analyzing and synthesizing information from the provided case 
studies and relevant literature to demonstrate how to generate new relevant and insightful 
ideas and engineering concepts. Conceptual analysis and heuristic reasoning are 
employed to explore and evaluate different design options based on practical knowledge 
and experience. The application of systematic tools such as TRIZ and its tools and 
principles provide a systematic and structured approach to problem-solving and new 
design concept generation. These qualitative approaches provide an understanding and 
interpretation of the relevant literature and Case Studies and paves the way for the further 
analysis of innovative and creative solutions achieved with the digital algorithms. 
The qualitative approaches in the Publication III include the analysis of open-ended 
survey responses. Participants were given the opportunity to provide comments and 
insights in their own words, allowing for qualitative analysis of their thoughts and 
experiences. The Publication III includes a valuable discussion part with the 
interpretations of the comments to support and illustrate the quantitative findings. The 
qualitative analysis reveals a deeper understanding of participants' perspectives and 
challenges related to heuristic methods in classical physics research and engineering 
problems. 
The qualitative approaches in Publication IV and Publication V include the interpretation 
and analysis of the extracted concepts. The concepts were evaluated for their 
meaningfulness and interpretability, and the top keywords representing each concept 
were examined. The relevance of the concepts to different fields, as well as the potential 
for identifying insightful ideas, were discussed. In Publication V, the database of physical 
effects and extracted properties such as mechanical, electrical, thermal, magnetic, optic, 
and mechanical properties were integrated to remove qualitative features to enhance the 
semantic model thus making it a hybrid of qualitative and quantitative approaches. The 
Publication VI utilises quantitative methods only since all the reasoning have been 
provided based on statistical representations only. However the sample selection dataset 
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for the learning of the neural network which is labeled manually may be considered as a 
qualitative part of the research within Publication VI. 
4 Summary of the publications 
This section summarizes the dissertation by means of introducing the value of each 
publication. Thus, the Publication I and Publication II describe the use of systematic 
Conceptual Design tools, such as TRIZ for the different development fields as 
engineering (automation) and digital product design field. The Publication III discusses 
the advantages and disadvantages of systematic ideation tools in practice and their 
limitations based on the experience of the INDEED consortium that collaborated in order 
to achieve the innovative nanowire devices design solutions. 
The Publication IV analyses the quantitative data driven methods and provides a possible 
technical implementation in order to extract data from the patent and scientific 
publications sources. The Publication V introduces a method of patent and scientific 
publications data assembly, semantic concepts extraction and introduces navigation tool 
within extracted concepts. The technical properties of the concepts extracted presented in 
the semiconductors case study. 
The Publication VI introduces the way of the technical terms semantic closeness analysis 
in order to reveal semantic relation within different technical concepts for the purpose or 
for building a data-driven systematic Conceptual Design framework. 
4.1 Publication I 
Publication summary 
Three Case Studies illustrate the application of TRIZ principles in automation design, 
specifically in hydraulic power steering system design, sway stabilization, and technology 
process control design. The Publication I explores the limitations of standard control 
design and suggests the usage of the TRIZ tools such as the Ideal Final Result and 
inventive principles as the toolkit of automation engineers. The limitations of such an 
approach is also provided. 
Objective 
The objective of the publication is to discuss the use of TRIZ methodology as a systematic 
formal Conceptual Design tool for the control design and automation on the several Case 
Studies.  
Research techniques 
  
52 
The research methods used in the paper are Case Study analysis and the application of 
TRIZ. The TRIZ theory used in the research paper is the concept of Ideal Final Result 
and inventive principles. 
Main findings 
The concept of ideality can be interpreted in terms of modifying the object to be controlled 
in such a way that control is not needed or becomes much simpler. The principle of Ideal 
Final Result and other tools, such as trimming and resources search procedures, can 
provide inventive ideas and enhance the toolkit of automation engineers. Standard model-
based control designs can be limited by their reliance on formalization and may overlook 
inventive ideas that are outside the "Sensor-Controller-Drive" model. 
4.2 Publication II 
Publication summary 
The Publication II discusses the application of TRIZ methodology in the design and 
management of digital products. It explores how TRIZ can support the heuristic stage of 
the modern product design and management processes. 
Objective 
The objective of Publication II is to demonstrate how TRIZ can be effectively used in the 
design and management of digital products, considering the unique characteristics and 
challenges of the digital era. 
Research techniques 
The research techniques used in the publication include literature review, Case Studies, 
and application of TRIZ methodology to digital product design and management. 
Main findings 
The main findings of the publication include that TRIZ might be the effective tool for 
product managers and designers in order to make guided and informed decisions in the 
design and development of digital products, leading to more efficient and successful 
outcomes. The application of TRIZ principles such as Ideal Final Result (IFR) and Vepol 
(relationship between objects) can enhance user experience, product strategy, and 
business model development. Publication II demonstrates that there is no conceptual 
difference between hardware engineering and software engineering as TRIZ might be 
also successfully applied in the software development sphere (digital product design and 
development). 
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4.3 Publication III 
Publication summary 
The usage of the heuristic methods and Conceptual Design tools are revised in the context 
of the INDEED project. The TRIZ was taught to PhD students at the beginning of the 
three years project and the survey on the help of such methods has been conducted with 
interpretation of the results. 
Objective 
The objective of the Publication III is to evaluate the effectiveness and applicability of 
heuristic methods and TRIZ, in addressing problems in classical physics within the 
context of the nanowires research project. It also aims to identify the engineering 
problems that can benefit from heuristic approaches in the field of physics and narrow 
engineering problems. 
Research techniques 
The research techniques employed in the publication include a survey conducted among 
INDEED project participants (PhD students). The survey gathered information on the 
participants' background, research scope, use of heuristic methods, and their opinions on 
the effectiveness of TRIZ in solving physics and engineering problems. 
Main findings 
The main findings of the publication indicate that while physicists recognize the 
importance of heuristic methods, they perceive them as less applicable in the modeling 
and experimental aspects of their research. The participants primarily rely on scientific 
literature rather than patents for references, and they value epistemic knowledge over 
heuristic approaches. However, the survey also reveals that physicists do use explicitly 
basic heuristics, such as the principle of symmetry and analogy, in their research. The 
publication suggests that for physicists, heuristic methods may be embedded within the 
complex physical and mathematical apparatus, rather than being explicitly formalized as 
a separate methodology. 
4.4 Publication IV 
Publication summary 
The publication discusses the application of systematic Conceptual Design tools to 
analyze patents and scientific publications. The methodology to extract semantic features 
from a large number of patent and scientific publications documents in order to extract 
semantic concepts is suggested. 
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Objective 
The objective of the Publication IV is to address the challenge of extracting and 
identifying different solutions from semantic patents and scientific publications data. The 
navigable environment of semantic concepts that can serve as an alternative ideation tool 
for engineers, scientists, and decision-makers have been projected. 
Research techniques 
The research techniques employed in the publication include data extraction and 
preprocessing, concept extraction using natural language processing techniques such as 
stemming and lemmatization, building a semantic space of documents using the Doc2Vec 
algorithm, clustering the semantic space using the K-means algorithm, and extracting 
relevant keywords using the Latent Dirichlet Allocation algorithm. 
Main findings 
The main findings of the publication include the processing of patents and scientific 
publications using machine learning and Natural Language Processing techniques. The 
meaningful and interpretable concepts were extracted from the documents, which can be 
used for trend analysis and ideation. The methodology allows for the identification of 
semantic correlations within and between different fields, providing insights from 
multiple perspectives. The concept of semantic "boxes" is also proposed i.e., models that 
can be used to suggest out-of-the-box ideas i.e. model-driven design concepts in real-
time. 
4.5 Publication V 
Publication summary 
The Publication V discusses the use of semantic models and natural language processing 
techniques to extract concepts from patents and scientific publications data. The semantic 
model that can support the heuristic stage of technology development and provide 
functionality for concept extraction is presented. The model is strengthened with the 
analysis of the physical and mechanical properties and the effectiveness of the model is 
demonstrated on the example of the semiconductors. 
Objective 
The objective of the Publication V is to explore the potential of using machine learning 
and artificial intelligence approaches to automate the invention process. The main 
hypothesis of the Publication V is that digital approaches could complement the 
intelligence of engineers and scientists, while it could not replace them. The semantic 
model presented in the Publication V serves as a preparatory step towards AI-driven 
inventions by providing a foundation for future approaches. 
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Research techniques 
The research techniques used in the publication include text mining, natural language 
processing, machine learning, and semantic analysis. The textual documents are 
preprocessed by validating their integrity and language, vectorizing the documents using 
the Doc2Vec algorithm, clustering the semantic space with K-Means algorithm, and 
applying LDA topic modeling to extract relevant semantic concepts. The database of 
physical effects and properties is integrated to enhance the model. 
Main findings 
The main findings of the Publication V include the extraction of semantic concepts from 
a large dataset of patents and scientific publications documents. The functionality of the 
semantic model by providing examples of identified concepts and their related terms, 
properties, and physical effects is demonstrated. The model allows for semantic 
navigation, concept comparison, and recommendation of relevant concepts. The potential 
of the model for patent-oriented search and concept evolution trend analysis is 
highlighted. 
4.6 Publication VI 
Publication summary 
The Publication VI introduces the analysis and interpretation of the word embeddings, 
which are numerical representations of word meanings in order for deeper understanding 
of the model of semantic concepts. It proposes a new approach for expanding the set of 
words related to a specific topic by defining the best metric of relevancy between a word 
and the set of words by analysing their numerical representations. 
Objective 
The objective of the publication is to address the challenge of extracting the genuine 
meaning of a word from its embedding, which remains a challenge for machines. The 
article aims to propose a new approach for expanding the set of words related to a specific 
topic and to evaluate its effectiveness in identifying relevant words. 
Research techniques 
The research techniques used in the publication include the analysis of word embeddings 
using neural networks, as well as the evaluation of various methods such as Latent 
Dirichlet Allocation, Latent Semantic Analysis, Explicit Semantic Analysis, Support 
Vector Machines, and Deep Learning. The article also utilizes pre-trained word 
embeddings and explores their advantages in capturing the meaning of words. 
Main findings 
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Different classification algorithms, such as K-Nearest Neighbors, Random Forest, 
Adaptive Boosting, Support Vector Machines, and Neural Networks, have been 
evaluated, and the custom Neural Network approach achieved the highest F1 score of 
0.956. The proposed approach of expanding the set of words related to a specific topic 
using word embeddings and defining the best metric of relevancy is effective in 
identifying relevant words which are highly valuable in order to  build semantic models 
of engineering concepts. 
Table 1: Summary of the publications 
Main objective & Research 
Questions 
Research method, 
theory and model 
Data collection and analysis 
Publication I. Heuristic Problems in Automation and Control Design: What Can Be 
Learnt from TRIZ? 
Objective. The objective is to 
discuss the use of TRIZ 
methodology and its tools as a 
systematic Conceptual Design 
approach for the engineering 
field on the automation case 
studies. 
 
