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Preface

We enjoy automation of more and more human activities. Automation enters the
domain of analytical efforts: more and more elements of knowledge mining are
turned into algorithms, for example, elements of modeling, optimization, informa-
tion search and processing, etc. What has been an art becomes a standard routine, an
algorithm realized in a software. But one fortress seems to stay bold and indepen-
dent: it is still unclear how a new idea or new paradigm can be generated as the
result of an algorithm. If it were possible, the conceptual design or invention could
have been a controllable and predictable process. Computers could have generated
new knowledge, new ideas, submit new research papers, and file new patents. ..
Many efforts in artificial intelligence or literature-based discovery research are
spent to mimic, to support, or to automate creative thinking, heuristic synthesis,
and hypothesis generation.

The book contributes to the development and discussion on one of the most
promising ideation tool: the theory for inventive problem solving (TRIZ). We
invited an excellent crowd of TRIZ researchers and practitioners of different
regions, backgrounds, and professions to share the thoughts and experience—to
talk about possible evolution of the theory, its applications, and problems.

One more name can be found on the cover of the book; it is written with invisible
ink. Prof. Alex Brem of The University of Southern Denmark has contributed much
to this project. Prof. Brem suggested the idea of writing a book, set up the project
with the publisher, invited some of the authors to contribute, and screened the
contributions. At the same time, Prof Brem insisted on remaining outside the
coeditor board, claiming that his contribution had been “not big enough.” The
editor expresses his great appreciation for his help and admires greatly his model
example of scientific tenacity.

Lappeenranta, Finland Leonid Chechurin
Spring 2016
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Introduction

Leonid Chechurin

Abstract This editorial presents the motivation behind this book and gives an
overview of the history of TRIZ, the academic research on the topic so far. The
editorial perspectives in this chapter are based on almost 20 years’ experience of
activities in academia and industry where TRIZ was one of, but not the only, main
subjects. The editor provides a special attention to TRIZ from the scientific
perspective, elaborates on its weak and strong points, and discusses the current
scientific landscape and perspectives. The chapter aims at assisting readers unfa-
miliar with TRIZ, to get acquainted of its history and context of application,
structure, and advantages and to prepare for assimilating the chapters that follow,
which could be challenging for beginners. Finally, the chapter briefly introduces all
the contributions, linking the whole book in one.

Keywords TRIZ « Science ¢« Overview

1 Motivation

Generally, it is a good idea to open the introduction by relevant definitions, which is
in this case a definition of innovation. Innovation is a word that is applicable for
almost anything new resulting from intentional efforts of a human. An “innovation
tag” is suitable for a new product or new service; therefore, the word frequently
decorates companies’ profiles and advertisings, media breaking news titles, and
business schools’ education programs. Sometimes a process is called innovation,
which is then a process of turning new knowledge into a new product (commer-
cially successful if we talk about market-driven economy). Obviously, new knowl-
edge or a new idea is a necessary part of innovation, but real innovation is more than
that. An invention is to be given much more work before it is called innovation:
marketing, management, financing, prototyping, manufacturing, and sale, among
others. And for any new product, this process needs to be newly designed in order to
be successful.

L. Chechurin (<)
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2 L. Chechurin

Although most inventors don’t mind to be called innovators, the biggest chal-
lenge of innovators doesn’t seem to be finding the idea, but uncertainties and
disturbances of the process of turning this idea into profit in the real world. If an
analogy is allowed, the importance of new ideas for innovation is the same as the
importance of bubbles for champaign.

Although nonmaterial as new ideas, bubbles are very important, even crucial
components for champaign, but it is still just bubbles. Creativity is needed at all
stages of the innovation process besides just new product conceptual design.
Nonstandard schemes of investments can save the financing plan, creative market
placement can increase product success, etc. But the stage of inventing a product is
obviously the home court of creativity. Although innovation is a very popular word
and a “must have term” to attract a bit more attention (consider the title of this
book), to position TRIZ as the innovation tool is roughly the same as declaring a
toothbrush as an instrument for body cleaning. A better fit would be calling TRIZ an
instrument for inventing, ideation, idea generating. So, if it had not been for the
popularity of the word innovation, a more precise title of this book would be about
creativity and TRIZ in invention.

2 History

Genrich Altshuller introduced the elements of more productive thinking in inven-
tive engineering in the USSR in 1956, in his paper coauthored by R. Shapiro
(Altshuller and Shapiro 1956). Describing the ideation phase of engineering design
more systematic and therefore gaining popularity among practicing inventors, the
method evolved into a toolset for systematic creativity under the name “Theory of
inventive problem solving” (TRIZ) in the 1980s and then “General theory of strong
thinking” (OTSM) and “Lifetime strategy for creative persons” (ZhSTL) in the
1990s. G. Altshuller and his followers deployed TRIZ through extensive public
activities, training seminars, articles, and books. TRIZ gained new instruments and
chapters. The main method application roadmap, named the “Algorithm for inven-
tive problem solving” (ARIZ), evolved through several editions from 1965 to 1985.
The hype of education, inventing, engineering, and technological advance that
existed in the USSR formed an excellent soil for the method to be of interest.
Altshuller edited a column on creativity in the youth weekly newspaper
Pionerskaya Pravda with a circulation of 9.5 million (nine and a half million!). I
remember being a fan of the column as a kid.

Interestingly, that first publication of Altshuller in 1956 at the same time became
his last publication in a scientific journal. He suffered a lot from the political regime
in the USSR and therefore he decided that he would never work for governmental or
state institutions, including schools and universities. And we should know that there
were no other institutions in the USSR available until it collapsed. Writing science
fiction books for living, Altshuller was never a member of a professional research
community that used scientific publications as the primary stage for reporting
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results, discussion, development, and deployment of new knowledge. But he
declared his findings as theory and the school he established with his followers
pretended to research and to develop it further. Thus, unfortunately, the discussion,
intentionally or not, never left the mostly closed circle of the TRIZ developers’
community, and all the possible developments had to be approved by the founder
rather than peer reviewed. In other words, the development of the “Theory for
inventive problem solving” never entered the most traditional process for institu-
tions and mechanisms of science.

According to one of his followers and colleagues, Vladimir Petrov, Altshuller
was suggested to develop the findings into the form of a scientific dissertation, but
he considered this framework as limiting and restricting. Obviously, Altshuller
could not bear the conservatism of the academic society that developed new
knowledge by small and cautious, but firm steps. He preferred a kind of shortcut,
if a shortcut is possible on the way to distill new knowledge and to prove that a
methodology works. The result can be seen as strongly nonlinear, which allowed
quick development in the beginning, because no time was “wasted” on state-of-the-
art analysis, careful experiment settings, peer reviewing, discussions, etc. But at the
end of the day, it reduced the style and contents of the research to the level of
publicism, school of thought, or conventional wisdom. We have to admit that a big
share of deliverables of Altshuller and his followers were of speculative origin,
based on or provided anecdotal evidence and could hardly be reproduced. These
findings contain interesting, paradoxical, eye opening, and extremely useful
insights for practice, but it is not enough research to be called science. In other
words, more efforts are needed to develop TRIZ to a field of science and these
efforts have been initiated relatively recently.

At the same time, many of these early developments have been proven to be
useful in practice and therefore became a subject or instrument of current research
activities (e.g., most “information technology + TRIZ” indexed papers or product
design contributions use the function analysis approach. The latter appeared first in
two patents (Tsourikov et al. 2000; Devoino et al. 2011)).

Is “theory” a legitimate word for TRIZ? Was Genrich Altshuller a scientist? Do
his findings belong to science? These questions still provoke emotional discussions,
taking into account that the definition of science is diverse. We can’t help adding to
these discussions and definitions one more paragraph.

We have to balance between these extremes. Science carefully delivers us new
knowledge that becomes common good. This new knowledge might be correct but
useless. We have to confess that sadly a big share of scientific research and
publications is originated by points won by other publications (“publishing for
publishing”). The practice is interested in knowledge that is applicable, whether this
knowledge is well proven or not is of secondary interest. Thus, in some market-
driven practices, such as consulting businesses, an ability to sell a theory proves its
correctness. Even more, it shows that this is the best theory ever. Interestingly
enough, business practice based on scientifically proven knowledge is the goal for
most of the advanced universities nowadays. At the same time, reliable business is
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to be based on scientifically proven knowledge, for the sake of sustainability as well
as reputation.

Genrich Altshuller enriched humankind with several insights of different values
and application fields. For example, the trends for the engineering system evolution
provide a systematic point of view on the past and future of products and technol-
ogies. From the same perspective, K. Marx enriched us by the systematic approach
to observe the history of economic relations, J. Schumpeter by highlighting the
innovation component in entrepreneurial competition, and D. Kondratieff by find-
ing long-term periodicity in world economic index history record. All these exam-
ples are the insights of generic or philosophical depth. If the authors of these and
similar approaches are called scientists and their theories are called science, the
same applies to G. Altshuller and TRIZ.

At the same time, these influential insights remain a paradigm still, a school of
thoughts rather than scientifically proven facts. Indeed, we have not yet come across
any reliable proofs of Marxian capitalism nature or the evidence of long-term
economic cycle existence (the original analysis of Kondratieff was based on
150 years of economic indicators’ “Fourier transform” that yielded almost negligi-
ble long-term cycle of a period of 70 years; from the point of view of physics, the
result is speculative; in other words it is too early to conclude that the long-term
cycle exists; the analysis was repeated recently and still does not allow a sound
conclusion). Thus, there has been no statistical research published so far which
would provide the evidence of Altshuller’s trends of the engineering system
evolution. As it comes to the famous S-curve evolution trend, the “quality of the
system” or “system performance,” it is very easy to understand parameters for an
informal talk, but almost impossible to agree on indicators for a quantitative
assessment. We are not able to represent the evolution of a real engineering system
by a single index. And the term “engineering system” requires an abstract level of
analysis only. We should not immediately take a new idea of an engineering system
in the form of a patent seriously, because many patents never become relevant, as
some of them simply contradict the laws of physics. If it is new to a market system,
what if it miserably fails as a product after a short period of time? Should we count
lab prototypes or even gadgets that never became mass production? If not, what
criteria can be applied for an engineering system to be legitimate as an event in
relation to the S-curve analysis?

There are many more questions to be answered before a school of thoughts
enters the level of scientific evidence. Otherwise it never leaves the domain of
conventional wisdom, anecdotes, and rumor. For example, there is a famous
number known to every TRIZnic: “40,000”. Yes, this is the number of patents
studied and analyzed by Altshuller to extract the TESEs and other TRIZ instru-
ments (it means that TRIZ knowledge is a typical big data or literature-based
discovery, performed manually). Altshuller reported he studied 40,000 patents.
But the study was not documented in a way to be reproduced to become the basis
for further development. We are not able to build this pool of 40,000 patents again,
unfortunately, and this part of TRIZ became a part of literature, not science. The
consequence is remarkable: the authors of scientific papers introduce the history of
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TRIZ and have nothing but an anecdote to refer to. But the greater the number, the
more impressive it is. Thus, we come across “100,000”, “400,000 patents studied by
Altshuller,” and even “2 million patents TRIZ is based on,” even in scientific
papers.

Theories are to be scientifically proven but could it be true that the biggest
theories do not need a proof?

Indeed, if many findings of Altshuller have been widely implemented in the
practice of engineering conceptual design and if they inspired much scientific
research (obviously, Altshuller is the most cited author in TRIZ-related publica-
tions), isn’t it already beyond standard scientific contribution, which performance is
measured by citations?

3 Academic Research on TRIZ

However, the fact that there had been no TRIZ-related publications in scientific
journals until the late 1990s resulted in certain difficulties in TRIZ acceptance,
deployment, and integration. It was rather risky to implement an approach that had
never been acknowledged by science.

Fortunately, from the year 2000 onward, TRIZ received increased interest from
those who prefer to publish research results in journals, indexed by leading scien-
tific databases. In turn, these publications provide structured material for under-
standing TRIZ acceptance and development, bibliography analysis, trends of
evolution, and open discussion. Thus, the past 15 years of evolution of TRIZ in
scientific literature resulted in approximately 1000 peer-reviewed papers. It is a
valuable material to understand how TRIZ is used and developed de facto. What are
the most popular TRIZ tools and where are they typically applied? How is TRIZ
being integrated into the roadmaps of modern engineering design? What are TRIZ
competitors and what are the winning combinations with other design or research
practices that promise high synergy? These and other questions are being discussed
nowadays, which we deem to be a very good development.

Obviously, a review on scientific publications related to TRIZ deserves more
attention than an editorial can provide. Moreover, a suitable review has recently
been published (Chechurin 2016), and it is worth highlighting some results of this
work: research efforts’ distribution and noticeable trends.

The majority of TRIZ-related scientific contributions stay in the following
paradigm: the theory is used for new product or technology design. Researchers
either customize TRIZ tools slightly to fit certain application fields (e.g., chemical
engineering or environmentally friendly design) or to demonstrate the power of the
approach by design case studies.

An increasing share of studies uses TRIZ elements in an exciting hunt for
successful ‘“automated concept generation algorithms.” The research question
appears to be simple: can an algorithm provide a new idea? This is an interesting
intersection of artificial intelligence, computational linguistics, and literature-based
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discovery where TRIZ “subject-object-action” and function analysis frameworks
turned out to be a promising ontology. Other TRIZ tools like the contradiction
analysis or trends of engineering system evolution support a field of research where
huge amounts of texts (typically patents) are processed in order to retrieve “inter-
esting” documents, to cluster them, or to distill certain trends and tendencies.

Worth mentioning is also a relatively small, but very high-cited share of publi-
cations, which use TRIZ for bridging between engineering and biology. Being one
of the production samples, we readily assume that Mother Nature is a very suc-
cessful designer, but the problem is that “The Designer” does not share the records.
We do not know why some “designs” are so successful, but even when biologists
discover the secret we need to database it in such a way that it is easy to access it
with engineering domain requests. TRIZ turned out to provide elements of archi-
tecture for this database, for example, a function or contradiction-based phenomena
description.

Finally, much effort is invested in applying TRIZ for nontechnical fields, like
new service design, management, and business. For example, the inventive princi-
ples are either illustrated by the examples of smart managerial solutions or rewritten
in the language of corresponding fields. Many authors present roadmaps for the
integration of TRIZ in the product research and development process. In the same
manner, researchers try to find a synergy between TRIZ and other more established
methods for product design and development like OFD, Six Sigma, Lean, etc. The
weakest points of these studies seem to be that proof is basically substituted by one
or two case studies of design instead of empirical or statistical evidence.

TRIZ still seems to have been experiencing difficulties in enhancing idea
generation in abstract fields, which deal with nonmaterial objects. For example, a
negligible small amount of studies applies the theory for such a remarkable industry
as coding, programming, or algorithm design. One reason could be that TRIZ is
most effective in real, not abstract problems, where the thinking inertia originated
by the conventional way of using certain material objects. TRIZ helps to focus on
the functionality of the object, to substitute the material object by an abstract model
in a similar manner as a mathematical model replaces the mechanical object in
physics. But when the departure point is already nonmaterial, like an element of
code, a big deal of TRIZ tricks does not work and even definitions become
inapplicable. We are not able to define interactions, operation time, and an opera-
tion zone for software. Furthermore, ideality is to be redefined because the cost of
material (the lines of code) is not going to be of much concern, the trend of
evolution from mechanical structures to fields is inapplicable, etc.

Unfortunately, the typical TRIZ application paper engages contradiction analy-
sis only. It creates the same distortion of TRIZ potential as if one claims that
arithmetic is all in mathematics. The engineering contradiction elimination tech-
nique is simple and attractive to impress neophytes, but professional engineers
would immediately reveal its weaknesses: the formulations of contradictions and
inventive principles are very generic and do not differ much from brainstorming;
they overlap and are nonuniform (compare inventive principle “use strong oxi-
dants” and “change parameters”).
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Finally, before briefly introducing each contribution of this book, we present the
statistical analysis which shows that “the amount of TRIZ research,” measured by
the amount of papers on the subject, is growing from less than 5 publications per
year before 2000 to about 150 publications per year after 2012. The dataset was
retrieved by the filtering publications with the word “TRIZ” in the Title, Abstract,
or Keywords (TAK) fields. We could simply call it a “growing interest to the topic,”
but the total amount of related scientific papers in SCOPUS also shows similar
growth. It is also worth mentioning that about 90 % of TRIZ-related scientific
publications are hosted by the journals with very low visibility; the impact factor
of these editions hardly exceeds 0.1. Only about 3 % of publications are made in
journals with an impact factor exceeding 2.

We also notice that the “total amount of TRIZ research” measured by the total
amount of publications (about 1200 by 2014) is comparable to the amount of
studies which are related to practicing TRIZ techniques. The details are given in
Table 1, which also shows the context of TRIZ in adjacent fields of knowledge.

4 Overview of Chapters

The departure point of Elevate Design-to-Cost-Innovation Using TRIZ by Zulhasni
bin Abdul Rahim is the statement that “there is no specific tool that focused on
solving cost problems explicitly” in TRIZ. However, Altshuller made this very
clear in one of his book: cost is not the only engineering parameter; it is to be further
expressed through technical parameters. In other words, we have to analyze why the
cost is an issue. Potential questions might be is there labor-intensive manufactur-
ing? Excessive use of expensive materials? The need for high-precision measuring?
When the cost reduction is the primary goal of system redesign, TRIZ application
yields ideas how to simplify the product of technology (see also DFMA rules). In
general, simplification means fewer amounts of parts or technology operations that
reasonably correlate with lower material or manufacturing costs. However, this
does not imply that the efforts to link the function design with cost design should
not be undertaken. The earlier the designer is able to see the economic projections
of his/her design, the better. The study provides an illustrative mechanical design
example showing how TRIZ application helped to reduce the costs dramatically.
Unfortunately, TRIZ was born and developed in a country where concerns about
environmental protection were not among the highest priorities. Environmental
issues are rarely discussed in TRIZ classics and not directly addressed by TRIZ
instruments. For example, the Altshuller matrix does not bear such engineering
parameters as the “harm for the environment” or “excessive pollution.” They are to
be generalized to “excessive use of energy,” “substance loss,” etc. Altshuller
followers keep focusing on design for functionality or profit, unless the environ-
mental problem appears in the context of chemical field or process control. In
contrast, the share of scientific publications on applying/adapting TRIZ for
eco-centered design is growing steadily. The study by Issac Lim The Effectiveness
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Table 1 Context of TRIZ studies in indexed literature by July 2014 (Chechurin 2016)

Column 2 selection AND “TRIZ” in
Total amount of papers with “*” in | TAK fields, total amount (relative
TAK fields, total amount amount)
“TRIZ” 1200 1200 (100)
“Computer-aided 93 56 (60)
innovation”
“C-K theory” 58 7(12)
(design reasoning)
“Synectics” 40 4 (10)
“Axiomatic 740 51(6.9)
design”
“Kano model” 269 18 (6.7)
“DFSS” 400 15 (3.7)
“DFMA” 260 6(2.3)
“Technology 900 20 (2.2)
forecasting”
“Theory of 900 16 (1.8)
constrains”
“Brainstorming” 2350 35 (1.5)
“Quality function 5100 74 (1.5)
deployment”
“Six sigma” 4000 34 (0.9)
“Case-based 7200 24 (0.3)
reasoning”’
“Robust design” 3500 17 (0.4)
“Creativity” 31,600 130 (0.5)

of TRIZ Tools for Eco-Efficient Product Design is a nice example of it. It provides
an overview of eco-related studies with TRIZ, statistical analysis of TRIZ tools
applied for these problems, and an introduction of a new design tool, the ECO
ideality chart. The tool application is illustrated by three examples.

