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Preface

The high performance and innovation requirements resulting from the emerging
countries striving to modernize the industrial and services sector, give rise to a deep
impact on research and development activities being implemented. These requirements
push companies to adopt customized tools to be attentive to market demand and to
optimally mobilize limited material, technical, and human resources. It also requires
reviewing the scientific methods solving invention problems as well as the innovation
management procedures used by companies and organizations as part of their research
and development process.

TRIZ is a theory of inventive problem solving that can indeed support companies to
improve their research and development process. TRIZ was developed by Genrich
Altshuller as a problem-solving, analysis, and forecasting theory derived from the study
of patterns of invention in the patent literature. TRIZ was developed to assist engineers
in systematically solving product design problems and develop next-generation
technologies and products with less risk. Altshuller stated that TRIZ can be used to
minimize energy requirements as well as complexity of engineering products. TRIZ is
an organized theory for problem solving which can be applied to different areas.

ETRIA (European TRIZ Association) has been working for two decades towards the
advancement of TRIZ and its impregnation in academic, scientific, educational, and
industrial circles. Each year, ETRIA organizes, through one of its members, an annual
conference in a different city and country — TRIZ Future Conference (TFC). TFC aims
globally to promote TRIZ knowledge, tools, and methods worldwide. It brings together
industrials and academics to share experiences, achievements, and progress on the
subject of how to use and develop TRIZ.

The 19th International TRIZ Future Conference (TFC 2019) took place at ENSA
Marrakesh, Cadi Ayyad University, Morocco, during October 9-11, 2019, under the
theme ‘New opportunities for innovation breakthroughs for developing countries and
emerging economies.” The TFC conference series encourages research and feedback
that deals with TRIZ theory and its applications in all areas. It also encourages
professionals who are unfamiliar with TRIZ to submit their experiences with research
development as well as the difficulties and obstacles they face with regards to
innovation. TFC 2019 placed special emphasis on TRIZ integration into recent research
topics that present new opportunities for innovation breakthroughs for developing
countries and emerging economies, such as but not limited to:

— Industrial R&D processes and innovation best practices

— Knowledge based engineering and computer-aided invention with TRIZ
— Creativity in Science, Entrepreneurship, Industry, and Education

— Opportunities and challenges of digitalization for innovation progress

— Integration of TRIZ Methodology into Innovation Design Process
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This book constitues the proceedings of TFC 2019. It contains 41 papers divided
into 7 themes. The first theme is dedicated to the ‘Improvement of TRIZ theory,
methods, and tools,” and includes seven articles proposing enhancements to TRIZ
dealing with complexity, effectiveness, ideation, ontology, and patent integration. The
second theme includes five papers dedicated to contributions that link TRIZ to other
Innovation and R&D approaches such as frugal innovation, CK theory, FAST method,
Lean, additive manufacturing, etc. A third theme is dedicated to TRIZ applications in
technical design, an area addressed by authors within the nine papers. These first three
themes confort the origin of TRIZ which was initially developed to address technical
issues. The following theme leads us towards TRIZ applications in Eco Design, which
addresses green issues and is becoming more effective. Therefore, this year’s fourth
theme includes eight papers and was the second most addressed area. Let us continue
with the fifth theme. It is dedicated to associations between TRIZ and software
engineering. This theme is composed of four papers that attempt to link TRIZ and the
IA through Machine Learning or to use software techniques to help with problem
solving in different areas. The sixth theme brings together five papers and addresses
TRIZ applications in specific disciplinary fields such as healthcare, marketing, and
farming. Finally, a seventh theme leads us to a series of three papers that address TRIZ
in teaching, specifically through experimental studies with students.
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If All You Have Is a Hammer:
TRIZ and Complexity

Darrell Mann®®

Systematic Innovation Network, Devon, UK
darrell. mann@systematic-innovation. com

Abstract. TRIZ is essentially a distillation of the “first principles’ of problem
solving. It was originally developed for complicated technical problem and
opportunity situations and, through ARIZ, has been deeply optimized for such
roles. Increasingly, however, the world has become dominated by complex, non-
technical situations, and in these environments many of the tools, methods and
processes of traditional TRIZ become highly inappropriate. Complex situations
are characterised by an absence of ‘root-causes’, have cause-effect relationships
that are frequently tenuous, and are vulnerable to highly non-linear ‘butterfly
effects’. The paper describes the creation and verification of coherent non-linear,
iterative divergent/convergent processes that take advantage of the first principle
nature of TRIZ, and complement them with essential pieces from other domains
of science. In a final section, the paper provides change agents with a menu of
heuristics for determining the most appropriate TRIZ and non-TRIZ tools and
strategies for any given situation.

Keywords: Complexity - Cynefin - Complexity landscape model -
Cybernetics - Law of requisite variety -+ ARIZ

1 Introduction

Genrich Altshuller starts The Innovation Algorithm [1] with the story of B. S. Egorov’s
journey to solve the problem of a winding machine to place coils of wire onto a small
diameter toroidal transformer. In the story, Egorov is revealed to have already worked
on what he thought was a similar problem, designing a machine to place coils onto an
inductor for use in telephones. The problem was that the diameter of the toroidal
transformer was significantly smaller than that of the telephone inductor coil, and
unfortunately the system for ‘threading’ the wire with a needle, which was okay for the
(7 mm+) diameter of the inductor coils was no longer viable at the new smaller (2 mm)
diameter. A ‘simple’ problem had become a ‘complicated’ one. Had the new toroidal
transformer been designed with a 6 mm diameter, he would have been able to simply
scale the existing solution to the new diameter. No calculations would have been
required, and there was little need for any actual thinking. But because the new
diameter was smaller beyond a scaling threshold level, the needle solution would not
work any longer. A contradiction had appeared, and as such it had become necessary to
partake of some creative thinking. The contradiction needed to be solved. Or — as
actually happened — Egorov had a flash of inspiration when he saw an analogous

© IFIP International Federation for Information Processing 2019
Published by Springer Nature Switzerland AG 2019
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solution in another domain, and was subsequently able to translate that solution into
something that worked for the new 2 mm diameter transformer. The ‘complicated’
problem was successfully solved.

One might imagine that, over the course of time, the need for even smaller diameter
coils would emerge. Egorov’s new solution would perhaps continue to work down to
0.5 mm. Making a 1 mm coil would be ‘simple’. But then another contradiction would
emerge, and hence the problem would again become ‘complicated’. This sequence of
‘simple’ scaling solutions followed by periodic arrival of ‘complicated’ contradiction
problems would likely continue for some time. But, importantly, not forever. At some
point, when the dimensions get small enough, the physics of the situation change.
When — as we are beginning to see in the world of semi-conductor design — the
physical dimensions have become so small that designers need to take into account
quantum effects, the design challenge can be seen to have crossed another discontin-
uous problem-type boundary. A ‘complicated’ problem will, at small enough size scale,
turn into a problem that is ‘complex’. The point here being that when we cross the
complicated-complex boundary, as when we cross the simple-complicated boundary,
the method by which we need to tackle the problem makes a non-linear shift. These
kinds of simple-to-complicated or complicated-to-complex phase boundary are
important from the perspective of the tools and methods that problem solvers need to
bring to bear if they are to make meaningful progress.

There are other ways that the toroidal transformer manufacture problem might cross
the threshold from complicated into complexity. Traditional TRIZ was very much
focused on technical problems. And moreover, the large majority of these technical
problems turned out to be complicated. And so traditional TRIZ worked. In today’s
massively inter-connected world, however, it is increasingly rare that we find ourselves
able to ‘merely’ focus on just the technical problem. The moment, for example, that we
have to introduce our boss to the merits of our beautiful new contradiction-solving
solution, we find ourselves having to acknowledge that bosses don’t always do things
for purely technical reasons. If the boss doesn’t understand the new solution, there is
the likelihood that they will become defensive. If the new solution causes the old
solution to become redundant, and it was the boss who designed that old solution, their
ego may easily become offended. If the boss is afraid of the next boss up the hierarchy,
maybe they don’t feel brave enough to argue the case for the new solution. Not to
mention the customer, and what they might think about the risks associated with
change. Do they trust us to deliver? The point, in any of these scenarios, is that our
‘complicated’ problem has become ‘complex’. As soon as two or more human beings
are present in the system, guaranteed it has become complex. People love change, but
they hate being changed.

Increase the level of complexity sufficiently and we can easily find ourselves
crossing another discontinuous, non-linear threshold. Complex systems, especially
those involving humans and human behaviour have the occasional propensity to
devolve into ‘chaos’. Think of the devastation caused by Hurricane Katrina, or other
extreme weather events, where quite clearly the ‘recommended’ rescue and recovery
advice didn’t work. When we find ourselves in chaos, it rapidly becomes clear that the
usual ‘rules’ don’t apply any more. The best thing we can do is either ‘batten down the
hatches’ or get ourselves out of harm’s way. Fortunately, chaos, because of its
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instability, tends not to last for very long. The hurricane passes. As far as Egorov’s
toroidal transformer situation is concerned, chaos could appear from a number of
directions. The factory could burn down. Or the raw materials suffer a global shortage.
Or we find ourselves subject to a public scandal and our main customer decides they
don’t wish to do business with us anymore.

Ultimately, the point of the discussion is this. A ‘simple’ problem is different to a
‘complicated’ one, is different to a ‘complex’ one, is different to a ‘chaotic’ one. Each
demands a different strategy, methodology and potentially quite different tools if a
viable set of solutions is to be delivered. Problem-solvers, in other words, if they are to
stand the best chance of being successful, need to know what type of problem they are
facing. It is to this identification issue that we now turn our attention.

2 A Complexity Landscape

The field of Complex Adaptive Systems (CAS) is still a relatively new one. Many
authors and scientists are still caught in the struggle to find a coherent means of
understanding and describing how problem-solvers and organisations might best
operate under different complexity conditions. One of the most popular complex
system frameworks is ‘Cynefin’ [2]. This framework divides the world into essentially
the same four different types — simple (often labelled, ‘obvious’ in later iterations of the
model), complicated, complex and chaotic — as used in the earlier description of the
different variations of the Egorov toroidal transformer problem. As an orientation tool,
Cynefin has found an audience mainly due to its elegant simplicity. If someone has
never thought about what type of system they are operating within, it provides a ready
supply of actionable insight. One of the main things it misses, however, is a means of
describing the characteristics not just of a system under investigation, but also the
characteristics and context of the surrounding environment within which that system is
expected to operate. This shortfall has been addressed in the Complexity Landscape
Model (CLM) reproduced in Fig. 1.

More details of this Model can be found in an ongoing series of papers [3, 4] and so
only the basics will be reviewed here. Essentially the CLM comprises a 2-dimensional,
4 x 4 segment graph featuring the four different states of a system being analysed (y-
axis) and the four different possible states of its surrounding (‘super-system’) envi-
ronment. Importantly, to reflect the Cynefin insight that a ‘simple’ system can easily
find itself tipping directly into a chaotic state, the ‘system’ axis is sequenced in such a
way that these two states are positioned adjacent to one another. A significant aspect of
this adjacency is that the world of ‘Operational Excellence’ has taught managers that
the most efficient organisations are the ones in which as much as possible of the work
needing to be performed has been standardized. Over-standardization (often referred to
as the ‘Dodo Effect’), however, means that what was eliminated from a system because
it was thought to be ‘waste’ turns to have not been waste at all, but the resource needed
to survive and thrive in turbulent times. When enterprises find themselves operating
with a system that has become chaotic, they can be seen to have fallen past the
Disintegration Line and into the Collapse Zone. Not surprisingly, this is an area of the
Model organisations are well advised to avoid. The second noteworthy area of the
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Fig. 1. Complexity Landscape Model (CLM)

Model is the Resilience Zone. The principle defining boundary for this Zone is the
Ashby Line. The Ashby Line is named after the founding father of Cybernetics, Ashby
[5] and specifically his Law Of Requisite Variety, which in simple terms states that if a
system is to survive it must possess a level of achievable ‘variety’ greater than that of
its surroundings: ‘only variety can absorb variety’.

The Resilience Zone, then, defines the region of the CLM where Ashby’s Law is
satisfied. This is the Zone where every enterprise should aspire to operate.

Figure 2 takes the basic CLM and plots a number of the previously described
Egorov problem scenarios. It is worth describing these in a little more detail in the
context of the Model:

— The knowledge to reliably manufacture telephone inductor coils already existed.
Assuming the enterprise is stably manufacturing such designs, the situation can be
mapped into the Simple-Simple segment, above the Ashby Line.

— As soon as the market (external environment) demanded a 2 mm diameter trans-
former, this couldn’t be achieved by simply scaling the original solution, but rather
required a contradiction to be solved. Prior to Egorov’s solution, the problem can be
seen to have shifted to the Complicated-Simple domain. In this domain, no solution
was possible, and it was only when Egorov’s mind started thinking about contra-
dictions and solutions from other domains that a solution became possible. When
the solution did finally arrive it was because Egorov had (unknowingly) crossed the
Ashby Line and entered the Complicated-Complicated domain: the solution gen-
eration strategy was now commensurate with the problem.
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Fig. 2. Egorov problem scenarios mapped onto the Complexity Landscape Model

— If we can imagine further reducing the size of the coil to the level where quantum
effects have started to become relevant, then the problem will become a complex
one. As with the ‘complicated’ version of the problem, we will again only be able to
solve the problem if we move our problem-solving system up above the Ashby Line
and into the Complex-Complex segment of the Model.

— A similar shift takes place if the problem becomes ‘convincing the boss’ of the
merits of our technical solution. And, again, we will only make meaningful progress
on this version of the problem if we move into the region of the Complex-Complex
segment above the Ashby Line.

— Finally, if the factory burns down, while the fire is burning, everything shifts into
the Chaos-Chaos region. There is no hope for ‘resilience’ at this stage, but rather we
must act to put the fire out and, as quickly as possible see what can be done to get
back into the Complex super-system column of the Model.

Having now described how it is possible to map ‘where’ a problem sits on the
Complexity Landscape, the next job is to establish the relevant solution approaches for
each of the different scenarios. It turns out there are four that require step-change
different shifts in approach:

(1) Below the Ashby Line

(2) Above the Ashby Line in the ‘Simple’ Super-System column

(3) Above the Ashby Line in the ‘Complicated’ Super-System column
(4) Above the Ashby Line in the ‘Complex-Complex’ triangle
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The first two are the easiest to deal with. The third scenario is the one most
amenable to ‘traditional TRIZ’ — as described in the Egorov toroidal transformer story.
The fourth, although it appears to be a relatively small area of the overall Complexity
Landscape Model is actually the one that is the most likely to be present. If only
because the moment the ‘system’ under consideration includes humans — whether they
be ‘customers’, the team working on the problem, the senior management of the
enterprise or regulators — it will inherently have become a complex problem. This is the
domain we will therefore be forced to spend the most time discussing.

2.1 Below the Ashby Line

The blinding-flash-of-the-obvious requirement when problem solvers find themselves
in this situation is to alter the situation in a way that shifts it above the Ashby Line.
Easy to say, not so easy to do. In no small part because the natural tendencies of the
world serve to shift systems in the wrong direction. Figure 3 shows the two biggest
‘natural’ forces and the direction they act:

COMPLICATED COMPLEX

System

SIMPLE

CHAOTIC

SIMPLE COMPLICATED COMPLEX CHAOTIC

External Environment

Fig. 3. ‘Natural’ forces act against resilience

(Whether ‘standardisation’ counts as a strictly ‘natural’ force is debatable. What is
certain, however, is that ever since F. W. Taylor introduced ‘Scientific Management’
into the world of work in the early part of the 20™ Century, standardisation has been the
primary motivation of almost every manager and leader on the planet.)

As far as the Second Law Of Thermodynamics is concerned (‘disorder (entropy)
increases’), it is perhaps some consolation that it doesn’t lead inevitably to ‘Chaos’. As
discussed earlier, chaos is a very unstable state, and as such, once a chaotic episode
settles down, systems return to the Complex domain. More often than not, sitting in a
sub-domain known as the ‘edge of chaos’ [6].
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Figure 4 illustrates the human-instigated strategies that can be deployed to counter
these natural forces in order to cross the Ashby Line:

eliminate.command-&-control
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3 increase flexibility
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e increase meaningful- work

b increase commitment
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System Sl =
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g tighten boundaries

* segment/’eliminate’ certain customers
increase advertising
‘my way or the highway’

E outsource/use intermediaries

o

SIMPLE COMPLICATED COMPLEX CHAOTIC

External Environment

Fig. 4. Management strategies for shifting into the resilience zone

2.2 ‘Simple’ and Above the Ashby Line

This is the place to be when it comes to minimum problem-solving effort. When a
problem solver is literally able to replicate an existing known solution, or simply scale
from that existing solution, there is no need for any kind of creativity. Or for tools and
methods like TRIZ. This is definitely the ‘cookie-cutter’ segment of the CLM. No
innovation required here. So long as the system sits above the Ashby Line, it doesn’t
particularly matter how far above. Although, having said that, the further above the line
it is — if the system is, for example, designed to operate as a ‘complicated’ or, better yet,
a ‘complex’ entity — then the level of resilience is increased. The idea of an ‘Ashby
Margin’ [7] is something that organisations will shortly be able to objectively measure.
The higher the margin, the more resilient the system will be, with, at the limit, the
achievement of the ultimate level of resilience, ‘antifragility’ [8].

2.3 ‘Complicated’ and Above the Ashby Line

Here is the domain of what might be thought of as ‘traditional’ TRIZ, whether at the
level of individual tools, or overall start-to-finish processes like ARIZ. Complicated
problems can be characterized in a number of different ways, but from a purely
pragmatic perspective, there is a clear ‘best’ solution to the problem being addressed.
Because this is the case, it is conceivable that the overall problem definition and
solution generation process can be linear and sequential.
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What this means in practical terms, too, is that it is appropriate for problem solvers
to look for root causes, that there are clear connections between cause and effect, and
that there are clear rules. Even if those rules are the TRIZ-based rules-for-breaking-
rules. Constructing a Function Analysis diagram and/or Su-Field Analysis model
makes for the most effective and systematic ways of building the required under-
standing of the current system. From a classical TRIZ perspective, this problem type
domain hits a clear sweet-spot, and even a moderately effective TRIZ user will very
likely be able to devise a meaningful, practical solution.

24 ‘Complex’ and Above the Ashby Line

The moment we acknowledge that a situation is complex, we have to accept that we are
operating in conditions that are substantially different. There is no such thing as a ‘root-
cause’ in a complex system, but rather a ‘conspiracy’ of causes. The links between
cause and effect or often quite tenuous, and the behavior of the system becomes an
emergent property. The Butterfly Effect further tells complex problem solvers that the
world can easily become non-linear with apparently tiny perturbations quickly mag-
nifying to become transformative. This means that things like the Pareto Effect no
longer have a role. It is not possible to ignore anything that is currently ‘insignificant’
since it could easily be the weak-signal that triggers a complete disruption of the
current system.

Because of these fundamental shifts in behavior, problem solvers need to adopt a
different approach. The famous H.L. Mencken aphorism, ‘For every complex problem
there is a solution that is clear, simple and wrong’ offers problem solvers a clear, but we
now know outdated piece of advice when working with complexity. What we now
know is that for every complex problem there are thousands of clear, simple wrong
answers. But we know too that there is also the possibility of a ‘right’ one. Provided we
are able to understand the behavior of a system from a first-principles level. The fact
that the original TRIZ research (unknowingly) sought to distil the world of technology
down to such first principles, means that the tools continue to have a good deal of
relevance. The Inventive Principles are in effect the ‘first principle’ level array of
solution generation possibilities; forcing problem solvers to examine systems through
the lens of function forces first principles thinking; the value equation is a first prin-
ciples distillation of the fundamental direction of travel of successful systems.