RQ 1. What are the systematic 
Conceptual Design tools and 
their limitations? 
Research method 
Case study 
 
Theory and 
model 
TRIZ 
Data collection and analysis 
- 
Publication II. TRIZ application for digital product design and management. 
Objective. The objective is to 
demonstrate how TRIZ 
methodology can be applied to 
support the heuristic stage of 
modern digital product design 
and management processes. 
The paper aims to show how 
TRIZ can be used to address 
the challenges and 
requirements of digital product 
design, such as user 
experience, product 
Research method 
Literature Review 
Case Studies 
 
Theory and 
model 
TRIZ 
Product 
Development 
Data collection and analysis 
- 
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monetization, and go-to-
market strategies. 
 
RQ 1. What are the systematic 
Conceptual Design tools and 
their limitations? 
Publication III. Triz For Problems Of Classical Physics On The Experience Of The 
European Project Based On Nanowires Research.  
Objective. The objective is to 
explore the experience of 
using TRIZ in the context of a 
European project focused on 
nanowires research and to 
evaluate the effectiveness of 
heuristic methods, particularly 
TRIZ, for problems in 
engineering and classical 
physics. 
 
RQ 1. What are the systematic 
Conceptual Design tools and 
their limitations? 
Research method 
Survey 
 
Theory and 
model 
Qualitative 
analysis 
The survey consisted of 27 
questions and has been 
conducted within 12 PhD 
students of the INDEED 
consortium.  
Publication IV. Conceptual Semantic Analysis of Patents and Scientific Publications 
Based on TRIZ Tools. 
Objective. The objective is to 
explore the application of 
TRIZ tools in analyzing 
patents and scientific 
publications, to develop a 
methodology for extracting 
semantic features from large 
amounts of source documents, 
and to demonstrate the 
effectiveness of this 
methodology in processing of 
patents and scientific 
publications. 
 
RQ 2. How systematic 
Conceptual Design tools could 
Research method 
Descriptive 
Analysis 
Data-driven 
research 
 
Theory and 
model 
TRIZ 
Statistical 
methods: 
Doc2Vec, TF-IDF, 
LDA, word 
embeddings 
Data collection and analysis 
Cluster analysis (k-means), 
Concept extraction and topic 
modeling (Doc2Vec, TF-IDF, 
and LDA), data preprocessing. 
3 514 730 patents and 4 875 
744 scientific publications 
were downloaded and extracted 
from USPTO and UK CORE 
collection databases 
correspondingly. 
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be supported with quantitative 
data-driven approaches? 
RQ 2.1. What are the main 
parameters of the systematic 
Conceptual Design tools and 
how these tools could be 
quantified? 
Publication V. Concept extraction based on semantic models using big amount of 
patents and scientific publications data. 
Objective. The objective is to 
explore the potential of using 
semantic models based on big 
data from patents and 
scientific publications to 
support the conceptual design 
stage of product and 
technology development. The 
paper aims to demonstrate the 
feasibility and functionality of 
such a model and its ability to 
extract semantic concepts. 
 
RQ 2.1. What are the main 
parameters of the systematic 
Conceptual Design tools and 
how these tools could be 
quantified? 
RQ 2.2. What are the data 
sources that could be used for 
the data-driven Conceptual 
Design framework? 
 
Research method 
Descriptive 
Analysis 
Data-driven 
research 
Case Study 
 
Theory and 
model 
TRIZ 
Statistical 
methods: 
Doc2Vec, TF-IDF, 
LDA, word 
embeddings, PCA-
analysis 
Cluster analysis,  
concept extraction, data 
preprocessing,  
and data extraction methods 
that have been used are 
conceptually the same as in 
previous Publication IV. The 
main difference is that the 
model suggested in Publication 
II was approbated on the Case 
Study on semiconductors and 
specific semantic concepts 
have been extracted and 
discussed.  
Publication VI. Extraction of the semantic relation between words based on the 
analysis of the word embeddings with neural networks  
Objective. The objective is to 
discuss the use of word 
embeddings in natural 
Research method 
Data-driven 
research 
The data source for the learning 
and testing samples included 
951 non thematic and 272 
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language processing (NLP) 
techniques for extracting the 
semantic relation between 
words for concept 
identification. The paper aims 
to propose a new approach for 
identification of the semantic 
relation between technical 
terms in order to build a 
semantic concept. 
 
RQ 2.3. What are the methods 
that could be used for the data-
driven Conceptual Design 
framework? 
Experimental 
evaluation 
 
Theory and 
model 
KNN, Decision 
Tree and Random 
Forest, Adaptive 
Boosting, SVM, 
and Neural 
Networks, word 
embeddings, F1 
score  
thematic words taken from the 
patents data.  
 