Advanced Function Approach in Modern TRIZ by Oleg Feygenson and Naum
Feygenson develops a function-based analysis. First, the study provides a nice
introduction to the conventional function analysis that became a part of modern
TRIZ and a popular analysis method. The authors highlight its weak points how-
ever. The latter is addressed by adding time and location variables. In a way it is the
re-appreciation of classical TRIZ operation time and operation zone analysis tools
that have been neglected in modern function analysis. A famous toothbrush bench-
mark example illustrates that the approach named “Advanced Function approach
(AFA)” is capable to develop the picture of system functioning and differentiates
the function performance in a more specific way. Another example of the simulta-
neous operation of two identical engineering systems shows that the new approach
is capable of modeling the synergetic effect. Using Enhanced Nested Function
Models for Strategic Product Development by Horst Nihler and Barbara Gronauer
also adds to the function analysis technique. The study views the function model
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through the prism of the famous nine-screen vision of Altshuller. First it highlights
the advantages of element nesting: a standard model transformation technique in
system analysis (e.g., see IDEFO technique for system hierarchy analysis or
Simulink’s “masking” option for system control circuits). In the same manner, it
suggests to group/ungroup function model components in subassemblies. Secondly,
it introduces the past, present, and future into a standard function model. A design
case study illustrates the advantages of the suggested approach.

Interestingly enough, both studies focus on adding the time axis to the function
modeling approach. It echoes the dynamic function modeling approach introduced
in Chechurin et al. (2015).

Vladimir Petrov presents his original TRIZ-based algorithm for problem analy-
sis in 5-Step Method for Conceptual Idea Design. His TRIZ journey was initiated
by G. Altshuller himself more than 40 years ago; Vladimir was his student and,
further, active member of community of TRIZ developers. The enormous experi-
ence of TRIZ teaching and application resulted in the presented TRIZ tool appli-
cation roadmap. Indeed, although ARIZ is still the one and the only sacred
instruction of TRIZ tools’ application in theory, the reviews show that the practice
of ARIZ application is negligible. It is reported to be difficult, complex, and too
demanding to learn.

Considering its name, TRIZ already bears one issue. The denomination “prob-
lem solving” seems rather ambitious and does not go along with the word “theory”
very well. Imagine titles such as “theory of mechanical problem solving” or “theory
of chemical problem solving.” The main issue of TRIZ is the definition of the
“problem” and finding a solution to the problem. Unfortunately, in contrast to
mathematics, where the solution simply turns the equation into certainty or fact,
the “solution” in TRIZ seems to be rather an optimistic substitute for a more
appropriate “idea,” “concept,” or a “version” as far as design problems are
concerned. TRIZ is an excellent ideation aid but it takes much more for an idea
to become a real-world saving reality. With this philosophical tune, we consider the
chapter Taming Complex Problems by Systematic Innovation by Claudia Hentschel
and Alexander Czinki. It starts with a discussion on the basic definitions: problems,
simple, chaotic, complex, and complicated problems and their place in innovation
management. It is interesting to observe an attempt to interpret the concepts of
nonlinear dynamics and system control for the much less formalized field of
innovation management. The role of TRIZ in taming these problems is shown,
although at a very generic level.

Another contribution on the same philosophical level is TRIZ and Big Systems by
Dmitry Bakhturin. Here we face the definition of big systems as a big-scale business
or company. The chapter speculates on the features of TRIZ deployment at the big
company, for example, the necessity to consider man-machine systems, where
classical TRIZ machine analysis-oriented tools may not work. The author high-
lights the difference between the canonized term “evolution trends” (in English),
while Altshuller’s original meaning in Russian was closer to “development trends.”
He also points out that the traditional model for a “supersystem” concept does not
seem to be very productive when we deal with meta-systems in this context.
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Since its first publication as a part of TRIZ, the trends for engineering system
evolution (TESE) have been used to track and predict the evolution of artificial
systems. But the numerous publications reveal an analysis performed on material
products like airplanes or monitors. The TRIZ-Evolutionary Approach: Main Points
and Implementation by Victor D. Berdonosov and Elena V. Redkolis is an innova-
tive attempt to present the evolution in nonmaterial artificial systems: briefly in
programming languages and more extended in numerical methods in mathematics.
It is work of high interest: not much can be found in the literature regarding the
application of TRIZ in programming, algorithm design, and, finally, mathematics.
Indeed, most of the methods invented, even in such a logic-intensive science like
mathematics, are the result of heuristic design. Since they are inventions, a natural
question appears: could they be described by contradiction elimination, TESE, and
other TRIZ instruments? The study provides an interesting classification to the huge
family of numerical methods and a picture of their evolution.

TRIZ was born as the tool for engineers to design something new. Obviously, all
the tools of this type are to be of interest for innovation managers and the
researchers in the field. One question of these studies is where and how to integrate
TRIZ with other tools in the innovation roadmap; another is how to apply TRIZ for
innovation marketing and management directly. The chapter Contradiction-
Centred Identification of Search Fields and Development Directions by Verena
Pfeuffer and Bruno Scherb speculates on these two subjects and brings one more
roadmap of TRIZ-assisted innovation.

TRIZ-Events Increase Innovative Strength of Lean Product Development Pro-
cesses by Christian M. Thurnes, Frank Zeihsel, Boris Zlotin, and Alla Zusman
provides one more TRIZ-assisted development process pattern. Classic and modern
TRIZ tools are integrated into the lean-event roadmap. The study speaks the
language of an international ideation company, which develops their own methods
and products for invention support: Innovation Situation Questionnaire (ISQ),
Anticipatory Failure Determination (AFD), direction for innovation, Direct Evolu-
tion, and Source-Effect-Object-Result Model (SEOR)), among others.

The next part of this book is the collection of case studies. TRIZ in Enhancing of
Design Creativity: A Case Study from Singapore by louri Belski, Teng Tat Chong,
Anne Belski, and Richard Kwok open that part with a model case. It reveals a
documented mechanical design improvement process assisted by TRIZ. The results
are patented and implemented—what could be better as a success story?

Another illustration is TRIZ-Supported Development of an Allocation System for
Sheet Metal Processing. A One-Day Case Study by Barbara Gronauer and Horst
T. Nihler. The report contains a documented case of a TRIZ-guided brainstorming
session of a team of engineers that lead to a “qualified, capable solution concept” in
redesigning an existing machine.

TRIZ as a Primary Tool for Biomimetics by Julian Vincent opens the part of free
essays. It is a pleasure to have a chance to host the author of most cited TRIZ-
related publications in this book. G. Altshuller wrote in 1961 “Unfortunately,
inventors cannot easily use the “patent database” of Nature. Engineering knowl-
edge is not yet linked to the biological one.” Addressing this point, the chapter
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reviews the advance of biomimetics and the role of TRIZ in making the technology
transfer from nature to engineering more systematic.

In contrast to what is stated in the beginning of Using TRIZ in the Social
Sciences: Possibilities and Limitations by Joris Schut, there is actually a big amount
of studies on adapting/applying the use of TRIZ in nonengineering fields. The essay
meditates on the subject at a very general level and provides a reasonable conclu-
sion that states that more work needs to be done to adapt TRIZ for social sciences.

Linking TRIZ and Cross-Industry Innovation—Evidence from Practice. How
TRIZ in the Context of Cross-Industry-Innovation Can Turbo-Charge the Innova-
tion Process by Peter Meckler is the interesting free speech text based on the
experience of an innovation facilitator. It tells how TRIZ was used in many projects
in multi-field engineering teams to support the ideation stage. TRIZ (or what the
author believes to be TRIZ) is placed among other creativity methods in a
nonsystematic way. This text is vivid reading with insights and humorous
anecdotes.

Finally, the Glossary by Valeri Souchkov is believed to be a useful reference for
TRIZ terminology used in this book and outside of it.

To conclude the editorial before we briefly introduce the chapters of our book,
we anxiously predict that TRIZ has a challenging but bright future in the domain of
science. It might undergo some critical revisions and transformations, get rid of
personal and historical influence, doubtful, biases, and unnecessary pieces, and
even fall apart into several elements. But these elements can become the corner-
stones for the further systematization of heuristic acts, hypothesis construction, and
ideation.
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Elevate Design-to-Cost Innovation
Using TRIZ

Zulhasni bin Abdul Rahim and Nooh Abu Bakar

Abstract Design-to-cost (DTC) is a powerful concept to adopt in reducing cost at
design level. The concept brings the cost parameter to the same level with the
design or technical parameter. The ultimate goal of DTC is to design a product that
effectively meets the planned target cost before the product is launched. Therefore,
DTC consists of tools which assist the organization to achieve its goals. However,
the effectiveness in achieving its goals is quite challenging as there are a number of
conflicting issues in the process of driving down the cost toward the target cost. The
best and most common tool of the DTC concept is a trade-off. A trade-off allows
designers to tune their designs and seek ultimate points of optimization between
conflicting product requirements. This directly hinders the designer from pushing
the cost further down or achieving the targeted cost as it is only looking for a
compromise as its solution. A framework called design-to-cost innovation (DTCI)
is introduced to overcome these challenges. A case study is shared to discuss the
application of the DTCI framework as compared to the optimization approach. The
application of TRIZ tools in DTCI managed to achieve 75.3 % in weight reduction
as compared to 22.1 % from the optimization approach, which indirectly reduces
the material cost of the system. The outcome of DTCI brings a higher value to cost
reduction initiatives by eliminating trade-offs and improving product innovation.

Keywords TRIZ ¢ Design-to-cost « Cost reduction * Optimization * Automotive

1 DTC and Its Constraints

The first DTC concept was introduced in the military industry by The Department
of Defense (DoD), United States of America. The concept was applied through
DoD Directive 5000.1 named “Acquisition of Major Defense Systems” way back in
1971. The initial objective of this directive was to quantify the design parameter in
the form of cost parameter. This established the cost element from the design
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parameter which gave impact to development cost and product cost. Later, another
directive was created, DoD Directive 5000.28 named “Design-to-Cost” to improve
the adoption of new concepts as guidelines which later become a policy. The most
significant change in the new directive was highlighting cost control toward
preestablished target cost throughout the design and development process of the
product. At that time, the only approach which supported the product developer to
achieve the given target cost was by adopting a trade-off between cost and other
critical deliverables such as product performance, product design parameters,
development time, or product quality.

The practical trade-off approach adopted by the DoD was considered as the most
feasible method to achieve the target cost which was focused on finding a balance
point between conflicting goals in product design and development (Tyson 1989).
In other words, practical trade-offs would seek a compromise between the product
design parameter and product cost parameter to prevent the final cost of the product
to go beyond the targeted cost (Rahim and Bakar 2013). This forced the DoD to
explore more effective methods or tools for support to achieve the target cost.
Furthermore, they needed a tool which provided a specific analysis on the design
and cost parameters in order to assist them in controlling the product cost from
going beyond the target cost and eventually fail the project (Montgomery and
Carlson 2011).

Subsequently, value engineering (VE) was adopted as a tool to reduce the
dependency on trade-offs by analyzing between design and cost parameters. Wich-
ita (1975) stated that VE was able to provide a significant improvement to DTC by
incorporating clauses in the project’s contract. Wichita (1980) conducted several
case studies on the application of VE in DTC projects to develop weapon systems,
which in his opinion was successful. However, the study recommended that trade-
offs were still a component of DTC projects followed by the VE method to achieve
target cost (Zulhasni and Nooh 2015).

The vertical improvement of DTC effectiveness to achieve target cost was not
merely by introducing VE into the processes. Several tools have been proposed
throughout the four phases of DTC based on a comprehensive DTC framework by
Gilb and Maier (2005). The DTC framework comprises the following phases in
sequence: preparation, design, evaluation, and implementation. Figure 1 shows the
tools proposed in the DTC processes based on the framework by Gilb and Maier.

A common tool used in the preparation phase is the Pareto analysis, which
focuses on prioritizing improvement areas for DTC projects. In the design phase,
tools such as VE analysis and brainstorming are used to generate ideas to achieve
the target cost. In the evaluation phase, the DTC project would encounter problems
which may become constraints to its goals. Common problem-solving tools are
used in this phase, such as “5-Why analysis” (Gilb 2011). However, there is less
options for the DTC project in solving problems as it marches toward the imple-
mentation phase. In this phase, there is only one common alternative left for the
DTC to execute the project, which is using the trade-off analysis. This tool
distinctly proposes a compromise between conflicting needs, especially in terms
of the cost parameter (Williamson 1994).
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Fig. 1 Application of tools in DTC processes based from Gilb and Maier’s framework

There is also a horizontal improvement that is focused on creating better value
compared to the DTC. A new concept called “Cost as an Independent Variable”
(CAIV) was introduced to the DoD in 1995. The CAIV concept highlights cost as a
fixed variable, while performance and schedule are allowed to vary (Boudreau
2006). In other words, the focus on compromise is transferred to performance and
schedule. Meanwhile expecting the product of the project is affordable. However,
this concept is not feasible when the project is extended to a longer schedule. This is
because the operational cost is still active and therefore, the total development cost
would increase. It would have a similar impact on the compromising performance
to achieve target cost, which inevitably ends up with poor customer satisfaction
(Zulhasni et al. 2015).

The vertical and horizontal improvements of DTC are still tied to the trade-offs
as their final decision-making in pursuing the target cost. However, in 2000, Esaki
claimed making the first attempt to introduce TRIZ in DTC, together with other
concepts such as quality function deployment (QFD) and the Taguchi method
(Esaki 2005). Figure 2 shows the evolution of the DTC concept derived by
Esaki (2005).

The main possible reason for the new method such as TRIZ to become a part of
the DTC concept is to overcome the dependency of trade-offs in the main processes.
This opens up a new improvement in the overall DTC concept if TRIZ is to be
significant to break away from trade-offs. However, the search for literature on a
proposed framework(s) and case studies on implementing TRIZ in DTC has yet to
be found (Bakar and Rahim 2014). This creates motivation to pursue the possibility
of the DTC in adopting TRIZ in its framework and processes. The next section will
discuss some investigations conducted on how TRIZ was adopted in cost reduction
initiatives, which was similar to the DTC concept. Subsequently, TRIZ was applied
in the DTC concept through several case studies using a new framework called
design-to-cost innovation (DTCI).
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2 TRIZ in Cost Reduction

Most TRIZ practitioners are aware and may agree that TRIZ is an arch enemy of
trade-offs (Hipple 2012; Linstone 2011). One of the main reasons for the existence
of the TRIZ methodology is to break away from the compromise or trade-off.
Without TRIZ, most people would do their best and focus on optimization until they
reach the ultimate limit (Hipple 2012; Cascini et al. 2011). Most probably people at
this stage are unable to think of better solutions and instead propose more complex
solutions (Rahim and Nooh 2014). Furthermore, what they require deploys unnec-
essary resources to maintain high levels of optimization. This includes cost as one
of the main bottom-line for any industry.

Cost is the problem of all industries and things get more severe when the
competitive environment becomes hostile. Almost all industries are struggling to
improve their cost at every level of the business process. Regardless of how cost
reduction is done, most business owners only want to see huge profits and zero
losses. They would use whatever methods or approaches to find the ultimate
solution reduce cost, including employing TRIZ methodology (Sheu and Hou
2011).

Many tools from level 1 to level 3 are taught within the scope of knowledge
governed by the International TRIZ Association, or known as MATRIZ. The
purpose to divide to three levels is to ensure that TRIZ practitioner is able to
adopt the complexity of the methodology. Level 1 tools are “function analysis,”
“cause effect chain analysis,” “ideality,” “trimming,” “engineering contradiction,”
“contradiction matrix,” and “40 inventive principles.” In level 2, the tools are
“physical contradiction,” “Su-field analysis,” “76 standard inventive solution,”
and “S curve analysis.” The rest of the 14 more tools are allocated in level 3 that
are mostly known as modern TRIZ tools. However, there is no specific tool that
focused on solving cost problems explicitly (Stratton and Mann 2003). Most of the

9 < 99
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applications of those tools are used to indirectly reduce cost-related problems. For
example, in the application of Contradiction Matrix, there is no “Cost” listed as
worsening or improving parameters, neither is “Cost” listed as a part of inventive
principles (Domb 2005).

Cost is considered as subjective and is dependent on the context of the moment.
In cost reduction initiatives, there are many conflicting factors caused by identified
cost element(s). This cost element may have a direct, inverted, or exponential
relationship with the technical parameters of TRIZ. Furthermore, some inventive
principles are capable of providing effective solutions while some do not. For
example, in the context of meeting customer level of affordability, segmentation
of product variants may solve the problem. However, merging many variants of a
product may reduce the number of its resources, which could impact on cost
reduction. So, which solution is better? Create segmentation to expand the market
or merge to reduce resources. This, of course, creates another contradiction to solve.

Furthermore, the buzzword in the twentieth century competitive industry is
innovation. The industry is pushing new technology to the market; at the same
time the market is pulled by customer demands for better products from the
industry. This automatically imposes a greater challenge to the industry to ensure
that they survive in the competition. There is a misconception by industries
regarding innovation that it always requires a huge investment and incurs great
risk to the organizational performance. This hinders industries from pursuing
innovation, and instead they choose to conduct business as usual, hoping that
they would survive any competition coming their way.

In investigating how other TRIZ practitioners carry out cost improvement
activities, a literature review was conducted on areas of cost reduction. Most
TRIZ practitioners are focused on the product design area as it brings a huge impact
and delivers significant results in cost reduction. Domb and Kling (2006) suggested
that the focus on cost improvement must begin from the cost of the root cause(s).
Domb (2005) recommended several TRIZ tools as in Fig. 3 which was considered
as effective to solve cost problems.

Isaka (2012) proposed cost cutting in redesigning products to develop simpler
products using “Trimming” in the 8th TRIZ Symposium in Japan. The trimmed
system was expected to create new problems to be solved to achieve cost improve-
ment results. Furthermore the focus of TRIZ tools in cost reduction initiatives has
expanded to other improvement concepts. Ikovenko and Bradley (2003) advanced
an integrated TRIZ under Lean Thinking Tools in the 2004 ETRIA Future Confer-
ence. The objective of integration was to harness the advantages and potential
which could be effectively used in organizational methods like Lean. The strongest
TRIZ tools applied in Lean were “Trimming” and “Flow Analysis.”