But — and this is a big but — just because TRIZ has given problem solvers an array
of “first principle’ tools does not mean that when we connect these tools together into a
process we can deal with a complex problem in a linear fashion. In this respect, the
currently fashionable ‘Design Thinking’ world has much to teach problem solvers. At
least from a methodological level. When the dust finally settles on the 2000+ Design
Thinking texts presently in circulation, what complex problem solvers will likely be left
with at the first principle level is the need for an overall process that is iterative and
which contains alternating periods of divergent (‘exploration’) and convergent (‘con-
solidation’) effort. That overall process will likely as not look something like the one
reproduced in Fig. 5.

In true TRIZ, ‘someone-somewhere-already-solved-your-problem’ fashion, the
benchmark for successful problem-solving in complex, edge-of-chaos situations can be
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Fig. 5. Generic ‘first principle’-level complex problem solving process

found with the pilots of military fighter jets. The best-of-the-best in this domain was
very likely Colonel John Boyd of the USAF. The model he developed is now known as
the OODA-Loop. Observe-Orient-Decide-Act. The victor in any aerial dogfight, Boyd
determined, was the one with the shortest OODA Loop cycle time [9].

Translated into complex business and technical problem-solving terms, OODA
translates to Observing the problem context and surroundings, Problem Definition,
Solution Generation, and Prototyping. The fourth stage being the intention is to get a
physical prototype into the hands of the intended customer as quickly as possible in
order to learn what aspects of that solution do and don’t work for said customer. If
(when) we learn a solution is not yet good enough, the process requires innovators to
cycle back to the beginning of the process and conduct another iteration.

Crucially, this cyclical process is built around the understanding that, first-
principles or no, we can’t actually ‘know’ what customers want until we deliver
something to them and are able to obtain feedback from them when they’re able to try
something. In a complex environment, there is no such thing as the ‘right’ answer.
Only ‘right, right-now’. Or, perhaps more precisely, ‘fittest for purpose at this moment
in time’.

Also important to note is that the ‘Systematic Innovation’ methodology has been
configured specifically with complex problems in mind. One of the basic tenets of SI is
that, even though problem solvers can’t know precisely what customers want, that
doesn’t mean that we can only make progress by trial and error. The TrenDNA toolkit
[10], for example, seeks to distill a first-principle understanding of human behavior into
a repeatable method that, when iterated, allows problems solvers to not only shorten
their OODA Loop cycle time, but also require fewer iterations.

Sitting right at the heart of this ‘first principles’ story from the situation under-
standing perspective is the s-curve, and the dynamics associated with the discontinuous
shift from one s-curve to the next that occur when innovation takes place. The basic
shape of the s-curve remains the same whether the system under consideration is
complex or not. When the system is complex, however, the dynamics of the curve are
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dictated by the presence of virtuous and vicious cycles. Virtuous cycles begin with
weak signals that then take advantage of positive feedback effects. Figure 6 illustrates
one such virtuous cycle. One that, over the course of the last ten years has seen the rise
to dominance of the Magnificent Seven Big Data organisations [11].

/$ Better data \

More willingness faster, more Cocused,
{0 sharedata product innovation

Bet{er customer Befter products
enjajement V

Fig. 6. Virtuous cycle responsible for the rise of the magnificent seven

At the other end of the s-curve come the vicious cycles. An illustration of the
impact of vicious cycles on the failure of complex systems can be found in a recent
analysis of the UK Brexit debacle [12]. The primary point of that paper was to register
the need to break a vicious cycle as the only way to break out of the ever-more rapid
tailspin into chaos. Breaking vicious cycles again becomes a task well suited to the
TRIZ Contradiction tools. TRIZ is unable to reveal the vicious cycles (rather the
Perception Mapping process [13] has become the go-to method for doing this job), but
once they are revealed, only TRIZ provides the wherewithal to break them and point
the way towards the possible step-change jumps to the next s-curve.

3 Conclusions: The Overall Role of TRIZ

98% of all innovation attempts end in failure. 98% of all TRIZ-originated innovation
attempts end in failure. 98% of all Design-Thinking-originated innovation attempts end
in failure. The same 98% figure applies to almost every problem-solving tool, method
or strategy available to prospective innovators.

98% of innovation attempts fail because 100% of innovation problems are complex
and 98% of the people tasked with conducting the work either didn’t understand that or
weren’t using tools commensurate with the complexity.

So what did the 2% of successful attempts do? The clear answer is that they
knowingly — or, occasionally, accidentally — found themselves in the right place at the
right time with the right solution at the right price for the right customer. Getting all of
these things right at the same time is a challenging task for which there is no ‘formula’,
other than a recognition that the innovation project needs to be coordinated according
to the demands of the Fig. 7 ‘Golden Triangle’:
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Fig. 7. ‘The Golden Triangle’ of successful innovation project coordination

Which in practice means the following:

Tangible skills:

Systems Thinking

Thriving in complexity - rapid-learning cycles, ‘first principles’, s-curves, patterns,
‘critical mass at the critical point’

Understanding the customer/consumer say/do gap

Measuring what’s important (rather than merely easy)

Having a clear compass heading

Knowing how to abstract problems to tap into solutions in other domains
(‘someone, somewhere already solved your problem’)

Solving trade-offs & compromises

Intangible skills:

Innovation is largely about the individual & cultural intangibles
(‘Everyone has a plan until they get hit in the face’ Mike Tyson)
Influencing others/working together in cross-disciplinary teams
Persistence/bloody-mindedness/willingness to stick-with-difficult-stuff
Learning to live with continual ‘failure’

Acknowledging that ‘ideas’ have zero value

The Progress Principle [14]

Because TRIZ has effectively created a ‘database’ of first-principle level under-
standing of what success in technical problem solving looks like, it has a necessary but
not sufficient role in enabling prospective innovators to have the best chance of ending
up in the 2% of successful projects. Much of the original TRIZ research was performed
on technical problems falling in to the ‘complicated’ category, and this is the domain
where the tools are at their most effective. TRIZ continues to be relevant in the
‘complex’ domain too, provided that users deploy the various different tools in an
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appropriate fashion rather than in the ‘traditional’ manner. What this means in practice
demands more space than is available in this paper. That said, there are a number of
(first-principle) heuristics that innovators and problem-solvers working in the Complex
domain can readily adopt. In no particular order:

(a)

(b)

(©

(d)

The ‘traditional” TRIZ approach encourages users to progressively converge on
‘the’ contradiction and ‘the’ right Inventive Principle or Separation strategy, but
this convergent-only trajectory makes no sense in the complex environment.
Divergent parts of the process demand that users generate as many solution ‘clues’
as they can from as many Inventive Principles or Inventive Standards, or whatever
other solution generation triggers the users have the time to work through.
‘Diverge until it hurts’ is a good heuristic. The eventual solution to a complex
problem will almost inevitably emerge from a combination of partial solutions.
The more partial solutions there are, the more likely it is that the necessary
components of the winning combination will be present.

The Trends and particularly the Evolution Potential version thereof are often
referred to in the Classical TRIZ world as ‘advanced’. When used in the Complex
domain, however, the Trends are more frequently observed to be ‘easy’ since they
are well-suited to the divergent idea-generation task. The TRIZ Trends effectively
tell problem solvers what the answers are, without having to know what the
problem being solved necessarily is. This 180degree switch is quite counter-
intuitive in the ‘Complicated’ world, but rapidly becomes the most sensible way
of moving forward in the ‘Complex’ world. Each Trend jump effectively points
the way to the next s-curve on the road to the Ideal Final Result solution...
...while apparently being one of the simplest tools in the TRIZ toolkit, the Ideal
Final Result can rapidly come to cause problems in the ‘Complicated’ world. This
is because it is almost inevitable that the IFR looks nothing like the solution that
an organisation is currently selling to customers. And moreover, if it is ideal it will
also be ‘free’, which then necessitates not just technical innovation but a host of
business innovations to accompany it. And herein lies an enormous challenge for
the large majority of all enterprises operating in the 21° Century: while the skills
to innovate technically are well on their way to becoming a ‘science’, in the
corresponding world of business and management, the innovation skills are still
almost non-existent. The IFR tool is a tool for projects being coordinated in the
Golden Triangle.

Whether the word ‘TRIZ’ survives into the long-term future continues to be a
matter of some considerable uncertainty. What will inevitably prevail, however, is
the contribution made regarding the importance of revealing and resolving con-
tradictions. Contradiction resolution is the primary mechanism for innovation.
The Contradiction tools and methods were developed for complicated problems,
but they apply to complex ones equally well. They are also the most effective
means of shifting a project from a position below the Ashby Line to one within
the Resilience Zone. Resilience, in almost all ways, comes from the ability of an
enterprise to solve contradictions faster than their competitors.
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Abstract. During 2017, University of Bergamo and Warrant Innovation Lab
have been starting a partnership to diffuse TRIZ in Italian SMEs. They aim to
make SMEs perceive TRIZ as a time-saving methodology, the main needing
expressed about innovation. The offering is a one-day problem-solving activity
that aims at generating conceptual solutions, potentially patentable. First cases
highlighted the reformulation was the trickiest phase: the extraction of the high-
level technological alternatives cannot be supported by classical TRIZ tools
(object-product transformation, ENV model, IFR, resources, evolutive laws,
multiscreen, MTS) for both limited time and lacks in TRIZ skills of the cus-
tomer. The staff overcomes such a double issue pre-processing the initial
problem’s information to extract insights from knowledge DBs. The results will
be shown as visual-psychological triggers to stimulate the creativity of non-
TRIZ-skilled users. The paper will disclose how visual triggers can work and
how a triz expert facilitator can create them.

Keywords: Visual triggers + Serendipity - Innovation Lab - ENV model

1 Introduction

One of the most barrier to the innovation in SMEs is the lack in time and resources to
spend on it [1]. The same is true also for TRIZ, which needs a long training period in
order to become an efficient and effective resource. Because of it, the SMEs find it
difficult to take advantage of TRIZ.

In SMEs, the incentive to innovate comes from the customers, who ask for
improvement in performance or reduction in cost of the products, or from information
given by the suppliers, who propose new technologies or products, or from the market
competition, which forces toward cost reduction.

Irrespective of the reason for the request, SMEs rely on the insightful-ness,
expertise and knowledge of their staff in order to innovate, who usually has traditional
designing tools, but lacks in systematic methods specialized in innovation. They tend to
outsource the R&D projects that are burdensome for the internal staff, both in time-
consumption and in skills request.

Aiming to support SMEs in the most strategic phases of an innovation project,
University of Bergamo (UniBG) and Warrant Innovation Lab (WIL) have been starting
a partnership since 2017, relying on the Innovation Lab (IL): a consulting activity
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expressly designed for SMEs and introduced in TFC 2018 [2]. It consists of a one-day
team-working session of problem-solving.

To enhance the attitude of the team members, especially for the ones coming from
the customer company who are not skilled in TRIZ, the IL exploits visual means to
facilitate a serendipity process. They aim to carry the right information to the right
person at the right time.

The IL staff can collect in a relatively simple way a large amount of information
that are potential activator for serendipity. Furthermore, the people to which propose
that information are the customer members of the team. The most difficult step for
triggering the serendipity is the choice of the right time to transmit the information.

The visual means exploited by the IL lets the staff to separate in time the infor-
mation offer from its receiving. Then, the visual means can be elaborated in back-office
activity, before the one-day session, while the receiving time should happen during it.

As definition, serendipity means an unplanned, fortunate discovery [3]. It relies on
the open-mindedness of the one who is looking for something other, the ability to catch
the insight about a potential good idea while its thoughts are focusing on other topics.

In its definition, serendipity hides the overcoming of the psychological inertia.

To facilitate the occurrence of the right time, the staff takes advantage of a revised
version of the ENV-model as psychological inertia inhibitor. It forces the company
members of the team to leave the comfort-zone about ‘what I know to do’, calling into
question their own problem perception, and going towards the attitude ‘what we should
be able to do’.

The change of such a perspective let the customer to open their mindedness,
overcome the psychological inertia and facilitate the occurrence of the right time for the
serendipity.

This paper introduces the way IL exploits to push the serendipity mechanism. In
Sect. 2, it illustrates which are the main goals of the customers involved in IL. Sec-
tion 3 describes how WIL trains the customer participants to the innovation activity.
Section 4 shows which are the tools exploited by the IL and which is the workflow of
the activity. Then, in Sect. 5, details about Visual Triggers, how they work and how to
prepare them, have been explained.

2 Customer Needs

Often, SMEs have not employees specifically dedicated to the R&D who are familiar
with inventive problem solving, idea generation or patent literature. If R&D department
exists in SME, in most cases it has not enough time to follow a wide-ranging inno-
vation project.

WIL is a company devoted to facilitating and diffusing the systematic innovation in
SMEs, through technology transfer and sharing of knowledge, ideas, technologies and
methodologies, especially cooperating with universities and research centers. It offers
services to fill in the lacks in innovation methodologies, establishing cooperation and
partnership with suitable research teams.

Thanks to its long-lasting touch keeping with customers, WIL has been getting
continuous up-to-date information about their innovation effort. This is the most
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important requirement to identify the actual goal of an innovation project. Indeed,
customer rarely expresses clearly which they are, rather it asks for supporting in the
development of an idea and translate it in an innovation project.

Thus, the first marketing activity about IL is understanding which the actual goals
of the customer are. WIL offers the IL when it falls in one of main categories below:

1. Often, the customer wants to innovate a product/process for which it is not able to
achieve a significant evolutive step. In such a case the customer takes the IL as the
opportunity to test TRIZ, like it was a challenge, submitting a real and unsolved
problem;

2. Before undertaking a R&D project, the customer wants to be sure it is going to
undertake the less risky innovation path. By the means of the IL, it aims to widen
the solution space in order to choose the most suitable conceptual solution for the
development;

3. In some cases, especially with start-ups, the customer wants to achieve a new
product/process about which it has not proficiency. This is interesting for IL when
the customer requires the conceptual design of a new functional solution, that means
it asks for inventive problem solving.

The IL was designed in order to save time for the first strategical phases of the
innovation process. Nonetheless, it carries other added values.

First, the customer gets a new point of view about its system: tearing down the
psychological inertia, IL supports the customer in uncovering new functional solutions,
which are original for the reference market.

Widening the solution space, it allows the customer to consider several solving
directions in order to plan an innovation and/or patenting strategy. This is particularly
felt by start-ups which could get the high-level design of the solution to be developed.

3 Selection of Customer Participants

The IL requires the participants be willing to question their own point of view about the
problem and its potential solutions. Further, it is appropriate to have different points of
view about the product/process to innovate. Thus, not only technical profiles are
required, rather, the presence of marketing employees and decision makers or CEO
improves the IL performances.

Due to the long-lasting relationships between WIL and its customers, it enjoys
credibility with them. This enables some important aspects for the success of the IL.

First, WIL gives to the customer some indications about the service and how it
works. For example, giving them a smattering of TRIZ and/or describing how to
difficult is for a specialist to overcome the psychological inertia. Using this opportunity,
it can suggest to the customer which are the best employee profiles to involve in the IL.
Eventually, it could assist the customer in the choice of people.

The second aspect is the preparation of the customer participants. Depicting the
specific feature of the service is a way to prepare them for the work they will do with
UniBG. They get upfront what to expect by the one-day innovation activity.
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Lastly, together with what just said, the credibility of WIL with the customer is
implicitly transferred to UniBG. This eases a lot the first phase of the IL, when the
customer participants must be convinced about the goodness of the methodology
behind the service.

4 Tools and Workflow

In the morning session of IL, the participants work on generalizing the problem and
enlarging the space of its solutions. The TRIZ expert guides the participants along an
innovation path [2] that include techniques of abstraction of the target product/process
(functional modelling), suppression of the constraints (modified ENV model [4]),
technological alternatives analysis (ENV model integrating the IFR [5] and IR tools
specifically developed), management of requirements (market potential [6, 7]) and
overcoming of psychological inertia (visual triggers).

In the afternoon session of IL, the participants choose the most interesting solving
direction and develop it. The staff guides them exploiting the knowledge about physical
contradictions, separation principles and other classic TRIZ tools, without explicitly
describe them to the participants.

The ideas generated are tracked and organized according to the FBS ontology [8]
on a map collecting high-level functional solutions (FBS map). Figure 1 shows the
workflow of IL, the main tools exploited by the staff to lead the innovation path and
how the FBS map works during the day.

More details about Visual Triggers and how to populate the FBS map are going to
explain in next chapters.

5 Visual Triggers

Serendipity means an unplanned, fortunate discovery [3]. It is a common occurrence
throughout the history of product invention and scientific discovery. The term is often
applied to inventions made by chance rather than intent.

The goal of the IL staff is to create ‘a bump in the road’, so as to guide the
accidental knowledge.

Many of the most well-known mechanisms for conducting a good problem solving
path are those related to the sense of belonging to the problem: it is easier to passionately
conduct a problem that is close to our heart, or a direction discovered by us rather than
committing ourselves carry out the task assigned or discovered by someone else.

For this reason, the inventive idea must come from the customer experts and never
from the staff! Even better when all the participants reach the idea at the same time, or
if they are all aware that they could have grasped it by themselves.

It would be good whether nobody thought that an expert has dropped none of the
ideas that come along. The ‘wow effect’ created by facilitators is one of the worst
mistakes that can be made in this activity.
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On the contrary, all the participants must become actors, and to do this it is
necessary to find an effective mechanism of accidental knowledge, capable of igniting
the mysterious mechanism of serendipity.

Accidental knowledge means that knowledge that is acquired in a completely
random way, through what is called the knowledge accident. This terminology belongs
to that discipline called knowledge management, which studies how it is possible to
ensure that “the right knowledge reaches the right person at the right time to be able to
make the best possible decision”.

Specifically, the knowledge accident represents a mechanism capable of conveying
the right knowledge to the right person, not necessarily at the right time. This delay is
an aspect that can completely frustrate the transfer of this knowledge.

Better to give the right information without the user having the perception of being
guided in the choice, nor to arrive at the solution ‘prepared’ already by the staff.

In order to simulate accidental knowledge, a set of images, called visual triggers is
prepared.

5.1 Triggers Functioning

The Images are designed to evoke functions or behaviors useful for identifying an
alternative way for solving the initial problem.
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According to FBS theory [8] a solution can be conceived as a set of elements
(Structure) working together in order to realize a Behavior that allows the structure
reaching a goal (Function).

Visual triggers are images of products, that being outside of our problem context,
do not evoke structure analogies but only behavioral or functional alternatives.

They must be general enough to allow the user the freedom to decline it in the way
he intends to use it for his own purposes.

For example, in a recent case, it was necessary to replace a cutting blade positioned
with extreme precision inside a very heavy chassis. The changeover operation is fre-
quent due to the high wear on the blade and every time an important machine stop is
required with a very well-prepared intervention by the workers.

All the products sold by the company involved use the same maintenance process,
which includes a “book” machine opening device to facilitate operator entry into the
machine.

Visual triggers (shown in Fig. 2) help remove this type of condition, moving the
problem to other areas.

Fig. 2. Visual triggers at functional level, explain strategies for replace/restore the blade

For example, the first image is designed to suggest that you might not have to
replace the blade in case someone is able to restore the thread. It may come out of
refining methods or simply the idea of not having it sharpened anymore because it
sharpens itself, or a blade that never loses the thread either because it has a much longer
life, or because the system removes the condition so the blade loses the thread.
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The second image indicates an alternative way of replacing things, restoring the
blade with a ready one according to a precise and preset dynamic.

In a like manner, the cutter blades, the third visual trigger, produce a similar path
but with completely different dynamics. Sometimes it is the union of several triggers
that trigger the creative mechanism.