5 Conclusion 
5.1 Answering the Research Questions 
The overall objective of this dissertation was to answer questions about how the 
conceptual designing process could be supported with heuristic and systematic 
Conceptual Design tools. Within the literature review conducted in the first and second 
parts of the dissertation, conducted research and technical and experimental results 
achieved and provided within attached publications the question investigated from 
different perspectives. The main research hypothesis is decomposed within several 
Research Questions. The RQ1 is the following: 
RQ 1. What are the systematic Conceptual Design tools and their limitations? 
From the present literature review of the dissertation the systematic Conceptual Design 
tools are the methodologies and techniques that aim to facilitate the process of generating 
creative and innovative design concepts. These tools provide a structured approach to 
conceptual design, facilitating designers to define the problem, explore different design 
possibilities, and make informed and systematic decisions and reasoning. One of the main 
systematic Conceptual Design tools is TRIZ (Theory of Inventive Problem Solving). 
TRIZ provides a set of inventive principles and a systematic approach to problem-solving, 
helping designers to overcome technical contradictions and generate innovative solutions. 
The effectiveness of the systematic Conceptual Design tools as TRIZ were analysed and 
the relevant case studies have been provided in the relevant Publication I and Publication 
II. Thus, TRIZ guides designers to analyze the problem, identify contradictions, and apply 
  