Besides conceptual studies, there were also several case studies which used
TRIZ in cost reduction initiatives. Cho et al. (2004) shared their application of
TRIZ in reducing material cost in a Samsung camcorder product. The main TRIZ
tools used in their product were Function Analysis, Technical Contradiction, and
Su-Field Analysis. The most interesting outcome of the cost reduction activities
was their success in securing three new patents for the technological innovation.
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Fig. 3 Flowchart for cost problem using TRIZ (Domb 2005)

There were some studies on the application of TRIZ tools which provided
significant improvement to the current DTC which moved away from using trade-
offs. Table 1 shows a summary of previous research on TRIZ applications in cost
reduction and area of complement in the DTC process.

The common tools used and the approach adopted by TRIZ practitioners in cost
reduction can be seen in Table 1. One of the strategic approaches is by integrating
TRIZ tools into other concepts. Each context of TRIZ tool application varies
depending on the objective of the cost reduction initiative. The following section
describes a new framework of DTC which integrates TRIZ tools in order to achieve
better cost reduction performance without trade-offs and also improves the level of
innovation.

3 DTCI Framework

A framework is created based on the inherent contradiction of current DTC in
product design and innovation. A new version of the DTC framework called DTCI
framework was developed using the framework by Gilb and Maier (2005) as a base.
The framework consisted of four phases: system prioritization, idea generation,
idea evaluation, and implementation. The unique part of integrating the TRIZ
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Table 1 A summary of researches on TRIZ related to cost improvement

21

Authors and year of DTC area of Integration of
No. | publication improvement TRIZ tools TRIZ
1 Ikovenko and Bradley Idea generation Trimming Integration
(2003) success
2 Mann and Domb (2003) | Trade-off and Contradiction | Harmful function
evaluation
3 Sawaguchi (2000) Brainstorming Inventive High-value ideas
principles
4 Stratton and Mann Idea generation and Trimming Engineering needs
(2000) evaluation
5 Domb and Kling (2006) | Technical cost element | Contradiction | Integration
6 Domb (2005) Prioritization Inventive Manufacturing
principles success
7 Isaka (2012) Design simplification Trimming Simplification
8 Mann (2002) Idea generation Function Business area
analysis
9 Martin (2010) Prioritization Trimming Lean and TOC
10 | Wu (2004) Design improvement Inventive Taguchi method
principles
11 | Li (2010) Trade-off Contradiction | Technology
acceleration
12 | Mann and Domb (1999) | Design improvement Function Customization
analysis
13 | Ball (2014) Simplification Trimming N/A

method is that it is divided into three categories. The first category is addressing the
cost problem of the existing system. For example, components caused high defects
based on warranty claims. The second category is developing a new system to
improve the cost of the old system, due to changes in a stakeholder’s requirements
or meeting the target cost. The third category is developing an advanced system
which improves the level of product innovation or which is related to developing
patents. Figure 4 shows the DTCI framework with an integration of TRIZ tools.

All DTCI initiatives are strategically prioritized based on the product or com-
ponents of cost analysis. This focus is on a specific system which applies TRIZ tools
for improvement. The solution developed is evaluated from three dimensions:
technical, commercial, and management. Solutions which meet the requirements
of the evaluation process would proceed to the implementation process. Mean-
while, solutions which do not meet the requirements would either be improved
further or reserved for future strategic product development.

There are recommended application tools in the DTCI framework within those
categories, as shown in Fig. 5. Certain tools are suitable for a specific objective and
context in solving a cost problem on an existing system, developing a new system,
or exploring an advanced system. However, this does not restrict the application of
other tools in other categories that is not listed as recommended tools. There are
also other new TRIZ tools used in the DTCI framework which are not mentioned in
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the list such as patent circumvention and patent strategy, which consist of a
combination of other TRIZ tools with a legal perspective.

The next section looks at some case studies on each DTCI category and the focus
to enhance DTC to achieve better target cost and to improve the level of product
innovation.

4 DTCI Case Studies

The DTCI framework is an elevation of the current DTC with the application of
TRIZ tools and focuses to break away from being too dependent on trade-offs.
Another expected outcome of DTCI is to embrace innovation in product design so
as to achieve the cost reduction objective. There are several published projects
concerning case studies on the application of DTCI in the automotive industry at the
systems and component level (Rahim et al. 2015). However in this chapter, a case
from one of the projects is presented on problem solving by way of a comparison
study between a common optimization method and the TRIZ method.

4.1 Project Case: DTCI in Existing Design Optimization

A wiper system is selected for improvement through a cost engineering analysis.
The wiper system has a number of limitations such as the issue of reliability and
material cost. On top of this, the engineering team was intent on improving the
design of the wiper system and reducing the weight of its components. Figure 6
shows the wiper system mounted on a car.

A cross function team was assembled. It consisted of members from engineering
design, procurement, quality, and manufacturing including suppliers. The activity
started with a component analysis, before it progressed to developing an improved
design concept through current engineering optimization activity. After that the
same system was analyzed using TRIZ methods and another design concept was
developed for a comparison study. The focus outcome from both the design
concepts was a comparison on component cost improvement, functionality, and
key focus on reducing the weight of the wiper system.

The heaviest component in the wiper system was the wiper bracket. It weighed
about 1.5 kg, which was considered too heavy for the total system. It was made
from thick cast iron and went through the casting process to obtain its solid and
rigid features. The features were required as this component was considered as the
most critical component in the wiper system mechanism. If the weight of the
bracket was reduced, it would directly reduce the material cost. However, the
weight reduction must not reduce the reliability and performance of the wiper
system. This was considered as a good problem statement for TRIZ to solve the
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Fig. 6 Original wiper system in the current model

contradiction. Meanwhile, conventional methods began to seek trade-off points
between weight reduction, cost reduction, and performance through design
optimization.

In a product design optimization process, computer-aided engineering (CAE)
would be used to analyze the current wiper system for weight improvement.
Figure 7 shows the overview process of design optimization for the design concept
of the wiper bracket.

Based on the optimization process using CAE, some minor changes were
proposed for the existing design of the wiper bracket. The limitation to the changes
was the allowable maximum stress applied on the bracket during operational mode.
The reduction in weight was achieved by 22.1 %, which was equivalent to 0.332 kg
from its current weight. Figure 8 shows the changes performed through CAE
optimization.

The next method was using TRIZ as a weight optimization initiative. First, the
system was modeled using function analysis to investigate the level of function
which existed in the current wiper system. Figure 9 shows the function analysis
performed on the wiper system. In the context of weight reduction, the wiper
bracket carried excessive functions in holding other components. From an engi-
neer’s viewpoint, the excessive weight of the wiper bracket was to attain rigidity in
holding other components and to have it mounted on to the body structure. This
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understanding is considered as psychological inertia to overcome the contradiction
between weight and rigidity.

The contradiction was reviewed through 39 engineering parameters. The
improving parameter comprised weights of stationary object (#2), whereby the
stationary wiper bracket was fixed on to the body structure. Meanwhile, the
worsening parameters were force (#10), stress (#11), stability (#13), strength
(#14), reliability (#27), and ease to manufacture (#32). The worsening parameters
were highlighted by the subject matter expert (SME) in the cross function team.
Figure 10 shows inventive principles extracted from the contradiction matrix.
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The next process was to identify the most common inventive principles
recommended to solve interrelated contradictions in reducing the weight of the
wiper bracket. Using a simple Pareto analysis, the inventive principles were
analyzed to identify the most common concept proposed with regard to similar
contradictions. There were four inventive principles that were mentioned more than
once. Figure 11 shows the four inventive principles: “Preliminary action,”
“Mechanics substitution,” “Segmentation,” and “Anti-weight.”

Based on recommendations from many inventive principles, the cross function
team was excited to explore all the inventive principles to develop the concept
solution. The concept solution was focused on the mechanism of how the function
delivered and the technical feasibility of the established concept solution. Table 2
shows the concept solution discussed based on recommended inventive principles
and the results of technical evaluation. The technical evaluation result is based on
the capability to develop the proposal using existing available resources determine
by the DTCI team, experts, and project manager.

The cross function team used their current knowledge and experience to develop
the wiper system through the concept of inventive principles. Quite a number of
amazing concepts were generated and each of them required some evaluation study
on its technical feasibility. However, the development of concepts was quite
straightforward due to the team members’ basic level of TRIZ knowledge and
application. Some members utilized the Internet to extract information to support
their proposed concept with facts and figures.

The evaluation process in DTCI also included a commercial study. The concept
solutions were mapped to identify the most significant for design improvement
using four-by-four matrix cost analysis and technical feasibility; Fig. 12 shows the
commercial-technical matrix on the proposed concept solution. The solutions are
allocated on the investment cost required and the feasibility of existing resources
confirm by the DTCI team and manager.

The most feasible concept solution used the inventive principles: #1 (Segmen-
tation), #35 (Parameter change), #8 (Anti-weight), and #10 (Preliminary action).
The activity had made each team member more receptive to developing practical
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Table 2 Ideas generated based on inventive principle into the optimization of the wiper system

Inventive Technical

principles Specific improvement Impact evaluation results

1P #10 Use water repellent for front | Not suitable for other Feasible (moderate

Preliminary | glass window than water innovation)

action

IP #28 High-frequency ultrasound Able to delete existing Feasible (radical

Mechanic in windshield components such as innovation)

substitution wiper motor

IP #1 Separate the bracket into Smaller size bracket Feasible (minor

Segmentation | two pieces modification)

IP #8 A portion of bracket is Reduce metal material Feasible (minor

Anti-weight | designed into the trim cover modification)

1P #19 Pressured air blows the water | Reduce the force to wipe | Feasible (moderate

Periodic periodically the water, reduce the innovation)

action bracket strength

1P #35 Use hollow parts to substitute | Reduce the total weight | Feasible (minor

Parameter solid parts of parts modification)

change

IP #13 Change the position of Reduce the force to wipe | Feasible (moderate

The other wiper system to the top of the water, reduce the innovation)

way around | the front glass window bracket strength

IP #29 Sucks in water from the Eliminate wiper system | Feasible (radical

Pneumatic glass window Similar solution as IP #19 | innovation)

and hydraulic | Similar solution as IP #19

IP #18 Ultrasonic cleaning Eliminate wiper system | Feasible (radical

Mechanical | Same as IP #28 Similar solution as IP #28 | innovation)

vibration

IP #26 Use bracket made of Need technical validation | Feasible (minor

Copying lightweight polymer and testing modification)

1P #39 Introduce a system that Eliminate wiper system | Feasible (radical

Inert changes water into gas innovation)

atmosphere

IP #40 Use composite material Need technical validation | Feasible (minor

Composite on metal and plastic parts and testing modification)

material

1P #2 Take out the bracket and Eliminate bracket and Feasible (moderate

Taking out use the body structure as wiper needs to work innovation)
support Harmonically

1P #27 Not available The bracket cannot be Not feasible

Cheap short
living object

used within a short
period of time

1P #3
Local quality

Make the bracket/body
structure part of the linkages
to move wiper or

Similar with IP #2

Need technical validation
and testing

Feasible (moderate
innovation)

IP #9
Preliminary
anti-action

Glass surface filled with water

Further mechanism to
sustain the water on top
of the glass

Feasible (radical
innovation)
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High

cost 67 3
O

Medium

cost

Low Recommended Inventive Principles

cost |
Not Moderate High
feasible feasibility feasibility

Fig. 12 Recommended inventive principles through technical and commercial evaluations

concept solutions which provided significant impact to their respective scope of
work. The wiper bracket was changed to a new design, focused on better weight
reduction and lower cost without compromising on its performance. However, the
design engineer needed to consolidate and refine the concept into a real practical
product which met the target cost and brought new innovation into the wiper
system. Other concepts which were considered less feasible to implement due to
time taken for development or exceeding the target cost were kept in a database for
innovation research and development.

The wiper bracket was segmented into three parts. The middle part which was
bigger in size was substituted with a hollow shaft. The rest of the part was modified
to integrate with the hollow shaft. Another moving wiper bracket was also
redesigned based on a similar concept. Plastic material was introduced into the
new system in less critical functions, and metal bush was substituted with a special
polymer bush which had better performance and reliability. The rest of the com-
ponents were transferred to the new system such as the wiper motor, which enabled
the cost to be reduced further. The final concept was developed at the prototype
level and underwent testing and validation of part performance. Figure 13 shows
the existing wiper system and Fig. 14 shows the new wiper system.

The results from this approach achieved 75.3 % in weight reduction, which was
equivalent to 1.13 kg from the current design. The result of the weight reduction
using TRIZ methodology produced a better outcome compared to the optimization
approach which was supported by CAE software. Table 3 shows the weight of the
wiper bracket for the existing and the new improved design. The improvement of
the wiper system would continue as there were many solutions generated by the
cross function team using TRIZ which require a longer time and adequate resources
to move forward in product innovation.
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Fig. 13 The current wiper
link system

Fig. 14 New wiper link
system with minor design
modification

Table 3 Weight optimization and TRIZ design solution

Level of bracket design Total weight (kg) % of weight reduction
Current design 1.504 -

Optimized design 1.172 22.1%

Adopting TRIZ inventive solution design 0.371 75.3%

5 Conclusion

The main objective of DTC is to focus on achieving a planned target cost at the
initial stage of design. One of the critical steps to achieve effective DTC is to
translate a design or technical parameter to a cost parameter. However, in the
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process of achieving the target cost, there are quite a number of conflicting
requirements such as bringing the cost down to a minimum without compromising
on the design performance of the product. Currently, there are many methods and
improvement concepts used in DTC phases, such as prioritization, idea generation,
idea evaluation, and implementation. Among these tools, trade-off will be the most
important tool used in DTC to achieve the optimum level of cost reduction against
other parameters such as product performance. This chapter has presented a DTCI
framework which integrated TRIZ in DTC processes and broke away from being
highly dependent on trade-offs. A project case study was discussed. It addressed the
cost problem by way of material weight reduction on an existing system. The
outcome showed that TRIZ has elevated DTC by producing better value in solving
DTC’s problem compared to the trade-off method such as optimization. Further-
more, TRIZ has enabled the cross function team of DTC to enhance their product
innovation for future development from an existing system, a new system, or an
advanced system. The DTCI framework is expected to solve the contradiction
between achieving the target cost and enhancing the level of innovation.
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The Effectiveness of TRIZ Tools for Eco-
Efficient Product Design

Issac Sing Sheng Lim

Abstract Eco-efficiency is a now necessity in view of rapidly depleting resources.
Existing eco-efficiency tools provide standards and guidelines in developing prod-
uct specifications that would have lesser environmental impact. However, there is a
gap between setting those eco-efficient design targets and having the ability to
achieve them. This research proposes the usage of tools based on the theory of
inventive problem solving (TRIZ). The effectiveness of a variety of TRIZ tools in
the eco-efficiency improvement of products will be studied. TRIZ tools such as the
39 Engineering Parameters, Contradiction Matrix, 40 Inventive Principles, Func-
tion Modelling, Trimming, Substance Field Modelling and 76 Standard Solutions
are used in this research. A new tool termed the Eco Ideality Chart is also developed
and used in this research. These tools were applied on actual products in collabo-
ration with an electronics company. Three products which are a signal booster,
streetlight and turnstile form the case studies. The design solutions developed by
the company without the TRIZ tools were compared with the TRIZ-based solutions.
It is observed that the TRIZ-based solutions did improve the eco-efficiency of the
products. The product’s functionality was increased with either the same or lesser
resources. This research has shown the potential of TRIZ tools in the development
of more eco-efficient products.

Keywords Eco-efficiency * TRIZ ¢ Product design

1 Introduction

This research chooses to focus on the eco-efficiency of product design. In exact
definition, eco-efficiency is achieved through the delivery of competitively priced
goods and services that satisfy human needs and bring quality of life, while
progressively reducing ecological impacts and resource intensity (Lim and Teoh
2010). The goods and services can be represented by products. Product function-
ality and ecological impact are determined by its design. The design stage of the
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product development determines the impact that the product will have throughout
its life cycle to the environment.

The term eco-efficiency is originally coined by the World Business Council for
Sustainable Development (WBCSD). Just like majority of the existing sustainabil-
ity tools, eco-efficiency highlights the key areas where development can be done
sustainably. The unique feature about the eco-efficiency approach is that it is
developed and practised by companies within the WBCSD. Furthermore these
companies are household brands that have a global reach in terms of their products
and services. By being industry driven, the guidelines and standards proposed in
eco-efficiency are more practical.

Overall, the philosophy of eco-efficiency is represented by seven elements. The
first three eco-efficiency elements are on the reduction of material and energy and
toxic dispersion. The following four eco-efficiency elements are on the increase of
renewable resource usage, durability and service intensity.

All seven of the eco-efficiency elements are beneficial in identifying areas of
improvements. Product specifications can be determined in the early stage of design
to incorporate as many of the eco-efficiency elements. Currently more product
design approaches are into setting more specifications that are oriented towards
eco-efficiency (Russo et al. 2011a). These eco-efficiency elements are good guide-
lines on setting design targets. However, there is a lack of any guideline on how to
achieve those targets.

An inventive problem-solving methodology known as the theory of inventive
problem solving (TRIZ) is proposed in this research to assist the design of
eco-efficient products. TRIZ is well established for overcoming contradictions
and not compromising them. Likewise, there should not be a compromise on the
ecological impact in pursuit of product functionality. TRIZ could be used to design
more eco-efficient products. In fact, the first person to propose this is Genrich
Altshuller who is the founder of TRIZ together with his research partner Michael
Rubin back in 1991 (Shulyak and Rubin 1999).

The TRIZ tools used in this research work are those that are widely known and
used. Some of the tools are meant to be used with each other in complement.
Therefore, the tools are grouped into three sets. In the first set, the tools are the
39 Engineering Parameters, Contradiction Matrix and 40 Inventive Principles. For
the next set, the tools are Function Modelling and Trimming. As for the final set, the
Zone of Conflict, Substance Field Modelling and 76 Standard Solutions are the
tools. All three sets of tools are used to develop systems with higher eco-efficiency.

The eco-efficiency improvements of systems are demonstrated through actual
product case studies. A microelectronic company is engaged as the industrial
research collaborator. This engineering-based company designs, develops and
manufactures its own products. The role of the TRIZ tools in the improvement of
the eco-efficiency in all three of the product case studies will be described.
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2 Literature Review

There are pockets of research activities that are going on in relation to applying
TRIZ in eco-efficient product design. The latest journals and conference papers
related to this research topic have been reviewed. A summary of the 30 most
relevant journals are summarized in the Table 1. The latest trends of the research
related are identified and further explained in subsequent sections.

2.1 Tool Research Frequency

The TRIZ methodology consists of many tools. The frequency percentages of the
various TRIZ tools used in eco-efficient research work are obtained by reviewing
the latest related publications. Only journal and conference paper publications were
considered as those are peer reviewed. As seen from Fig. 1, it is observed that not all
of the tools are of similar popularity.