In the case of the cutting edges of image (Fig. 4) we have tried to explain how each
blade has multiple profiles that can be used as cutting edges, instead of always putting a
new one and having to recalibrate the system you could try to understand how to
modify the housing for offer a new cutting edge. This image suggests using the same
blade in a new position but does not say how.

Contrarywise, the subsequent images give us two different ways of preparing the
new blade, respectively rotating or reversing.

The last case is the toner of the printer, which indicates a different way of inserting
an object.

In the next figure we show an example of triggers focused on the goal of blocking.
In them we suggest alternative ways at the level of Behavior.

As can be seen, the evocative level of these triggers is much more limited than in
the previous case; the creative effort required of the user is undoubtedly much shorter.
For each option the effort is only to imagine how to contextualize the solution to one’s
own field, assessing its technical feasibility and side effects.

What is shown in the Fig. 3 is a list of alternatives that could be generated auto-
matically by a knowledge search tool.

Fig. 3. Visual Triggers at behavioral level, explaining different ways of blocking something
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The higher the degree of specialization of the triggers, the greater the possibility of
automating the automatic content search process.

Similarly we look at the search for all the alternative ways in which a function can
be exploited by exploring the various associated physical effects [9].

5.2 Triggers Preparation

For the construction of visual triggers, it is necessary to know very well all TRIZ tools.
The most suitable tool for this purpose is the ENV model.

According to the OTSM TRIZ theory of Nikolai Khomenko [4], ENV model helps
to describe one or more functions starting from its decomposition in features.

For each parameter/feature its value is described indicating to which element it is
referenced. The function is defined as the variation of the feature value during the
transformation induced by the function, before and after.

In this way it is possible to describe the main function of a system through a list of
transformations, expressed as a variation of the value of the technical parameters.

To this, we can also add further information with respect to the value of the
characteristic in the ideal situation.

The comparison between expected value (ideal) and obtained value (real) deter-
mines in the user an inventive trigger to improve the starting system.

The basic idea for the construction of the visual triggers is to work ahead of the day,
applying this tool and defining an image for each suggested transformation, avoiding
images taken from the context in which you are operating.

The choice of images is based on the number of constraints that can be removed
during the day with the customer, as well as the number of unpublished prospects with
which to address the problem.

The basic idea is to start from the main transformation of the system, imagining
how the object of the main function is transformed into a desired product, and from
here to hypothesize at a high level the alternative and integrative functions that could
arise during the session, masking them with images that subliminally call the concept
back without explicitly mentioning it.

The purpose of the triggers is to investigate possible alternatives at the function
level. Once found, they must be hierarchically organized according to the following
model (see Fig. 4). Once the map of alternatives is built, the facilitator can apply the
other tools of the TRIZ methodology to formulate questions that push the experts of the
sector to find further alternatives. IFR, multiscreen works very well both at the level of
F and B.
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6 Conclusion

Warrant Innovation Lab and University of Bergamo have been starting a partnership
that aims to support SMEs in the most strategic phases of their innovation projects
limiting the time request to generate conceptual solutions. They offer the Innovation
Lab, which is a TRIZ-based problem-solving activity that lasts one day and aims at
generating conceptual solutions, potentially patentable.

The Innovation Lab adjusts the TRIZ-based innovation path to reach at least a
conceptual solution within the limited time available. Especially, it exploits Visual
Triggers, which are images representing functional examples able to convey insights in
implicit manner. Thanks to this approach, the staff facilitates the knowledge accident,
the idea generation mechanism behind serendipity.
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The customers responded positively to the service, expressing satisfaction about the
approach and results. Later to the Innovation Lab, all of them have been carring
forward the innovation project. The knowledge uncover by the Innovation Lab allows
them to save time also in the following development steps of the solution.

Irrespective to what initial attitude the customer had regarding the opportunity to
patent the solution, all cases to date faced gave rise to a patent application. This proves
even more the results are interesting and valuable for the customers.

Despite the advantages taken from the conceptual solutions the Innovation Lab
allowed to grasp, the customers did not show interest in deepening their knowledge
about TRIZ, for example through participating to learning or training courses. Rather,
they consider the Innovation Lab the way to solve an inventive problem they are not
able to overcome.

Of course, this is a positive result, but further developments on the Innovation Lab
and on the approach to the customers must be considered to increase the interest about
TRIZ.
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Abstract. Within TRIZ literature, only a small part is focused on the man-
agement of the requirements. In the majority of cases, they are treated at a mere
technological level rather than marketing, by taking into account the require-
ments that have the greatest market potential.

According to the market potential technique, in the early stage phases of
design, the product to be innovated is divided into a list of different properties
that will be assessed individually in terms of importance and satisfaction. In
order to support the evaluation made by product experts (R&D Team and
Marketing Team), a search for knowledge must be carried out. This involves, for
example, the research in each requirement for information contained in bro-
chures, commercial catalogs, patents literature and scientific articles with the
aim of extracting trends, statistics, emerging technologies and unresolved
problems. This procedure requires time and a large economic investment,
especially if integrated with market research, often costly and time consuming.
To overcome these limitations, the novelty proposed in this article consists in a
method to automate the estimation of the importance of each requirement, or at
least those for which information is available in the various document sources.

An exemplary case dealing with an aerogel panel for civil application is
proposed, stressing the geographical area in such a way as to define the
investment and how it integrates into the potential market.

Keywords: Triz -+ Market potential + Problem solving - Patent

1 Introduction

This paper is addressing the main needs of the industrial sector regarding the definition

of innovations tasks in the very early stage of the innovation process.

The present situation in planning and executing of innovation projects within
industrial enterprises contains considerable drawbacks. These inconveniences can be
summarized as the lack of tools for systematic task definition for short and long term
innovation or low reliability of market success prediction for new product concepts in

the early stages of innovation process [1].

Although the best endeavor to reduce risk of failures, the majority of all industrial
innovation initiative offers only incremental improvements compared to the products
on the market. The attempts to incorporate customers into new product development
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require time-expensive interviews and surveys or extensive field research and rarely
presents significant competitive advantages [1].

Using patent information makes the customer needs transfer feasible and man-
ageable. The use of patents in order to estimate the market potential of a technique can
be considered an efficient method to compare, monitor and analyze research activity in
a specific sector of technology. Patent statistics are used as indicators of activity related
to inventions. An analysis of patented technologies can provide information on tech-
nological trends. Like any methodology, the use of patents as indicators also has its
limits: there is not always a correspondence between innovation and patented inven-
tions, just as not all patented inventions have a technical value [2].

This procedure involves the following topics: analysis of market and technological
trends. In order to predict costumer benefits, scholars employed the application of
technological or market trends, TRIZ patterns of system evolution and trends of needs
evolution.

Nevertheless, today the trend analysis delivers too general or to obvious results and
can be considered as supplementary method only. The new TRIZ based approaches are
too general or solution-oriented. For example, one method evaluates the relationships
between market trends and TRIZ evolution patterns [3]. Based on the TRIZ laws of
system evolution the universal trends of needs evolution can be formulated and applied
for identification of hidden needs and for forecasting of new needs of customers [4].

Analysis of patent information: besides the mentioned approaches, this paper
proposes the use of patent information for the identification of customer benefits. An
important source of information to identify unsolved problems and to derive customer
benefits is constituted by patent databases, which in fact is not available in any other
source. According to the modern tools for patent text-mining and syntactic parsing
tools, the information can be obtained more quickly and precisely. Moreover, with the
patent analysis one can easily access and retrieve information for general inventive
tasks and thus for benefits for the products from different industrial sectors with similar
customer working processes.

Patent information enhanced through computer-aided classification and retrieval
contributes significantly to the acceleration of innovation processes. The automatic
retrieval of problems [5] or technical contradictions [6] helps experts to reduce the time
needed for finding solutions. Analyzing and categorizing patents according to the TRIZ
evolution patterns assists to identify the evolutionary potential and possible improve-
ments of products. Patent analysis is hence applicable for forecasting emerging tech-
nologies, even if no historical data is available [7], and also for developing acquisition
strategies [8].

Evaluation of market potential for customer benefits: according to [1], a new
advanced computation algorithm includes a regression model which is suitable for
calculation of the market potential as a function of importance and satisfaction for all
values of the input variables.
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According to the market potential technique, in the early stage phases of design, the
product to be innovated is divide into a list of different properties that will be assessed
individually in terms of importance and satisfaction. In order to support the evaluation
made by product experts (R&D Team and Marketing Team), a search for knowledge
must be carried out. This involves, for example, the research in each requirement for
information contained in brochures, commercial catalogs, patents literature and sci-
entific articles with the aim of extracting trends, statistics, emerging technologies and
unresolved problems. The novelty proposed in this work consists in proposing a
technique that integrates the technical approach just explained with an estimate of the
investments in economic terms in order to establish how it integrates into the market
potential.

Despite the many steps taken to improve the market potential, it remains today a
tool that requires time and a large economic investment, especially if integrated with
market research, often costly and time consuming. To overcome these limitations, at
least partially, the article proposes a method to automate the estimation of the
importance of each requirement, or at least those for which information is available in
the various document sources.

The article presents an overview of market potential techniques in Sect. 2. In
Sect. 3, it illustrates the methodological proposal to retrieve the state of the art and the
way of proceeding conducted in this study. After, in Sect. 4, an example of the
methodology through a case study is provided. In closing, Sect. 5, the conclusion.

2 Market Potential Techniques

Among the various approaches used to evaluate the market potential, a technique
consists in the evaluation of a series of customer needs and requirements. These
approaches are able to define customer needs or requirements, with a structured pro-
cedure to translate them into technical parameters and plans to produce products that
essentially meet those needs. Benchmarking is one of the first form of structured
product development. Products are compared with industry bests from other companies
and improvements are planned to cover possible gaps or to overcome competitor’s
performances. In particular, satisfaction is a measure of how products and services
supplied by a company meet or surpass customer expectation. In a scale from 0% to
100%, 0% is the absence of the feature or great dissatisfaction, 100% is maximum
satisfaction. The aforementioned definitions are given to experts before the interviews
for the evaluation (Fig. 1).

As shown in the example reported in the figure above, in which it is shown a
market potential graph, the product that own the greater market potential is the product
that presents the combination of greater importance levels and lower satisfaction levels
among the various requirements treated.



Patent Based Method to Evaluate the Market Potential of a Product 29

100

90 S
~ Improve Safety

80 M >
\\\i&e[p\\\\
~ N o)

70 \\Qte,”, = Reduce
R ~May Dimension Reduce Cost
2 o N B Improve
Z N S e
2 ~ A Controllability
£ s =
< RN \
= -
Z a0 £~ Reduce
a o
9 3 Environmental

Reduce Weight Impact Reduce Energy

20

10

0

0 10 20 30 40 50 60 70 80 90 100

IMPORTANCE %

Fig. 1. Example of market potential graphical analysis

3 Proposal: Semantic Analysis and Documents Preparation

The punctual search for information through combinations of keywords represents an
established fact [8], however in the last few years the business intelligence tools have
made important steps forward, allowing us to hypothesize their use for delicate oper-
ations like these.

In the last years, in fact, thinking of basing a decision on a chart was quite risky.
Business intelligence could help suggesting where to go for targeted research and
punctual research.

The advent of semantics has transformed the potential of research, allowing us to
obtain levels of precision in research that were unthinkable until now. The basic idea is
to exploit this technology to produce graphics with high granularity and high precision,
which can be used as quantitative comparison tools [9].

The process cannot be fully automated and still requires different expertise.

Step 1. First of all, an attempt is made to create the pool with maximum recall,
extracting by content analysis tools the basic concepts in a fast and efficient way. This
first screening helps to enter the subject, to find connections that are not obvious even
for experts in the sector and helps not to lose potential requirements to be evaluated in
the market potential that may not have come up in a preliminary planning (Fig. 2).

As it can be seen from the figure, by selecting a parameter it is possible to find all
the correlations between the features, thus deducing dependency links and non-obvious
relationships.

All information from this pool can be visualized in dashboard with automatic
graphs.
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Fig. 2. Representation of the filters present on the software framework used to conduct the
analysis

Step 2. The second step is to precisely define the pool that serves to evaluate each
requirement. The pool will not necessarily be the same for each requirement. The
semantic analysis is calibrated to identify only the features that are related to this pool.

The more complete the pattern network, the more reliable the final evaluation will
be. Each requirement can be composed from a list of patterns that can be taken from,
for instance: type of product, type of material, objective to be achieved, problem,
parameter to be measured, parameter to be improved, product-proof, objects of a

specific function, functions that the product receives, etc.

Table 1. Examples of pattern list used in the analysis

Patterns

Goal to achieve
Problem to be faced

Product type

i.e. the goal to achieve of changing waste into valuables

i.e. insulation boards has faced the problem that the aerogel felt easily
infiltrates steam and falls powder and not environmental protection
i.e. different product types: thermal insulation panel in nanoporous
aerogel with support matrix in mineral fiber, resistant to compression,
non-flammable

Kind of material

Parameters to be
measured

Parameters to be
improved
Proof

Technical functions

Agents involved

i.e. the three most common kind of materials are silica, carbon and
metal oxides

i.e. measure parameters, such as thermal performance or light
perpendicularity

i.e. insulating materials are provided to improve fire resistance and
sound absorption rate

i.e. the invention relates to a wind-proof, rain-snow-proof and cold-
proof thermal outdoor jacket

i.e. Aerogel materials presents, as technical functions: strength and
durability expected of engineering materials

i.e. Agents involved in the sale of textiles, panels or boards
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Compared to a search by keywords, the logic of constructing the result is reversed.
In the first case we start with a very inaccurate result and manually clean up to obtain
the desired precision, while with semantics we start from a precise search and add
gradually many requests that could contain that information.

Special algorithms allow then to take almost similar concepts present in the dif-
ferent groups almost automatically.

In some cases, a manual refinement is still necessary, or a combination of the two
techniques, but the fact of being able to work with semantics offers the undisputed
advantage of almost always working with pertinent documents, allowing a much more
effective degree of information acquisition and also much faster. Browsing for good
documents also offers the possibility of creating a sector thesaurus with far fewer steps
than searching for keywords.

Step 3. The third step consists in the creation of an infographic to be delivered to
the evaluator during the audit carried out. This analysis can be totally qualitative or, if
who performs the analysis is sufficiently skilled in the field, it is possible to set
quantitative criteria to suggest to the evaluator a first numerical result.

Step 4. As for the final step, the audit is replicated for all the requirements involved
in the analysis. Then the average of all is calculated and the market potential chart is
realized.

4 Case Study on Aerogel Panel for Civil Application

As a means to test the method proposed in this work, the authors have considered the
extraction in full text (i.e. title, abstract, description, claims and priority dates)
regarding the whole patent set concerning the technology Aerogel. The technology
itself is well enough developed as a result of work over the past decade by an inter-
national community of researchers. Several extensive substantial markets appear to
exist for aerogels as thermal and sound insulators, if production costs can keep prices in
line with competing established materials.

Step 1. The authors querying the worldwide patent database in order to interrogate
scientific literature. The goal is to extract the largest set of documents with the aim to
study the problem in a complete and exhaustive way. According to author’s strategies,
all sematic networks among words has been extracted along with the properties,
functions, type, elements, market and technology applications in order to completely
rebuild the technology being investigated.

The query is “AEROGEL OR AERO?GEL OR ((FROZEN OR SOLID OR BLUE)
1D SMOKE) OR (SOLID 1D CLOUD)/TI/AB/IW/TX” according to Orbit patent
database syntax and producing a pool of 47593 results.

A more specific pool add “(PANEL? OR BOARD+) TI/AB/IW/TX” in full text
according to Orbit Database syntax in order to limit the field of application to building
panels (331 patents).

Requirements Selection Phase with Experts in the Field. In this case study, we
consider Aerogel application related to panels for construction. Insulation with the
highest performance and durability is chosen with aerogel insulating materials. Their



32 D. Russo et al.

use ensures maximum protection against winter cold, summer heat and humidity. The
product range includes rigid and flexible mattresses, panels, coupled, suitable for the
most diverse applications. Different coating characteristics, size and thickness make
these innovative insulators the most advanced solution for the insulation of roofs, walls,
facades, floors and thermal bridges. They are designed to meet the multiple require-
ments of building insulation applications for new buildings and restoration. The unique
properties that characterize them make them indispensable in realizations that require
maximum thermal performance with minimum thickness. The very low thermal con-
ductivity, flexibility, compressive strength, hydrophobicity, breathability and ease of
use make it the best thermal insulation currently available on the market, effectively
representing the last frontier in thermal insulation (Fig. 3).

Requirements
' 4 - "4 &
0.1 0.2 0.3 0.4
Fire Hydrophobicity Thermal Breathability
Resistant Conductivity

r v r &

0.5 0.6 0.7 0.8
Flexibility Compressive Small Duration
Strength Footprint over time

Fig. 3. List of the requirements of this study

Step 2. Any requirement is analyzed in detail by defining a specific pool of ref-
erence documents. In order to create the best pool of documents, a semantic based
strategy is introduced. For instance, if we look for information related to the “fire
proof” requisite, we can use many different patterns dealing with:

e parameters to be improved (i.e. improve heat resistance),
e the class of proof/resistant (i.e. blaze, ignition, overheating, burning, flame, fire-
proof/resistant)

Another set of pertinent documents can be provided selecting all couples dealing
with fire concept from a list of verb + object automatically extracted by the semantic
parser (as reported in Table 1).
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Table 2. List of Function + Object through semantic process

Function + Objects

Reinforce panel, structure Reflect light, mirror, radiation, sunlight,
wave, ray

Reduce pollution, temperature, emission, Cover surface, layer, glue

consumption, noise

Improve resistance, strength, stability, Wrap conductor, paper, tape

conductivity

Insulate material, panel, board, structure, Increase strength, temperature, capacity

heat

Support structure, layer Convey belt, pipeline, chain, pipe, fan

Adsorb contaminant, pollutant, substance, Immobilize microorganism

capacity

Form layer, structure, film, cavity, gel, Solve pollution, waste, storage

groove, electrode

Impregnate fabric, foam, blanket Protect health, layer

Coat surface, substrate, layer, slurry, fabric, Resist bacterium, corrosion, temperature,

coating performance, heat

Block radiation, filter, transfer, ray, heat Restrain growth

Deposit mask, metal, film, layer

From that list for example we can analyze, for instance, patents containing the
couple “Reduce temperature, insulate heat, Impregnate fabric, Coat surface, Coat
substrate, Coat layer, Coat slurry, Coat fabric, Coat coating, Block radiation, Block
heat radiation, reflect light, reflect radiation, Protect layer, Resist temperature, Resist
heat” (Table 2).

The sum of all these combinations constitutes the pool of all the relevant patents of
the dataset for any specific requirement.

Step 3. From the above mentioned patent dataset, we proceed now to understand
and estimate the value of the importance (in terms of R&D investments).

The requirements that will be evaluated are:

e Patent density/numerosity: the number of patents applications during the years.
Relevance: number of relevant patents
Investment trend: This graph illustrates the evolution of applications over time,
indicating the dynamics of inventiveness of the portfolio studied.

o Number of patent families and global distribution: size of the applicants’ portfolios
in the patent pool analyzed. This data is a good indicator of the level of inven-
tiveness of the active players (Fig. 4).

e Competitors analysis: differentiation between dead and living patents

e Legal status: differentiation between dead and living patents

Step 4. In some cases it is easy to understand the value to be given, in others it is
necessary to compare with the graphs found for other requirements. The final evalu-
ation is always subjective, but the 360° vision in the form of concise graphs and
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Fig. 4. Example of Infographic representation for the requirement monitoring

quantitative assessment helps to make more objective decisions. Once importance is
fixed, marketing area and sales managers are interviewed for evaluating also satis-
faction score.