60 
inventive principles for their resolution. There are also other systematic design tools, as 
CBR, Axiomatic Design, Morphological analysis and non-systematic as Brainstorming, 
Lateral thinking, Associative thinking that are tough might be not less effective however 
their deeper predictable value in the context of the Conceptual Design for engineers is not 
covered by the thesis due to the not systematic nature. The Conceptual Design stands on 
epistemic (knowledge-based) and non-epistemic (heuristic based) values which are 
described in detail in Part 2.1.1. Conceptual Design decisions and design concepts could 
be made independently and individually by the researcher or the engineer as with a group 
of engineers or within the computer-aided technology environment. All the mentioned 
parameters within the designing process are of the certain value, however the three main 
constituents might be extracted and formulated. 
The first is knowledge. To effectively address intricate engineering challenges, having a 
wealth of knowledge, relevant data, and a strong background is paramount. It is 
imperative to enlist the expertise of competent and highly skilled engineers and 
researchers to develop robust designs. Prior to devising solutions for the complex 
technical issues, conducting comprehensive research and investigating literature and 
patents is imperative. The importance of the parameter was highlighted in the Publication 
III, where on the example of the highly innovative and complex engineering field of 
nanomaterials research and design which operates on the corner of the classical physics 
the importance of the epistemic values seemed to be higher to the respondents than non-
epistemic. Which is reasonable since Quantum mechanics expands the relevant theory in 
an intensive way absorbing new theoretical laws and data of the experimental results. 
Several physicists contend that heuristic approaches are unsuitable for problem modeling 
and experimentation. This presents a significant setback for their research. In a survey, 
respondents indicated a preference for relying on established literature rather than 
generating fresh ideas from the ground up. This implies a reluctance to explore 
unconventional approaches and a belief that the ideation process is uncontrollable. 
Consequently, systematic conceptual design tools may not be effective in promoting 
innovative ideas. Moreover, survey participants noted that mathematical models and 
apparatus are critical in physics research, which remains one of the primary constraints 
of conceptual design tools. The importance of the knowledge-based approach is also 
addressed in the Computer-Aided Design (CAD) methodologies and the relevant 
software. Many different databases as industrial and scientific as the heuristical, i.e. the 
database for biomimetics (Biomimicry) have been supporting the knowledge part of the 
Conceptual Design process. Such a design tool as Case-based reasoning suggests an 
aggregating and exploitation of the databases of technical and engineering cases that 
might be further exploited for the process of conceptual design, which is also might be 
considered as a knowledge-based designing experience. 
The second Conceptual Design tools constituent is a synthesis or the connection between 
pieces of knowledge. The synthesis is one of the most challenging parts of Conceptual 
Design when it comes to inventive solutions and not trivial problems. The main challenge 
for the engineers and researchers is the Thinking Inertia that prevents the pieces of 
knowledge from being connected cognitively in the not conventional or “familiar” way. 
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This is why the inventive solutions are also known as non-standard or “creative”. For the 
same reason Systematic Conceptual design tools are aimed to delegate the “reasoning” 
by means of the connections between piece of knowledge and the problem input for 
themselves, trying to guide the researcher within some models of thinking which might 
be non-conventional for the researcher or engineer. Many Conceptual Design tools, 
including TRIZ and its inventive principles, IFR, trimming, Morphological box, and 
Case-based reasoning, prioritize avoiding Thinking Inertia. They typically begin by 
conceptualizing the problem before proceeding with further operations in the conceptual 
space. The problem is then interpreted in the physical or "original" space. Furthermore, 
Publication IV delves into the use of "out-of-box" thinking models, which is elaborated 
on in the Discussion section. 
The third Conceptual Design tools constituent which became relevant over last decades 
is the interface. Nowadays the majority of Conceptual Design tools have some form of 
digitalisation or imply some digital interfaces. For example TRIZ has dozens of digital 
versions of the whole theory methodologies or its certain tools. There are hundreds or 
thousands of digital tools for mind mapping (unfortunately it is hard to estimate the exact 
volume since this is one of the first conceptual design tools that was digitised and is 
embedded in the majority of software tools). The knowledge bases also uses the interface 
to interact with the data whether it is a patent or scientific publication database or the 
conceptual design digital toolset. 
RQ 2. How systematic Conceptual Design tools could be supported with quantitative 
data-driven approaches? 
In section 2.2 of the literature review, there has been a growing interest in the combination 
of systematic Conceptual Design tools with quantitative data-driven approaches. The goal 
of this integration is to enhance the design process by utilizing data analysis, structuring, 
natural language processing, and machine learning techniques. Data-driven approaches 
provide designers and engineers with access to vast amounts of relevant data and 
knowledge from various sources, including historical designing decision data, inventive 
principles, designing methodologies, technical and scientific databases, market trends, 
and product data. Through analyzing this data, researchers can gain valuable insights into 
the performance, reliability, and user experience of existing designs, resulting in more 
informed and optimized design solutions. Machine learning algorithms can also identify 
correlations between design parameters and performance metrics, which can aid 
designers in identifying areas for improvement or innovation. Moreover, data-driven 
approaches can help designers overcome cognitive biases by providing objective and 
evidence-based insights, leading to more inventive, robust, and effective design solutions. 
However, there are also challenges and considerations that need to be addressed when 
using data-driven approaches in Conceptual Design. One of the main challenges is the 
availability and quality of data. Design datasets are often incomplete, noisy, and 
heterogeneous, making it difficult to extract meaningful insights. The same is applied to 
the methods of synthesis of such a data and suggesting the exact inventive principles that 
should be applied which is one of the main challenges of such Machine-aided approaches. 
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The interpretation and integration of data-driven insights into the Conceptual Design 
process is another valuable challenge for the engineers and researchers. Designers need 
to understand the limitations and assumptions of the data-driven models and algorithms 
and critically evaluate their findings in the context of the design problem. Data-driven 
approaches should be seen as a complement to, rather than a replacement for, the 
engineers’ expertise and creativity. In the Publication IV and Publication V the specific 
semantic approach based on the analysis of patents and scientific publications is 
suggested and discussed. Thus, the integration of TRIZ tools with data analysis, machine 
learning, and natural language processing techniques allows for the extraction of 
meaningful concepts and the generation of innovative ideas. The findings of the 
Publication IV and Publication V contribute to the advancement of Conceptual Design 
digital methodologies providing a specific framework on how the conceptual model-
driven analysis might be integrated into the design process.  
RQ 2.1. What are the main parameters of the systematic Conceptual Design tools and 
how these tools could be quantified? 
The realm of Conceptual Design offers a range of resources that assist in brainstorming 
and assessing concepts. These tools encompass various techniques and approaches that 
aid in idea generation. The literature review presented in section 2.2 outlines the primary 
features of these tools, such as knowledge and synthesis. To delve deeper into analyzing 
design parameters, it is essential to identify and scrutinize critical design components. 
This process entails comprehending the correlation between different variables, refining 
design ideas, and making informed decisions based on the analysis. Observing technology 
is another crucial aspect of Conceptual Design. This practice involves utilizing existing 
technologies and advancements to identify opportunities for enhancement or fresh design 
possibilities. Lastly, there is the identification of needs, which concentrates on 
comprehending technical requirements and limitations to formulate design concepts that 
tackle specific challenges or fulfill particular objectives. When the relevant knowledge of 
the problem is known and the task is also formulated based on the relevant needs the right 
inventive solution mostly depends on the inventive principles or design approach that is 
pursued which represents the process of synthesis. There are many different ways of 
synthesising those data presented in such methodologies as Case-Based Reasoning, TRIZ 
database of the effects, Machine-Aided Ideation approaches. One of the main sources of 
the inventive solutions are patents which are widely presented in different data-driven 
conceptual design tools. When delving into patent data, a range of methods are employed 
to examine pertinent materials, design choices, and effects, including TAK analysis, 
claims analysis, forward-backward citation analysis, and semantic models, such as the 
SAO approach. Yet, the most valuable element emerges from the junction of engineers 
and knowledge-synthesis approaches. Present-day researchers endeavor to fine-tune the 
interaction between engineers and machines, striking a harmonious balance between the 
engineer's input and context, and the machine's acquired data and knowledge. The 
Publication IV reveals an approach on semantic analysis of extraction of concepts from 
the inventions from the patent and scientific publications. The approach includes the 
processing of the documents using machine learning and Natural Language Processing 
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techniques. The methodology allows for the identification of semantic correlations within 
and between different fields, providing insights from multiple perspectives allowing for 
the engineer to be complemented with the knowledge from the different fields and at the 
same time proving the comprehensive semantic model of the investigated problem.  
RQ 2.2. What are the data sources that could be used for the data-driven Conceptual 
Design framework? 
The Publication IV and Publication V describes an approach to extract the semantical 
concepts from the patent’s application and the scientific publications data. Thus, the 
dataset consisted of patents scrapped from the USPTO bulk archive and scientific 
publications from the UK Core Collection achieved more than 8 million of textual 
documents. The original TRIZ theory was built on, as stated, 40,000 of patents that are 
manually processed, and it was enough to build a whole theory with all the side toolsets 
and inventive principles. The relevant hypothesis states that modern natural language 
processing techniques and neural network approaches might be highly efficient to extract 
the inventive principles automatically and suggest inventive solutions for the non-trivial 
technical problems. An approach to extract this data, including extraction, preprocessing, 
aggregation and storing the extracted data is presented in the Publication IV. 
RQ 2.3. What are the methods that could be used for the data-driven Conceptual Design 
framework? 
In the context of a data-driven Conceptual Design framework, there are several methods 
that can be utilized to support the ideation process. One approach is the use of digital tools 
to support preliminary Conceptual Design, technology exploration, and observation. 
These tools can also assist in inventive problem solving by providing inventive principles 
and patterns such as TRIZ, CBR and others. They can also support collaborative work 
and stimulate creative design thinking. In some cases, these tools might be integrated into 
the professional designing software, such as CAD/CAM systems. TRIZ has been 