The tool which is most frequently researched on is the set of 40 Inventive
Principles. At least 42 % of the total past research in eco-efficiency and TRIZ has
used this tool. It does not come as a surprise as this tool is the most popular tool ever
developed by the founder of TRIZ, Genrich Altshuller. There are multiple reasons
for its popularity. The main reason is the tool’s ease of use.

From the graph, it is observed that the more advance TRIZ tools are researched
upon less. The advanced tools often require in depth knowledge and experience in
using them. Therefore, not many researchers are equipped to apply them in
research.

This research attempts to apply more TRIZ tools that previously conducted
research works. All of the tools shown in the graph in Fig. 1 will be part for this
research except for the 9 Windows, trends of system evolution and the algorithm of
inventive problem solving (ARIZ).

2.2 Sets of Tools

Almost 90 % of the researches show that multiple TRIZ tools are used. This means
that only TRIZ tools are meant to be used together. An average of 1.7 TRIZ tools
have been used in each of the existing eco-efficiency related design research work.
The most common tools used together are the 39 Engineering Parameters, Contra-
diction Matrix and the 40 Inventive Principles. Among the research work that
utilizes multiple TRIZ tools, 30 % have chosen this set. For this research, more
sets of tools will be used.
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Research Frequency Percentage

TRIZ Tool

Fig. 1 Research frequency percentage of TRIZ tools graph

2.3 New Tools

A quarter of the latest research work on eco-efficiency and TRIZ introduces new
tools. Most of these new tools are hybrids between eco-efficiency and TRIZ tools.
This research also will use a new tool which is based on Ideal Final Result. The tool
is being developed to qualitatively gauge the eco-efficiency of solutions.

2.4 Case Study

More than 80 % of the researches include case studies to enhance the findings of the
research done. Case studies are effective in showing results that will support the
claims of the research work. As seen in Fig. 2, product case studies are more
popular choices compared to process or business model case studies. All three
types of case studies can be eco-efficiently improved. In this research, the focus is
on product case studies.

The case studies involved in this research work is in collaboration with a
microelectronic company which designs and develops its own products. Therefore
the case studies are based on actual products that are being developed by the
company.
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3 Methodology

In this research, both existing and newly developed TRIZ tools are used. The
existing TRIZ tools are selected to eco-efficiently solve the design problems in
the case studies. The eco-efficiency of the developed solutions is then gauged with a
new iteration of a TRIZ tool. This tool is called Eco Ideality Chart.

The case studies selected for this research is in collaboration with a company
which designs and manufactures its own electronic products. Hence, the company
has full control on the product development process. The case studies chosen are
related to actual products which have design problems. This research is conducted
to observe if TRIZ tools can be used to develop solutions that deliver better product
functionality and at a lower resource consumption.
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3.1 TRIZ Tool Selection

From the literature review, it is observed that TRIZ tools have often been used
without any specific sequence. Different TRIZ tools are effective in the different
areas of problem solving. This research proposes the categorization of these areas
into problem identification, problem exploration, solution generation and finally
solution selection.

Each area of problem solving if done right will contribute towards a higher
eco-efficiency for the final solution. For this research, the problem-solving steps in
the case studies can be categorized into problem identification, problem exploration
and solution generation. Each step uses different sets of TRIZ tools as summarized
in Table 2. The role of each of the tools in increasing the eco-efficiency of a system
is also described further.

3.1.1 Problem Identification

Determining the right problem to solve in the beginning of product design is
important. The 39 Engineering Parameters, Function Analysis and Zone of Conflict
assist in determining the actual root cause of the problem that needs solving.

39 Engineering Parameters The Engineering Parameters assist the establishment
of a technical contradiction statement. It focuses the product developer to consider
what parameter will worsen when another parameter is improved. Instead of
optimizing to a compromise between the parameters, the contradiction needs to
be removed.

Often times, when a product is designed to be eco-efficient, its functionality is
compromised. Likewise when the functionality is increased, the eco-efficiency is
compromised.

Function Type The overall functionality of a product relies on the sufficient
functional interaction between the components. Components that are performing
functions excessively are wasting resources and therefore should be reduced. On
the other hand, functions that are insufficient or harmful will impede product
functionality.

Table 2 Grouping of TRIZ tools for the case studies

Problem Solution Solution
Case study | identification Problem exploration | generation selection
Signal 39 Engineering Contradiction 40 Inventive Eco Ideality
booster Parameters Matrix Principles Chart
Streetlight | Function Analysis Function Modelling | Trimming Eco Ideality
Chart
Turnstile Zone of Conflict Substance Field 76 Standard Eco Ideality
Modelling Solutions Chart




The Effectiveness of TRIZ Tools for Eco-Efficient Product Design 43

Sufficient functionality translates into efficient resource usage. Eco-efficiency of
an overall system depends on the eco-efficiency improvements at the subsystem
level.

Zone of Conflict The Zone of Conflict is the location where there is both the useful
and also the harmful operating zone (Yeoh et al. 2009). It is the location in which
the problem should be solved. Solving problems in just the useful or harmful zone
might not be sufficient.

It is very often that the right solution could not be found because the problem
was not the right one to begin with. This leads to the search for solutions for the
wrong area which leads to more wasteful iterative steps.

3.1.2 Problem Exploration

Once the right problem has been identified, further exploration should be done on
the problem. It is critical not to rush into developing solutions without a deeper
understanding of the problem. The Contradiction Matrix, Function Modelling and
Substance Field Modelling are able to provide different perspectives of the problem
in the supersystem, system and subsystem level.

Contradiction Matrix The Contradiction Matrix recommends the most suitable
Inventive Principles to each pair of contradicting Engineering Parameters. It is
possible to consider multiple contradictions related to a single problem.

A contradiction might occur before or after the product is designed to be
eco-efficient. When a system is designed to be more eco-efficient, there bound to
be multiple contradictions. These eco-efficiency contradictions can be correlated to
the Contradiction Matrix.

Function Modelling The Function Model will map out the interaction of all the
subsystems and supersystems. Together with the Function Analysis, a complete
understanding of the actual functional interactions that occur can be achieved.

Often times a new subsystem is introduced into a system to perform or improve a
function. It is possible for any of the existing subsystem or supersystem to be used
instead. With increased functionality and lower resource consumption, the
eco-efficiency of the system is improved.

Substance Field Modelling A Substance Field Model shows the specific interac-
tion between two subsystems. The functional interaction can either be sufficient,
insufficient or harmful. The function field is also determined to be either of
mechanical, thermal, chemical, electrical, gravitational or magnetic.

The types of functional interaction will determine the right solution that will be
implemented. It is desired for the Substance Field interactions to be sufficient to
ensure that the product’s functionality is maintained or even improved.
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3.1.3 Solution Generation

Conventional problem-solving method solely involves trial and error within the
domain of expertise of the problem solver. Besides tools to identify the right
problem and to explore the problem at a deeper level, TRIZ also consists of tools
that suggest inventive solutions. The tools used in this research are the 40 Inventive
Principles, Trimming and the 76 Standard Solutions.

40 Inventive Principles All patents represent solutions that have been developed to
solve problems. The Inventive Principles are the synthesis of patents. Therefore the
principles are proven solutions.

The Inventive Principles used to develop eco-efficient solutions are then proven
as well. This means that lesser trial and error will be done. Wastage of resources is
then prevented.

Trimming The purpose of Trimming is either to remove or to replace a subsystem
(Yeoh 2014). The replacement can either be an existing subsystem or supersystem.
Besides that, the replacement can be the introduction of a new subsystem.
Trimming is done on subsystems that perform inefficient, excessive or harmful
functions. This ensures that the functionality of the overall system is sufficient. The
system is kept minimally simple yet functional with continuous Trimming.

76 Standard Solutions All of the Standard Solutions are categorized into five
classes. The different classes of standard solutions are meant to solve different
types of substance field interaction.

The standard solutions generally recommend minimal change to the system in
solving a problem. By following the suggestion on the Standard Solutions, lesser
resources are needed to achieve a product functionality.

3.1.4 Solution Selection

In this research, the effectiveness of each TRIZ tool in developing an eco-efficient
product is gauged with actual product case studies. To evaluate the eco-efficiency
of the solution, a graphical representation of TRIZ’s concept termed the Ideal Final
Result is developed as shown in Fig. 3. It is termed as the Eco Ideality Chart.
Solutions that have higher functionality and lower resource consumption are
desired.

The purpose of the chart is to provide a simple qualitative eco-efficiency
comparison of the previous and newly developed product. Ideal Final Result is
about developing solutions with higher functionality at the least amount of cost or
harm. The terms cost and harm are represented as resource consumption in the Eco
Ideality Chart. There is consumption with usage and also harmful damage of
resources. This chart provides a simple overview comparison of the solutions
generated during product development.
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4 Results

The effectiveness of TRIZ in developing eco-efficient design is tested through three
product case studies. These case studies were conducted in collaboration with a
microelectronics company that develops its own products.

All of the case studies did not have any design specifications related to
eco-efficiency. They begin with a design problem that needed to be solved. For
each of these product design case study, different sets of TRIZ tools are used to
solve the problems.

In each of the case study, the original solutions developed by the product
development team are first presented. After that the step-by-step explanation of
the TRIZ tools used is provided. Next, the TRIZ-based solutions are also presented.
Comparisons between the two types of solutions in terms of eco-efficiency will also
be discussed.

4.1 Signal Transmitter

The first product case study discussed here is a signal transmitter. Analogue signals
are converted into digital signals and then transmitted using a cable. This enables
integration of analogue and digital systems. Similar products are already available
in the market by other competing companies.

To be different, the company in collaboration with this research developed a
much smaller signal transmitter. It is to be less than a quarter of the existing
product’s size. Not only less material is needed, its size would also mean that it
can be placed in strategic places.

Within the transmitter, heat is being transferred by the electronic components.
The existing transmitter in the market has an inbuilt fan to dissipate the heat.
However as the newly developed product is smaller, a fan could not be placed
inside the product to cool it down. The increased heat affected the performance of
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Table 3 Contradiction Matrix for the signal booster case study

Worsening parameter

37.
27. Difficulties of detecting and 39.
Improving parameter Reliability | measuring Productivity
8. 2,16, 35 2,17,26 2,10, 35, 37
Volume of stationary
object

the product in terms of transmittance quality and speed. Therefore, heat dissipation
has to be improved without a fan.

First of all a contradiction statement is formed using the 39 Engineering Param-
eters. As shown in Table 3, the main parameter that has been improved is the
volume of the transmitter. By improving that parameter, a few other parameters
such as reliability, measurement ability and productivity have worsened.

Based on these parameters, the Contradiction Matrix is referred to. A total of
seven Inventive Principles were recommended by the matrix. From there, four
design solutions were developed.

With Inventive Principle 10 of Prior Action, a thermal tape is placed over the
electronic components that emit the most amount of heat. The thermal tape func-
tions as a conductor that quickly transfers heat away.

Next, Inventive Principle 16 of Partial or Excessive Action was applied on the
selection of the microprocessors. The microprocessors were programmed not to
work at the default maximum capacity at all times. With this, less heat is generated.
With lesser heat generation, the performance of the device would not be adversely
affected.

Finally, two solutions were developed using Inventive Principle 17 of New
Dimension. The circuit board is now designed to be multilayered. Each layer has
the electronic components facing outwards towards the casing as shown in Fig. 4.
Therefore more heat emitted by the electronic components is transferred to the
casing which acts as a heat sink.

A total of four solutions were developed with the aid of the 39 Engineering
Parameters, Contradiction Matrix and 40 Inventive Principles. All of the solutions
were implemented in the final product.

4.2 Streetlight

The second product case study covered is the streetlight. Conventional streetlights
use high-pressured sodium lamps. The newly developed streetlight uses light-
emitting diodes (LEDs) as they are more energy efficient. Though the streetlight
is more energy efficient, the lifespan of the LEDs were shortened due to the high
operating temperature.
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For cooling, the current design is using aluminium cooling fins. The cooling fins
are attached to the LED circuit board to direct heat away. Larger fins correlate to
more heat dissipation. However with larger fins, the total weight exceeds the
allowable load that can be held by the streetlight pole.

A Function Model of the streetlight is developed as shown in Fig. 5. The
functional interaction between the main components was also identified. While
the housing of the LEDs could sufficiently hold the circuit board and cooling fins in
place, the pole insufficiently holds the extra weight of the total housing weight that
includes the cooling fins. Even though more cooling fins are used, the LED circuit
board is still insufficiently cooled. Thus reducing the lifespan of the LED.

Since the cooling fins insufficiently performs the cooling function and causes
excessive load, it is to be trimmed. Instead of optimizing the cooling fins, a new
lightweight component that could cool down the circuit board should be searched.
A market search has led to the identification of a newly developed material that is an
excellent heat conductor and also lightweight.

The material is graphite and it is being marketed in the form of sheets. A proof of
concept was established to indicate the suitability of the graphite sheet for appli-
cation in this product. The graphite sheet did reduce the temperature of the LEDs.
The overall weight load for the streetlight pole is also met. Therefore, all of the
functions between the components are sufficient as shown in Fig. 6.

4.3 Turnstile

In the final case study, a turnstile will be discussed. Turnstiles function as gates to
control large human traffic flow at entrances to both open and close spaces. Instead
of being manually operated, turnstiles are now fully automated. Fully automated
turnstiles are a common feature especially in modern business buildings. The
company in collaboration in this research has also developed a new type of turnstile.
In contrast to the standard turnstiles which are available in the market, it is designed
to be compact and lightweight.

During the pilot testing of this new turnstile, a design problem was detected.
Inside the turnstile casing, there are two circuit boards that are facing each other.
The top circuit board contains infrared transmitters, whereas the infrared receivers
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Fig. 5 Function model of
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are at the bottom circuit board. Both types of transmitters should not be in contact
with each other and should always be parallel to enable the transmission of signals.
The signals are used to control the opening and closing of the turnstile flaps.

However, the top circuit board is found to be tilted. The tilt is caused directly by
the rotating shaft of which the top circuit board is attached to. This alters the
position of the infrared transmitters and receivers. Thus, affecting the product’s
ability to open and close the turnstile flaps.

It is not possible to place the circuit boards further away from each other as the
height clearance inside the casing is very limited. Also, no major change of
components is allowed. An immediate solution is needed to solve flap movement
problem.

Initially the focus of the problem was on the tight area between the lower casing
and the shaft. Due to the casing being very thin, it could not hold the shaft in
position. There are conceptual solutions developed by the engineering team without
using TRIZ. It was proposed that the lower casing be made thicker so it could grip
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and hold the shaft in position. Alternatively, a ring was proposed to be soldered to
the bottom of the casing where the shaft enters. This could not be applied as there
should have enough clearance to allow the shaft to rotate within the ring’s centre.
Both solutions could not solve the problem and they incur extra costs.

With TRIZ, the Zone of Conflict was found to be the space between the two
circuit boards. The space is useful for transmission of signals, but it causes harm as
it allows the infrared transmitters and receivers to have contact. Therefore a
solution was focused on this area instead of the shaft.

In Fig. 7, Substance Field Analysis shows a harmful interaction between the
infrared emitter and receiver. Then, the 76 Standard Solutions is referred. As the
Substance Field is of harmful interaction, Class 1.2 was referred. Immediately the
Class of 1.2.1 tells that an extra substance is needed to block the harm between the
original two substances.

A cost-effective and instantly applicable solution was developed in the form of a
silicone rubber piece. The silicone rubber is placed in between the top and bottom
infrared circuits as shown in Fig. 8. This piece acts as a stopper that prevents the top
circuit board from tilting downwards. Instead of redesigning the shaft and casing
design, this stopper can be fixed instantly at almost no cost as it is very cheap.

5 Discussion

There were two types of solutions being presented in each of the case study. The
first being the original solution and the second is TRIZ based. Different observa-
tions are made for both types of solutions. These are three main observations of the
original solutions by the product developers in the collaborating company.



50 I.S.S. Lim

Infrared Transmitter

N
| > Upper Casing
Circuit Board
Zone of )
Conflict l‘
H Lower Casing
y y
Infrared Receiver Stopper
—_t > Rotating Shaft

Fig. 8 Cross-sectional view of a part of the turnstile

Followed on by each of this observation, the TRIZ-based solutions are described to
highlight the differences between them.

Firstly, there are solutions that can solve the problem but with the usage of more
resources. This is shown in the case study on the signal booster. The heating
problem is originally solved using a fan which is an extra component to the product,
and it consumes more power to operate. With the recommendation of the Contra-
diction Matrix, a few Inventive Principles were used to develop a few solutions.
The solutions developed increased the cooling functionality without a fan.

For the second observation, the solutions proposed could not improve the
existing system. The solution performs the same level of function but with more
resources. This is depicted in the usage of more cooling fins for the streetlight.
There are limitations to the amount of heat that can be dissipated efficiently by the
cooling fins. Hence, more resources are consumed to achieve the same level of
functionality. Instead of focusing on optimizing the aluminium cooling fins, the
Function Model of the streetlight has led to the trimming of the fins. Graphite sheets
are used to dissipate heat instead. Lesser resources are used as the graphite’s heat
conductivity to weight ratio is higher than that of the aluminium cooling fins.

Finally, the third observation made is that it is possible to develop solutions that
are worse than before. A bad solution aggravates the problem further and consumes
even more resources. In preventing the rotating shaft that holds the flap doors of the
turnstile from tilting, the original solution was to make the cover thicker and
introduce a ring. However, the shaft does not have enough clearance to rotate.
Hence, a new problem occurs and more resources are used. With the suggestions
from the 76 Standard Solutions, a simple rubber stopper was placed at the right Zone
of Conflict. The turnstile’s functionality improved significantly at almost no cost.
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Table 4 Function and resource consumption comparison
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Case Function Resource consumption
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Streetlight | Cools circuit board | Cools circuit board | More cooling fins | Graphene sheets
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Turnstile | Opens and closes Opens and closes Metal ring and Silicone stopper
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Overall, the TRIZ-based solutions are more resource efficient relative to the
previous system. More importantly, the TRIZ-based solutions improve product
functionality by solving contradictions instead of optimizing. Hence, the new
systems are more eco-efficient as tabulated in Table 4 and as shown through the
Eco Ideality Chart in Fig. 9. Without TRIZ, there will be higher consumption of
resources. Even with more resources, product functionality might not necessarily
increase and might be worsened. Therefore through the case studies, the different
levels of eco-efficiency of non-TRIZ and TRIZ-based solutions can be compared.

6 Conclusion

The design of a product will determine its functionality and also environmental
impact through the resources consumed. Eco-efficiency is the ratio between the
product’s functionality and impact to the environment. In this research, three actual
industrial case studies have been conducted on a signal booster, streetlight and
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turnstile. Solutions using and not using TRIZ were described in detail. TRIZ not
only solve design problems effectively but also it solves them more eco-efficiently.