The evaluation of importance and satisfaction is then replicated for all the
requirements involved in the analysis. There are as many evaluations as there are
participants. In the end, it gives an average and creates the final ranking and the market
potential chart is realized.

5 Conclusion

This study proposes a method for the study of the market potential based on an
automatic estimation of the importance of each requirement, or at least those for which
information is available in the various document sources. The basic idea is to use this
technology to produce graphics granularity and high precision thanks to the imple-
mentation of semantics, which can be used as quantitative comparison tools. Compared
to a search by keywords, the logic of constructing the result is reversed, in the first case
we start from a very inaccurate result and manually clean up to obtain the desired
precision, while with semantics we start from a precise search and we add so many
researches that could contain that information. Special algorithms allow then to take
almost automatic analogous concepts present in the different groups. In some cases, it is
still necessary a manual finishing, or a combination of the two techniques, but the fact
that we can work with semantics offers the undisputed advantage of working almost
always with pertinent documents, allowing a degree more effective and also much
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faster information acquisition. Browsing for good documents also offers the possibility
of creating a sector thesaurus with far fewer steps than searching for keywords. In the
end, the methodology provides infographics in order to have a clear picture in the most
concise way.
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Abstract. Today’s innovation processes used in industry are generally ineffi-
cient: various sources indicate that only one out of three-thousand, raw ideas
yield a commercial product. Fortunately, most of the ideas are quickly rejected
before much time and money are spent on their development. Still, approxi-
mately 300 of the raw ideas are normally selected for further investigation and
development, which results in launching around 125 small pilot projects and in
other time and money-consuming activities — all for the sake of a single com-
mercially successful product. TRIZ-practitioners claim a much higher efficacy
with the TRIZ-based innovation process because TRIZ provides a more sys-
tematic approach for innovation and dramatically speeds up the new product
development (NPD) process. A number of case studies using TRIZ for NPD
back up this statement; however, there is so far no solid quantitative data
available to support this statement. In this paper, the authors have tried to
evaluate the effectiveness of modern TRIZ in NPD by analyzing a pool of
technical solutions for new products developed for different companies in actual
TRIZ-consulting projects. For each solution, the authors have tried to identify
whether the new product was ultimately launched. This analysis revealed the
number of solutions/ideas that TRIZ consultants developed in order to launch
one new product and the percentage of successful projects. The results show that
using TRIZ improves the efficiency of the NPD process from about 5 to 12
times, which confirms that TRIZ brings high value to NPD.

Keywords: Innovation funnel - New product development - NPD - Quantum
Economic Analysis - QEA - TRIZ

1 Introduction

Today’s innovation process is known to be quite a wasteful practice for businesses. For
example, Stevens and Burley [1] indicate that, on average, in order to obtain one
commercially successful product about 3000 raw ideas are typically generated and
almost all of these ideas are then rejected in the new product development (NPD)
process. This innovation process, or innovation funnel, includes the following steps [1]:
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About 3000 raw ideas are generated and internally screened,
Approximately 300 of these ideas are then submitted to decision makers,
About 125 ideas are further developed in small projects/small efforts,
On average, only 1.7 of those ideas result in product launch,

Just one of the launched products is commercially successful.

Other authors indicate similar numbers characterizing the efficacy of the innovation
funnel. For example, Staube in his post [2] indicates that out of 95 projects aimed at
incremental innovations, just one results in launching a product, which is not neces-
sarily commercially successful. These figures are nearly comparable to Stevens and
Burley’s data that 125 small-scale projects yield 1.7 launched products.

The common perception is that in order to increase the probability of obtaining a
commercially successful product it is necessary to generate more ideas, the more the
better. For example:

e In Design Thinking, as Dam and Siang [3] pointed out, “the goal is to generate a
large number of ideas—ideas that potentially inspire newer, better ideas—that the
team can then cut down into the best, most practical and innovative ones”.

e The Systematic Inventive Thinking (SIT) approach by Boyd and Goldenberg [4] is
also based on generating a multitude of creative ideas, but in this case the ideas are
generated ‘inside the box’ just because “...the density of creative ideas is higher
inside than outside”.

In contrast, TRIZ offers a different way to improve the efficacy of the NPD process:
generate fewer — but better and more targeted — ideas, as provided by the TRIZ-assisted
Stage-Gate process [5]. The efficacy of TRIZ as a problem solving and problem finding
methodology is confirmed in numerous papers, for example by Filmore and Thomond
[6], Harlim and Belski [7].

Many case studies confirming the effectiveness of TRIZ have been published [8—11].
The case studies, however, represent only anecdotal data that illustrate how useful TRIZ
is in solving technical problems, but do not disclose how many (if any) of the solutions
obtained using TRIZ yielded commercially successful products. This leaves room for
skepticism and questions about the effectiveness of TRIZ in terms of practical results for
business.

For example, Ilevbare, Phaal, Probert et al. clearly expressed a common attitude
toward TRIZ in their report [12]: “it appears to pay little attention to linking the
inventive problems and their solutions to market needs and drivers. Therefore there
exists the unpleasant possibility of TRIZ providing a solution to a problem which has
little or no profitability or commercial benefit to an organization”.

It should be said that such skepticism seems to be relevant for the older, “classical”
TRIZ that utilizes only Altshuller’s Contradiction Matrix, SU-Field Analysis and
ARIZ, while modern TRIZ has tools such as Voice of the Product (VOP) [13] and
Main Parameters of Value (MPV) Analysis [14, 15] to address business needs better.

In a recent conference paper [16], the authors presented solid quantitative data on
the effectiveness of the modern TRIZ innovation funnel and contrasted it to that
described by Stevens and Burley [1]. The data, derived by a statistical analysis of the
outcomes of 161 actual TRIZ consulting projects in which the authors were involved,
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confirms that modern TRIZ is approximately ten times more efficient in NPD than the
traditional approach researched by Stevens and Burley.

There are, however, researchers who believe that Stevens and Burley’s data,
obtained 22 years ago, is obsolete because the NPD process has become much more
efficient due to advances in computer power and accessibility of information. Never-
theless, NPD has not become more efficient because, as practice shows, while these
factors have indeed speeded up innovations, the level of wastefulness has changed
little: in order to launch one commercially successful product, thousands of raw ideas
must still be generated and hundreds of small projects performed.

In this paper, the authors aim to (1) refine the data on modern TRIZ efficacy by
collecting more statistical information and (2) estimate the practical potential for further
improvement of TRIZ effectiveness in the NPD process by using the Quantum Eco-
nomic Analysis-based screening tool (further: QEA-screening) introduced and vali-
dated by Abramov et al. [17, 18].

2 Method

Just as in the previous paper [16], the authors statistically analyzed the outcomes of
actual TRIZ-consulting projects in which they were involved.
The analysis includes the following steps:

1. Out of a pool of completed projects, only those aimed at NPD or at developing/
improving a new technology for manufacturing an existing product were selected
for further analysis. Projects that were a continuation of some previous project and
aimed at developing the same product were not analyzed.

2. The outcomes of each selected project were identified: (1) the number of
solutions/ideas submitted to the client after the problem solving stage of the project;
(2) the number of solutions further developed (e.g. substantiation, prototyping or
patenting efforts); (3) whether any of these solutions eventually yielded a launched
product (“successful solutions”); (4) whether any of these solutions were rejected by
the client (“unsuccessful solutions™).

3. Percentages of successful solutions and projects (those that yielded launched
products) were calculated.

4. The locations of all successful and unsuccessful solutions within the QEA business
cube were determined — as was done previously by Abramov et al. [18].

The authors wish to make the following comments regarding this procedure:

e The number of raw ideas generated in each project could not be identified because
(1) the TRIZ-based methodology used in these projects does not assume using
brainstorming, SIT or other techniques for generating raw ideas and, therefore,
(2) the raw ideas randomly generated in the projects were not documented.

e Since all of the projects analyzed are small (typically 8-12 weeks), they can be
considered equivalent to the ‘small projects’ in Stevens and Burley’s paper [1].
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e [t was not possible to identify just how many of the launched products were
commercially successful because clients are not always willing to share this sen-
sitive information.

3 Results

In this research the authors analyzed a pool of 178 TRIZ-consulting projects, which
they carried out from 1994 through 2018. All of these projects were performed for
different clients representing a variety of industries; all of them were aimed at NPD or
at developing a new technology for manufacturing an existing product. In all projects
the TRIZ-assisted Stage-Gate process [5] was employed.

Of the 178 projects in the pool, 40 were actually a continuation of one of the other
138 projects. That is, these 40 were aimed at further developing solutions generated in
one of the 138 initial projects. For this reason, only these 138 initial ideation projects
were extracted for further analysis.

The projects analyzed have, in total, yielded 1125 feasible technical solutions that
were delivered to the clients after the problem solving stage.

Only 192 of these solutions were selected by the clients and further developed at
the substantiation stage of the projects, which means that some ‘small efforts’ were put
into them (e.g. proof-of-principle prototyping or patenting).

Of this number, the authors were only able to trace the fate of 70 solutions because
clients seldom gave feedback on whether the solutions delivered to them were actually
implemented. These 70 solutions include:

32 successful solutions (i.e. those actually implemented in launched products), and
38 unsuccessful solutions; that is, they were either abandoned by the clients or the
clients tried to implement them, but did not succeed.

Table 1 summarizes the result of this research.

Table 1. Data obtained in this research is compared to Stevens and Burley data [1]

Item Data derived in Stevens and
this research Burley data

NPD projects 138 No data

Submitted ideas 1125 300

Small efforts/patent submissions 192 125

Launched products (Successful solutions) 32 1.7

Rejected solutions 38 N/A

As can be seen from Table 1, TRIZ provides a much more efficient NPD process
than the regular NPD used in industry. This can be characterized by the success rate at
different NPD stages, i.e. by the percentage of submitted ideas and solutions invested
with some ‘small effort’ that resulted in launched products, as shown in Fig. 1.
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Fig. 1. Success rate at different NPD stages (calculated using the data from Table 1)

In addition to the calculated success rate of different NPD steps, Fig. 1 also shows
the success rate of TRIZ-consulting projects in general.

Figure 2 represents the distribution of the 32 successful and 38 unsuccessful
solutions within the QEA Business Cube, which was determined in the same manner as
in our previous paper [18] that can be referred to for the details of this procedure.

Figure 2 shows that

e Out of 32 successful solutions, 28 fall into the QEA Allowed Set and only 4 do not;
e QOut of 38 unsuccessful solutions, only 3 fall into the Allowed Set, while the rest 35
do not.

4 Discussion

As can be seen from Fig. 1, the modern TRIZ applied in the TRIZ-assisted Stage-Gate
process for NPD is an order of magnitude more efficient than the regular NPD process
with regard to the number of small efforts needed to launch one product. This confirms
the results obtained in our previous paper [16].

The results of many projects analyzed in this research are, however, not known to
the authors. Therefore, there is a possibility that some solutions resulting from these
projects have actually been implemented by the clients, or their implementation is still
in progress, which is quite likely for recent projects. This means that the number of
successful solutions and successful projects may be higher than estimated in this paper.
Therefore, the effectiveness of TRIZ evaluated by the method used in this paper should
be considered a ‘pessimistic estimation’, while the actual effectiveness of modern TRIZ
may be much higher.

In addition, it is important to note that all solutions, including those rejected by
clients, were substantiated and proven technically feasible at the end of each project
analyzed. The clients appreciated and accepted all of these solutions, but later rejected
some of them for non-technical reasons.

As shown by the authors in a recent paper [18], while clients rejected a few
solutions for personal or other subjective reasons, most solutions were rejected because
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Fig. 2. Distribution of 32 successful (S) and 38 unsuccessful (U) solutions across the levels of
the product, company and market development within the QEA Business Cube.

they were unpromising in terms of business impact. Such solutions could have been
rejected early in the project by the TRIZ team if the new TRIZ tool called ‘QEA-based
screening’ [17] had been employed.

For this reason, the authors believe that using this tool may further increase the
effectiveness of modern TRIZ.

For example, based on Fig. 2, we can conclude that if QEA-screening had been
used in the 138 projects considered in this paper, then out of 70 solutions analyzed only
28 successful solutions and 3 unsuccessful solutions would have been delivered to the
clients, while the other 35 unsuccessful solutions and 4 successful solutions would
have been discarded before delivery. This, then, would have saved the money and effort
spent on developing 39 solutions, most of which were eventually rejected by the client.

It seems fair to assume that:

1. In real projects, the solutions rejected according to QEA will be replaced by others
that pass QEA-screening, and

2. The success rate of promising solutions that pass QEA-screening will be about the
same, as can be determined from Fig. 2, i.e. about 28 out of 31 solutions
(approximately 90% of solutions) will be successful.
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Under these assumptions, if the 39 solutions that did not pass QEA screening in this
research were substituted by potentially successful solutions, then the overall success
rate of 138 TRIZ consulting projects in Fig. 1 could be increased from 23.2% to
about 46%.

Opponents might argue that QEA-screening (1) rejects some potentially successful
solutions that do not fall into the allowed set, resulting in a loss of profit that these
solutions would generate, and (2) still delivers some potentially unsuccessful solutions
that fall into the Allowed Set.

In this research, however, we did not find a confirmation to this concern because:

e All 4 successful solutions that did not fall into the Allowed Set in Fig. 2 yielded a
launched product only after a very long development process: when the product
reached the next stage of its evolution and/or the market for the product became
more mature. So, these solutions can be considered successful only with some
reservations because they required far much effort and money before launching a
product.

e All 3 unsuccessful solutions that fall into the Allowed Set in Fig. 2, were unsuc-
cessful only for subjective reasons: in 2 cases clients decided to abandon the
developed solutions and focus on some other products; in one case the client was
technically unable to implement the proposed solution, although we delivered a
working prototype of the product. In fact, all of these solutions could have been
successful and should not have been rejected.

5 Conclusions

The results presented in this paper confirm the results reported in a previous paper [16].
The research shows that the effectiveness of modern TRIZ in the TRIZ-assisted Stage-
Gate NPD process is at least ten times higher than the regular innovation process, and
about 23% of TRIZ-consulting projects result in a launched product (pessimistic
estimation).

The new TRIZ tool ‘QEA-screening’ may help to reduce the number of generated
solutions that are unpromising businesswise, thus further increasing the effectiveness of
modern TRIZ and the success rate of TRIZ-consulting projects (in terms of percentage
of projects that yield a launched product) to about 46% or even higher.
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Abstract. The paper is devoted to the concept of an ideality and its derivatives:
an ideal functional system and an ideal outcome. The differences between them
and the scope of their practical application are studied.

The current state of art in modeling and problem solving algorithms in TRIZ
are also highlighted.

A simple analysis-synthesis algorithm for inventive problem solving is pro-
posed using the concept of an ideal outcome and a resource approach aimed to
reducing the ideality of the result through a resource analysis of the situation.
The proposed algorithm, in contrast to ARIZ, was created to solve problems
with a single conflict, i.e., without related (conjugated) functions that form a
contradiction of conditions. In addition to the concepts mentioned above, the
algorithm relies on the “solution backwards” method and the use of element-
functional modeling of conflicts (EFM.C).

The paper also provides an example of analysis-synthesis for a simple pro-
duction problem in order to show the mechanics of individual steps of the
algorithm, as well as the entire algorithm as a whole.

Keywords: Ideality - Ideal functional system - Ideal outcome - Ideal final
result + Resource analysis - Analysis-synthesis algorithm - ARIZ

1 Introduction

The subjects of the study are concepts and toolkit of the science of creativity and its
heuristic part — contemporary TRIZ, sharpened to solve non-standard (inventive)
problems. There are many disagreements on various terms and concepts. In particular,
this concerns one of the key concepts of TRIZ — ideality and its applications to the
result and functional system.

At this point there are two main disadvantages in the interpretation of the stated
subjects: (1) such concepts as value and ideality are placed on the same shelf; (2) the
concepts of an ideal system and an ideal outcome are mixed.

There is also no simple tool for working with these concepts: for analyzing the
conflict model and further synthesis of solution ideas.

All existing algorithms can be divided into two categories. The first one includes
overly complex tools that contain almost all concepts — from conflicts and contradic-
tions to resources and physical effects — for example, the algorithm of inventive
problem solving (ARIZ). The second one includes tools that are weak in terms of
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heuristics and dialectics, and they are not effective enough in solving complex
extraordinary problems — for example, such sets of techniques as SIT, ASIT and so on.

For these reasons, it makes sense to deal with the aforementioned concepts and with
the basic tool of contemporary TRIZ to increase the effectiveness of their application.

2 Background

In contemporary TRIZ, conceptual modeling is used. This implies precise definition of all
the concepts used. To this end, the formula of concepts definition has been proposed [1].

The purpose of this study is to understand the ideality, its derivatives (an ideal
functional system and an ideal outcome) and the development of practices for their
application.

Historically, the ideal outcome in TRIZ is called the “ideal final result” (IFR). Such
a name most likely implies a final solution that suits the inventor. But it has significant
disadvantages. First, ideality itself is already a limiting abstraction. Secondly, the result
finiteness creates a sort of psychological barrier which limits the search for possible
alternative solutions to the problem.

It should be noted that IFR was not immediately introduced into the first versions of
ARIZ, although it is analogous to an element of the well-known method of solution
backwards, which was proposed by Pappus (III-IV centuries A.D.), a Greek mathe-
matician and founder of Heuristics. In modern times this method was revived by
George Polya (1945) [2].

However IFR is often used independently due to the fact that it has high heuristic
power. And since “ideality” is the key concept here, it often happens that IFR is
confused with another similar concept — the “ideal system”.

For instance, the work [3, p. 76] states that the ideal final result can be achieved by
the application of different tools through use of resources, and also that systems
become simpler, not more complex, because: Ideality = XBenefits/(XCosts + XHarm).
Although evolution is always a development which is the equivalent of the increasing
complexity.

A similar definition of ideality is presented in many other works, for example, in
the book [4]. At that, the authors write about the ideal result. Here is another vivid
example when the ideal result is defined as an ideal system: “It’s when something
performs its function and does not exist” [5, p. 23].

On the other hand, one of the first definition of value is [6, p. 5]:

1. Value is always increased by decreasing costs (while, of course, maintaining
performance).

2. Value is increased by increasing performance if the customer needs, wants, and is
willing to pay for more performance.

Thus, it is necessary to precisely define all these concepts and figure out how to use
them in practice to successfully solve inventive problems.

Today, the only tool within the classic TRIZ developed for this purpose is the
ARIZ-85C (its latest version approved by Altshuller) [7]. In case of single conflicts,
either inventive techniques or so-called Substance-Field (Su-Field) Analysis [7] are
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usually used. Both of these tools are seriously outdated and do not have acceptable,
sufficiently effective analogues.

ARIZ-85C has a mechanism for using the concept of “IFR”. But the algorithm is
practically not used because it is complex, contains a large number of steps and it is
necessary to formulate contradictions of different types.

In this connection, it is proposed to use a simplified version of the algorithm for
solving problems without revealing contradictions. This new algorithm based on the
key concepts of contemporary TRIZ: desired outcome, ideal outcome, and element-
functional resources (EFR). For this, it is necessary to clarify these concepts, and
outline ways of their practical application to eliminate conflicts in the framework of
solving inventive (non-standard) problems.

3 Ideality and Outcome

If the value tends to infinity, it turns into the ideality. In other words, the ideality is the
ultimate value. Taking value as the ratio of functionality to cost, it is possible to obtain
a number of ways to idealize the target object (Fig. 1).

Ideality

t

0 ZF

tValue~ ——
>C

Fig. 1. Representation of ideality.

The ideality can also be achieved in another way. Since the object model is an
abstraction, the maximum abstraction assumes presence of only the most significant
feature — the function. This also agrees with the value formula.