successfully combined with CBR in multiple studies to determine the semantic distances 
between inventions and to navigate TRIZ principles and standards. In various fields, 
including biomimicry, knowledge management systems that are based on TRIZ 
philosophy and semantic distances have been developed. Furthermore, there are tools 
specifically designed to identify system contradictions and technology evolutionary 
trends. These tools are highly beneficial for designers and researchers as they help resolve 
contradictions and provide TRIZ-based recommendations. In addition, they also perform 
functional analysis to generate trees of evolutionary trends for specific technical systems. 
Several studies are trying to identify the cause-effect chains in the problem and the 
inventions and the automatic identification of the SAO (Subject-Object-Action) pattern 
in the inventions which are provided in part 2.2 of the dissertation. 
The Publication IV and Publication V present the semantic approach on how to 
automatically extract semantic concepts hidden in the inventions and build the space of 
semantic concepts. Such a space allows semantic concepts to be presented in different 
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patents and publications and at the same time it allows for publications and patents to 
consist of different semantic concepts. The navigation within these concepts is presented 
in the Publication V. The model allows to follow trends of semantic concepts over time 
due to their correlation with specific published publications and granted patents. The 
Publication VI introduces the research on how the semantic relations between technical 
terms could be interpreted by the machine based on the analysis of the attributes of the 
word embeddings, which makes it possible to provide a relevant semantic 
recommendation. 
5.2 Research implications 
The implications of this research are that the traditional systematic Conceptual Design 
tools could be effectively supported with digital algorithms. The systematic Conceptual 
Design tools as TRIZ, CBR and others has proved their applicability in many different 
engineering fields what was approbated in practice in the Publication I and Publication 
II. The research contributed in the revealing of the digital potential of the Conceptual 
Design field including taken in consideration the limited applicability of heuristic 
methods described in the Publication III. 
This research underscores the value of integrating TRIZ methodologies and principles 
into the assessment of patents and scientific literature. Through the application of TRIZ 
frameworks, such as the identification of recurring inventive principles across diverse 
industries, the study demonstrates that analogous solutions can be discovered within 
disparate fields. This has important implications for problem-solving and innovation, as 
it suggests that solutions from one field can be applied to problems in another field 
automatically when a certain “box” i.e. solution-problem models are identified. 
This research emphasizes the value of cutting-edge data analysis techniques, such as 
machine learning and natural language processing, in effectively managing and analyzing 
extensive patent and publication data. By utilizing these innovative technologies, large 
volumes of textual documents can be processed and significant semantic concepts 
identified. This demonstrates the immense potential of these methods for gaining valuable 
insights and recognizing trends within patent and publication data. Ultimately, this can 
provide valuable assistance in informed decision-making, research strategies, and the 
development of pioneering engineering solutions. The research also presents a novel 
approach to building a navigable environment of semantic concepts. By creating a 
database of extracted concepts and developing a search engine that allows users to 
navigate and explore these concepts, the study provides a valuable tool for engineers, 
scientists, and decision-makers. This tool presented and described in Publication IV and 
Publication V can facilitate idea generation, concept exploration, and knowledge 
discovery, ultimately enhancing the innovation process. 
The research also has implications for question answering systems, where semantic 
relation extraction can aid in understanding the meaning of questions and matching them 
with relevant information in knowledge bases. This can lead to more accurate and precise 
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answers to user queries. Such an approach and its implication are described in the 
Publication VI. Overall, the implications of this research are far-reaching since the 
computer-aided inventive tools market is only started its growth in the context of the fast 
growing interest to the GPT solutions and its potential. It contributes to the field of TRIZ 
by showcasing its applicability in analyzing patents and scientific publications. It also 
highlights the potential of data analysis techniques in extracting meaningful insights from 
large datasets. Additionally, the research provides a practical tool that can aid in problem-
solving, innovation, and decision-making processes. 
5.3 Limitations 
The main limitations of the research directly correspond with the limitations of the 
relevant publications. Thus, the effective use of TRIZ and the suggested TRIZ heuristics 
are studied in practice only in the field of automation (Publication I) and in the field of 
digital product design  (Publication II). However, the author has also contributed to the 
application of TRIZ in the context of Axiomatic Design methodology, nanowires research 
and in online learning (Khan et al., 2020; Khan et al., 2022). In the Publication III the 
effectiveness of the heuristic methods might meet the limited scope and lack of empirical 
data, since there were only 12 participants that have taken the survey. However, those 
survey results seem to be representative enough due to the deep involvement of the 
participant in TRIZ tools, since each participant (PhD student) has gone to several offline 
intensive schools on TRIZ. 
For the Publication IV and Publication V it may be seen that the data that is included into 
the semantic model is utilised only from the free licence sources. When dealing with 
patents, obtaining information from the USPTO, one of the largest patent databases, is 
easily accessible. However, accessing literature documents can be difficult as most 
publications are licensed. While the UK CORE collection database contains at least 4 
million documents, it represents a small fraction of the total number of licensed scientific 
publications ever published. It's worth mentioning that this analysis does not account for 
images, which could be the next frontier in machine comprehension of inventive 
concepts. The increase of training sample of thematic and non-thematic technical terms 
in Publication VI would also increase the effectiveness of the automatic semantic relation 
extraction between technical terms. 
The valuable limitation that has also to be considered in the context of the semantic 
extraction of features from the big amount of textual data are the limitations of the storage, 
RAM and GPU, which automatically limits the amount of the possible documents 
processing. The server used to learn a model has 1,0 TB of disk space, with 60 GB RAM 
and a GPU with 6 GB RAM. The server capabilities have been enough for the present 
research however for the bigger amount of documents and image processing the higher 
calculating and storing capabilities are required. Also it is important that the pre-trained 
model FastText for word embeddings was used. 
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5.4 Conclusion 
One of the first conceptual design related terms mentioned in history was the word 
“Eureka” coming to us from Ancient Greek, which is now referred to as a heuristic 
approach. The different heuristic approaches to the design were studied intensively during 
the XX century and finally led to the whole set of powerful tools such as brainstorming, 
lateral thinking and others. The last half of the XX century also gave birth to the 
systematic Conceptual Design tools such as TRIZ, Axiomatic Design, Case-Based 
Reasoning and others (Chechurin and Borgianni, 2016). The late XX century advances 
and the early investigations of the present Century initiated a big potential of digital 
implementation of the heuristic and systematic Conceptual Design tools as well as 
produced conceptually new approaches to address the inventive and non-trivial technical 
problems, what became possible due the advances in computational power and 
corresponding software. Such programs are utilised to automatically classify and 
categorise problems and their inventive solutions, to perform automated patent 
landscaping reports, to build complex visualisations of the relations between patents and 
many more. The present  research contributes to the semantic understanding of the 
concepts of the inventions described in patents and research items in scientific 
publications. Such an approach allows automatically processing and extracting millions 
of textual documents analysing the main features and providing an interface to interact 
with such an environment and utilise it to make conceptual design decisions. The research 
bridges the gap between TRIZ philosophy and modern data analysis approaches, 
demonstrating the potential for integrating TRIZ tools into digital platforms.  
This study highlights the promising prospect of scrutinizing scientific papers and patents 
across different disciplines to reveal common principles and solutions. The methodology 
employed facilitates a multi-faceted approach to addressing problems and developing 
concepts by illuminating semantic links within and between fields. This research serves 
as a basis for future refinement and improvement of the methodology, with possibilities 
such as automated grouping of related keywords, recommendations for fresh concepts, 
autonomous identification of conceptual titles, and integration of TRIZ tools and other 
Conceptual Design methodologies. The research is especially valuable in the context of 
the growing market of AI-solutions which should bring much more interest to the 
computer aided, semi-automatic and automatic design decisions softwares. 
5.5 Recommendations for future research 
The future research has many possible branches and directions as extraction of the 
quantitative measures of extracted properties, validation and understanding of extracted 
concepts, integration of the domain-specific knowledge bases and models, real-time 
concept extraction and investigation of the most effective human-machine interface. One 
of the main limitations of the word embeddings approach is that while word embeddings 
capture the meaning of words based on their context, they do not capture the contextual 
information within a specific concept of the described invention. Future research could 
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explore the integration of contextual information, such as sentence or document 
embeddings with images and their conceptual meaning, to enhance the accuracy of 
semantic relation extraction. 
Another recommended possible direction of the research is strengthening the interface 
between the machine and the designer with the help of GPT neural network model. This 
technology may be used for better understanding between the designer and the machine 
as a specific GPT model for patents could be trained, however the details of the context 
have to be taken into consideration. The GPT model that is learnt on patents will be good 
on writing patents but not in inventing the concepts of the inventions. The neural network 
model that is learnt on the inventions data and that is able to produce inventions on any 
query will be the next breakthrough in Conceptual Design since Ancient Greece's 
“Eureka”. 