As shown in the Eco Ideality Chart, the solutions developed based on TRIZ are
more eco-efficient. Though the eco-efficient products have not reached the Ideal
Final Result, they are a step closer towards being resource independent. This
research work highlights that the various classical TRIZ tools are effective in
solving design problems and also in improving product eco-efficiency.
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Using Enhanced Nested Function Models
for Strategic Product Development

Horst Th. Nahler and Barbara Gronauer

Abstract TRIZ provides excellent tools for designing customized problem-
solving and product developing processes and algorithms. Strategic decisions can
furthermore be strengthened by tools still in development and under research, as the
Trends of Engineering Systems Evolution and their underlying mechanisms. One of
the difficulties when using TRIZ tools is the large number of possibilities for using
and combining them for the best effect. Especially during the analysis phase, a lot
of information has to be gathered that leads to problem models and task definition
for later problem solving. To expand the usage of analytical tools for strategic
decisions for long-term disruptive innovations or short-term incremental innova-
tions, this chapter proposes a scientific approach that is based on the Theory of
Inventive Problem Solving and its findings. The described procedure helps compa-
nies to find the right long- or short-term decisions:

(a) They can check when their product might be eliminated from the market by
following products and new settings and define indicators for long-term deci-
sions, what the next products could be;

(b) Similar to the forecast procedure the incremental way of further product
development can also be checked and with this overview the development
steps for the R&D, production, and sales departments can be better planned.

The approach combines proven tools like Function Analysis with a new
approach for modeling complex engineering systems (Nested Function Models),
9-Screen Models, S-Curve Analysis, and the Trends of Engineering System Evo-
lution. This chapter examines the interactions between components on different
system levels, the use of the model in conjunction with trimming, and the integra-
tion of the Multi-Screen Approach for developing a basis for strategic product
development decisions. Furthermore, the possibilities of connecting Trends of
Engineering Systems with this approach are explored. The suggested approach is
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aimed at creating an extensive, multilevel product map that combines the benefits of
several classical TRIZ tools. It also creates a base for strategic decisions linked to
problem-solving opportunities on the operative level.

Keywords Strategic Planning * Foresight « Function Model ¢ 9-Screen Model «
Trends of Engineering System Evolution  Systematic Innovation « TRIZ

1 Introduction

One of the aspects that draw people to the Theory of Inventive Problem Solving is
the analytical approach to inventive problems on one hand and on the other hand to
get an idea about the life cycle of their product and the next big development steps.

Having a structured way of exploring an engineering system, revealing its
shortcomings, and extracting current limits that prevent the system to develop
further are the main benefits of TRIZ.

The experience from several industrial projects and feedback from practitioners
gathered on conferences brought up the need to be able to assess a complex
engineering system (Cavallucci et al. 2014; Nahler et al. 2012) with Function
Analysis without the need to focus on a certain system component or to model
the system on a too general high level. Instead of creating a number of single
Function Models for each desired abstraction level, an expansion of the Function
Model is proposed, in which function models are nested inside each other to create a
complete model of an engineering system from a high abstraction level down to
each part on the lowest abstraction level.

The proposed approach to create such “Nested Function Models” for complex
systems is also capable to serve as a strategic tool, as it creates a complete product
map for any engineering system. The combination with other strategic tools like
S-Curve Analysis and the Trends of Engineering System Evolution (TESE) seems
useful. The 9-Screen model serves as a starting point and a connecting, underlying
structure for the creation of a product map that integrates nested function models,
S-Curve Analysis, and TESE.

This chapter proposes the combination and integration of well-known and
proven TRIZ tools without violating the rules and directions for their application.
Thus, users who are familiar with the body of knowledge of TRIZ can benefit
directly from the approach described in this article regarding the following aspects:

1. Greater confidence for planning future product generations

2. Gain of time for development decisions

3. Assessing an engineering system in its entirety

4. Focused development of customer value with respect to the S-Curve
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Fig. 1 9-screen model

2 The 9-Screen Model as a Generic Product Map

As a universal scheme to structure the composition of an engineering system in the
context of its past and future, this classical TRIZ Tool is easily adopted by
engineers. Its straightforward approach makes it extremely useful to accomplish
numerous tasks: from creating future product concepts and usage scenarios to
identifying new business opportunities or making strategic decisions on an enter-
prise level (Souchkov 2014; Altschuller 1998; Altshuller 2000) (Fig. 1).

2.1 The Vertical Axis of the 9-Screen Model

The vertical levels of the 9-Screen Model represent the structure of an engineering
system with its components (subsystems) and defines its boundaries to surrounding
or neighboring systems (supersystems).

The middle screen—the system that is to be assessed—has to be defined by the
user. This demarcation of the system and surrounding systems also sets the per-
spective about the components that make up the system.

It is obvious that the 9-Screen Model can be expanded in the vertical to represent
hierarchical structures, similar to assembly trees in CAD models. Subsystems might
also contain sub-subsystems and so on. As a necessary step within Function
Analysis, the Component Analysis results in similar schemes as the 9-Screen
Model, making it easy to combine the two tools.
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2.2 The Horizontal Axis of the 9-Screen Model

While the vertical axis shows the arrangement of the system, the horizontal axis
represents the timeline related to either the system’s history and future or the
“Operating Time” during which the problem happens and the time before and after.
Using the 9-Screen Model in strategic context, we can assess every system, big
or small, and research and describe its history as well as the evolution of relevant
supersystems and system components. So no matter how deep we go down into a
product hierarchy, each subassembly and part has its own history and future. This
aspect enriches the approach of the Nested Function Model described below.

3 Nested Function Models

Usually the function analysis process begins with a component analysis, where the
system level and thus the abstraction level are defined. The criteria to make a
decision on the choice of an appropriate abstraction level depends on the projects’
goals and the intended outcome. Problem Solving on the level of a subassembly or a
single part of the system might result in a low level of abstraction and therefore a
refocus and redefinition of the term “system.” Usually, it is not recommended and
not practical to model a complete System using all of its single parts as components,
as the resulting function model becomes increasingly cluttered and confusing
(Training Material MATRIZ 2006, 2010) (Fig. 2).

To overcome this drawback, it is suggested to use the 9-Screen philosophy and
look at each component as a “box” that again contains components, which might

Supersystem 1

Main Action
/ Supersystem 2
Action

System

Component 1

Action
Action
Action
Component 4
Component 3

T

Action

Action

Fig. 2 Generic function model structure
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Action Supersystem 2

Action

Main Action C4

Main Action C3

System: Component 4

Action
Action

Component 4.3

Component 4,2

Fig. 3 The nature of refocusing according to 9-screen model: When component 4 is considered
the system, each of the other components becomes supersystems and parts of component 4 become
components of the system

again consist of several subcomponents. We are then able to build function models
for each component and nesting them to generate a hierarchical structure (Fig. 3).

Following this process we can generate a complete product map without
cluttering it, as we can chose which component or system to assess. We can also
track down the components on a low abstraction level which are involved in the
main function on a high product level. This enables us to recognize if main function
(s) are affected by changes on (sub-...) subsystems.

Furthermore, it is possible to delegate the work of generating function models of
subassemblies to different teams and then “plug” the single models inside each
other to complete the product map (Fig. 4).
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Fig. 4 “Nested” function model for a product with several subassemblies

3.1 Where to Start the Model?

In Function Analysis, the first step necessary is to define the system, its components
(subsystems), and supersystems. Of course, we can start the Nested Function Model
on each hierarchical level, but it is recommended to start from the perspective of the
Product, e.g., the whole product that is sold to customers. When dealing with
systems on a bigger scale (e.g., a power plant) the question generally can remain
the same: Which system generates an output that creates a value for the customer?

Also, the modeling scope varies with the purpose of the analysis. For incremen-
tal “optimizations” or small-scale innovations, a thorough analysis of the subsys-
tems of a product is important while high-level, disruptive innovations need an
extensive consideration of the supersystems. Depending on the task, the focus is set
on either subsystems or supersystems.

3.2 How Many Hierarchical Levels Should Be Considered?

If incremental development of a product is desired, in most cases the analysis of the
subsystems is a top priority. But if we need to assess complex systems, e.g., a whole
car, the product considered might be made up of a huge number of single
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components/parts. Of course, we are not limited with regard to the “last” or deepest
system level to model. When modeling an electronic device, we certainly can go
down to the components of the capacitor or resistor or even down to the chemical
components of the dielectric. Practical considerations should guide the user here.
Usually, stopping at single parts that are bought from a supplier as the last level of
the Nested Function Model is a good practice. Also, subassemblies that are acquired
from system suppliers might be a good indicator not to go into further detail (except
a combined effort to develop the subsystems in cooperation with the supplier is
desired).

If the aim is to achieve disruptive solutions, it is necessary to do a function model
with more supersystems taken into consideration. It is highly recommended to
assess the whole process in which the product is embedded with all systems
involved. For disruptive concepts, these supersystems are of great value while
sub-(sub-)systems might quickly be rendered unnecessary when a completely
new technology is used in a disruptive solution.

3.3 Thoughts on Main Functions

During this component Analysis, it is necessary to formulate the Main Function.
Following the definition, the Main Function acts on the Target and represents the
“reason” why the system has been created or what the system actually does (Hentschel
et al. 2010). Following the rules of TRIZ Function Analysis (Training Material
MATRIZ 2006, 2010), the target is always to be found in the supersystem or the
“neighborhood” of the system, so when we use Nested Function Models, the main
function of each subassembly acts on a component of a higher system hierarchy.

Throughout the Nested Function Model, we need to define the Main function of
each sub- or sub-sub-assembly down to each single part.

3.4 Defining the Time frame for the Nested Function Model

According to TRIZ, defining the Operating Time is good practice (Altshuller 2000).
As a starting point it is suggested to look at the time when the system carries out or
delivers its Main Function (Koltze and Souchkov 2011). As the Nested Function
Model mainly deals with strategic evaluation, (exclusively) modeling problem
situations is not a primary focus.

The point in time or the time frame chosen should be consistent throughout the
levels of the Nested Function Model. One problem arises when different usage
scenarios are possible and the product can be used in different situations. In these
cases, it is useful to define those usage scenarios and build a model for each of them.

Many systems contain subsystems that only exist to act during specific situations
or usage scenarios. In Function Models, we can easily identify these components, as
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they are only “receiving” actions during the “normal” use of the system and are
therefore only Function Objects. Those cases might be problem situations (e.g.,
emergency siren: During the normal use of a machine, the siren does not “emit” any
action and is therefore not function carrier, it is only an object) or a handling robot
inside a processing machine that is active only during specific operations.

Of course, we can always ask the question: “What is the time when the main
function of the (e.g., emergency- or handling-) subsystem is carried out?” and
model these time frames. This would usually lead to an inconsistent definition of
the time frame and it would clutter the Function Model because components on
higher system hierarchy might behave differently in those situations as well.

4 Enhancing Nested Function Models with the Time Axis

As described in Sect. 2.2, looking into the history of each Subsystem enables us to
assess each component with regard to possible future developments. If a Nested
Function Model already exists, the definition of supersystems and subsystems is
already at hand. We should then be able to research past versions of the “system”
under evaluation, or if the system has been nonexistent in the past and has been
added to increase functionality. Also, we can see which “past components” have
been trimmed and to which components, e.g., on a higher hierarchical level, the
main functions have been transferred to.

Additionally, we can even model past versions of each component (system or
subsystem or sub-subsystem. . .) and therefore create a functional evolutionary map
that gives us an overview of the structural evolution of the system (Fig. 5).
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Fig. 5 Function model of past and present system. Changes: Past supersystem 3 is not existent
today, component 3 has been added, interactions between component 4 and supersystem 2 and
between supersystem 1 and component 1 have been added
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For the horizontal aspect of each “box” of the Nested Function Model, we can
define several key points in time representing significant development stages of the
component evaluated. If modeled on all hierarchical levels, these points in time
automatically synchronize throughout the hierarchical structure of the Nested
Function Model, as past components on one system level consisted of past sub-
components on a lower system and at the same time supersystems for the compo-
nent have been past versions of the supersystems today (Souchkov 2014).

For each component, future considerations and scenarios can be evaluated.
Future scenarios of subsystems automatically give us clues for the system looked
at, so hierarchical levels cross-feed each other with information about the develop-
ment history.

Trimming expensive components or components connected to disadvantages
can explicitly be used to increase the ideality of the system or each of the sub-
systems. With a Nested Function Model, we automatically have a vast amount of
new possible function carriers and resources from the system and supersystem
levels at hand.

5 What About the Main Parameters of Value?

For each present and past system, component, subcomponent (. . .etc.), we can also
identify Main Parameters of Value (MPV) that have driven the development. A list
of important MPVs can be attached to each “box” of a Nested Function Model.
Furthermore, the main functions throughout the Nested Function Model give
indications of what actually are the MPVs for each component and which sub-
components are influencing the MPVs on a higher system level. If the MPVs are
quantified over the past versions of the systems or components, it might even
resemble an S-Curve development that can be assessed for each component.

6 Connecting the Trends of Engineering Systems Evolution

The Trends of Engineering System Evolution (TESE) are a powerful knowledge
base giving an invaluable amount of known and recurring patterns of the evolution
of system characteristics. The thesis is that these patterns are objective and true for
every engineering system, so they apply to a car as well as to a bolt inside a car
(Training Material MATRIZ 2006, 2010).

If this thesis is true, we can apply the TESE and their mechanisms on each
hierarchical level of the Nested Function Model. Having modeled past versions of
the system, its components, and subcomponents (as described in 4), we can easily
compare the systems or components’ characteristics with the characteristics given
by the TESE. This automatically gives us possible concept ideas for the future, as
we can apply characteristics logically following past developments (e.g., Mono—
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Fig. 6 Identification of TESE mechanisms. This process can be repeated throughout the nested
function model for each subsystem

Bi—Poly, 1D-2D-3D...) or characteristics that have not shown up in the past.
Additionally it can be evaluated, in which way the change in characteristic
(or “step” of the Trend) increased the MPV. This change will most likely be
quantifiable. For example, the step from a multi-hinged wiper blade of a windscreen
wiper to the current flexible flat-wiper-blades leads to a more even pressure
distribution between blade and windscreen, increasing the MPV “Amount of
water left on windscreen after one wipe.” So going from a system with multiple
flexible links to a completely flexible system and thus following the Trend of
Increased Dynamization leads to a quantifiable change in a system MPV (Fig. 6).
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7 Case Study Paper Punch

When building Nested Function Models, it is not necessary to formulate new
guidelines as all basic rules for TRIZ Function Modeling apply unchanged. Nev-
ertheless, there are some aspects that are worth to be discussed.

7.1 System Structure Modeled as Nested Function Model

For a simple case study, a paper punch is modeled exemplarily. The focus shall be on
incremental development, so we conduct a more detailed analysis of the subsystems
and limit supersystem assessment to the parts, which directly interact with the punch.
The starting point is the whole system “paper punch” (Fig. 7) with its interactions
with the supersystems paper (target), paper offcut, table, and user (Fig. 8).

On the next hierarchical level, several subassemblies can be identified, such as
base assembly, base cover assembly, punching rod assembly, and handle assembly.
If the “paper punch” is considered as system level for modeling, those would be the
appropriate components for the Function Model (see Figs. 8 and 9).

However, the subassemblies themselves consist of several single parts. If we set
system level to be “base cover assembly,” the components of the system would be
guide, guide rail, and base cover sleeve. Supersystems would then not only be
paper, table, and user, but also the other assemblies like punching rod assembly,
base assembly, and handle assembly (see Fig. 10).

Punching Rod Assembly

Base Assembly

Handle Assembly

Base Cover assembly

Fig. 7 Subassemblies of paper punch
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The Nested Function Model can now be analyzed in different ways. One
possibility is tracing the components that are involved in carrying out the main
function. For this, an assessment of the model regarding all functions that are
leading to the target is carried out (Fig. 11).

7.2 Enhancing the NFM with the Time Axis

As a predecessor of the paper punch, an “historic” version of the product is
assessed. The time span between the products is approximately 40 years. The old
system consists of the following components: Handle Assembly, Base Assembly,
Mounting Block, Spring, Punching Rod (see Fig. 12).

The Nested Function Model for the old punch might look something like shown
in Fig. 13.

Comparing those two function models side by side shows the changes between
the old system and the new system. Exemplarily, the handle assembly is chosen for
this article (Fig. 14).

It can be seen that the actuator bracket has been trimmed and its function to hold/
move the punching rod has been transferred to the handle plate. Further comparison
shows that the punching rod has developed into a more complex system where the
spring has been combined with each punching rod. In TRIZ terms, the punching rod
acquired components of its supersystem (the spring) and has developed into a more
integrated subsystem of the punch.



Using Enhanced Nested Function Models for Strategic Product Development 67

informs
- k)
GRS, N
Y ___holds” A ~—
\ moves @ / \ h informs—"" ;Use;r:
N N cuts \/ '\
% / g /S X N [\
"\\ holds holds / / A\ / \
\ »  positions '\ guides, stops informs \
h \ SN b \ [ Y

System (Device / Product): Paper Punch

\/ S
supports '

=
stops

guides

pushes

holds

moves

Fig. 9 Function model for paper punch

7.3 Using Trends of Engineering System Evolution
to Develop Concepts for Future Products

The Nested Function Model enables us to assess changes made from one system
generation to the other, simplifying the task of using TESE to develop new product
concepts. When we look closer at the base plate, we realize that some components
have been trimmed as a consequence of using new materials; e.g., instead of the
rigid wooden base plate an elastic material is used which is able to wrap around the
base plate and hold the offcuts securely in their compartment. Thus, the offcut
cover, screws, and gasket could be eliminated. This resembles a clear link to the
Trends of Engineering Systems Evolution, as the Trend of increased dynamization
applies here (Fig. 15).

The trends then can be used for idea generation. In case of the base cover, the use
of an electric field to hold/stop the Offcut comes to mind when following the Trend
of Increasing Dynamization. Development stages in between might consist of
material with increased elasticity like rubber or silicone that wraps around the
base plate like a glove and keeps the offcut enclosed even better.

Another application of a Trend can be observed at the component that directly
carries out the main function: The punching rod. Basically, the cutting end of the
rod has not changed much; however, the carving on the old rod is shallow while the
new rod sports a deeper carving, providing a sharper edge for cutting through the
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paper. In TRIZ terms, this represents a higher degree of dimensionality within the
trend of 1D-2D-3D. A lot of possible variations to develop a more efficient shape
come to mind; e.g., corrugated edges, twisted blade edges, or more asymmetric
shapes could be assessed for their ability to cut through paper more effectively.
Also, the movement of the rod currently happens only along a line (linear up—down
movement). To follow the trend, a rotating movement combined with the up—down
movement could help with the cutting process, maybe combined with a
complementing shape of the cutting end of the punching rod (Fig. 16).

8 Disruptive Innovations: Influencing Factors in 9-Screen
Thinking

When using the Nested Function Models for disruptive innovations, the supersys-
tems play a key role. By taking more supersystems into account and assessing their
interactions, the system “paper punch” is put into perspective and we are able to
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analyze the bigger picture in which the system is embedded. Globalization and the
radical digitization of data already have led to several predictions, according to
which the paper should have been extinct already years ago, rendering “paper
punches” useless. However, this was not the case, still paper is all around and
they are still being sold together with binders, folders, staplers, and so
on. Nevertheless, for a strategic acting, long-term thinking company, the digitiza-
tion combined with cloud services and the resulting ease of availability of data
without paper should clearly be a concern. Paperless archiving and the acceptance
of digital signatures are only a few supersystem changes that influence the use of the
product “paper punch.” According to the Trend of Increased Degree of Trimming
that leads to more ideal systems paints a picture of a paperless and paper punch less
world of the future. Obviously, companies that produce office supplies already have
branched out into the range of digital products.