Next, it is necessary to make a clear choice about what outcome one needs to obtain
under the problem conditions. This outcome will depend on the type of the function
involved in the conflict model. All conflicts are associated with five types of actions
(Fig. 2):

Infliction of harm.

Excessive or over activity.
Unstable (nonpersistent) action.
Weak or insufficient activity.
No activity or malfunction.

DAL=
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Fig. 2. Types of conflict activities.

Thus, the desired outcome will represent a new future state of the function:
(1) harmful function — to eliminate or neutralize; (2) inadequate functions — to nor-
malize; (3) missing function — to provide.

And only after the desired (or even required) outcome is determined, it is necessary
to start its idealization.

4 Idealization — for System and OQutcome

The science of creativity (or invention) and contemporary TRIZ deal with objects of
reality while at the level of abstractions one develops models that allow of achieving
goals and solving problems that stand in the way of these goals.

Real objects are modeled as functional systems (FS), which serve as one of the
main subjects of study. The complete schematic of the functional system was presented
in the author’s work [1].

Modeling is the process of selecting the essential features of the object. Whereas
idealization (or absolutization) assumes working with the most essential feature only,
and is the highest form of abstraction. For functional systems, it is the function as a
model for changing the object of function. And the outcome of the function imple-
mentation is the outcome of the change — the new state of the object of function (Fig. 3).
This concept of the desired outcome is true for a useful, adequate (normal) function.

Function

FS ; Outcome

> —

Fig. 3. Model of function and possible outcome.

It is for this reason that the ideal functional system (IFS) is reduced to a function.
Cost is a relative or even subjective factor, and therefore is not taken into account in
ideal models.

Thus, the IFS is formed by way of application of the idealization operator to the
“functional system” concept, and has rather psychological meaning than the practical
one.
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The ideal outcome is designed to be used within the framework of algorithms, but it
is often used independently, which, supposedly, is the reason for the loss of its original
meaning.

The algorithmic approach uses the ideal outcome concept, when the desired state of
a function (an object of function) is achieved by itself, with no costs for the process of
obtaining it. The ideal desired outcome (IDO) as well as the ideal functional system are
the benchmarks that make it possible to use resources for implementation of the
required functions.

G. Altshuller proposed another version of the IDO — for detection and measuring
problems — which was recorded only in the short video of 1974: “How to search for
Cinderella? Formulate the ideal final result. How to make it perfect? There is no one
except Cinderella <...>”. For example, if it is required to find a needle in a haystack,
then the IDO can be formulated in the same way — there is nothing but a needle. That is,
generalizing this principle, everything that stands in the way (obstacle to the goal)
should somehow disappear.

The direct interaction of the “ideal system” and “ideal outcome” concepts can occur
when it is necessary to ensure the required action if there was a function missing in the
original conflict. Here, ideally, the function should be implemented by the missing
system that is the ideal system.

5 Basic Analysis-Synthesis Algorithm for Conflicts Resolving

To achieve the ideal desired outcome, a simplified algorithm based on mobilization of
resources is proposed.

5.1 Analysis

At this stage the object under consideration is analyzed, and the environment is
evaluated.

Step 1. Initial situation. Decomposition of form. It is necessary to make a list of
all the elements available and their features. If the conflict is clearly localized, it is
sufficient to specify only those elements which belong to the operational area.

Step 2. Revealed conflicts. Decomposition of structure and functions. It is
necessary to highlight the main conflicts between the selected elements: obstacles,
harm, inadequate or missing activity.

NB. 1t is possible to select all interactions between all the elements starting from the
first step. But it will complicate the analysis process. If there are too many elements,
then it is more convenient to switch to a purely analytical tool — for instance, value
(triple) analysis. This particular algorithm is designed for the localized conflicts.
Therefore, the number of such elements will be minimal.

Also, it is necessary to indicate here the type of each function: harmful, useful
(excessive, insufficient and unstable), missing (see Fig. 2).

Step 3. Desired outcomes. It should describe the final outcomes that will suit you.
That is, when there is no conflict, and everything works properly: there is no obstacle,
no harm, the required interactions are ensured.
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If several conflicts are considered, it is necessary to describe the outcome for each
activity. The desired outcomes will depend on the function type and correspond to the
number of harmful, inadequate and missing functions.

Step 4. Idealization of the desired outcomes. At this step, the ideal representation
of all the desired outcomes (see Step 3) for each function (see Step 2) is carried out. In
other words, the ideal processes for achieving the desired outcomes should be for-
mulated. The results are achieved by themselves (automatically), with no cost.

“Self” is the key operator that tunes thinking process to a creative mode, and
removes doubts about the feasibility of achieving the desired outcomes.

The ideal outcome is only the guiding star. It is necessary try to maximize the
system value by changing the functionality and cost. This provides several ways to
achieve perfection. For example, it is possible to add functions to the elements
imagining that these functions are performed — themselves, without additional costs and
support from other elements.

5.2 Synthesis — De-Idealization of Outcomes

At this stage, the fabulousness wrapper is discarded, and it is necessary to proceed to
the new formulations of the process of achieving the specified ideal outcomes — it is
achieved, but not by itself. Although the operator “itself” may be retained for greater
effect.

It is necessary to start the search for resources and their application. But, in
accordance with the proposed algorithm, most of the resources have already been
collected in Steps 1 and 2. So, it remains to apply them. To do this, it is required to
consistently insert the available resources (see Frame 1 and Frame 2 in the template —
Fig. 4) in the following wording:

<Resource or its feature> [itself] ensures the achievement of <the (ideal) desired
outcome>.

Step 5. Use of conflict area resources to achieve ideal outcomes. The 1st step
backward from the ideal outcomes: resource mobilization in the conflict areas — see
Elements and Functions from Step 2. That is, now it is a retreat from the ideal, and
anything will not happen by itself (not automatically), but with the use of assistants,
some X-factors.

In this step, only those resources are used that are within the conflict operational
space. That is, the interaction is normalized only at the expense of those elements
which are involved in this interaction.

Each new formulation is an additional trigger for our thinking in search for new
ideas. Much more paradox formulations appear. This is exactly the main objective of
the algorithm.

Step 6. Use of remaining resources to achieve ideal outcomes. This is the 2nd
step back from the ideal outcomes: mobilizing resources from the environment, system
and supersystem. Here, resources should be taken from Step 1 — Elements and their
Features; and from Step 2 — Functions, including space-time resources. If necessary,
search for resources should be repeated.
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Basic analysis-synthesis algorithm template @
@ Solution ideas ] [@ Idealization of the outcomes1
) y
@ Use of remaining resources ] [@ Use of conflict area resources ]

@ Initial situation ] [ Revealed conflicts ] |@ Desired outcomes ]

Fig. 4. Basic analysis-synthesis algorithm template.

The total number of formulations here will depend on the number of resources
found. The bigger number of different resources are used, the grater departure from the
ideal outcome will be.

Therefore, at this and previous steps, a number of quite specific challenges come up
to be solved on one’s own or delegated to appropriate specialists.

Step 7. Solution ideas. A frame for recording solution ideas (Fig. 4). If too many
ideas spring up, it is better to use a special notebook for this purpose.

After the main resources are used — if an acceptable solution is not found or if more
ideas are required — an additional step needs to be taken combining and modifying
these resources (see ARIZ-85C, Part 4).

6 How to Use the Algorithm in Practice

In order to clarify the situation with the application of this algorithm, a simple example
is offered. This will help to better understand the principles and concepts presented
here.
The purpose of this example is only to demonstrate the mechanism of individual
steps of the algorithm. There is no emphasis on solution ideas and their feasibility.
Part 1. Situation analysis.

Initial Situation. There is a furnace for heating workpieces. To unload workpieces
after heat treatment and to load new workpieces, it is necessary to open the chamber by
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lifting the housing. This leads to negative consequences — hot air leaves the chamber
and as a result there are excessive energy consumption and time wastes for new air
heating.

Step 1. Identify all available components in the situation context.

It is better that this step is performed by an expert on the system in question.

The following components are available: chamber, housing, hot air, heater ele-
ments, electric drive, workpiece, etc.

Unrecorded resources can be added later.

Step 2. Determining the area (and time) of the conflict.

The main conflict occurs in the process of reloading the workpieces — when the
housing is opened, the temperature inside the chamber goes down.

What element of the chamber is specifically designed to hold hot air? Camera
housing. This means that it is necessary to formulate functional conflict between the
housing and hot air during the restart of the process: housing is NOT holding hot air in
the workpiece processing area (Fig. 5).

Housing Hot Air

is Holding
ES WE [es==a=sns » OF

Fig. 5. Graphic representation of the element-functional model of conflict (EFM.C) [8]; where:
ES — Energy Source; WE — Working Element; OF — Object of Function.

In this case, in the diagram the missing (or insufficient) action is shown as a dashed
line. The word form does not contain a negative particle NOT.

Step 3. Desired outcome formulation.

The outcome is based on the type of conflict function from Step 2. It is necessary to
ensure normal (adequate) performance of the function.

Desired outcome: housing is normally holding hot air in the workpieces processing
area, that is, hot air remains within the chamber during its restart (reloading of
workpieces).

Step 4. Idealization of the desired outcome.

It is necessary to formulate an ideal outcome based on how the desired outcome
was set in Step 3.

Therefore, hot air itself has already remained in the chamber (during the restart).

It would be better to start this step with a mental representation. In order not to spoil
the ideal image that the imagination painted, you should not write anything yet.

NB. This image is formulated in the perfect (completed) form. In the next steps with
the use of resources, all formulations should be in the continued (process) form.

Part 2. De-idealization of outcome.

De-idealization of outcome is a synthesis of solution ideas using the resources
collected during the analysis.
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Step 5. Using conflicting elements as primary resources.

The formulation would be something like this: the hot air itself is holding hot air in
the area during the restart process.

And here it is necessary to make another formulation — for the second element
involved in the conflict (see the connection with Step 2 in Fig. 4): housing itself is
holding hot air in the area inside, during the restart process.

Similar wording should also be added here for all characteristics of conflicting
elements.

After that, they should be reformulated into tasks (specific challenges). It is these
tasks that will need to be solved further. They are not quite inventive, but rather
engineering.

For example, the task: how to make the thermal insulation layer is keeping the hot
air in the process of restarting?

Such tasks should be distributed among the project participants.

Step 6. Using the remaining resources (from the system, supersystem and
environment).

At this step, the resources that were taken into account at Step 1 are used.

New resources can also help other resources that are already working on achieving
the ideal (desired) result from the previous step.

An example of new task: how to make cold air is keeping hot air from leaving the
treatment area?

All relevant ideas should be recorded in the Frame 7: Solution ideas (see Fig. 4).

Thus, we are going from the initial situation through the inventive problem in the
form of a functional conflict to engineering tasks. Some of these tasks can also be
inventive problems and they must be rerun through this algorithm.

7 Conclusions

In the paper, the ideality idea is presented. The desired (required) and ideal outcome
concepts are considered.

The differences between the ideal outcome and the ideal functional system are
shown as well.

The algorithm for solving inventive problems, based on two fundamental mecha-
nisms of thinking — analysis and synthesis — has been proposed: thinking goes through
construction of the desired outcome, its idealization, and the reverse trace (de-
idealization) using the rules for resource mobilization — that is, their search [analysis],
choice [operational stage] and application [synthesis of solutions].

It is recommended to start learning and teaching the tools of contemporary TRIZ
from this algorithm, because it is the assembly of the very first basic concepts that
previously had to be studied individually: Element, Function, Functional System,
Element-Functional Resources, Ideality, Ideal FS, Desired and Ideal Outcomes.

It can also be used for guided facilitation sessions for solving non-standard
problems.
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Also, the proposed algorithm works with single functions only. The algorithm can
have at least two names, according to operating principle: Analysis-Synthesis Algo-
rithm; and by function: Functional Conflicts Eliminating Algorithm (FCEA).

If contradictions arise, it is necessary to switch to more advanced algorithms, for
example, ARIZ-85C. To work with the contradiction-removing algorithm, a prelimi-
nary study of additional concepts is needed, including: contradictions of conditions and
contradictions of requirements [1].
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Abstract. According to Genrich Altshuller and most of his students, his eight
laws of technical systems evolution were found by systematic patent analysis. In
this paper, we show that not a single patent must be studied to derive the very
same eight laws, but rather that they follow from an analysis of the concept of
artificial instrumental systems in the context of a competitive world with scarce
resources. Our investigation yields a clear definition of ideality which—insofar
as certain constraints are respected—indicates multiple trends underlying the
evolution of systems towards increased competitiveness when resources are
scarce. By making the truth conditions for each law explicit, we attempt to
explain why some high generality patents from the 20™ century contradict some
of Altshuller’s laws. We conclude that although patents can be seen as a useful
source for inspiration, validation and falsification of generalizations, they are not
the most promising place to start to look for laws of system evolution, since
mere induction from past examples cannot provide the justification needed to
meaningfully inform engineers about how to develop systems in the future. Our
approach suggest an alternative route for articulating and justifying such laws.

Keywords: Laws of system development - Technological forecast - Ideality

1 Goal and Structure of the Paper

In 1979, Genrich Altshuller published 8 laws of technical systems evolution [1], which
according to him [2] can be found by systematic study of high generality patents. Both,
critics [3] and advocates [4] of the usefulness of Altshuller’s laws emphasize that
thousands of patents were analyzed to discover these laws. Although there is an
abundant literature proposing divergent formulations of these and other laws that are
often called trends or patterns (see, for example, [5—10]), we will concentrate on
Altshuller’s initial formulation from 1979 [1].

Our paper aims to show that, in principle, not a single patent must be studied in
order to arrive at Altshuller’s eight laws of technical system evolution. Rather, they
follow from the meaning of a fechnical system when understood as an artificial
instrumental system in the context of a competitive world with scarce resources. This
deductibility is the actual reason why they might be able to lay claim to some law-like
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status'—at least as long as the respective conditions for their application are respected.
This, however, does not imply that they should not be tested against the evidence from
the patent stock (see Sect. 4).

The paper comprises three major parts. First, we will articulate in general terms
what systems are by putting our focus on the notion of instrumental systems, which can
either be static or dynamic, and natural or artificial (Sect. 2). Second, we will show
that Altshuller’s eight laws from 1979 can be inferred from the general statements
explaining these distinctions—at least insofar as additional restrictions such as scarcity
of resources and competition are assumed (Sect. 3). Third, we will reflect on the
counterexamples from a patent analysis done by [19] and show how the derived truth
conditions for Altshuller’s laws help explain these contradictions (Sect. 4). Finally, we
will summarize our findings and indicate how to proceed further (conclusions in
Sect. 5).

2 General Reflection on Systems

2.1 Systems in General and Instrumental Systems in Particular

A system is a whole that consists of parts, which—insofar as the system is not an
abstract one—can be anything that has some mass. Together these parts bring about
effects. Systems are useful as long as they can be controlled such that their ability to
realize effects makes it possible to employ them for particular purposes in particular
contexts. When systems are employed for particular purposes, they are serving func-
tions and will be called instrumental.

! Traditionally, the term law requires some form of deductibility. According to [11], the debate about
the definition of natural laws falls into two camps: systemic approaches and universal approaches.
In the case of systemic approaches, natural laws are viewed in the context of deductive systems.
Deductive systems consist of axioms and their logical consequences: theorems. Some of them are
stronger than others, which means they are able to explain more. Some others are simpler and thus
less complex. Simplicity and strength are seen as competing virtues insofar as a system can be made
simpler by reducing strength, which can be achieved easily by elimination of some of the axioms
resulting in a simpler system (see [11]). As a proponent of the systems approach, [12] believes that
an account of our natural laws can be found in the totality of our true deductive systems that have
the best strength-simplicity ratio. In contrast, universal approaches think about natural laws in terms
of particular things being seen as instantiations of their universals. For example, a law that states
that horses are mammals would assume the existence of (i) the universals horse-ness and mammal-
ness and (ii) a necessitating relation—i.e. a relation of causality that is not merely logical [13]—
between horse-ness and mammal-ness, such that horse-ness necessitates mammal-ness. Making
such necessitating relations explicit in the form of laws allows for deduction. In both types of
approaches—systemic and universal ones—deductibility is crucial for calling something a law. The
way in which Altshuller’s laws are usually presented in the literature—i.e. as being found by
comprehensive patent analysis—rather resembles the style of universal approaches. In contrast, we
are going to show that they follow from a handful of axioms within a simple deductive system.
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2.2 Living Systems with Needs and Desires

Living systems depend on instrumentalizing their environments. They must build
cellular components from chemicals and energy (anabolism) and break down organic
matter (catabolism) to either release energy or to serve anabolic reactions. These
processes of metabolism require living systems to make use of what their environments
provide. We will call a lack that would threaten a living system’s healthy existence—if
not satisfied—a need. In addition to needs, some living systems—in particular humans
—have desires. They come as the feeling of wanting.

2.3 Satisfaction of Needs and Desires Requires Activity

In order to fulfill a desire or to satisfy some need, living systems must do something.
Humans, for example, must breathe to enrich themselves with oxygen and plants must
convert sunlight into chemical energy for growing. While—for most people—breath-
ing is a subconscious activity most of the time, putting ourselves under water changes
the situation entirely. Our standard technique of enriching our blood with oxygen will
not work anymore.

2.4 Solving Problems with Techniques and Technical Devices

Living systems face problems, as soon as they are unable to fulfill some desire or to
satisfy some need. Problems can be solved in a variety of ways. What can count as the
most appropriate solution depends on context. Sometimes simple techniques such as
breath retention can do the job. Sometimes, a basic technique is not enough, and some
external enhancement is needed, for example a snorkel that allows us to breathe under
water as long as the opening at the top of the snorkel remains above the waterline. In
the latter case, we have employed something to help us satisfy our need to enrich our
blood with oxygen by enabling us to breathe. We are not only using some technique
but also some technical device.

2.5 Artificial and Natural Systems

While strolling around, we could be lucky and find some specially grown hollow
wooden tree limb and use it is as a snorkel. Alternatively, we could make one on our
own. In the first case, we would have to be able to recognize the function that the
wooden limb could perform for us. In the second case, we will have to purposefully
process something such that it can serve this function. In both cases, we must be able to
recognize our need and understand that we are looking for something that makes it
possible for us to breathe under water. It might already exist and we have to find it, or it
might not exist yet and we must create it. We will call everything that was purposefully
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created or manufactured artificial to distinguish it from natural things that were not
purposefully put together by someone.”

2.6 Functional Parts

In its simplest version, a snorkel is a hollow stick that is U-shaped at the bottom. The
shorter leg fits into a human’s mouth, while the longer leg is straight and reaches out of
the water when used as a snorkel. Although the device consists of only one part, it can
be called a system, because from a functional perspective, multiple parts can be dis-
tinguished: the “mouth part”, the “channel part”, and the “chimney part”. Technically,
functions are expressed in the form “part A + function (verb + measurable noun) +
part B”. Take, for example, the channel part (A), which constrains (verb) the movement
(measurable noun) of the air flow (molecules [B]) within the snorkel.

2.7 Energy Transformation and Static Systems vs. Dynamic Systems

A function that can be executed while an equilibrium is reached such that the
responsible parts do not have to expend any energy—as, for example, in “the screw
positions the plate”—will be called static.’ In contrast, functions will be called
dynamic if their execution requires any of the responsible parts to expend energy, as in
“the lever changes the position of the basket” (where something or someone needs to
move the lever). Accordingly, we will speak of a static system when taking into
account static functions alone—for example when reflecting on how the snorkel is
constructed. Analogously, when taking into account dynamic functions as well, we will
call the system dynamic. Since energy cannot be produced from nothing, dynamic
systems have to be their own energy sources by somehow transforming energy from
their environments. Energy transformation is thus a key feature of dynamic systems.