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46 L. Chechurin et al.replaced the need for human intervention by making some things happen automatically, as in nature. The gate-opening mechanism by Heron of Alexandria (10-70 AD) could be an example of the first drive design. The rise of needs and engineering ambitions evolved into the problem of the automatic governing of a device output, referred to in modern terminology as tracking or error stabilization. There are two known remarkable inventions of the early Age of Discovery that illustrate a typical approach to self-governing. One is found in the drawings of Leonardo da Vinci and depicts a self-rotating roasting jack. Its rotation rate follows the fire intensity thanks to the propeller in the chimney. Another seems to be the first thermostat by Cornelis Drebbel (1624), where the incubator's vent openings follow the temperature in the incubator thanks to a mercury piston. An unknown ingenious Dutch mind developed a mechanism that controlled the gap of a windmill's running stone in respect to the speed of wind. More than likely, James Watt simply adopted the same idea to the steam turbine rotational rate stabilization in his famous patent of 1788. The scaling of steam machines revealed cases of instable rotation of some turbines with Watt's governor. The invention yielded obviously new phenomena and these phenomena had to be scientifically explained. J. Maxwell and A. Vyshnegradsky independently modeled the closed-loop steam turbine behavior and provided the safe governor's parameters set. This analysis opened a new era in control system design: the pure inventive concept of the self-governing device became supported by mathematical performance analysis and optimization. One of the brightest examples is the famous negative feedback amplifier invented by Harold Stephen Black (1932) with the help of Harry Nyquist's stability analysis. These two mathematical treatments of feedback system stability are typically referred to as marking the beginning of control theory. Any theory is to turn inventing into systematic routine sooner or later, and it basically happened by the middle of the twentieth century when the synonym of control and automation became the mathematical model-based feedback design and optimization. The automatic control design arrived at the following general algorithm: 1. Choose the model for the Object;2. Identify its parameters;3. Define the control goals, model them;
Heuristic Problems in Automation and Control Design: What... 47 4. Design a Controller;5. Optimize its parameters; and6. Implement in hardware.Indeed, that is a great achievement of control theory. This formalization almost excluded the heuristic (and therefore unpredictable) component from the automation design process. And at the same time, nothing comes without drawbacks and the standardization is not an exclusion. We are going to highlight various difficulties of the "classic automation h ,, approac . 1. Control and automation are expensive. They require measurements(sensors), controllers and drives plus automation engineer work.2. The required controller is not always feasible, it may be feasible intheory only, or it is feasible at the expense of big power losses.3. The complexity of the closed-loop system is equal to the complexity ofthe plant plus the complexity of the controller. More elements in general would mean higher failure probability.4. Automation/control engineer starts her/his project when the object ofcontrol has already been designed. It is assumed that the object ofcontrol cannot be changed. It is the starting point for formal controldesign, although not so often the case in reality.And, at a more generic level, we want to change the nature, the existing way of doing things, to design a useful machine (not just understand and explain the nature, like in most physics) and/but we want the designed device to work itself, like in nature. The main idea of the study is to provide a strategy of automation that might add inventive ideas to the standard model-based control designs. The inventive part of the design is inspired by TRIZ (Ideal Final Result [IFR], resource analysis). If we use the concept of IFR at the macro-level of automation system design, we have to get the situation when there is no need for control at all; the object operates itself the way we need. What if we modify the object to be controlled in such a way that the control either is not needed or becomes much simpler? 
48 L. Chechurin et al.We illustrate this approach with three case studies. One presents the analysis of hydraulic booster control system design, where the inventive redesign dismissed the necessity to introduce the feedback system. The inventive part of redesign is inspired by IFR and contradiction elimination models. The second example is the treatment of a classical sway stabilization problem. The systematic generating of conceptual ideas is based on a mathematical model of the object. The third example is the analysis of a technology process control design problem. Standard automation design and inventive object redesign give an idea for a hybrid approach and its mathematical optimization. 
2 Case Study 1: Hydraulic Power Steering 
System Let us consider a hydraulic power assisted steering (HPAS) mechanism as an example. Power steering is designed to make driving safer through assisting the driver in guiding the car in normal situations (parking, highway driving, etc.) and in emergency situations (front tire rupture) (Marcus 2007; Karim 2016). The primary power steering function is to reduce forces exerted on the steering wheel and at the same time reduce the steering ratio. Other functions are: 1. To reduce driver fatigue;2. To improve car maneuverability; and3. To provide better "road feeling" for the driver.
2.1 Rack-and-Pinion Steering Without Hydraulic 
Power Steering without hydraulic power is a rack-and-pinion mechanism where the steering wheel rotates through a cardan system, a pinion that moves the rack connected through the rods with steering wheels. Let us note that in such system, a reduction in force on the steering wheel is achieved either by increasing wheel diameter or by increasing the transmission ratio by means of reducing the diameter of the pinion. 
Heuristic Problems in Automation and Control Design: What... 49 The main disadvantage of this steering control is a strong dependence of the force on the steering wheel and the rotation angle, with corresponding forces and rotation angles of the car wheels. Usually, to reduce the steering wheel force, you reduce the diameter of the pinion, and, of course, in this case the steering wheel angle increases. To reduce the turning radius of the car, the steering wheel needs to be turned several times (Kyosuke et al. 1992). The contradiction (CD 1) in this case is: "When the force on the car steering wheel is reduced by increasing the 'pinion:rack' ratio, the steering wheel angle unacceptably increases." We begin with IFR formulation: "The steering system ITSELF reduces the force on the steering wheel while maintaining the 'pinion:rack' ratio." IFR was achieved (and contradiction resolved) obviously by means of feedback introduction (the principle of "feedback"). 
2.2 Steering Control with Servo Drive Let us consider one of the first hydraulic power steering systems-a system where a regulator and an executive mechanism are separated (Fig. 1 a). Such a system consists of an executive mechanism (steering wheel), comparator (slide valve), actuating mechanism (working cylinder), external power source (hydraulic pump) and a feedback system (rods and hinges system) (Kloos and Pfeffer 2017). This hydraulic power steering works as follows: when turning the steering wheel, the turned upper part of the slide valve directs the working fluid to the required side of the hydraulic cylinder piston, and as a result, the steering wheel turns. At the same time, the hydraulic cylinder piston rod through the rack mechanism rotates the lower part of the slide valve to align the rotation angles of the upper and lower parts of it (slide valve), and by this way, feedback realizes. In such a system, a small steering effort to move the slide valve is converted in the hydraulic cylinder into a significant effort to turn the car steering wheel (determined by the fluid pressure) (Susumu and others 1997). The design has some weaknesses, however (Kazumasa et al. 1989; Takeshi and Noguchi 1984; Kyosuke et al. 1992). The working 
50 L. Chechurin et al.
a) 
Steering 
Wheel 
Feedback 
Amplifier 
External 
Power 
Source 
Actuator y=q>(t) 
Motor car z=f(t) Hydro pump, p=s(t) ·� 
engine .. ports, hoses l t 
Drive ,.._ mechanism Feedback ,.._ Comparator
b) Set fluid flow rate t 
�.. 
Fig. 1 (a) Schematic design of steering with servo drive, x - steering wheel rota
tion angle; e - error; y - steering wheels angle. (b) Schematic design of flow rate 
stabilizing servo with steering wheel constant angle, where z is the engine rpm, p 
is the outlet flow rate fluid flow rate depends on the engine rpm and therefore the engine rpm causes the steering wheel to feel either light or heavy. And the higher the car velocity, the harder the steering wheel rotation and the higher the driver's fatigue. Let us address these weaknesses one by one. Hydro Pump Capacity Irrespective of Engine RPM The power steering pump is driven by the car engine via a drive belt. The pumped fluid flow rate is proportional to the pump speed. As a result, different engine rpm will change the force exerted on the steering wheel, which is unacceptable. In typical servo design, the hydro pump schematic diagram is as shown in Fig. 1 b. 
Heuristic Problems in Automation and Control Design: What... 51 Let us approach the situation with inventive design tools. We begin with IPR formulation: "The pump (or inlet and outlet ports) shall maintain the constant outlet flow rate ITSELF regardless of the engine rpm." Let us formulate a contradiction (CO2): "Better flow stabilization makes the hydro pump unacceptably complicated." What resources do we have? A material resource is the liquid that returns to the pump; the excess fluid from the pump can be added. In addition, the inlet and outlet ports are the resources; the drain valve may be fitted in between (Fig. 2) to drain the fluid excess. We can apply the "local quality" and "continuity of useful action" inventive principles: to incorporate a flow control valve in the hydro pump. With low rpm and constant wheel angle (Fig. 26), the fluid flows from the discharge line directly to the steering gear through a small opening. As the rpm increases, the fluid flow rate and the pressure in chamber A increases. This allows the flow control valve to overcome the spring force. The flow control valve starts moving to the left (Fig. 2c) thus enabling the fluid to escape through to the suction pipe while excessive pumped fluid is drained (reduced). Thus, the outlet flow rate is stabilized. On the other hand, the steering wheel turn causes problems. When the driver turns the steering wheel, pressure in chambers A and B in the flow control valve equalizes and the flow control valve shifts to the left. Obviously, more fluid will move from the discharge to the suction channel and the outlet flow rate will decrease. In other words, we face a secondary problem: to stabilize the flow rate against the pressure in chamber B. For this purpose, the servo schematic diagram should be redesigned(Fig. 3a).
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Fig. 3 (a) Schematic design of the flow rate stabilizing servo with varying steer
ing wheel angle. (b) The servo schematic diagram of Required Flow Rate and RPM 
Relationship The position-monitoring loop of control spool directly linked to the steering wheel is added to the schematic design diagram. The control spool position governs the flow rate. We again approach the situation with the inventive technique. The formulation of IFR yields: "The flow control valve shall increase the flow rate ITSELF once the control spool position changes." Let us formulate the contradiction (CD3): "The improved hydro pump performance (flow rate stabilizing with both stable and unstable steering wheel) makes the hydro pump more complicated." What resources do we have? The power source can be in the fluid pressure. Let us ideate around the "feedback" inventive principle. On the left side of the flow control valve, communicate the fluid under the same pressure as in chamber B. To do this, we introduce the bypass chambers B and Con the left side of the flow control valve (Fig. 4). The spring will of course remain in place. 
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Fig. 4 High flow rate stabilizing against steering wheel turn: (a) without pres
sure feedback, (b) with pressure feedback provided 
Hydro Pump Capacity Depending on Engine RPM Let us turn to another weakness of the basic design, that is, the wheel does not feel heavy at high speed (Kazumasa et al. 1989; Brunner and Harrer 2017). To avoid this, the fluid flow to the power steering shall decrease as the car speed increases. At high and very high speed, the engine rpm variation range is minor (speed mainly depends on the gear ratio). Keeping this in mind, it would be enough to just maintain the required flow rate and rpm relationship with no regard to the gear ratio. In typical servo design approach, the block diagram (Fig. 3a) should incorporate an engine rpm meter and computer. The resultant schematic diagram is shown in Fig. 36. Proceed to solving the problem by an alternative technique. Set IFR as: "The hydro pump ITSELF shall reduce the flow rate (steering wheel is unstable), against the engine rpm increase." Let us formulate contradiction (CD4): "Better hydro pump performance (required flow rate and rpm relationship is ensured with both stable and unstable steering wheel) makes the hydro pump unacceptably complicated." What resources do we have? Space: A, B and C chambers. Power: Fluid pressure. Use the "feedback'' principle to solve the problem: fit the control spool in chamber A that reduces the orifice area against the chamber pressure rise (Fig. 4). The control spool is fitted between the flow control valve and orifice. The control spool reduces the flow rate by reducing the orifice area. With low rpm, hydraulic pressure in chamber A is not enough to overcome the spring force and the control spool remains in its position. Therefore, 