A simplified representation of extended consideration of supersystems for the
paper punch is shown in Fig. 17.
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Fig. 12 Paper punch, actual system, and predecessor

With this model, several future scenarios could be developed. One of the key
tools of TRIZ is trimming, which in itself is a Trend of Engineering System
Evolution as well. One very important task is to assess the possibility of trimming
the own product, here the paper punch. The three basic rules of trimming bring up
immediate scenarios for the future while corresponding with the Trend of Increas-
ing Ideality:

1. The punch can be trimmed if the paper is trimmed:
The most disruptive trimming rule when applied on the product level. As
described above, more and more institutions and companies try to go paperless.
This results in complete new requirements and strategic reorientation of punch-
producing companies.

2. The punch can be trimmed if the object performs the action on itself:
This trimming rule sparks ideas like pre-punched paper or paper with
predetermined breaking points where the pins of a binder can punch through.

3. The function can be trimmed if a different component can perform the function:
As one option the function might be transferred to the binder, as it already
interacts with the paper.
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Fig. 13 Nested function model of the old punch

Past Handle Assembly Current Handle Assembly

Fig. 14 Comparison of old and new handle assembly

Of course, the supersystem analysis might as well be conducted for the past
system so that supersystem changes are traceable. When supersystem changes as
well as subsystem developments are continuously monitored, it is less likely that
developments on subsystem level are pushed despite the fact that the system might
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soon be irrelevant or that the big step into the future eats up R&D budget while
forgetting about incremental improvements to harvest profit on the way. Nested
Function Models are a tool to support those decisions.

When all of the abovementioned aspects are brought together, the resulting
TRIZ Product Map can be very complex and contains a lot of information. For
the sake of the article, the authors present a simplified schematic Map for the punch
example. As a frame, the typical 9-Screen Scheme is used (Fig. 18).



Using Enhanced Nested Function Models for Strategic Product Development 73

F Scanner
informs

informs

Dust, water, objects

informs

positions

holds
Paper Offcut ( user ) Computer
informs
holds
moves &
positions holds
/ informs
; pushes
SUpPOrts System: PE‘]FJEF Punch
Table .
Fig. 17 Paper punch embedded into supersystems
Future
Secenario 1 Scenario 2: Scenario 3:
Punch still Punch Paper
needed, trimmed trimmed
o improved
convenience
g for user
A
Concept 1: Concept 2: Concept 3:
Paper Punch Paper Punch LEasy Peataaoid Cloud
wold” Ltoday” Punch®, less paperthatis | storagefor
S manual foree | punched by important
% neede binder documents
with digital
- signature
Concept 1t Concept 2: Concept 3:
Gy ', A oo
w cem— | A e | D SRR Improved Multiple Harddrives,
E —— punchingrod | perforation, | digital
2 A e — -~ — e shape paper with signature
-5 - locally and
et s e B p— adjusted validation
ﬁ ey Bocs o x L thickness process,
Ly S wifi
il connections

Fig. 18 TRIZ Product Map (simplified) for paper punch

9 Conclusion

TRIZ is often described as a “toolbox” that enhances inventive problem solving.
Usually, the TRIZ tools are punctually applied when problems or limitations arise.
The strategic aspects of TRIZ as the science that describes the development of
engineering systems are usually separated from the operative level. This chapter
connects both approaches by combining several classical TRIZ approaches and
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tools to support strategic product development. The proposed Nested Function
Model with its expansion through the 9-Screen Model, S-Curve Analysis, and
TESE is a possibility to systematically drive the development of complex engi-
neering systems. It bridges the strategic findings of TRIZ with the operative tools
for problem solving to enable a systemic development process for complex engi-
neering systems.

The advantages of the presented Enhanced Nested Function Models are:

1. A complete functional and historical map of a product can be created.

The product map accelerates identification of inventive and innovative potential
through all system hierarchies. S-Curves and TESE Assessment provide guide-
lines and suggestions for future development activities and planning of new
product generations.

2. TRIZ-based problem solving can be quickly initiated on each system level,
because the function models are already at hand.

The impact of changes on subsystem levels can be assessed, and development
activities can aim at an even development of the system.

3. A common and transparent understanding of the whole system is created
between all people involved.

Bottlenecks resulting from functional disadvantages of subcomponents can be
objectively identified and targeted. This accelerates the identification of profit-
able alliances, acquisitions, or potential for internal development.

The functional oriented language of TRIZ especially simplifies the communica-
tion with suppliers concerning formulation of requirements.

4. Communication across departments (and thus “owners” of Subfunction Models)
is objectified as the connection between them can be tracked down to functions
connecting their respective subsystems.

Operational activities in research and development departments can be struc-
tured and planned more systemically, as interconnections between subsystems
become more transparent.

Necessary changes, e.g., closing of production facilities due to upcoming tech-
nological changes or a shift in the company’s expertise, can be planned and
communicated early in advance.

All of the abovementioned aspects serve the purpose of actively shaping a
companies’ future by using TRIZ not only as a problem-solving toolbox, but to
exploit the Body of Knowledge that TRIZ provides as an Innovation Methodology.
Actively driving change by using TRIZ knowledge is therefore an important
building block for a strategic corporate innovation and change management.
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Taming Complex Problems by Systematic
Innovation

Claudia Hentschel and Alexander Czinki

Abstract Problems are as old as mankind but a rather young field of science when
it comes to categorizing, solving, or even dissolving them. The selection of a
problem-solving strategy and the selection of problem-solving tools should match
the problem type. Taking these aspects into consideration will not only allow to
identify suitable solutions—it will also ensure a high efficiency during the process
of problem-solving in general. The authors suggest a suitable model of problem
types and reveal a pragmatic process of selecting adequate TRIZ tools. This
structured approach is suggested, even though solving complex problems in inno-
vation requires the amplification of creativity and inventiveness and therefore
freedom. Some major TRIZ tools are assigned to problem types, not only to satisfy
the often cited scientific desire to tackle problems at their correct level but with the
major focus on generating a practical guideline for real-world problem-solving.

Keywords Complexity ¢ Innovation ¢ Problem types ¢ Problem-solving process ¢
TRIZ

1 Introduction

Have you ever offered a solution to an assumed problem and were not at all satisfied
with the later result? For example, you have spent a lot of time and energy on
designing and producing a product that the customer later completely neglected?
Maybe you wanted to provide a desired product or process feature and ended up
having a nonviable solution? Or were you asked to develop a better information
system for your coworkers, well-knowing that more data is not automatically
leading to the better? If you know such situations, you were probably facing
complex problems. Perhaps you may not name them so, but you have met them
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before. When problems are complex, they require more time, effort, and knowledge
in order to be solved. This is especially true if they are not detected and treated
correctly. Is there a way to get along with complex problems when sufficient
knowledge, data, and time are not available? Can we solve such problems in an
acceptable time span? Are we aware of the fact that complex problems are better to
be dissolved rather than to be solved? Are we keeping complexity at a “healthy”
level? Complexity is like a good meal: too much of it destroys all the pleasure.

Complexity can be enjoyable, as long as it is neither too confusing nor too dumb
simple. This contribution tries to address what complex problems are and thins out
the various taxonomies that can be found in literature with the goal to define some
pragmatic baseline with a special focus on complexity in the context of innovation
management.

2  What’s the Problem with Problems?

2.1 Problems in General

Innovation is about identifying relevant problems, generating ideas on how to solve
the problems, realizing a solution, and communicating its attractiveness to cus-
tomers. But very often, even the first step in this process (identifying relevant
problems) already causes confusion. Often it seems to be undoubtedly clear, what
the problem to be solved really is. And this is where the problem with problem-
solving starts.

Two things crossed the authors’ minds, before they even tried to get on with
problem-solving. First of all, the question “Where do problems come from?” is
rarely asked. We recognize problems and implicitly know that they need to be
solved, but we are often not aware of where they come from. What generates
problems? Mainly they come from us being goal-oriented: when we wish to achieve
a certain situation which differs from the initial situation—we call it a problem
(Funke 2003). If resources are scarce and our problem-solving capabilities are low,
problems easily can become severe.

Secondly, the term “problem” is obviously perceived very differently in differ-
ent societies and cultures. In many cultural contexts, the word “problem” might also
refer to a mainly logical or mathematical context, e.g., 1 +2=7. As a result, the
term “problem” has an (emotional-wise) neutral status.

In some countries/cultures, problems are associated with a solely negative
connotation. Many people even frown whenever they hear the word “problem” as
such. They perceive it as a bad thing—something to be removed. However, in other
countries/cultures, the term “solving a problem” is associated with terms such as
“closing a gap,” “meeting a need,” “overcoming difficulties,” and “making some-
thing work better” (Isaksen et al. 2011).
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Some cultures even assign neither a positive nor a negative quality to the word
“problem” but stress the openness of the outcome. In Chinese, for example, the
word for problem, e.g., wenti, rather addresses “the question that is risen” and does
not clearly distinguish between positive “chance” or negative “problem.” One
might also speak of an opportunity, which highlights a more positive and optimistic
attitude.

Chance, opportunity, or no matter what it is called, the term problem mostly
refers to a situation that is difficult to deal with. For this paper, the authors speak of
a problem, whenever there is a gap between an initial and a desired situation (Sell
and Schimweg 2002). Problem-solving is regarded as the process of closing the gap
between “what is” and “what should be.” Thus problem-solving includes all jobs
and tasks to be done in order to transform an initial into a desired situation.

Interesting enough, a problem can be solved—according to the definition—not
only by transforming the initial into the desired situation but also by adjusting the
desired situation to the existing situation. This should be kept in mind, when we
have to deal with problems that seem unsolvable to us: perhaps our target is not
realistic? Or our claims are too exaggerated? We should keep in mind that problems
are man-made and that we should not fall instantly into depression when we face
“big” problems. Rather, we should ask ourselves how they arise and classify them,
if we want them to disappear or at least want them to become more manageable.
And in some situations, we should rather talk about a convergence toward a desired
situation, as not only initial situations but also targets are usually highly fuzzy—
especially in a world of rising complexity.

For the authors—both frequently dealing with innovation management—a struc-
tured approach to problem-solving is particularly beneficial in cases where the
initial situation is hard to understand or when solutions are unclear, not available,
or did not work out at first hand. Understanding structured problem-solving requires
the understanding of some major fundamentals of problem theory. Therefore, the
following paragraphs will deal with both, some classical and also more recent
sources on complexity and complex problems, alike.

2.2 Complex Does Not Equal Complicated

Literature mainly distinguishes between simple and complex problems. In most
publications, simple problems refer to a clear initial situation and a known way to
get to a solution. An example for a simple problem is: What is 1 +2 =?, which for
most people would constitute rather a mathematical problem or task, but not a
problem in the sense that it would be hard to solve. But with the eyes of a toddler or
child before going to school, you might see it differently: unless the reading of signs
and numbers, the meaning of “+,” and the logic behind addition is understood, the
problem remains unsolved. So, obviously, simple problems can also be difficult,
depending on the knowledge of the person. Also things, looking simple at first
glance, can be difficult at the second (Norman 2011): take chop sticks, the proper
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use of which requires—among other things—even the knowledge of culture and
customs. Is driving simple? It depends—on the driver, on the situation, and on the
driving education.

So it seems that problems difficult to solve can more easily be transformed to
some sort of a solution by a previous learning process (Sell and Schimweg 2002).
The repetition of the underlying algorithm for solving similar problems creates
practice and leads to a problem-solving capability for problems of the same and
similar kind.

That is good news, and especially true for well-structured problems. However,
the focus of this contribution is more on the type of problems, where knowledge
alone does not directly deliver sufficient results or even provides no solutions at all.
For the authors, the starting question was how to call such problems and then ask
further how to allow or even facilitate the selection of adequate problem-solving
tools later on. Our first guess was that the term complex problem would lead to
deeper insights.

In an attempt to answer the starting question, dictionaries were not helpful, as
they often do not even distinguish between complex and complicated problems.
Both terms are emphasizing things with many intricate and interrelated parts and
aspects. If one does like to distinguish between them, one can only do so in the
extremes: take a recognizable pile of sand. One would presumably tend to call the
arrangement complex. Taking away one grain after another will obviously reduce
the complexity. But, when would you stop calling it to be complex?

Or take the design of a machine with many mechanical and electrical compo-
nents. Even if you know all the parts and their relations, a faulty switching circuit
can lead to serious damages, and maybe you do not know right away what the
proper remedy would be (Zeichen 2014). Despite the fact that the elements and
their connectedness can fully be enumerated, the system might behave in a weird
and unexpected way. While this is part of the engineers’ world, still some authors
claim that once all parts and relations are known, one should “only” speak of a
complicated system. But when would you call an airplane or a space shuttle
complicated rather than complex? Probably, it is the randomness of the system’s
behavior that could quickly make one perceive a system as a complex one. So while
complication seems to be more in the eyes of the beholder, complexity is part of the
world—and has always been; there is no sharp distinguishing demarcation line
between the two terms (Holland 2014), and thus there is no sharp and generally
accepted dissociation between the two terms in literature either. In the middle-
ground, the borders stay blurry.
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3 Complex Problems and Innovation

3.1 Complex Problems in General

Complexity and complex problems have been addressed by a number of research
fields and by many well-known authors, beginning in the 1930s. Such authors are,
e.g., the Germans Zwicky (1966), Rittel (2013), and Dorner (1989) or the Ameri-
cans Forrester (2013), Ackoff (1974), or Ritchey (2011a, b), all of them seeing
problems occurring in different levels with the extremes stretching from “puzzle” to
“mess.”

The above mentioned books call a situation where a well-defined issue is to be
tackled and a well-defined solution is available (which “merely” has to be worked
out), a “puzzle”: a given number of defined parts with a clearly defined relation to
each other need to be put together to a specific solution. If there are only few parts,
this may be covered by routine, which basically is a question of time and patience.

Besides the terms already being introduced, classical authors also use further
categories while classifying problems. One of these classifications is called a
“messy problem,” a culmination of thinking approaches to a set of problems that
won’t be solved by a simple, narrow focus.

So, a “mess” climbs the highest level within the range of complex problem
modeling and solving literature. A synonymous and recently more frequently used
word for it is “wicked problem” (Ritchey 2013; Buchanan 1992; Lindberg
et al. 2012). The term “wicked” was originally coined in 1972 by Rittel (2013),
who used the term “evil,” if one translates the German word “bosartig” correctly.
More recent literature uses “wicked” not so much in the sense of evilness, but it
could lead to unintended consequences, reaction, and even back-fighting, once one
tries to overcome it (again Ritchey 2011b). Wicked problems or messes address
highly complex, unclear issues that are not at all structured or formed. When you
have a mess, it is even unclear or you do not even know what the problem really
is. This is the case with, e.g., administrative or political situations, when you are
trying to defeat poverty or drug addiction or boost health and education.

Again, the entire space is not well defined, but sources agree upon that in general
complex problems occur, when components, their behavior, and relationships are
changeable and are not clear enough to be named by the problem solver. Some
characteristics of complex problems are enumerated (Funke 2003, p. 126 ff.) as
follows:

— Indeterminacy of problem situation

— Connectivity of variables

— Dynamics of problem situation

— Intransparency of involved parameters and objectives

— Polytely (i.e., many or even unknown number of objectives to be observed or
met simultaneously)
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Other publications enumerate even more characteristics, e.g., Rittel, Buchanan,
and later Ritchey name 10, with missing stopping rules for problem solvers and
uniqueness, to name only two of them (again Ritchey 2013). As a consequence the
behavior of such systems varies, is manifold, and is even fraught with ambiguity.
Therefore, no objectivity exists (Schonwandt et al. 2013). Any approach to name or
even define the problem or solution is a subjective one. Such systems seem
unmanageable, even with lots of effort and lots of knowledge. For such problems,
there is no clear “right” or “wrong” either, no “correct” solution to be focused
on. The longer we look at the situation, the more solutions even seem possible. Any
place or situation, where people and their human behavior play a major but
unforeseeable role, all social, commercial, and/or organizational systems, briefly:
all systems that involve people—the most complex and adaptive systems known—
more or less imply complex problems.

Anyhow, we have to deliver a solution, often under time and many other—ever
rising—constraints. As the authors assume that more and more such complex
problems call for solutions, this is the reason why they try to address it herewith
a little deeper.

3.2 Complex Problems: A Practicable Approach

When it comes to innovation, managers are probably less in control of things than
they imagine. Business situations, in which new products, processes, or services
need to be defined such that the user or customer really wants them and thus is also
willing to pay for, give more than enough room for complexity. Also finding new
application fields for an invention, e.g., when a famous glass producer has found a
way to produce glass tubes with alveolar cross sections but has no idea who would
need and apply such a competence, he automatically faces a complex situation.

A similar innovation-related problem occurs, when companies try to extend the
fields of application for their products and technologies into new market fields. The
same is true for a situation in which a new innovation management process is
established, and its results do not match with the stakeholders’ needs or that the
stakeholders’ needs have evolved into another previously not “foreseen” direction.

Problems in innovation management usually address more than just a single
issue. Usually it is rather a set of interrelated elements, a number of parallel existing
concerns that interact in a way that is hard to predict. The authors have carried out
an in-depth literature research to get a grasp on the variety of problem distinctions
in terms of innovation issues, hoping to come up with definitions that do not
contradict other fields of problem-solving literature. Figure 1 represents, what the
authors suggest as a common ground, linking the different interpretations of
problem types and their main characteristics.

The chart spans a three-dimensional space which allows assigning problems into
the following types: chaotic, complex, complicated, and simple problems. Apply-
ing this frequently used classification allows the authors to later implement
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Fig. 1 Problem types and
their main indicators
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elements of problem type definitions and solving strategies of other sources such as
the Cynefin Framework (Snowden 2000).

The authors suggest that a given problem has to be assigned into the next higher
class whenever one of the three aspects—represented by the chart’s dimensions—
exceeds the characteristics of the current class. One dimension tending to a “higher”
class is—according to the authors’ perspective—perfectly sufficient to catapult a
problem to a higher problem level than classical literature would suggest.

The dimensions that allow our taxonomy are threefold: the first dimension
addresses the initial situation, where the ability of naming and understanding all
elements of the issue to be tackled rather suggests a simple problem at hand. The
more the initial situation is unclear, the more the problem leaves the level of
simplicity, even if there seems a solution to be at hand. The second dimension
refers to the knowledge about a solution. Most sources suggest that there are
problems where a solution is known and the other where no solution comes to
mind. Once we have to tackle the latter type of problem, it has for the authors lost its
“simple” status. The third dimension suggested is the diversity of the behavior of a
system, producing unconsidered side effects and surprise when deciding for a
solution. If interdependencies are severe and manifold and their impact varies, we
would suggest ranking any problem—even an extremely well-defined one—into a
higher class than the initial situation may suggest alone. With this taxonomy in
mind, four different problem types can be distinguished.