2.8 The Functions of Systems Show in the Respective Dynamic Super-
Systems

Due to their dependence on dynamic systems, we would not be able to identify a static
system’s function if we were not able to imagine or observe it performing its roles
within dynamic super-systems.* For example, a bicycle on its own is a static system.
When being ridden, it is part of a dynamic super-system within which it serves a
function. A bike has the disposition to become dynamic, but it is not dynamic in itself.
The same holds for the snorkel. Only when used by someone for snorkeling does this

2 The totality of roles that an artificial system can be employed for does not have to be equal to the set
of roles it was designed for in the first place. A bridge, for example, can be designed for allowing
cars to cross a river, but it might also provide shelter from rain.

3 Note that this notion of a static function is an abstraction, since, upon closer consideration,
functions can only be called static when abstracting from undesired dynamics—for example
material wear in the screw that positions a plate.

4 Note that some of the functions responsible for keeping the static system’s form can be identified
irrespective of the system’s role in dynamic super-systems.
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static system become part of a dynamic super-system and show its proper function. In
one sentence: to understand functions of systems, we have to investigate them in the
context of the dynamic super-systems where they satisfy some need or desire.

2.9 Hierarchical System Structure

Dynamic super-systems can themselves be systems in some wider dynamic super-
system. A cyclist on a treadmill, for example, can be part of an energy generating
fitness center. The treadmill (static system) and the cyclist (dynamic system) form a
dynamic super-system, which is part of the larger dynamic super-super-system that
consists of multiple ridden treadmills, a battery etc. Most of the time, systems exist in
much more complex hierarchies than this one and it would be pointless to add the
prefix “super” to each higher or “sub” to each lower level. From now on, we will
therefore abandon this practice if no additional clarity can be gained by pointing out the
different levels of hierarchy.

2.10 Energy Input as a Key Feature of Dynamic Systems

Although the ridden treadmill transforms mechanical energy into electrical energy, it is
a static system because it requires a cyclist to receive energy in the first place.
Therefore, the ability to transform energy is not enough for a system to be dynamic.
Suppose the cyclist was replaced by a combustion engine providing the mechanical
energy needed to turn the shaft of the pedals. As long as they are being fueled, engine
(dynamic) and treadmill (static) would become a dynamic system. Energy input is thus
a further key feature of dynamic systems. A dynamic system that is cut off from its
energy source will sooner or later turn into a static system.

2.11 Dependence Versus Relative Independence

If a dynamic system does not have control over its own energy input, it is dependent on
the dynamic system controlling it. This dependency comes in different forms. Elec-
tronic devices have power switches that are controlled by their users, solar thermal
heating systems depend on whether or not the sun is shining and mammals have to find
food or water to fuel their metabolism. Roughly speaking, the dynamic system con-
trolling another’s energy input determines whether or not the latter will remain
dynamic or become static. Generally speaking, the more control a dynamic system
gains over its fundamental operational functions such as energy input, the more
independent it becomes.

2.12 Energy Conduction, Control, and Work as Key Features
of Dynamic Systems

As far as we know, energy can neither be destroyed nor created, but only transformed
from one form to another. That dynamic systems transform energy shows in their
production of effects. Some of these effects might be useful for someone while others
might not. This usefulness of the produced effects is the result of their work and it is
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also the reason why they are employed by others for their purposes. However, the work
a dynamic system is employed for is different from the work carried out by the dynamic
system’s mechanism. When we want to turn a shaft by means of a combustion engine,
the engine must burn fuel to transform chemical energy into mechanical energy.
Besides guiding the input energy to its place of conversion and transforming it, the
energy must be directed to where it can do the work it is supposed to do. Directing
energy requires both control over the energy flow and the capacity to conduct energy
from input, via transformation, to output. Figure 1 contains a summary of what we can
say about dynamic systems in general terms.
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Fig. 1. The illustration captures necessary features of (instrumental) dynamic systems: They
consist of parts which together bring about effects by transforming and directing energy such that
it becomes useful for someone’s purposes—primary function(s). The interactions of the parts can
be described as processes that require a certain amount of time to be executed and that must be
synchronized in order to work together under sufficiently controlled circumstances. The parts
themselves have a mass and spatial dimensions. Insofar as we know the ratio between the amount
of energy being consumed and being outputted in a useful manner, both energy transformation
and transmission efficiency can be determined. Efficiencies lower than 100% result in side effects
—i.e. in effects different from the system’s primary function(s).

2.13 Scarcity of Resources and Efficiency

Those who employ a static or dynamic system for their own purposes are interested in
the output produced by the dynamic super-system emerging during this process. The
output shows in the work being done. This work comes at some cost. It is tempting to
say that a dynamic super-system that consumes less energy to produce the same
amount of work under similar conditions and with more or less the same undesired side
effects is better than a system that consumes more. However this only holds if the
energy resource we are talking about is scarce or at least hard to obtain. Assuming such
scarcity, efficiency gains become desirable.
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Departing from the above analysis of general features of dynamic systems (see
Fig. 1), we can compare the efficiencies of systems serving the same primary functions
by relating these functions to the invested energy (see Eq. (1)). This energy comprises
(i) the energy being lost during operation, (ii) the energy contained in the useful work
of the primary function(s), (iii) the energy required for manufacturing and (iv) the
energy stored in the form of materials (mass). In order to increase a system’s overall
efficiency—which is desirable under the assumption that resources are scarce, we will
have to choose one or multiple of the options expressed within the following equation:”

primaryfunction|

efficiency] =
energyinvested i

_ primaryfunction| (1)
energyios | + energyous| + energymumqfl + energysioreal

2.14 From Efficiency to Ideality

While scarcity of resources makes efficiency gains desirable, it can be said that the
pressure of competition forces systems to evolve towards being more efficient. Pushing
the tendencies for increasing efficiency to their most extreme values (zero and max) or
—as Altshuller would say—to their ideal forms, we will obtain Altshuller’s famous
definition of ideality (where no resources are needed to obtain the benefit of the
system’s function): The ideal system is the fulfillment of the function without a system
[1]. Figure 2 summarizes these tendencies—and thereby the meaning of ideality—in
one table. As a consequence, it can be said that a system that develops according to
these tendencies is becoming increasingly ideal:

2.15 Integration in Wider Super-Systems

From the tendency to become increasingly ideal, a trend toward functional integration
into larger super-systems can be inferred:® (i) A system that is serving multiple
functions is more ideal than (ii) multiple systems that are serving all of these functions
individually, assuming that (i) the multi-functional system consumes fewer resources
(space, time, energy, materials) and (ii) that the quality of the execution of the functions
does not suffer from the integration.

5 An upward arrow stands for increase and a downward arrow for decrease. The upward arrow
behind primary function indicates both quantitative and qualitative improvement, while quantitative
improvement means larger amount of primary functions.

5 See Fig. 2 “primary function(s)” (MAX).
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Fig. 2. The illustration shows the extreme values for each of the general features of dynamic
systems, indicating the respective tendencies for an increase of the system’s overall efficiency.
Accordingly, both the energy put in and the energy (work) required to fulfill the primary function
(s) should be zero as should be the parts’ masses, spatial dimensions (when space is considered a
scarce resource), side effects and execution time. In contrast, the amount and quality of the
primary function(s) should be maximal, as should be the energy transformation and transmission
efficiencies, overall controllability and synchronization of processes.

2.16 Integration Means Mediating Conflicts

Functional integration yields conflicts insofar as systems that are to be integrated
compete over shared resources (space, time, material resources, energy). Systems that
are able to integrate their sub-systems in a win-win fashion will be more efficient and
therefore more competitive and more ideal than those that cap the potential of their
individual sub-systems due to inner-systemic conflicts.

2.17 Increase of Efficiency Through Increase of Control Over More
Fundamental Activities

When taking a look at the energy flow in dynamic systems above, we came across
(i) energy input, (ii) energy transformation, (iii) energy conduction, (iv) energy control
and (v) targeted energy output as necessary functions. The efficiency of each of these
functions contributes to the system’s overall efficiency. Loss of energy during any of
these activities diminishes the system’s overall efficiency and therefore provides
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opportunities for increasing ideality through problem solving.” Since energy cannot get
lost, loss of energy refers to transformation of energy into a form that cannot be used
for executing the system’s functions and, in this sense, is wasted. The better a dynamic
system controls the activities underlying these functions, the more it will get out from
its initial energy input.®

The idea behind this principle is simple: intervening closer to where an activity
originates allows for more controlled guidance of resulting effects as compared to
intervention on the level of later emerging effects. For example, a central bank that
aims at increasing investments into the economy by lowering interest rates cannot
determine what banks will do with the cheap money. In contrast, direct control of the
decision making of the banks would allow for more targeted intervention. The same
holds for effects emerging from the activities of objects on an atomic and sub-atomic
scale such as electromagnetism or material properties. The better we understand and
control the origin of the effects of interest, the better we will control the effects
themselves. Since increasing ideality is achieved by reducing losses while increasing
functionality, systems that efficiently control the effects they exploit on the most
fundamental level of their emergence, will turn out to be more ideal than systems
operating at a later stage in the chain, where losses have already accumulated. If the
origin of the effects exploited by some system resides at the sub-atomic scale, the
system will have to obtain better control over the lower-scopic’ levels to become
increasingly ideal. As more refined physical cause-effect relationships become known
for further exploitation, we will see an increase in systems using them for their pur-
poses. This holds for both the creation of artificial instrumental systems and for our
understanding of the causal mechanisms operating in natural dynamic systems.

7 See Fig. 2 “efficiency of energy transmission” (MAX), “efficiency of energy transformation”
(MAX), “energy in” (ZERO), “energy out”—corresponding to the work of the primary function
(ZERO), “controllability” (MAX).

8 How efficiently energy can be transformed by a given system depends on its ability to release the
energy that is stored in what the system takes as input. Given that the maximal energy of a body is
equivalent to its mass, a dynamic system can operate with increasing amounts of energy, the more
control it gains over the matter it is dealing with. Burning a kilogram of dry straw provides
approximately 16.8 MJ in energy. The loss of rest mass of about 1.9 x 107 g is so small that it is
nearly impossible to measure. In contrast, when uranium decays, 0.1% of its mass is released as
energy. After the reaction, the mass of the substance that initially was one kilogram of uranium is
about one gram smaller, which is equivalent to a release of 9 x 107 MJ. To use uranium as an
energy source, we must be able to trigger the required chain reactions and control them adequately,
which requires understanding and control of the processes on an atomic scale. In contrast, in order
to burn and control one kilogram of straw, all we have to know is how to initiate and sustain a fire,
which can be done on a macro-scale level. If we were able to transform the entire kilogram of
anything’s rest mass into energy, we would obtain roughly 9 x 10° MJ. To do so we would have to
be able to control the building blocks of matter on the lowest scale possible.

©°

We avoid the term “microscopic” since “micro” has the well-defined meaning of 10~°. By coining
the term lower-scopic, we want to convey the meaning of a spectrum for zooming out (macro-scale)
and zooming in (towards sub-atomic scale).



64 J. Schollmeyer and V. Tamuzs

3 Inferring Altshuller’s Eight Laws of Technical Systems
Development

This general understanding of systems is sufficient to derive Altshuller’s eight laws as
stated in 1979 [1]. Altshuller split them into three groups: (A) statics, (B) kinematics,
and (C) dynamics. Note that Altshuller’s usage of the terms “statics” and “dynamics”
differs from our usage.

(A) The first class of laws deals with the beginning of a technical system’s life, which
is understood as the result of synthesizing parts into a whole

(1) Law of system completeness: The first law states that a technical system would not
be able to perform its functions, unless at least the following four parts with their
respective functions are present: engine (for energy conversion), transmission,
working unit and control unit. At least one of these parts must be manageable to
make the system manageable.

As we have seen, this statement only holds for dynamic systems. Static systems,
such as tables, picture frames, plates, chairs, unridden bicycles, etc. do not have to
transform energy in any meaningful manner in order to provide their functions.'® The
need for the five functions—(i) energy input, (ii) transformation, (iii) transmission,
(iv) control and (v) targeted output (working unit in Altshuller’s sense) follows from
the fact that dynamic systems have to convert and control energy to bring about the
effect that makes them instrumental for something (instrumental systems), themselves
(self-sustaining living systems) or both (see Sects. 2.7, 2.10, and 2.12).

(2) Law of energy conductivity: Altshuller’s second law states that a system’s need
for energy transformation requires the ability to conduct energy from the con-
version unit to the working body. As we have seen, this can only be said about
dynamic not static systems and is already contained in the meaning of
transmission/conduction (see Sect. 2.12).

(3) Law of synchronization: The third law states that all parts of the system should
work in coordinated rhythm.

Again, this only holds for dynamic systems and is due to the requirement that
multiple parts have to contribute to the same process, which is the production of the
system’s effects through energy conversion and control. Insofar as the parts contribute
to the same process their contribution has to be coordinated in time, which is just a
different way of saying that coordination of rhythm is required.

(B) Altshuller put the second set of laws under the title “kinematics” stating that they
refer to the development of technical systems irrespective of specific technical or
physical factors contributing to the development.

(4) Law of increasing degree of ideality: Altshuller’s fourth law is probably the most
popular one and claims that all technical systems develop towards an increasing

10 When zooming onto an atomic and sub-atomic level, we will find dynamic energy conversion,
irrespective of whether we are analyzing a static or a dynamic system. However, this does not affect
the meaning of the distinction between static and dynamic on a macro-level.
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degree of ideality with the system’s weight, volume and area tending towards
zero, without diminishing its capacity to perform work, resulting in Altshuller’s
popular definition of an ideal technical system as function without a system [1]. In
the TRIZ literature, it is common practice to understand ideality not only in terms
of spatial and material resources, but also in terms of all resources (time, space,
energy input, material resources) in the form of a qualitative cost-benefit equation
with functionality above and costs and problems below the fraction line [14]. In
[5], which is a translation of [15], ideality is defined as the ratio between useful
and harmful effects."’

As seen above, the trend of increasing ideality (summarized in Fig. 2) is due to the
need to increase efficiency (see Sects. 2.13 and 2.14). Increased efficiency, in return,
provides a competitive advantage when resources are scarce. While the law of
increasing ideality refers to both static and dynamic systems, it depends upon the
assumption of competition and scarcity of resources. It would be an interesting thought
experiment to investigate what would happen to the trend towards an increasing degree
of ideality if the problem of scarcity of resources were solved.

(5) Law of uneven development of a system’s parts: The fifth law states that the parts
of a technical system develop unevenly. As a consequence, system conflicts arise,
where one sub-system hinders the further development of another. Altshuller’s
example here is the insufficiency of brake systems in large ships [17].

This argument depends on two assumptions. The first is the system definition itself
stating that systems bring about their effects by collaborative work of their parts. Due to
the dependency of systemic effects on the interaction of all of the relevant parts of a
given system, weaker parts will be bottlenecks for the stronger ones or the system will
become unstable when weaker parts cannot balance out the stronger. The second
assumption, which is not contained in the system definition itself, is that these parts do
not develop simultaneously. This might be true if the system’s designer was unilat-
erally focused. However, the law will collapse as soon as systems are developed from a
holistic perspective by taking the functions of all sub-systems into account.

As we have seen above, there is another argument for the necessity of the outbreak
of system conflicts that does not rely on assuming a limited perspective of the designer
(see Sect. 2.16). Rather, it is based on resource dependency. Different sub-systems
might exploit shared resources (energy, material, time and space), which will result in
conflicts when these resources are scarce.

(6) Law of transition to the super-system level: Altshuller’s sixth law states that when
systems have exhausted their developmental potential, they become sub-systems
within larger systems—that is their function is integrated into a super-system. As
we have seen, this follows from the ideality statement under the condition that the
function of the integrated systems is enhanced rather than worsened and that the

' According to [16], the translation contains slight modifications, but we currently have no access to
[15] to judge whether or not they affect this definition of ideality.
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non-integrated individual systems would require more resources for delivering
their function (see Sect. 2.15).

(C) The third class of Altshuller’s laws is titled “dynamics” and reflects the main
trends in the development of technical systems in our—or rather Altshuller’s—
time; Creativity as an Exact Science was published in 1979 [1].

(7) Law of transition from the macro- to the micro-level: The seventh of Altshuller’s
laws claims that when a system’s developmental potential is exhausted on the
macro level, it will be fundamentally rebuilt with its working body acting on a
lower-scopic level. As we have seen, this is due to the principle that the ability to
control the more fundamental activities from where the effects emerge provides
more control over the entire process. Therefore, less energy loss is accumulated,
which results in higher efficiency and thus a higher degree of ideality. Moreover,
the production of new effects is made available (see Sect. 2.17).

(8) Law of increasing involvement of substance-field systems: The eighth of Alt-
shuller’s laws finally states that the development of technical systems proceeds
towards an increasing involvement of substance-field systems. In order to clarify
the meaning of this statement, we first need to look at the role that substance-field
(Su-Field) systems play in Altshuller’s theory. Roughly, the Su-Field notation
aims at representing problems in terms of cause-effect relationships by means of
three major categories: substances, fields and actions. Fields are supposed to act
upon and to be produced by substances. The actions of being produced and acting
upon something are represented by means of arrows, which can highlight quali-
tative differences (harmful, useful, insufficient, and excessive). This notation is
used to represent problems and can be converted into the notation of functional
modeling where components (substances) act via functions (arrows) upon other
components. The main difference between function and field seems to concern the
level of abstraction. While fields are categories for physical effects, functions
describe the activity by which one component acts upon another. In order to
preserve the information represented in a Su-Field model which states that “A
pushes B” by means of a mechanical field, we would have to say “A mechanically
pushes B”. Thus, in a Su-Field representation, the physical principles bringing
about some effect are made explicit (something that is not necessarily shown in a
functional diagram, but could easily be added).

Altshuller’s eighth law states that no-field systems tend to develop into field sys-
tems (note that Altshuller’s notion of a no-field system might be equivalent to what we
are calling static system)lz, the number of connections between the elements of a
system increases, the responsiveness of the system increases, and mechanical mecha-
nisms are replaced by electromagnetic ones.

12 Take for example a hammer, a nail and a wall. Without what Altshuller would call a mechanical
field that is provided by, for example, someone’s arm, the nail could not be hammered into the wall.
According to our terminology, we need a dynamic system (the person who takes and controls the
hammer) to turn the static systems—hammer, nail, wall—into a dynamic super-system: The person
uses the hammer to hammer the nail into the wall.
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All of these observations result from statements outlined before, namely that (i) the
ability to efficiently control lower-scopic effects often makes it possible to influence
matter more efficiently and extensively than handling them on a macroscopic
mechanical scale (see Sect. 2.17) and that (ii) static systems are only useful insofar as
they are integrated into dynamic super-systems (which refers to no-field systems
turning into Su-Field systems) (see Sects. 2.7 and 2.8). Note that (i) is only true if we
can control the lower-scopic behavior efficiently enough to gain an advantage over
macroscopic mechanical control.

4 Patent Analysis for Validation/Falsification—not
for Induction

We have shown that, without the study of a single patent, Altshuller’s eight laws of
technical system development from 1979 [1] can be derived from a reflection on the
nature of systems, in general, and instrumental systems in particular. All in all, this
shows that the law-like nature of these general statements about systems is due to their
inferability from even more general statements. Instead of trying to derive laws of
technical system evolution from patent analysis, it seems to be more promising to use
the patent fund as resource for validation. In 2006, [19] tested Altshuller’s laws in the
following manner. From [20] they took the 68 highest generality US patents from
1963-1999, which are patents that are cited by subsequent patents belonging to a wide
range of International Patent Classification (IPC) classes. For each of these patents, the
authors studied the state of the art section in order to understand the transition from the
state of the art situation to the solution in the respective patent. For each of the technical
system evolution trends, they checked whether or not it could have been used for
developing the solution and whether or not it contradicted the transition proposed in the
patent. Altogether, the 68 patents provided examples for each of Altshuller’s laws,
while 3 patents provided counter-examples concerning law (2) energy conductivity,
law (5) uneven development of a system’s parts, and law (8) increasing use of su-fields.
Despite our inability to get in touch with the authors of [19] to gain access to sup-
plementary materials to view the counter-examples, our above analysis has shown that
the contradicted laws are conditional, which might explain the contradictions: Law 2
does not hold for static systems, law 5 is not valid when the product was developed
from a holistic standpoint, and law 8 depends on efficiency concerns, which allows for
the possibility that a mechanical solution is more efficient than its non-mechanical
predecessor.