54 L. Chechurin et al.there is no flow rate decrease. As rpm increases, hydraulic pressure in chamber A rises and overcomes the spring force and the control spool shifts to the right and partly covers over the orifice. Pressure in chambers B and C drops. This results in big differential pressure in chambers A and C and the flow control valve shifts to the left, hence the outlet flow rate decreases. The higher the rpm, the more orifice area is covered by the control spool. This makes the flow control valve shift to the left and the outlet flow rate stabilizes. The whole process with low and high rpm depicted in Fig. 5. As a result, two springs, flow control valve and control spool were able to substitute complex servo design (Brunner et al. 2017) as shown in the schematic in Fig. 36. 
3 Case Study 2: Sway Stabilization System 
Conceptual Design Let us illustrate the application of the ideality concept for more modelbased control design. We consider the general problem of sway stabilization, which can be found in many engineering fields, such as in crane load stabilization, gondola sway stabilization, free vibration damping in mechanisms, and so on. Let us assume we observe substantial sway of a 
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Heuristic Problems in Automation and Control Design: What... 55 crane load and need to generate conceptual ideas for reducing it. We would like to apply standard active damping strategy architecture first and add more concepts that engage the resources of the object itself. We would like to stress that any TRIZ modeling tool (function model, contradictions, subfields, etc.) would not develop any further the general strategy of "the gondola is to stabilize itself." The concepts are systematically coming out of the mathematical model of the problem. The model "contains" those physical phenomena that can be used for self-stabilizing. We depart from one of the basic models for oscillating body description 
(1) where x(t) is the oscillation variable, for example, a pendulum's angle, and a; are the oscillator's parameters. For simplicity reasons we may see a2 as inertia parameter, a1 as damping parameter and a0 as elasticity parameter. We assume small damping in the system (a1 «1), otherwise we would have not been faced with the oscillation problem at all. Given the initial conditions are non-zero or an external impulse force appears (a sharp wind gust), the oscillations of natural frequency Jo would asymptotically approach its equilibrium point. However, it takes too long. 
3.1 Standard Feedback Control Framework We would speculate that the standard feedback stabilization approach means applying an external force F. The function F(x,t) is to be chosen in such a manner that the oscillations in the system vanish faster. If such a controller F(x,t) is found, the closed-loop system is stable itself, that is, the stabilization is automatic. 
56 L. Chechurin et al.We can then generate various implementation models within this standard paradigm. For example, the proportional feedback controller F=kx for the simplicity, or PD (proportional-derivative) controller for faster stabilization, or PID (PI+integrative) controller for better accuracy and elimination of static error, and so on. The physical embodiment of this formal model(s) with external stabilizing force is not easy, but it is possible. For example, in Vieira et al. (2010), the force is generated by moving of mass inside the cabin. In Kokoev's (1999) patent, the force is generated by the air jet. If the longitudinal motion of the suspension point is controllable, the change of its position is equal to applying an external torque to the load. In this case, the load displacement angle can be fed back to the position of the suspension load, see, for example the patent of Olli and Ahvo (1994). Any of the controller types discussed above can be applied. However, all these standard feedback control concepts would require sensor(s), controller and drive servomotor but do not require any change in the object. 
3.2 Inventive Design, Based on Mathematical Model Now, let us return to the model of the object (1). Let us assume now that we can change object design that can be followed by the changes in the governing equations. We are interested in the implementable changes of object design that reduce the settling time or make the object less sensitive to external disturbances. In other words, we are looking for ideal feedback concepts, in which the object stabilizes itself and no feedback is needed. What phenomena can stabilize the sways? Anti-Resonance Absorber One of the conceptual frameworks could be passive feedback, in which an absorbing oscillator is added to the design. In the case of a pendulumlike object, the new design would mean two oscillators as shown in Fig. 6a. In this case, ( 1) is replaced by 
Heuristic Problems in Automation and Control Design: What... 57 
a) 
M,J 
Fig. 6 (a) Pendulum stabilization: passive feedback case. (b) Pendulum stabiliza
tion: gyroscopic effect in use (here M stays for the external torque) where xi are the oscillator displacements and aiJ can be seen as the parameters of the oscillators reflecting inertia, damping factor and gravity constant; a reflects the spring elasticity. Having carefully chosen a2; and a, we can show that the magnitude of oscillations at frequency Jo can be reduced to zero. Thus, the passive damper can effectively attenuate the periodic disturbing force with the most dangerous for (1) dominating frequency Jo. Self-Stabilization by Gyroscopic Effect Another idea for self-stabilization of (1) is the introduction of the gyroscopic effect. More precisely, the gyroscopic effect provides less sensitivity of an object to external disturbances. The rotation of the load (or a part of the load) can provide the gyroscopic effect for the pendulum. We have to consider a new mathematical model instead of (1): 
58 L. Chechurin et al.where X; are the orthogonal deviation angles of the load, aiJ represent the parameters of oscillations in these angles and ac is the parameter of gyroscopic effect (function of the load rotational inertia and rotational rate). The idea made its way to the patents, for example, in Behbudov and Goldobina (2001). Variable Length Pendulum Stabilization Even less obvious phenomena is that the variation of the length of the load suspension can also be used to control its oscillation. Indeed, the mathematical model of the pendulum of variable length can be simplified to the form where a(t) explicitly denotes the variation of the length with time. The model belongs to the class of linear time variant systems. The periodic changes of certain profile (frequency and phase) of the parameter can lead to a new form of instability called parametric resonance. It is natural to expect that the same periodic changes of different profile (phase) can lead to sway stabilization. The idea is filed as the patent in Chechurin et al. (2009). In all these cases, we stayed within the simplest linear mathematical models of the object and its modification. Still, we were able to mobilize system resources by various linear phenomena (anti-resonance, gyroscopic stabilization, parametric resonance). We can use more careful mathematical modeling that requires nonlinear dynamics or we can enlarge the class of possible object modification by those, described by nonlinear differential equations. In this case, the analysis of the oscillation becomes much more complicated, but the pallet of physical phenomena becomes much wider. For example, the problem of synchronizing two oscillators can be analyzed within a simpler linear model framework. However, the synchronizing would require direct mechanical linking of the feedback control ("non-ideal design''). Having modeled the situation 
Heuristic Problems in Automation and Control Design: What... 59 by nonlinear equations, we can reveal the phenomenon of selfsynchronizing ("ideal design"). In fact, any nonlinear differential equation can hide many known and unknown phenomena. They can be mined by the mathematical analysis. In this sense, any "database of physical effects" can never be complete. 
4 Case Study 3: Technology Process Control 
Design In the previous examples relating to individual devices, it has been shown that the same goals can be more easily achievable by changing the design of a technical object than by creating external feedback control systems. In this section, we consider similar problems for technological complexes, consisting of a number of units that perform certain technological operations. At the same time, we try to generalize the concept presented in the previous sections. The generalization is that the final aim (IPR in terms ofTRIZ) is to overcome some certain technical or technological problem at low economic costs in the framework of integrated solutions in the field of technology and control. Moreover, the most rational projects may be complex and costly in technology but simple in the implementation of control systems. An opposite situation may arise when the use of modern tools and control algorithms make it possible to simplify and reduce the cost of technological solutions to the exclusion of the project-the number of technological operations and units. Finally, as mostly happens, the most economical and so the most rational solution is not on the edges, but somewhere in the middle, that is, it combines the most sensible technology and control solutions. Due to the complexity of the tasks arising from the presence of this "Golden mean," there are great prospects for the integrated application of scientific and inventive approaches. As a typical example to illustrate the given thesis, let us consider the technological complex of the production of raw mix in cement production (Duda 1984). The instability of the chemical composition of the raw mix is due to the chemical heterogeneity produced in the quarries of 
60 L. Chechurin et al.mixed materials. We discuss different ways to ensure the required stability parameters of the raw material mix in terms of the random variations of 
. ' . . its components composition. 
4.1 Maintaining a Constant Raw Mix Formulation To simplify the real technological process, consider a two-component raw mix of limestone and clay, characterized by the only chemical composition indicator-the percentage of calcium oxide CaO. Let P1 (t) and 
P2(t) indicators of chemical composition of two mixed materials in the current time t, u1 (t) and ui{t)are their mass fractions in the mixture. Then from relations of material balance follows a model of mixing operation 
(2) that determines the dependence of the mixture composition, P(t), on the composition and proportions of its components. Geological exploration of deposits of mineral raw materials allows for determining the average mining area characteristics of a chemical composition fi1 and fi2 • These data provide the ability to calculate the mass fraction of the mixed materials u1 and u2 , which ensure the equality of the average chemical composition of the prepared mixture and specified technological regulations to the value ff . The maintenance of constant proportions of mixed materials can be performed with simple control systems with which modern batchers are equipped. A block diagram of the process for preparing the mixture with the maintenance of a constant formulation of the raw mix is shown in Fig. 7a. As chemical heterogeneity of mineral raw materials exists, as well as due to errors of dosing, the indicators of the raw mix composition is different from the calculated values by the value �P(t)representing the total perturbations. Since the perturbations are of a random nature, the theory of random processes should be used to analyze the mixture-preparation scheme. In particular, the magnitude of the perturbations should be assessed according to standard deviation (SD) at,.�• Without going into the mathematics, 
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(b) Disturbance control. (c) Feedback control designwe present the results of calculations for specific values of parameters typical for cement manufacture. For the average chemical composition, we take the values: A = 50%, "jj2 = 5%, "jJ = 42%, and SD of indicators of the composition of mixed materials CY t,,f3
1 
= 2.5%, CY t,,f3
2 
= 2%. Then, as a result of the calculations, we get: u1 = 0.82, u2 = 0.18, u 1:,.� = 2.1 %.Compared with the maximum acceptable value, Umax = 0.5% indicates that the SD of variations of mixture composition significantly exceeds the technological standard, and therefore the scheme shown in Fig. 7 a does not provide the required stability of the raw mix chemical composition. 