Chaotic problems are those where uncertainty, disorder, the unknown, and
randomness dominate the system behavior. A chaotic system seems to produce
noise without sense and displays utmost dynamics where no signal or pattern can be
derived. Taleb (2012, p. 13) enumerates 16 members of the chaos family ranging
from uncertainty to disorder up to the unknown. Chaotic problems are random and
unpredictable, and even if the nature of a system is deterministic, this does not
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necessarily make it predictable for us humans. It is important to notice: being
chaotic is not necessarily a negative quality as systems can either harm or gain
from being exposed to this volatility.

This problem type is rather treated for the sake of completeness in this paper; it
does not constitute the main focus here. However, it is considered as the most
interesting and challenging subject for future investigations. Herewith, the focus is
laid on another, also very challenging, question, which is: what to do in complex
problem situations?

In complex problem situations, one has to deal with phenomenological situations
that are not fully understandable. They refer to things such as society (Luhmann
1987), economy, markets, and cultural behavior as well as leadership (again
Snowden 2000), to name a few. They are man-made, but develop on their own to
reach some kind of self-organization (again Taleb 2012, p. 56). “They may not be
strictly biological, but resemble the biological in that, in a way, they multiply and
replicate—think of rumors, ideas, technology and businesses” (again Taleb 2012,
p- 56). Taleb suggests a cat to depict such systems, and others (again Snowden
2000) depict a frog for visualizing complex systems. Anyhow, such systems and
problems rather do not resemble mechanical ones.

Complicated problems are not complex problems: complicated problems are
discoverable, more predictable, and less dynamic in their behavior. If a person has
enough knowledge, sufficient technical background, and can apply enough effort or
other resources, e.g., can call in an expert, this type of problem can be solved by
analysis and expertise. The question is not whether it is possible to analyze and
understand the problem. The question is rather how and where to get the required
expertise and resources from and whether the possible benefits justify the required
efforts to do so.

Simple problems are well-defined issues with well-defined and notable initial
parameters. The desired outcome is clearly defined. Simple problems follow a strict
logic—they consist of clearly recognizable and constant components, whose inter-
dependencies and behavior can be defined and predicted.

Weibel enumerates the following examples for each category: baking a cake is a
simple problem. Sending a rocket to the moon is a complicated problem. Raising a
child is a complex problem, and climate and weather change is on the edge of chaos
(Weibel 2014). Many scientists already suggested that a number of complicated
problems can be reduced to a number of simple problems.

Astonishing enough is that the other way around is equally true: a seemingly
simple problem in terms of its initial situation and desired outcome may quickly
turn into a complicated, complex, or even chaotic problem. Take a simple problem:
the higher, e.g., the number of elements and their interconnectedness become, the
more it becomes complicated. If the roof of your house is leaking and you do not
manage to model the interconnected parameters that obviously interact, such as
weather, rain, thermodynamic behavior of air, humidity, material pairing, the
influence of temperature, and so on, you may understand what technicians are
dealing with when they do not find the “right” solution, even if the desired outcome
of a watertight roof is clear enough.
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Also situations, where the initial situation is clearly defined, and there is some
knowledge about how the variables interact, the lacking solution or unclear solution
space may suggest a complex problem. Take a typical innovation problem, e.g., to
design a new service: such situations do not have a single, clear-cut solution. The
solutions are manifold, involving “depending on” relations, such as depending on
money, on technology available, on the power of a person, and on the global
economy, to name only a few possible “dependencies.”

Problems, where the desired outcome is unclear, are difficult or even seem
insolvable: how to search for a desired outcome in case it is unclear and the
knowledge about it isn’t there? Uncertainty concerning the desired outcome
requires more than just search and/or application of knowledge. It needs a deeper
dive-in and calls for a reconciliation with superordinate goals.

The aim of the authors is not to eliminate complexity, but to avoid messy or
inadequate processes for solving such problems, much in the sense that it is much
better to dissolve a problem than to solve it (Ackoff et al. 2010). The authors rather
try to tame complex problems; otherwise, the problem (dis)solver would spend all
his/her energy on endlessly analyzing the system and would—since the system
cannot be fully described—never get anything done.

4 Taming Complexity: The “Golden Way” of Problem-
Solving

We have to look at the nature and type of a problem before trying to solve it. And
this should be done in the very early stages of design and development, well ahead
of the conception phase. In many cases the analysis of problem types will lead to the
conclusion that one has to deal with a problem that has complex characteristics.
Complexity is neither good nor bad: it is the confusion about it that is bad. If we
treat complex problems with tools that belong to other problem types (e.g., tools for
complicated or simple problems), complexity will fight back.

Only when complexity is random and arbitrary, i.e., on the edge of chaos, we
have reason to feel annoyed, but again it is our confusion about it that we should
complain about. In that latter case, we probably cannot ensure successful problem-
solving, but should reduce risk to a minimum.

It is often cited that it is a mistake to manage a mess by simply ignoring the
messy part, treating the rest as a complicated problem and solve it as a puzzle, as
Pidd (2009, p. 43 ft.) puts it. Nevertheless we have no other choice than trying to
tame complexity by deriving underlying principles, structures, and patterns. A
selection and thus reduction of the system to the “most important” elements (Dittes
2012) make complex problems easier to handle. Planning tests and learning from
them in an iterative manner and even solve some parts of a complex problem as
puzzles can help to manage highly complex tasks. This reduction into a few but
decisive parts allows only viable solutions to pass (again, see early authors, e.g.,
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Luhmann 1987, to recent authors, e.g., Taleb 2012; with Dittes 2012; and Weibel
2014, confirming this idea). This strategy does not make the problem itself less
complex, but we feel less confused and get at least some chance to manage and
master it. Thus the question is not whether we want to reduce/simplify reality, but
rather whether we are aware of it and whether we address and manage a possible
simplification successfully.

Focusing on the conception phase of a solution for a complex problem or system,
a systemic approach of thinking is required. Systemic thinking—in short—means
that complex challenges require an understanding of what the problem really is, a
basic idea of what the main elements creating influence are, how the individual
components interact and regulate themselves before even thinking about how to
create adequate ideas for solutions. After all, the solution should be feasible and
viable. The main idea is that each system is part of a whole and consists of
subsystems (Ninck et al. 2014). So each problem should be looked at from an
external perspective with a view to the problem environment, as the solution has to
integrate itself into its surroundings, and—closely together—it should be looked at
the system itself, as it has to be realizable and feasible. So the more you are able to
zoom out, the lesser details will be visible. However, chances are that the most
influencing elements and their interaction patterns that create a complex problem
will become visible more easily. And the more you are able to zoom in, the more
you are likely to be able to design a system that fulfills all the desired functions and
sub-functions.

So the authors express the need for selecting problem-solving techniques
according to the problem type at hand. Even more, it is important to provide both
techniques and processes to efficiently solve the ever increasing complexity in
modern social and technological environments.

5 The Right Problem-Solving Strategy to a Given Problem

5.1 A General Problem-Solving Model

Problem-solving is far too important in professional life to be dealt by chance only.
By using a standardized problem model in combination with adequate problem-
solving tools, problem-solving can be become a stable and robust process even if
complex problems are involved. Subsequently, a general problem-solving model
will be described and a linkage/combination between the different phases of
problem-solving and typical TRIZ tools will be introduced.
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5.2 Problem Awareness

Problem awareness is a fundamental prerequisite for problem-solving. In this
context, problem awareness is regarded not only as a rough status of “...being
aware that there is some kind of problem. ...” Problem awareness should focus on
identifying the major sources causing the problems—often called “root causes.” In
complex situations, the identification of the root cause (the root problem) can be
very challenging. Since a problem can be defined as a deviation between an initial
and a desired situation, problem awareness also needs to address both aspects of a
problem: it requires a clear picture of the desired outcome and also a proper
identification of the initial situation.

5.3 Problem Type Analysis and ldentification

As a next step of the overall problem-solving process, the problem type (chaotic,
complex, complicated, simple) should be identified. This is a very important step,
since different problem types require different strategies and tools for problem-
solving. As soon as the problem type is identified, different strategies for solving the
problem can be applied (Table 1). According to the preferred strategy, adequate
TRIZ tools can be suggested in advance.

Chaotic Problems

In case of chaotic problems, a strategy of fast adaption is suggested. As a clear
input-to-output relation is not available in chaotic systems, it is neither promising to
spend a lot of energy in analyzing the system nor it is reasonable to invest time and
energy into determining an optimal input to a system. In this case it is far more
important to clearly sense the systems output and to adapt as fast as possible to
it. Within a chaotic space, the opportunities and effectiveness for classical problem-
solving are limited.

From the authors’ point of view, there are no specific TRIZ tools that can be
assigned to solving chaotic problems. TRIZ itself is a very logical problem-solving
methodology and therefore its effectiveness automatically suffers whenever input
and/or system information is incomplete. Also TRIZ is not able to change the nature
of chaotic problems by actually transforming them into complex, complicated, or
simple problems. Nevertheless, TRIZ can be helpful in context with chaotic
problems: in a truly chaotic world, fast sensing in combination with agility and a
high flexibility to quickly adapt to changes are the key criteria for success. TRIZ
can be used to derive adaption strategies (which itself will usually be a complex
problem). It also can enhance creativity in general and therefore give support in
situations which are characterized by high uncertainty. And again, fast adapters are
the winners in a truly chaotic world. TRIZ can be used to increase the adaptability
of current systems toward chaotic changes.
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Complex Problems

Complex systems are—in comparison with chaotic systems—still very “fuzzy”: the
initial situation is difficult to sense, there is no clearly defined target situation, and a
high number of interdependencies within the system itself and between the system
and its environment exist. A manageable, complete, and reliable system model is
not available. The system’s output on a given input is difficult to forecast, and the
system behavior can only be predicted on the basis of input—output patterns that
have been observed in the past. Information that is not available in the form of such
patterns requires exploring the system’s behavior in order to gain new insights and
by this means: gaining new patterns.

A typical, highly complex problem engineers and businessmen have to deal with
is the question “How will a given system develop in the future?” Forecasting the
development of a product is highly complex. This is true, since neither all influ-
ences are known nor the strength of the different influences on the outcome is
properly understood. Questions illustrating the complex character of predicting a
system’s future are: What new technologies will be available in the future? How
strong of an impact will they have on a certain product? How will the global
economy develop and what impact will this development have on the customers’
needs?

TRIZ provides several tools that address complex problems. A typical tool
would be engineering system evolution (ESE). ESE makes use of development
patterns of engineering systems that have been observed to be true, beyond the
borders of specific fields of industry and also beyond a specific time range. These
patterns help to develop products further. Interesting enough, this tool works,
although the mechanisms behind the patterns used are too complex to be
completely understood (Altshuller 1998; Petrov 2001).

While the ESE tool only allows applying given patterns to a problem, the
multiscreen approach (MSA) or system operator (better known under the term “9
windows”) even goes one step further: MSA allows generating new patterns. By
extrapolating trends within the product’s super- and subsystems, this tool enables
the user to create a hypothesis of the product’s future development. By its nature,
the MSA tool ensures that the predictions made are consistent with the development
trends being formulated for the corresponding super- and subsystems.

Both tools mentioned can very well be applied to reduce and handle complex
technological problems and can be adapted to nontechnical complex systems as
well, e.g., for finding out what the customer really wants (Ulwick 2005). However,
the major strengths of the tools are clearly located in the very same domain that they
have been invented for: deriving the “voice of the product” of complex technical
systems.

Additionally, the tool “Smart Little People” is highly applicable in complex
situations: while “playing” with imagination by making small, all-round characters
taking over the role of an undefined resource, complex situations can be theoreti-
cally simulated according to their possible reaction. This helps probing hypothesis
and learning from possible outcomes. In consequence, these tools do not suggest a
solution, but prepare a test-and-learn field.
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Complicated Problems

Complicated problems are—based on the definition of the term that was given
before—problems that can be described. Thus there is the option to fully understand
the system’s structure based on clearly notable cause—effect relationships. What
usually makes these systems (and therefore also problems related to these systems)
difficult to handle is that their structure and their inherent cause—effect relationships
are not instantly apparent. Thus difficult problems are requiring a detailed in-depth
analysis of the related systems. TRIZ provides tools that allow the user to carry out
in-depth system analysis, providing well-defined, universal, and robust system
analysis processes.

Other TRIZ tools addressing this type of problem are the classical TRIZ con-
tradiction tools, from technical to physical contradictions. Also, substance-field
analysis (SuF), trimming, and feature transfer represent tools for the complicated
problem domain. These tools are only applicable if an in-depth system analysis and
system understanding precede the application of that tool. Here, solutions are
proposed, even though their abstraction level leaves room for realization
alternatives.

“Simple” Problems

As stated before, the term “simple” should not be underestimated or misunderstood
as “easy.” The term “simple” is purely related to the fact that the cause—effect
relationships within a given problem are well understood. As a consequence,
solving “simple” problems can still be a difficult and challenging task. A typical
example for a “simple” task would be finding a physical principle that is able to
generate a desired function, e.g., convert a temperature into electric current. TRIZ
uses databases, e.g., catalogues of physical and other effects, to find new or
alternative solutions for “simple” problems, which is why we find catalogue of
effects in this problem domain.

6 Problem-Solving Process with the Help of TRIZ

TRIZ can be of tremendous help during the process of solving real-world problems.
It has been suggested to assign specific TRIZ tools to certain problem types (mainly
to complex, complicated, and simple problems). With the above suggested repar-
tition of TRIZ tools according to problem types, the remaining question is: what are
the indicators that allow the selection of the “right” TRIZ tool if one does not have
the time to apply all of them? The authors’ answer—that will be elaborated
further—is: if probing is the prevailing aim, then the tools for complex problem-
solving should be applied. If analyzing the system is prevailing, then the tools for
complicated problem-solving should be chosen. And last but not least, if categori-
zation is prevailing, the “simple” problem-solving tools should be considered.
Although the enumerated TRIZ tools above are far from being complete, some
tools come in the authors’ minds that are not (yet) to be clearly assigned to a special
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problem type. Take the “function analysis” (FA) tool. It allows the user to “zoom
into” the product. It helps identifying the system’s components and the network of
interactions between these components, and it also allows recognizing the type of
interactions that exist between them. As a result, complicated systems are described
by a larger number of smaller subsystems/components and their—compared to the
overall system—relatively simple interactions. The tool allows the user to system-
atically explore cause—effect relationships within systems. As soon as the system is
modeled, other TRIZ tools can be applied, which allow to strengthen desirable
interactions and to weaken or even eliminate nondesirable and harmful functions.
With the system’s inner structure lying open, TRIZ even qualifies the user to
redesign the system such that existing interactions are eliminated and new interac-
tions are generated. Thus TRIZ enables the user to decode the inner structure of
systems and therefore allows a systematic optimization.

Applying FA for a certain problem level does not completely solve the
corresponding problems, but rather reduces the problem level of a given problem
in order to gain an advanced understanding of the problem. Thus a complex
problem is, e.g., converted into either a single or a set of complicated problems
which are later transformed into simple problems, which then finally are solved.
This indicates that there are some sort of transition tools that help reduce a problem
level.

Other tools that are not yet clearly to be assigned to are, for example, the
Innovation Situation Questionnaire (ISQ) and Resources. These tools are applicable
in situations where one does not (yet) know which problem space one is in. These
tools prevent from tending prematurely to one of the four problem types and first
ask questions and gain information about the system or problem at hand. These
tools do not deliver solutions, but rather gain more problem or system understand-
ing. The authors will address their special function and suggest an additional
problem type assignment, which will be dealt with in more details in their future
publications.

It is important to mention: whenever there is a problem, the question should first
be what problem type it represents. Solutions can then be generated with the
adequate tools that are assigned to the problem type at hand. Whenever the
processing of the problem on a certain level fails, the problem-solving process
needs to step backward to one of the prior levels. Thus, failing on the complicated
problem level asks for returning to the complex problem level, where new direc-
tions for system development and new directions for an increased level of ideality
are aspired. Failing on the simple level requires at least returning to the complicated
level where alternative problem models (e.g., an alternative problem model espe-
cially suited for a newly identified principle) are generated. The problem-solving
model introduced here is of a highly iterative nature, allowing to step back
whenever a result of a certain step is not satisfactory.

Problem-solving could start with applying the tools that belong to the level the
problem actually belongs to. Alternatively, the problem-solving could directly start
by reducing the problem level and by solving the corresponding lower level right
away. At the moment, the authors do suggest a general rule on where to start with
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problem-solving, but stress the fact that it is extremely important—and beneficial at
the same time—to always be aware on what level one is on, to what advantages and
disadvantages this has, and to preferably use tools that are able to treat the problems
at this level.

7 Conclusion

Complexity is omnipresent in our lives. We cannot evade it, but we have to master
it. Much of the effort of this paper was spent on transferring the different opinions
and statements of different scientific fields covering complexity and complex
problems into a current and practicable innovation context. All in all, this was
more challenging than expected: definitions found in literature are hardly universal;
furthermore, different science fields describe complexity in diverse manners. The
authors have mainly followed an understanding of complexity based on system
theory and tried to substantiate their idea of a generalized problem-solving strategy.

Identifying that there is a problem—a deviation between an initial and a desired
situation—is an essential first step in problem-solving. In addition to realizing the
mere existence of a problem, it is even more important to clarify which type of
problem there is, as different problem types also require different strategies for
solving them. As soon as the problem type is identified, a set of possible problem-
solving tools can be used. The authors suggest specific problem-solving tools for
specific type of problems. The tools have been selected with a particular focus on
the application of TRIZ tools. However, the model itself is not limited to TRIZ
tools.

In this context, TRIZ helps to reduce complexity in a step-by-step approach:
transforming a complex into a complicated and transforming the complicated into a
simple problem. This is happening without neglecting the initial complexity of the
situation at hand, this being the reason why the authors speak of taming complex
problems. The preferred tools are furthermore not strictly limited to one indicated
level of problem type, but rather floating in their applicability for the next lower
level. Furthermore, the model introduced here is—just as TRIZ in general—to be
considered as work in progress. After all, the success of the problem-solving
process in general will strongly depend on the effectiveness of the problem-solving
tools used.

The authors’ objective of this contribution was to generate a link between
problem models on the one hand and TRIZ—as an especially powerful problem-
solving methodology—on the other. They hope to contribute to more linking the
different concepts of problem-solving on one side and systematic innovation on the
other. A bit to their surprise, the mere work on problem types not only strengthened
the ability of the authors to analyze problems more clearly but made them see
disturbances and trouble—as they happen in complex situations all the time—from
a new and especially from a more relaxed perspective.
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TRIZ Evolutionary Approach: Main Points
and Implementation

Victor D. Berdonosov and Elena V. Redkolis

Abstract There are a lot of evolution models, but the most interesting among them
is the model of the TRIZ evolution. According to this model, artificial systems
satisfy increasing demands of the society and evolve when they eliminate contra-
dictions using TRIZ tools.