5 Conclusion

As we have shown, Altshuller’s eight laws of technical system evolution can be
derived from a general reflection on artificial instrumental systems in the context of a
competitive world with scarce resources. As a result, the conditions for applying the
laws could be made explicit, which helped to hypothesize why 3 out of 68 high
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generality patents contradicted 3 out of 8 laws in the study of [19] (see Sect. 4). While
patents are a useful source for inspiration, validation and falsification of generaliza-
tions, they are not the most promising place to start to look for laws of system evolution
since mere induction from past examples cannot provide the justification needed to
meaningfully inform engineers about how to develop systems in the future. Moreover,
we drew the attention to resource scarcity as a fundamental condition for the validity of
most of these laws, which allowed us to summarize the meaning of ideality in a
deductive manner (see Fig. 2). Given that the number of general resource types is
limited—time, space, material, energy—we believe that additional general statements
about systems can be derived by further taking into account the general characteristics
of each resource type in their respective contexts. Doing so might result in the for-
mulation of trends similar to the patterns articulated in [18]. The same holds for (i) a
more thorough investigation of the fundamental features of dynamic systems (see
Figs. 1 and 2), (ii) a closer look at differences of employing living or non-living
systems for certain jobs, and (iii) a definition by cases depending on whether the
instrumental system is abstract (theories) or concrete (material).
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Abstract. As one of the most important knowledge sources of TRIZ, the
collection of Physical effects is currently searched in a very basic way. In order
to enhance its use, different proposals have been brought to the community to
classify effects into different categories. Among them, a rule-based approach
classified the collection of physical effects into four categories and built a set of
rules to facilitate its direct use. However, this approach is not robust enough due
to the lack of instances of physical effects. In this paper, we propose a new
approach to classify physical effects in order instantiate the existing ontology. In
addition, preliminary results are presented to demonstrate the feasibility of the
approach. The results brought us evidences that we facilitate the direct access to
the collection of physical effects.

Keywords: TRIZ - Inventive design theory - Wikipedia - Physical effects

1 Introduction

According to Altshuller [1] the use of the scientific effects is one of the most important
approaches that facilitates solution finding. For the reason that this collection of
knowledge contains natural phenomena previously unused in the engineering domain.
The use of this collection of effects often give rise to simple and reliable designs. In
order to facilitate its use, the collection of physical effects provides the mapping
between the technical functions and the available technical laws.

However, the technical functions and the available technical laws while the
physical effects are a collection of physical phenomenon. They are at different levels of
abstraction, thus making the access of the collection of physical effects from technical
functions quite difficult. In order to address this problem, existing researches have
proposed different ways to classify this collection of knowledge in order to ease its
usage. These classifications are either based on the physical parameters that describe
the effects or based on the categories defined by the constructed domain models such as
ontologies. However, the existing classifications do not support the direct use of the
collection of the physical effects, as a consequence, it requires knowledge both in
engineering and physical domain.

Tackling at this drawback, existing research have proposed a physical effects
ontology to facilitate its direct access by classifying the physical effects into two
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categories (substance effects and field effects) [2]. However, the knowledge base is not
complete thus limits its use. Therefore, in this paper, we focus on instantiating the
existing physical effects ontology based on machine learning to support the con-
struction and the population of the physical effect knowledge base, with the aim of
support decision making by reusing existing ontology.

The remainder of this paper is organized as follows. In chapter two, we give a
literature review about the existing classifications of physical effects and the need of
ontology instantiation. In chapter three, we present the proposed method. In chapter
four, we present the preliminary result to validate the proposed method. Finally, in
chapter five, we conclude this paper by discussion and conclusion.

2 Literature Review

The classical way to classify the physical effects is by their functions, which is
knownas the pointers to scientific-engineering effects (as it is depicted in Fig. 1). The
pointers classified the effects by different technical functions they perform. For
example, the technical function Change shape can be achieved by the use of the effects
like Curie point, Evaporation, Ferromagnetism, crystallization etc.

List of technical
functions

Seperate gas and liquid |

ll

Orient particles

Change shape

Crystalization

Fig. 1. Pointers to scientific-engineering effects

In this way, the effects can be accessed by searching for the technical functions.
However, the use of the scientific-engineering depends on the user’s experience in the
engineering domain to map between conceptual (technical functions) and actual
(scientific-engineering effects) solutions. Therefore, this type of classification is useful
for experienced users but making its use for novice users very difficult.

Apart from the pointers to scientific-engineering effects, the classification of effects
based on the construction of a domain ontology is getting more and more attention.
This is because the construction of an ontology not only facilitates the description of
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the modeling domain, but also enables the knowledge induction by the establishment of
rules. Combined together, the construction of ontology enables the automatic inference
of needed knowledge without the intervention of human.

An ontology is a formal and explicit specification of a shared conceptualization. It
is composed of classes, instances and their binary relations that are used to express
knowledge about the domain of interest. In an ontology, classes are abstract collection
of objects. The instances are concrete objects of its class. Relations are links between
pairs of classes, pairs of instances or between classes and instances. Rules are another
form of expressing knowledge in the domain of interest [2]. They are used to reflect the
notion of consequence and are in the form of IF-THEN-constructs. In this way, rules
are able to express complex statements of different types. Based on the construction of
rules, techniques of automated reasoning allow a computer system to draw conclusions
from the existing ontology.

The work of [3] organized the effects by a chain of design elements at different
abstraction level. It creates the causal relationship between the functions and structures
by physical variables. It is based on the fact that most of the physical laws include
variables and constants. And the application of these physical laws depends on such
descriptors. The work in [4] constructed an ontology that classifies the physical effects
based on the language descriptors. In this ontology, the classes are input, output and
object. The relations for representing the interactions between the classes are: Cause
Action, EffectAction and ActionObject. In this way, different effects can be classified
and represented by different text descriptors that are extracted from natural language
texts. Other direction of this research has conducted by authors in [5] as well, who
proposed a dynamic approach that does not rely on the classification in advance.

The work in [6] developed the physical effects ontology that classified the physical
effects into two categories: Sub_PE and Field_PE (Fig. 2) in order to facilitate its use
with the Inventive Standards. The physical effects ontology classified the physical
effects based on the substances and fields it concerns. Along with it, this work also
constructed the rules based on the Inventive Standards. These notions are particularly
interesting because they enable the user to access directly to the needed effects by
reasoning on rules once they have obtained the substance-field model of the his/her
problem. Therefore, the novice user can access to the needed effects through the
substance-field model without understanding what function that is performed by which
effects. However, even though the physical effects ontology has been built, it should be
instantiated largely in order to provide enough knowledge for the users. Therefore, we
should consider a method to instantiate the physical effects ontology to facilitate its
reuse.

Ontology instantiation is the process of building the knowledge base. It consists of
adding new instances of concepts and relations into an existing ontology. This process
usually starts after the conceptual model of ontology is built [7].

The construction of the knowledge base makes it possible to perform reasoning
tasks with the aim of assisting decision making. However, to construct a knowledge
base is not an easy task because it is based on the capture of categorized knowledge.
Therefore, it is often done manually by domain experts.
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Fig. 2. The physical effects ontology (from [5])

In order to solve this problem, we adopt machine learning to automatically classify
the physical effects in order to instantiate the physical effect ontology and in this way,
constructing the physical effects knowledge base.

3 Methodology

In this chapter, we propose a new approach based on machine learning which enables
the instantiation of physical effects knowledge base. The proposed approach is
implemented to classify the collection of physical effects as two classes (Sub_PE and
Field_PE). The proposed methodology is composed of three steps as it is illustrated in
Fig. 3:

Stepl: data collection
Step2: feature extraction
e Step3: classification and ontology instantiation

The first step is to collect the data needed. In here, the data should be in the machine
interpretable form in order to apply the classification techniques later. However, there
are two main difficulties. One is that the physical effects are in the form of natural
language and we need to find a way to represent them in a computer process able way.
The other is to find an appropriate text similarity measure in order to perform the
classification task.

We address these problems by using Wikipedia' as a knowledge base to create a
graph for each effect based on the Wikipedia category network. In this way, each

! https://en.wikipedia.org/wiki/Main_Page.
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Wikipedia ‘
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Fig. 3. The proposed methodology

physical effects will be represented as a hierarchical graph composed of a set of its
related categories.

The second step is feature extraction. Based on the characteristics of the obtained
graphs, which are not suitable for applying classification algorithm, we have to find a
way to extract features from them. Feature extraction consists in transforming arbitrary
data, such as text or images, into numerical features usable for machine learning tasks
(e.g. classification task). In order to extract features from the obtained graphs, we are
inspired by the vector-space model [8] and represent each effect by all the categories
associated with it. We assign the value of each feature by the distance between the
effect and each category on the shortest path from the effect to the category. In this way,
we obtained a multi-dimensional vector for each effect, where each category related to
this effect on the retrieved graph corresponds to an axis. Such that the values along the
axes for the effect correspond to the distance between this category and the effect on the
shortest path linking them.
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In this way, we can construct a large feature matrix where each row corresponds to
an effect and each column corresponds to a category that is retrieved from the
Wikipedia network. However, the resulting feature matrix is too large which will
increase the training time. Therefore, we have to reduce the dimensions of the matrix
by preserving the most significant features to shorten the training time for the predictive
model. To do so, the Principal Component Analysis (PCA) is applied to achieve this
goal.

Once the feature extraction is done, we can apply the classification algorithm to
classify the data. To do so, we have to train a classifier. A classifier is a function that
maps an unclassified piece of data to a class by applying an induction algorithm, which
builds a classifier from a given dataset [9]. In order to train the classifier, we have to
apply a proper classification algorithm [10] on the training set obtained from the
previous step. One of such method is the k-Nearest Neighbor algorithm (kNN) [10].
The advantages of applying the kNN classification algorithm is obvious: There is no
existing model to classify the physical effects but a collection of correctly classified
effect instances that is labelled by the domain experts. KNN method assumes that the
observations which are close together will have the same classification, making it
possible to classify the given effects based on the effects with a label. Once the
classifier is obtained, we can instantiate the physical effect ontology based on the
obtained label.

4 Preliminary Result

In our experiment, we try to validate the proposed approach to classify the physical
effect Boiling. We take 11 physical effects to conduct our experiment. Among them, we
use 10 as the training set and 1 as the testing set. The aim is to classify the effect boiling
into one of the two categories.

Firstly, we have to obtain the graph of each effect. It is obtained by retrieving the
Wikipedia category network. Therefore, for each effect, we obtain a category graph by
querying Wikipedia. In Fig. 4, an excerpt of the obtained graph of boiling is presented.
Once the graph of each effect is obtained, we eliminate the irrelevant categories. For
example, at the first level of the category graph of boiling, there are two irrelevant
categories. They are All_Articles_needing_additional_references and All_Arti-
cles_needing_additional_refences_from_June_2017. In Fig. 4, these irrelevant cate-
gories presented by the red nodes. In our approach, these categories are deleted in step 1.

The next step is to apply the feature extraction method to transform the obtained
graph into a multi-dimensional vector. To achieve this goal, we assign the shortest
distance between a category and the effect on the shortest path between them. For
example, the value of feature Phase_transitions is 1 because the distance between the
category Phase_transitions and the effect Boiling on the shortest path is one. In addi-
tion, a special case is that there is no path between the effect and a category, for
example, the category Electromagnetic_radiation, Electrodynamics and Radiation. In
this case, we assume that the distance is 11. This is because in our graphs, the distance
from an effect to the Contents category (root node) ranges from 3-10, therefore, 11
means that the value is infinity.
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Fig. 4. An excerpt of the effect Boiling

Once the vector of each effect is obtained, we construct a feature matrix with 11
rows and 89 columns where each row corresponds to an effect and each column
corresponds to a category that is retrieved from the Wikipedia network (as it is pre-
sented in Fig. 5). With the obtained matrix, PCA method is employed for feature
selection. We fit the PCA preserving 95% of components and obtained a new matrix
with 11 rows and 5 columns, where each row corresponds to an effect and each column
corresponds to the assigned k principle components after the feature selection.

e data
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Fig. 5. Visualization of the feature matrix

Then, the obtained training set is used as the input for classification task by
applying the kNN method. And finally the 10-fold cross validation is applied to
determine the value of k. To do so, we divide the training set into 10 subsets of equal
size and repeat the 10-fold cross validation 10 times, where each time one subset is
assigned as the Testing_set_cv and the rest are assigned as the Training_set_cv.
Therefore, each time the cross validation is performed, we can evaluate its performance
by calculating its accuracy rate. The accuracy rate is obtained by dividing the sum of
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TP and TN by the sum of P and N, where TP is the number of true positive samples,
TN is the true negative samples, P is the number of positive samples and N is the
number of positive samples. In this way, the mean accuracy rate is obtained by cal-
culating the sum of the 10 accuracy rates and divide it by 10 as it is depicted by Eq. (1).

> aei(TP+TN)/(P+N)

ACC = 1
_mean 10 (1)

The 10-fold cross validation is used to determine the value of k, which is the
number of the nearest neighbors. We varied the value of k from 1 to 5 and the
ACC_mean of k=1, k=2, k=3 and k = 5 are respectively presented in Table 1.
From this result, we can observe that k = 5 is a better choice than the others since it
yields a better accuracy rate than the other values of k.

Table 1. Experiment result
Category K=1K=2|K=3|K=5
Substance_effect | 0.5 0.5 0.873 10.955
Field_effect 0.5 0.7 0.7 0.873

5 Discussion and Conclusion

In this paper, we proposed a new approach to classify the physical effects based on
machine learning. More specifically, it is based on the use of Wikipedia and kNN
method. The proposed method can be applied to instantiate the physical effects data-
base automatically which contributes the reusability of domain ontologies and the
independence from domain experts.

The preliminary result showed that we have successfully applied the proposed
method to classify the physical effects, and achieved the mean accuracy of 0.995 when
k = 5. This encouraging result enables further directions of research:

e To largely populate the physical effects into two classes by a bigger data set;
e To populate the relations of the physical effects ontology with more refined
classifications.

However, the proposed method relies on labelled data which is sometimes difficult
to obtain, therefore, there is a need to find some ready to use dataset in order to
instantiate the physical effects ontology with more individuals. Moreover, it is also
interesting to test other machine learning techniques on a larger dataset in order in
increase the precision of the classification result, such as naive bayes classifiers [11],
support vector machines [12], radial basis function (RBF) networks [13] etc.
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Abstract. Frugal Innovation is an unorthodox approach to product design
recognized in many developing countries, where creativity is essential to gen-
erate solutions that increase economic and social value while fewer resources,
usually taken for granted are available, if at all, keeping the focus on delivering
the main function with state-of-art technology. Big companies are also applying
a similar philosophy, called “disruptive innovation” or “reverse innovation”, to
meet the needs of potential customers with limited buying power and enter new
markets, introducing novel business models. The peculiar attentiveness to the
sparse usage of raw materials and resources offered by frugal innovation is also
relevant for rethinking the design process in view of sustainable development.

The present paper will review some examples and show how the TRIZ
thinking frame can effectively assist frugal innovation projects, formulating the
Ideal Final Result and formalizing a dedicated process, based on Resource
Analysis, Functional Analysis and Trimming.

Keywords: Frugal innovation * Resources - Ideal Final Result

1 Frugal Innovation: Definitions, Features and Methods

Frugal Innovation emerged as an unorthodox approach adopted in the Global South to
address basic needs and offer state-of-the-art solutions [1] characterized by high level
of creativity. It was sparked in India, favoured by several socio-economic and cultural
factors [2], i.e. the need for “affordable excellence”, availability of technological
expertise and a positive attitude towards frugality. It praises solutions that allowed to
get more value a better social impact from limited resources and at lower cost. Frugal
Innovation states a different Value Proposition, reversing the notion of product inno-
vation based on added functionalities (previously in the “nice to have” space foreseen
by the Kano model) and increased complexity, leading to a more attractive and
expensive high-end product.

Moreover, the ability to generate a positive impact on sustainability and progress
for a larger group of people otherwise out of the picture is thought to be a source of soft
power and influence [3], aligned with the Sustainable Development Goals [4]. It has
been recognized and investigated with growing interest in the scientific community, in
association with keywords like Bottom of the Pyramid, Emerging Markets, Jugaad,
Reverse Innovation, Disruptive Innovation, Low-Cost Innovation [5]. It is expected to
be in demand also globally, in view of the growing need for social innovation and
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sustainability [6]; in fact it quickly found a big resonance in the western countries [7] as
the a way to address new urgent global needs world-wide, i.e. connecting a larger base
of customers with limited purchasing power. In Europe efforts are made to define the
relevant space with several studies requested by the European Commission [8, 9],
where it emerged that challenges posed by environmental awareness, climate change,
excessive complexity and financial austerity would increase frugal solution success in
Europe, along with the opportunity to reformulate design approaches for cheaper and
smarter solutions.

Multinational companies like GE, Siemens, Philips, Bosch already recognized in
the early 2000s that affordability brings about big opportunities to open market seg-
ments in emerging countries and allows to retain market position; in order to diffuse
products and solutions it is possible to sacrifice some “nice to have features” while
focusing on the delivering of the minimal function with state of art technology,
bridging the gap between pricey products and the basic needs of customers without
money. For a product success, defeaturing was recognized not to be enough, but a need
to rethink the entire design process was stated, paying attention to the local peculiar-
ities, thus paving the way for the so-called “Disruptive Innovation” or “Reverse
Innovation” [10], later also called “Corporate Frugal Innovation” [11].

A big effort has thus been undertaken to define Frugal Innovation as a concept and
frame it as a process. At first, many definitions based on descriptive criteria to qualify a
solution as frugal have been proposed, highlighting cost reduction, concentration on
core functionalities, and optimized performance level [12]. In [13] a longer list of
features is compiled: Affordability, Simplicity, Robustness, User friendliness, Econo-
mies of scale, Quality, Locality, Sustainability, this last one underlining the opportunity
to support greener solutions.

Most of literature contributions offer definitions and identify processes, gathering
countless case studies and formulating statements to changing the operating mode,
mostly adopting empathic methodologies, but pragmatic proposals of a structured
workflow to organize a frugal innovation project are still rare. A seminal example is
presented in [14], where a combined approach of VAVE (Value Analysis/Value
Engineering) and TRIZ tools allows to removing all unnecessary features from a
product and reducing the cost. The workflow is organized according to the SAVE
Template [15], where TRIZ is used after a value Analysis, during the creativity phase,
focusing on Trimming and Function Oriented Search applied on the generated function
modeling and identification. In this paper it will be discussed how TRIZ could offer a
stand-alone workflow dedicated to frugal innovation, offering the tools to overcome
technical issues. The list of Frugal innovation features can be used as idea-
downselection criterion.

2 TRIZ Tools Relevant to Frugal Innovation

The tools that so far have been identified in literature relevant to Frugal Innovation are
Trimming and Function Oriented Search: this is consistent with Frugal Innovation most
evident attributes:
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— Focus on functionality: a previous step of Function Analysis (be according to
VAVE or Modern TRIZ schema) to identify the most expensive functions and
establish a function ranking, along with a systematic the pathway for simplification;

— Defeaturing: trimming and radical trimming to maintain the focus on main functions
and redistribute or eliminate the remainder, so as to “do more with less”;

— Function oriented search to “do better and cheaper”, leveraging from existing
alternative technologies and adapting to frugal environments.