4.2 Perturbations Control It is clear that controlling of fi1 (t) and fii(t) make it possible to maintain the composition of the mixture at the required level "jJ , if synchronously with the changes in the composition of the mixed materials, their proportions are appropriately changed. Thus, it would seem that the task of stabilizing the mixture composition at a required level can be simply solved by equipping the technological process control sensors of mixed material current composition, and also a control system, which, using obtained information, synchronously changes the intensity of material flows. The block diagram of the system control is shown in Fig. 76. It appears, however, that in real conditions the proposed solution is feasible, then, at least not optimally. The main reason is the difficulty of 
62 L. Chechurin et al.accurately controlling the chemical composition of unmilled materials, and in errors of dosing. Overcoming the difficulties of preliminary control of the mixed materials would require the development of special costly installations for the sampling, preparation and continuous analysis of the chemical composition. In addition, to eliminate dosing errors, it would have to use expensive batchers of raw materials. 
4.3 Control with Feedback According to the Mixture 
Composition Data The above disadvantages of the control by perturbations monitoring can be eliminated if the idea of feedback control is used according to the current monitoring of the mixture composition at the outlet of a milling unit. The block diagram of such a control system is shown in Fig. 7 c. The advantages of feedback control are that not crushed, but finely milled material is under chemical composition control. With the help of X-ray analyzers, both high accuracy and high speed of determination ofthe chemical composition of the milled mixture can be achieved. In addition, a single point of control allows for determining reaction mixturecomposition for both types of perturbations, that is, to variations in thechemical composition of raw materials and to the errors of their dosage.From an economic standpoint, it is important also that unlike the previous control scheme, where each raw component should be analyzed forits appliance, only one analyzer of chemical composition is needed whenusing feedback.In order to understand the satisfaction of such a system for assigned task-stabilization of the mixture composition-it is needed to evaluate the SD of the output variable, that is, the milled mixture chemical composition Pm(t). If simply take to a milling unit the model of transport delay, and for the correlation function of given perturbation !::t.fi(t) use a frequently used approximation R ( 0) = a113 exp (-a 101) (where a characterizes the smoothness of the perturbation of the milling output), then it is possible to obtain the required estimate achievable level of stability in the control system with feedback (Yakovis and Chechurin 2015a). We assume that the total delay in the system resulting from the transport delay in technological process and the delay of chemical analyses is one hour. 
Heuristic Problems in Automation and Control Design: What... 63 Adding to the previous example the numerical values for the newly introduced parameter a = 0.3 h- 1, we get the estimated value SD of the mixture at the milling output CJ' t,pm = 1.4%, which significantly exceeds the allowed maximum lJmax = 0.5%. Thus, despite the advantages of the system for controlling the proportions of the materials being mixed, which actively uses the current information about the output characteristics of the process, it does not solve the task, which is to achieve the required degree of stability of the chemical composition of the raw mix. The main reason for this lies in a significant total delay in the control loop, which does not allow the control system to suppress high-frequency components of perturbations. 
4.4 Homogenization Systems Application Moving on to the IFR, let us turn to the analysis of the perturbations effective smoothing possibilities by purely technological methods. To do this, we supplement the process with the homogenization of the milled raw mix (Fig. 8a) (Duda 1984). 
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64 L. Chechurin et al.Homogenizers used in industry represent a container with forced intensive mixing of entering material (Duda 1984). The energy cost of homogenization nonlinearly grows with increasing capacity, so for economic reasons the volume of the homogenizer needs to be minimized. In order to calculate the required volume of the homogenizer, a mathematical model is necessary. The simplest mathematical description of homogenization in averaging capacity gives the model of an ideal mixer (Fitzgerald 1974). It shows how the chemical composition at the output of the flow homogenizer /Ja(t) varies depending on changes in the chemical composition of the material flow at its input /Jm(t). The model has a single parameter, which is time of filling of the averaging capacity. Using the ratios of the statistical dynamics, we can calculate the SD of the output variable /Ja(t) for various values of Twith respect to the scheme shown in Fig. Sa with the homogenizer, which supports constant proportions of mixed materials. As a result, we can find the smallest needed homogenizer filling time, 'Cnim to guarantee the required blending ability. For the considered parameter values 'Fruin equals to 56 h. With a representative for cement production lines productivity, Q = 1 OOt/ h, the minimum capacity of the averaging capacity should be 5600 tons. Such a significant amount, entailing both large capital costs for the construction of a homogenizer and the serious operating costs of forced homogenization, motivates us to search for better methods of solving the original problem. 
4.5 The Combined Use of Feedback Control 
and Systems of Homogenization It is known that the averaging systems well suppress high-frequency perturbations, but do not cope well with low frequency. The feedback control systems, on the contrary, effectively compensate low-frequency components of the disturbances, but because of the significant delay they can't handle high-frequency perturbations. Taking into account both circumstances, it is hoped that the significant technological benefits can be achieved by combined use of mixed materials proportions control discussed in Sect. 3 and averaging the milled mixture in containers equipped with a homogenization system discussed in Sect. 4. Figure 86 shows the block diagram of such a system. 
Heuristic Problems in Automation and Control Design: What... 65 Calculations show that the minimum value of the homogenizer filling time is 4.in = 3.55 h (Yakovis and Chechurin 2015a). With productivity equal to Q = l00tlh, the minimum capacity of the averaging capacity is 355 tons, which is 15 times less than in a scheme that does not use feedback control. Without giving here specific cost values for implementation of both compared schemes of mixture production, it can be safely asserted that the scheme obtained by the serial connection of mixing controlled part with working in pass-through mode, the low-capacity homogenizer is much better in economic terms than the uncontrolled scheme with a large homogenizer. At the same time, it appears that the economic effect can be increased further if we consider that the aim of the control scheme with the homogenizer should be achievement of the minimum SD of the mixture composition not at the milling output, but at the homogenization output. The point is that the feedback control algorithm has to compensate the perturbations predicted for the time delay in the control loop. In the scheme with forced averaging, compensation of perturbations is needed at the output of the homogenizer. As perturbations at the output of the homogenizer contain only relatively low-frequency components, their prediction for the delay time is much more efficient than at the milling output. Hence, the additional effect of reducing the SD of the output variable fJa(t). It can be quantitatively estimated using statistical dynamics of control systems (Yakovis and Chechurin 2015a). The minimum time of homogenizer filling 4.in = 1.25 h, when productivity Q = 1 00t/ h and the minimum capacity of averaging tank is 125 tons, which is almost three times less than in the scheme where controlled mixture production part and homogenizing part are considered separately. So, by combining heuristic considerations of inventive nature with the exact calculations performed with the use of statistical dynamics of control systems (Astrom 1970), it makes it possible to significantly move toward IRE However, the end point in this movement has not been achieved (and, most likely, will never be achieved), since there is still a problem of reducing the energy costs for forced homogenization. The solution can be sought in the direction of a fundamental redesign of the homogenizer. The system of forced homogenization should be replaced by the sequence of technological operations of separation of the input flow for a number of "subflows" with waiting for each "subflow" in the 
66 L. Chechurin et al.buffer tank for some time and then the subsequent merging of the "subflows". The correct choice of the intensities of the "subflows" which should be calculated with statistical dynamics, should lead this system to the desired averaging effect without any significant energy costs. Since this inventive idea is still in the research stage, we will not go into details. Let's just say that here we need a simple control system that will have to maintain the required values of the intensities of"subflows" at the calculated values. We demonstrated in the specific example that the optimal solution may not be to abandon the control process in favor of purely technological methods. In addition, as shown, the purely controlling methods as another extreme does not always lead to the achievement of the IFR. The optimal solution was found in combination of the technological object and controlling it with automation as a combination of two modified parts of a single complex (Sharifzadeh 2013). In this case, it is possible to take into account and use the beneficial properties of both components in the most reasonable manner. The simplified nature of the considered example made it possible to perform analysis in an analytical way. In a real situation, when: • The mixture does not consist of two, but of a larger number ofcomponents;• The chemical composition is characterized by not one, but severalparameters;• Along with mixture homogenization, prior mixed materials averagingcan be used;• The more or less accurate batchers can be chosen;• There are alternatives in control methods of chemical composition;• For milling, homogenizing and prior averaging, units of different typeand size can be used,behavior analysis of the "Object-Controller" system under random perturbations is seriously complicated (Gorenko et al. 1987). Mostly, such studies are carried out using computer simulation and automated comparative analysis of various options according to their technological efficiency and value characteristics (Doroganitch et al. 1989). However, 
Heuristic Problems in Automation and Control Design: What... 67 the general sense of the problem, optimization of economic indicators with technological requirements, remains. Moreover, the nature of the man-machine decision is compounded because the preliminary selection, which requires the experience of design-technologists and designmanagers, is difficult due to the huge number of options and the complexity of formalizing. Eventually, fruitful results can be expected only in the connection of experience based on inventions and scientific approaches that allow for quantitative evaluation of the effectiveness and suitability of various alternatives (Yakovis and Chechurin 2015b). 
5 Conclusions The study provides an idea for an alternative (inventive) approach to design automation. It shows how the TRIZ concepts of IFR and contradiction analysis assist in simplifying the controller design through inventive changes in the plant. The use of a mathematical model of the plant can enrich the design ideas by providing an additional domain of resource analysis. Three examples demonstrate the approach to inventive automation design. In the first two examples, the object design is changed in such a way that the control feedback is either not required or it becomes much simpler. The third example, which is related to technological complexes, demonstrates the generalizing idea. The optimal economic plan combines the capabilities of technology and management and should be formed on the basis of experience, invention and science. Future research will focus on the systematization of heuristic methods in controller design and the development of concurrent plant and control design in the framework of control theory. Acknowledgements L. Chechurin would like to acknowledge the support of TEKES, Finnish agency for innovation support, and its Finnish distinguished professor (FiDiPro) program. The authors would like to acknowledge the EU Marie Curie program INDEED project for its support. 
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