The TRIZ evolutionary approach can be applied in any sphere of human activity.
Initial objects can be either engineering systems or knowledge systems of mathe-
matics, programming, etc. In this case TRIZ evolutionary map is created for a
considered sphere. Such a map is a tree of states (implementations) of the initial
object which are connected by contradictions and TRIZ tools that eliminate these
contradictions.

The TRIZ evolutionary approach provides an efficient tool for analyzing artifi-
cial system evolution and forecasting their development. Particularly, the TRIZ
evolutionary approach allows defining contradictions eliminated and unsolved in a
considered system. Thus if “forgotten” contradictions are eliminated, then system
ideality will increase, respectively.

In the report there are examples of TRIZ evolutionary maps and forecasts of
some artificial system development based on the TRIZ evolutionary approach.

Keywords TRIZ evolution ¢« TRIZ evolutionary map ¢ Artificial systems ¢

Knowledge systems

1 Introduction

The theory of evolution is perceived subconsciously as evolution of biological
species. Currently, there are a lot of theories and models of biological species
evolution (Jukes and Cantor 1969; Kishino and Hasegawa 1989). Among them
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there are modern evolutionary synthesis based on Darwin’s and Mendel’s (Mendel
1866) works, the model of molecular evolution that is known as the theory of
neutrality, etc. However, artificial systems also evolve (Capra 1996; Shpakovsky
2006). It is of great interest to research evolution of these systems. Besides, now
methods and approaches to the knowledge systematization in different knowledge
fields receive considerable attention (Petrov 2012; Gurevich and Yashina 2012;
Kapon 2015; Kumazawa 2014).

Unfortunately the theory of evolution is mostly evaluating but not forecasting
issue. In our opinion the forecasting issue is the most important in researches of
artificial systems. It means that if the evolution trend line of a system is known, then
it is possible to forecast the following implementation of this system. TRIZ,
research subject of which are technical systems, can also cover other artificial
systems. Basing on TRIZ it is possible to create a model of evolution that is
characterized by both evaluating and forecasting issues. The article describes the
abovementioned model.

The model can be used only for artificial systems. An initial object exists in any
evolution model, as for fractal model it is a pattern. Development of an artificial
system is performed under moving forces in accordance with a set of rules.

2 Model of TRIZ Evolution

The TRIZ evolutionary model is ideologically associated with the fractal model
though does not copy it. Mandelbrot (1983) was the fractal research founder. He
described development (evolution) of fractal objects in the following way. There is
an initial object (“a pattern”) of free complexity. It can be either lines joined
together or a multi-figure object. Then the pattern starts developing in accordance
with “rules of construction.” Each element of the pattern is replaced with its
transformed copy. The transformation is a scaling, shortening up to the size of
replacing element and rotating if it is required. This is the way how the first iteration
of the fractal object creation is performed.

Following iterations are performed in the same way. Figure 1 shows the
sequence of iterations: zero (the pattern), the third, the fifth, and the eighth. The
iteration number is not limited. If a pattern is chosen and a considerable number of
iterations are performed, then the fractal model will be similar to a real object.
Example of the model is a fern.

Though ferns are simple plants, they have more difficult patterns and more
complicated “rules of construction” which determine developing from iteration to
another one. There are the following basic terms of the fractal model of evolution:
pattern (initial object) is an object based on which the construction of a fractal
object begins. The “rules of construction” are the rules according to which an
iteration based on the previous one is performed. Moreover, there is one more
term here—resources. For a fractal object, it is a space where the object is placed.
For real fern resources are nutrients, space, and ultraviolet (sunlight).
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Fig. 1 A fractal model of fern (Berdonosov and Redkolis 2014b)

It should be noted that even for such simple plants as ferns, “patterns” and “rules
of construction” are more complex than in the example given above. However, all
plants are based on principle of self-similarity. Animals have more complex self-
similarity. All necessary information about patterns is placed in animal genes
(Capra 1996), and laws of nature determine “rules of construction.” By the way,
knowledge of these laws is the basic purpose of knowledge acquiring.

The evolution of the self-developing organisms can be represented in the
following form: crystals, algae, corals, ferns, fishes, highest plants, birds, mammals,
and human. Currently, a human is characterized by the highest level of complexity.
It is supposed that human fractality should be performed not only on a physical
level but on a spiritual level that is in consciousness. With the help of conscious-
ness, a human explores the world and acquires a system of knowledge. Thus it is
natural to suppose that the knowledge is also fractal. In fact, knowledge is the
reflection of the world picture; thus, if the world is fractal, knowledge is fractal too.

The TRIZ evolutionary model uses the same set of terms as it is described above.
A “pattern” is an initial artificial (technical) object which is a starting point for
development of a family of objects.

It is necessary to clarify here what the word “technical” means. The Greek word
“techne” was understood widely: from skills of craftsmen to proficiency in the high
art. In the text the concept “technique” includes both a device (a machine) and a
computer program that will control this device (machine), programming languages
by virtue of which the devices have been created and developed (Blackburn 2014).

The next concept is “rules of construction” by virtue of which the initial pattern
develops passing from iteration to another one. It is necessary to add some com-
ments. At first the passage does not happen on impulse but under the action of
contradictions revealed at the iteration between increasing requirements of the
society and limited capacity of an object. The “rules of construction” of the TRIZ
evolutionary models are TRIZ tools: 40 inventive principles, substance-field model,
system of inventive standards, etc. (Altshuller et al. 2005; Zlotin 1999).

To show a family of technical objects, programming paradigms are chosen as an
example (Berdonosov and Sycheva 2011). The initial object is coding. Coding is a
system of machine language codes which is interpreted for the certain microchip.
This is the first and the most elementary paradigm of programming.
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Fig. 2 The first iteration of

programming paradigm ( Assembling ]
evolution (Berdonosov and

Redkolis 2014b) Copying, Merging

Native
programming

Of course this paradigm has a lot of contradictions. Let’s consider only one of
them. Complexity of programming tasks increases constantly. The moment comes
when a programmer cannot write and debug software which contains thousands of
bits. Nowadays it is a very small program. For example, a program of calculating
factorial function consists of not <1000 and half bits. Here the contradiction
appears: if complexity of a task increases, then the time for programming increases
unacceptably. To solve the contradiction, inventive principles of “copying” and
“merging” can be used. Let’s consider solutions that eliminate the contradiction. The
first solution: using the principle of “copying,” terms “cell address” and “argument”
are replaced by the term “operand.” The second solution: using the principle of
“merging,” homogeneous machine codes are merged into mnemonic commands.

In consequence of eliminating contradictions, a new resource appears. It is
option to transform machine codes into mnemonic code. As a result, a new
programming paradigm appears, that is, assembling (see Fig. 2).

TRIZ evolutionary model includes a “pattern” (an initial technical object) and
the “rules of construction” which are TRIZ tools and resource limits.

It should be noted that TRIZ evolutionary model is proposed for structuring
knowledge in subject area in terms of ideality increase. The ideality is a relation of
the sum of parameters characterizing profits to the sum of the parameters character-
izing expenses of the considered system. The simplification as an estimate of ideality
is used in practice. This estimate is some specific parameter characterizing the
quality of a system functioning. Thus, TRIZ evolution of a particular subject area
can differ from evolution based on the historical retrospective or chronometric data.

In the context of programming paradigm evolution, parameters characterizing
ideality are productivity, readability, and reliability of a programming language. In
case of the numerical method evolution (which is discussed in Sect. 4), faithfulness,
convergence, and number of mathematical actions can be considered as such
parameters.

3 TRIZ Evolutionary Approach

Let’s consider the TRIZ evolutionary approach which is characterized with the
following statements:

The First Statement The evolution of a system starts from a base element
(a system) (Shpakovsky 2006). This may be an incipient element or a prominent
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part, a stage of development of an incipient element. The examples of incipient
elements are a wheel, a computer programming language, etc. (Fig. 3). The first
wheel was probably a tree saw cut. The first programming language is defined as
native programming language (Berdonosov 2012).

A system that heralded a famous stage of the wheel development was a spoke
wheel. A system that heralded a famous stage of the modern programming language
development was the first representative of object-oriented programming lan-
guages, which is Simula-67.

The Second Statement Moving forces of TRIZ evolution are contradictions
between growing requirements of the society to a system and limited capacity of
this system.

The owner of a wheel would like the wheel to work longer, but it was required to
make the wheel rim thicker (Fig. 4). Wheels became heavy and horses drawing a
cart were tired quicker.

The contradiction appeared: if durability of a wheel increases, then the weight of
a wheel increases unacceptably. The same happens with object-oriented program-
ming. A programmer writes more and more complex programs. Debugging com-
plex programs, he spends much time to find causes of errors. Thus, the contradiction

ca. 10000 BCE Native programming \|
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Fig.4 (a) A spoke wheel; (b) the structure of Simula-67 programming language (Berdonosov and
Redkolis 2014a)
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appears: if complexity of a program increases, then the time for debugging
increases unacceptably.

De facto, there is not one but a variety of contradictions (Berdonosov 2012). In
case of object-oriented programming languages (OOPL), more contradictions
appear: if the size of a program increases, then reliability of the program decreases
unacceptably; if the quantity of hardware platforms increases, then working effi-
ciency of a program decreases unacceptably.

The Third Statement A system passes to the following stage of evolution when
contradictions are eliminated. It is always possible to reveal TRIZ tools which
allowed eliminating contradictions (40 inventive principles, substance-field model,
system of inventive standards, etc.) (Gadd and Goddard 2011; Bukhman 2012; Fey
and Rivin 2005; Livotov and Petrov 2013).

In case of a wheel, inventive principles of “local quality” and “intermediary”
were used. The wooden wheel is covered with a metal rim, the weight of the wheel
decreases, and durability of the wheel increases. In case of the OOPL, part of
contradictions was solved in Smalltalk language using the law of transition to
supersystem: software development environment was created. It had a user inter-
face and provided debugging tools. By the principle of “intermediary,” the
sequence of program compilation was changed: programs were coded to interme-
diate form by byte-codes and interpreted into a machine language code during the
run-time. It allowed initializing them on different hardware platforms (Berdonosov
2012). In the C++ language using the inventive principle of “self-service,” the tool
of handling exceptions was introduced. This tool is used to monitor program
behavior and catch errors (Berdonosov 2012). A tool “design by contract” was
performed in the Eiffel programming language using the inventive principle of
“preliminary action.” This tool allowed assigning different types of conditions
(contracts) which are checked during a program run-time (Berdonosov 2012).

Initial part of the OOPL TRIZ evolutionary map is presented in Fig. 5.

The Fourth Statement All stages of a base element (system) evolution are visual-
ized with the TRIZ evolutionary map. Such a map is a tree where the base element
is a root and stages (iterations) of evolution are branches (see Fig. 6).

Preliminary action
C++ ]
[ Smalltalk ] Self-service
Transition to a Supersystem,
'Intermediary’
[ Simula-67 ]

Fig. 5 First iteration of object-oriented program language evolution (Berdonosov and Redkolis
2014b)



TRIZ Evolutionary Approach: Main Points and Implementation 101

Object-oriented
programming

Local quality, Merging,
Universality,Nested doll

Structured
programming

Preliminary action

Imperative ( Functional ) Logic
programming programming ) programming

Merging Taking out, Taking out
Preliminary action
( N\
Assembling
\. /

Copying, Merging

Native
programming

|\

Fig. 6 Tree-type evolution of programming paradigm (Berdonosov and Redkolis 2014b;
Berdonosov and Sycheva 2011)

It should be noted that in reality fragments of the tree can grow linearly if the
contradiction is eliminated by one tool or fork out if different contradictions are
eliminated by different tools. In the last case, the line evolution transforms into a
tree-type one (Fig. 6). As a result, the TRIZ evolutionary approach to artificial
system analysis allows not only systematizing knowledge about its evolution but
also inventing (developing) new implementations.

Thus, there are following advantages of the TRIZ evolutionary approach:

1. It allows systematizing knowledge about artificial system evolution in past,
present, and future basing on TRIZ tools in order to forecast further development
of artificial systems.

2. It allows inventing (developing) new implementations of artificial systems.

3. It provides an integrated base for knowledge systematization in any field either
practical (e.g., TRIZ evolution of a car or a plane) or theoretical one (e.g., TRIZ
evolution of numerical methods, TRIZ evolution of programming tools, etc.).

4. It allows sorting system implementations according to the rate of ideality
increase at the stage of analysis and research of new system implementations.
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4 Examples of the TRIZ Evolutionary Approach
Implementation

Let’s consider full implementation of the TRIZ evolutionary approach by the
example of numerical methods (Korn and Korn 1961). Numerical methods are
defined as methods of approximate solution of typical mathematical problems,
which perform finite quantity of elementary number operations. These methods
are various (Altshuller et al. 2005; Mandelbrot 1983; Shpakovsky 2006; Danilina
1976): linear algebraic equation system solution and equations; nonlinear algebraic
equation system solution, numerical integration, and differentiation; solution of
Cauchy problem for ordinary differential equation; etc. In addition there is a list of
specific methods for almost every abovementioned field of application (see
(Berdonosov and Redkolis 2014b), Figs. 7, 8, 9, 10, 11, 12, 13, 14, and 15).

Such a significant number of poorly systematized knowledge (methods) does not
allow studying all numerical methods sufficiently in order to choose the most
suitable one and for education process too.

There are many mathematics systematizations and numerical method systema-
tizations; it complicates choosing a suitable method. So there are many approaches
to organize and transfer mathematical knowledge, for example (Wilkerson-Jerde
Michelle and Wilensky Uri 2011). Analysis of numerical methods classification
showed that numerical methods evolve both during development of description
models of real physical objects and during development of problem-solving
methods represented by the corresponding models. Thus it is useful to consider
TRIZ evolutionary maps of models and numerical methods, relative to each model.

The evolution of models is associated with increasing mathematical model
adequacy to their real physical prototype. For example, behavior of different nature
macro-model systems is described by linear and nonlinear algebraic equation
systems; behavior of micro-models is described by differential equation systems;
and behavior of distributed system micro-models is described by differential
equations in the form of partial derivatives. The evolution process of numerical
methods is concerned with ideality increase of existing model realization. For
example, first direct numerical methods were used for linear algebraic equation
solution, then iterative one-step methods and iterative multistep methods followed,
etc. Whereupon the ideality criterion consists of accuracy, convergence, number of
arithmetic operations, etc.

Let’s consider the development of real physical object description models, i.e.,
the development of mathematical models which describe objects of the real world
more and more adequately.

The first models were linear equation systems. But scientists found out that if an
acceptable region of variants that are included in the equation system is wide
enough, then test data and estimated data will considerably differ. This situation
appears because the world is not linear in principle and linearization can be
performed in a small range. To bring estimated data more in line with test ones, a
wide acceptable region was divided into small ranges, and parameters of linear
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[ Numerical methods (NM) ]
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Fig. 7 Numerical method structure

[ 1 NM of the linear algebraice quations systems and equations solution ]
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Fig. 8 Numerical methods of linear algebraic equation systems and equation solution

[ 2 NM of the nonlinear algebraic equations solution ]
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Fig. 9 Numerical methods of nonlinear algebraic equation solution
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( 3 NM of the nonlinear algebraice quations systems solution ]
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Fig. 10 Numerical methods of nonlinear algebraic equation system solution

( 4 Numerical integration and differentiation ]
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Fig. 11 Methods of numerical integration and differentiation

[ 5 Interpolation and approximation of functions ]
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Fig. 12 Numerical methods of interpolation and approximation of functions
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( 6 NM of the Cauchy problem solution ]
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Fig. 13 Numerical methods of the Cauchy problem solution

( 8 NM of the meshless equation solution )
T

1
| 8.3 Spectral Galerkin method
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Fig. 14 Numerical methods of the meshless equation solution

( 7 NM of the grid equation solution )
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Fig. 15 Numerical methods of the grid equation solution

equitation systems were defined separately for each range. It led to the great volume
of calculations.

Thus, there is a contradiction: increase of closeness of agreement of linear
equation system solution to test data led to unacceptable increase of calculation
amount. To solve this contradiction, the principle of “another dimension”
(Altshuller et al. 2005) was used, where “another dimension” means transition to
the category of nonlinear functions (equations).

The transition to nonlinear equations allowed describing technical object func-
tioning more or less adequately but only in one field subsystem. For example, the
welding process had been described only in electrical subsystem. However, for any
real technical object, there are processes referring to different subsystems. In the
welding process, electrical subsystem is only initial one, and then heat subsystem
appears and then deformation, hydraulic, and other subsystems. While solving
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nonlinear equations for different subsystems that are not connected with each other,
significant mistakes appear. There is a contradiction, which can be eliminated by
the principle of “merging” (Altshuller et al. 2005). A technical object can be
described with the system of nonlinear equations, etc.

Eliminating contradictions that appear during development of numerical
methods, the line of evolution of description models of real physical objects is
described (see Fig. 4.10). Similarly, the evolution of the individual methods for
solving tasks is considered.

Let’s consider the first model, which is the method of solution of linear algebraic
equations. Let it is required to increase method’s rate of convergence (to decrease
number of final arithmetic calculations). The rate of convergence is limited by the
number of arithmetic calculations for direct and counter operations (time for
performing direct and counter operations). Time for operations performing depends
directly on a type (a structure) and a degree of a matrix: solution will be found faster
if degree is less. The case with structure of a matrix is similar, because solution will
be found faster if structure is simpler (Danilina 1976).

Therefore, to decrease the number of final arithmetic calculations, it is necessary
to make a mathematical model of the real world that contains a matrix of a medium
degree (<100) or, and that is better, of a small degree which angle minors shall be
nonzero. But such mathematical model does not fully describe the behavior of
system macro-models (Fig. 16).

This mathematical model does not completely describe the behavior of macro-
models of different nature systems. There is a contradiction: with increasing rate of
the Gauss method convergence, the number of real object macro-models decreases
unacceptably. To eliminate this contradiction, it is proposed to use the principle of
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Fig. 16 Evolution of the object description (Berdonosov and Redkolis 2014b)
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Fig. 17 Evolution of methods of linear algebraic equation system solution (Berdonosov and
Redkolis 2014b)

“feedback” (Altshuller et al. 2005). Numerical simple iteration method was used.
Analyzing other solution methods of linear algebraic equation systems, linear TRIZ
evolutionary map can be constructed (see Fig. 17).

After reviewing all the basic lines of method development, it is possible to
construct TRIZ evolutionary map of numerical methods (see Fig. 18).

Comparing the created TRIZ evolutionary map (Fig. 18) and the initial classi-
fication, it is noted that:

1. Simple and demonstrative presentation of the numerical method structure was
created that can be used in education if there is limited time to study a significant
volume of material.

2. Development of numerical methods as other artificial systems (e.g., program-
ming paradigms) is subordinated to clear logic o