In this paper the focus is on a workflow entirely based on TRIZ, and the discussion
on the relevance of approach offered by other TRIZ tools, like:

— Ideal Final Result (IFR): to give an essential formulation of the need to cover;

— Resource Analysis: to systematically analyze what is available to solve the problem;

— Function Level Analysis/Trend of increasing Coordination: to enhance the focus on
functionality and take the appropriate steps in the decision-chain;

These observations led to the identification of a dedicated TRIZ-based workflow, as
explained in Sect. 3.

As far as the S-Curve analysis is concerned, the classic TRIZ theory foresees a First
and a Transitional Stage with focus on delivering the Main Function and a Second
Stage, when the product reaches market success, when functionality increases quickly
to gain new customers; a frugal approach would need to review this formulation.

3 TRIZ-Assisted Systematic Process for Frugal Innovation

The proposed workflow foresees the following steps:

Ideal Final Result Formulation

Resources Analysis

Level of Functionality — Trend of Decreasing Human Involvement
Idea generation

Selection vs. Frugal Innovation Criteria

Business model formulation

Implementation

A e

A case study to showcase this workflow in presented in Sect. 4.

4 Example: GIZ Water Supply Project in Uganda

Water is essential for any civilization. Still today about two billion people don’t have
access to clean and potable water. Water scarcity already represents one of the most
important global challenges [16], expected to be exacerbated by the climate change,
representing a crucial problem to be solved for sustainable development. The following
example reports a frugal innovation experience from The GIZ project in Kabale,
Uganda, addressing a water supply scarcity issue.
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Typically, western countries want to address this problem with the western State-
of-the-Art: use high technological solutions to pump and clean water. The current
solutions are photovoltaic pumping systems. They consist of the following basic
components (Fig. 1):

Fig. 1. Usual non-frugal approach components: top left, clockwise: Photovoltaic Modules,
Inverter, Water Tank & Piping, Motor/Pump combination

e PV Modules that have to be imported and that are expensive;

e Inverter to convert the PV power into power to drive a submersible pump: this part
is as well expensive and produces in developed countries;
Submersible motor/pump combination: also to be imported;
Water tank, pipes, hydraulic fitting (usually available in the country), which make
~10% of whole value chain.

Such a high technology system is furthermore usually designed for usage by proper
trained persons and for good environmental conditions. The operation is done by a
switch (on/off) and the operation is indicated by a LED: green — system operates, red —
system failure. A repair on site by local people is not possible. The following pictures
show the elements of such a PV Pumping System.

It is evident that in such a case an ordinary well-known solution would represent
not only a non-affordable product, but also deliver an unsatisfactory performance
regarding the life-cycle behavior. It is not adopted to the needs, skill set and require-
ments onsite.
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We will now demonstrate how a TRIZ-assisted frugal innovation approach would
address this issue by using the proposed workflow.

4.1 Ideal Final Result (IFR)

The IFR can be formulated as a System, that always and safely delivers water by
itself.

4.2 Resource Analysis

A Resource Analysis was performed, leading to the list of the all available water
reservoirs:

— Water itself

— Water holes (water is scooped)
— Deep wells

— Surface wells

— Rivers

— Handpumps

— Sakieh (Fig. 2)

— Atmospheric Humidity

Fig. 2. Sakieh

This list will also serve as a checklist for Trimming (described in Sect. 4.5), while
brainstorming how to redistribute the functions to the external environment.

4.3 Level of Functionality — Trend of Decreasing Human Involvement

In this chapter we detect the level of functionality for the different resources, so as to
assess the adaptability to the selected frugal environment. The Trends of Decreasing
Human Involvement is used as a tool since it is very helpful as a rating criterion as a
system evolves. The levels are defined according to Fig. 3:
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Control System ’ Control System ‘ Control System
Super-

system | Energy Source | Energy Source

Transmission

____________________________ - -

Time

Control System

Engineering-
system Energy Source Energy Source
| Transmission | Transmission Transmission
Operating Agent ‘ ‘ Operating Agent ‘ ‘ Operating Agent ’ ‘ Operating Agent

Fig. 3. Template for level of functionality analysis for the different resources

The engineering system ALWAYS consists at least of the operating agent. That is
the functionality it was designed for. Control system, energy source and transmission
are part of the super system. Over time transmission, energy source and control may
move from the super system to the engineering system. This includes a reduction of
human involvement. E.g. 1** automobile was the chassis and the motor. The driver had
to do everything — start motor by hand, move wiper, move flasher, etc. Now we have
lots of assistant systems in a car that help support the driver and we are nearby
“autonomous driving” where even the control system moved to the engineering system.

For the resources listed in Sect. 4.2, human involvement is very high for all sys-
tems, but the handpump and the Sakieh.

One could improve the reduction of human involvement by using motorized sys-
tems like diesel fueled systems or photovoltaic systems. For the motor pumps, human
involvement would be needed to start/stop of the system, refueling and maintenance.
The operation affords technical expertise, but since combustion vehicles are well
known, the skills are available. A system where controls are moved as well is a
photovoltaic system. It operates fully autonomous (Fig. 4).

Fig. 4. Motorized systems used for water supply

4.4 Idea Generation: From Resources

As already presented, there are already existing solutions available to pump water with
different levels of human involvement. The more autonomous the engineering system
is, the more complex it is (and thus usually more expensive). So, the higher these
solutions rank according to the Trend of Decreasing Human Involvement, the less
frugal they are. The frugal approach aims to concentrate on what is the maximum
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reduced functionality in order to meet the fundamental basic need. And based on
this thought to develop ideas.

In this example the following ideas have been generated by asking: “How
can <resource> help to pump water in the easiest way?”.

A possible list of concepts in this case are reported below:

Fog nets collect the water out of the atmosphere. There is no pumping needed, no
mechanics. It is simple, can be built by anybody on his own. But the capacity is limited
and depends on the air humidity (Fig. 5).

Fig. 5. Fog nets

Water Wheel Pumps (Fig. 6) are simple constructed pumps for low heads
(~6 m). They consist of a tube that is wind up in a spiral towards the middle. This
spiral is mounted max. half sunk in the river. The flow of the river rotates the spiral und
by this the water is pumped. This again is a very simple construction that can be made
on-site as well.

Fig. 6. Water wheel pumps
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Handpump with motor (Fig. 7) is a simple solution to move the transmission and
energy to the system. Instead of the person pumping the water, a motor does the job. If
it is not working, you can still pump manually. As motor an electric motor power by
PV can be used which then needs again to be imported. An alternative could be a wind
powered pump, constructed out of available waste materials.

Fig. 7. Handpump with motor

4.5 Idea Generation: Trimming

Another way to find ideas for solution is to use the trimming tool of TRIZ. For an
existing system a function analysis is performed. Then trimming is used to simplify the
system down to its basic functionality, fitting very well the frugal philosophy.

In the shown example we have a photovoltaic system. The solar irradiation ener-
gizes the PV module with photons. They are converted into electric current and power
the inverter. The electronic inverter converts the electric power into AC current with
variable frequency. This is powering the motor that feeds back the EMK as a control
signal to the inverter. The motor rotates the pump and pressurizes the water in the well
into the pipe. The Function Model is shown in Fig. 8.

In a first round of trimming (Fig. 9) the inverter unit was put at disposal. The task to
solve was: how can the PV module power the motor directly? And the solution should
be as simple as possible. The following figure shows one solution idea. Replace the
inverter by a negative temperature coefficient (NTC-) resistor and a DC motor. This
would work under less efficiency, but as reduced cost of about 1.000€ and much
simpler.
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Fig. 8. Function Model of a photovoltaic system to power a water pump
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Fig. 9. Function Model after trimming the inverter unit

In a further step additional trimming is done (Fig. 10): Trimming of PV module,
NTC-resistor and DC-motor. As a new component a low-temperature Stirling engine
(LTSE) could move the pump. An LTSE is a low-tech product that can be manufac-
tured in the local country.

Further trimming of solar irradiation usage and LTSE (Fig. 11) leads to the
question if the water can pump itself, getting closer to the formulated IFR? A solution
was show above with the water wheel pump, that can be built easily as well on site.
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Fig. 10. Function Model after trimming the PV module
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Fig. 11. Function Model after trimming solar irradiation

4.6 Selection vs. Frugal Innovation Criteria

For the selection of the best technology under frugal conditions, we have defined
FOR THIS PROJECT the following criteria, normalized between 1 and 10 for com-
parability (Table 1):

e Performance (1 worse-10 good): How good and continuously the system is per-
forming, quantified by water flow
Cost (10 worse-1 good): Cost of the system in the site of application
Usability (1 worse-10 good): States to extent to which the solution can be imple-
ment locally, i.e. percentage of locally manufactured components
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Table 1. Idea down-selection according to frugal-criteria

Performance | Cost | Usability | Transfer function

Weight 3 8 10

Fog Nets 2 8 8 150
Water Wheel Pump 4 8 5 126
Handpump with electric motor | 8 4 4 96
Handpump with wind power 4 7 7 138
PV pump 9 1 6 95
PV pump with NTC-resistor 7 4 8 133
LTSE pump 5 5 7 125
Dieselpump 10 2 8 126

In this list Performance maps Quality, Cost maps to Affordability and Usability
maps to Simplicity, Robustness, User friendliness, and Locality, mentioned before.
The transfer function is calculated as:

F = Performance x weight 4+ Cost x weight + Usability x weight.

This shows that under the given assumptions fog nets and handpumps powered by
wind make great sense.

4.7 Business Model Formulation

When the technology was selected the last step is to define a business model that will
work for the manufacturer and for the customer. This will be based very much on the
local conditions. Ideally the technology should be available/manufacturable locally.

5 Conclusions

The idea of frugal innovation addresses the needs of the bottom of the pyramid and
allows to opens new business opportunities in new markets. A TRIZ-assisted workflow
to generate frugal solutions, based on the understanding of the basic functionality
needed in the target country for the product, has been presented, where the frugal
thinking permeates the process at all stages. The TRIZ tools “IFR”, “Resource analysis”
and “Trimming” are valuable tools to generate ideas for a frugal product. The presented
structured approach showed that TRIZ is a very valuable tool to assist frugal innovation;
the next step will be to wholly deploy a TRIZ workflow for full optimization.
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Abstract. TRIZ is a well-known innovative problem solving method, mas-
sively implemented within big industrial groups to boost their efficiency in
innovation process. TRIZ is also a creativity technique providing a wide set of
methodological formalized concepts applied through numerous tools. Case
studies showed how start-ups can benefit from business innovation method-
ological good practices by enforcing the link between invention, innovation and
intellectual property. This paper aims at demonstrating the ability of the formal
TRIZ approach to contribute to the feasibility of the next step: helping entre-
preneurs and start-ups’ stakeholders in accelerating their «serial innova-
tion» capability while keeping the control of the Lean process. To achieve this
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Case studies, in an industrial group and a start-up environment, have illustrated the
power of the formalism of problem solving by applying the “start-up spirit” for efficient
creativity (Sire et al. 2018).

We now want to ever more focus on the innovative start-up context, from both
inventive activity and project management points of view.

The first purpose of this paper is therefore, regarding inventive activity point of
view, to analyze how the young or recent entrepreneurs can take advantage of the
formalism and analogy of the TRIZ state of mind, which is rigorous and oriented
toward the search for progress, to foster their innovative activity (Sect. 2).

The second purpose of this paper is, regarding project management point of view,
to explore the well-known business models in industry like the Business Model canvas
and some derived approaches like Lean Start-up dedicated to a flexible early stage of
development, in order to include the Lean canvas in stakeholder strategies (incubators
and start-ups, innovative firms) (Sect. 3).

The third purpose of this paper is to illustrate in a start-up context how to easily fill
the Lean canvas thanks to TRIZ methods and tools (Sect. 4).

The conclusion summarizes the lessons learned, limitations and perspectives of the

paper.

2 How Can TRIZ Take Benefit of the Links Between
Invention and the Inventive Intellectual Corpus to Foster
Innovation?

2.1 Links Between Intellectual Property Rights and Invention

Our aim here is to show the contribution of information protected by intellectual
property rights to the capacity for invention, whether directly (informational support) or
indirectly (methodological support).

Direct Support of Invention Patents. Published patents help researchers to explore
new fields (knowledge of what exists and of what is protected, understanding of past
stages and humility in the face of the future, descriptions of prior art and traceability of
technical design choices); patents and publications complement each other.

Publications focus on explaining phenomena while patents are positioned further
on in the process, on results, applications and the means used for these applications
(Brees¢ and de Kermadec 2004). Invention patents have acted as the innovation
memory for two centuries (Breesé and de Kermadec 2004).

The patent also has as a counterpart to meet its obligation to disseminate the
scientific and technical content of the invention, allowing “skilled individuals” to be
able to reproduce it. The fact that the patent does not protect the idea (or the knowl-
edge), but its materialization allows to insure compatibility between private incentive to
invention (by increasing the personal yield from the invention) and technical progress
(by disseminating knowledge).
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A patent describes the prior art and explains how the proposed solution differs from
the existing one, thereby allowing an excellent level of traceability in the choice of
technical designs (Breesé and de Kermadec 2004).

Indirect Methodological Support for Invention Patents. Formalizing an innovation
“like a patent” (de Kermadec 2001), that is, by describing certain aspects with docu-
ments that follow the editorial rules of patents, can contribute to strengthening this
common vision of the work being created (What field is the invention in? What is the
problem to be solved? How is the problem currently solved?) in such a way that, by
appropriating the specific style of invention patents, the team behind the innovative
project:

Clearly defines its objectives;

Find out the state of the art;

Can imagine a wide variety of solutions;

Compare its solutions to others in a synthetic way;

Strictly formalizes what it wants to do;

Communicates more effectively;

Is more aware that it is teamwork that allows “the best solution” (de Kermadec
2001) to be created.

Formalizing and creating are therefore indivisible (de Kermadec 2001); “patent
style” formalization is particularly suited to the inventive approach. Pierre Breesé and
Yann de Kermadec confirm that reinvention is highly expensive and a record of the
company’s creations should be kept.

Using an innovation-base (that is, a knowledge base dedicated to innovation
products and processes) allows ideas to be saved so that they can be used at the right
time, as well as avoiding reinvention, and identifying problems, solutions and the
people to contact. It contains innovation files, innovation memos, patents, files of
inventions that have not been retained, and so on (Breesé¢ and de Kermadec 2004).

In this way, the link between industrial property and innovation is shown in the fact
that databases of invention patents are unrivaled and often exclusive sources of tech-
nological and scientific information, presented according to powerful formalism,
methodologically speaking.

2.2 Reciprocal Links Between Inventive Activity and the Inventive
Intellectual Corpus

Our ICAROS® method uses analysis of the inventive intellectual corpus to stimulate
inventive activity (Saulais and Ermine 2016a); the inventive intellectual corpus of an
organization contains basic elements that allows for the representation of a certain
number of inventive trajectories undertaken by the organization’s knowledge actors by
linking the inventive intellectual traces that have been left (patents, theses, reports of
advanced studies). A reasoned analysis of the traces thus restores the intellectual path
drawn by the trajectories of these traces, giving a strategic evolution of the inventive
intellectual corpus that has been inventoried over several years.
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The assessment obtained by this process of collecting and explaining inventive
knowledge that has led to a new design, is then put into perspective with the potential
knowledge in each field (representing an absolute reference) to form a cognitive
stimulus applied to experts representing each area of knowledge, who individually have
potential elements for the identification and the explanation of which they have to be
guided in order to help them develop a forward-looking vision of their field (Saulais
and Ermine 2016a).

The reciprocity is expressed through the analysis, extraction and implementation of
the inventive knowledge, with this new inventive knowledge going on to enrich the
inventive intellectual corpus (Saulais 2016b), (Saulais 2016c¢), as illustrated by Fig. 1,
which focuses on the dossier on inventive activity called Invention & Innovation File.

Maklng the inventive potential visible
Analysis of Valorti;lation
in\g\illve Innovation Knowledge
activity F|Ie activation
iy
Global . Inventive
Globa $[ Inventive Intellectual Corpus J Knowledge
e Maps®
Information L > Inventive Knowledge

Fig. 1. Analysis of inventive activity — Source: author

Figure 2 illustrates the applications of analysis of overall inventive activity (con-
tained within the inventive intellectual corpus) to support decision-making in different
fields.

2.3 Synthesis

We defined invention, innovation and intellectual property rights as objects of
knowledge.

We thus presented each of the three objects of knowledge, primarily the act of
innovating and its outcome, followed by the ability to invent, and lastly the inventive
intellectual corpus and intangible capital. By considering each object of knowledge to
represent its own field of knowledge, we have examined the links between the three
fields both in a static sense and in a dynamic sense of one thriving on the other, in a
pure start-up spirit.
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Fig. 2. Applications for showing analysis of inventive activity in knowledge maps — Source:
author

Having highlighted the benefits of applying a structured and reasoned method to
technical fields of innovation, we now want to explore its application to other fields of
innovation, mainly in the management domain. This is the ambition of Sects. 3 and 4.

3 From Business Model to Lean Canvas

How can an organization innovate? “To achieve organizational innovation, every facet
of a business needs to move together in the same direction. That can be difficult without
a clear visual of what your business model is and how your activities should be aligned.
You need to identify what your company wants -and is prepared- to do before inno-
vation can turn from a buzzword into an action” (Hemmer 2016).

3.1 Business Model Canvas

The Business Model Canvas is a methodology on the rise that helps companies visualize
and position their business models for growth and innovation. Strategyzer defines it as
“a strategic management and entrepreneurial tool. It allows you to describe, design,
challenge, invent, and pivot your business model.” (Strategyzer 2019).

It breaks your business model down into easily-understood segments: Key Partners,
Key Activities, Key Resources, Value Propositions, Customer Relationships, Channels,
Customer Segments, Cost Structure, and Revenue Streams.

“It also reveals clear paths on which to build your organizational innovation strat-
egy. It helps you communicate your goals to your team. It helps communicate to clients
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why they should do business with you. It helps pull into focus what your business does
and how it will continue to do it -successfully- into the future.” (Hemmer 2016).

The Business Model Canvas has been a great invention for everyone from startups
to large companies. Unlike an org chart, which describes how a company manages the
delivery of known products to known customers, it illustrates the search for the
unknowns. The 9 boxes of the canvas let you visualize all the components needed to
turn customer needs/problems into a profitable company.

3.2 Lean Start-Up

The Lean Startup provides a scientific approach to creating and managing startups and
get a desired product to customers’ hands faster. “The Lean Startup method teaches you
how to drive a startup-how to steer, when to turn, and when to persevere-and grow a
business with maximum acceleration. It is a principled approach to new product
development” (Ries 2012).

Wikipedia defines Lean startup as “a methodology for developing businesses and
products, which aims to shorten product development cycles and rapidly discover if a
proposed business model is viable; this is achieved by adopting a combination of
business-hypothesis-driven experimentation, iterative product releases, and validated
learning”.

Central to the lean startup methodology is the assumption that when startup
companies invest their time into iteratively building products or services to meet the
needs of early customers, the company can reduce market risks and sidestep the need
for large amounts of initial project funding and expensive product launches and failures
(Wikipedia 2019).

The Lean Startup is the way most innovators build startups and innovate inside of
existing companies. As a formal method, the Lean Startup consists of three parts:

e The Business Model Canvas — to frame hypotheses
e Customer Development — to test those hypotheses in front of customers
e Agile Engineering — to build Minimum Viable Products to maximize learning.

3.3 Lean Canvas

The Business Model Canvas was proposed by Alexander Osterwalder based on his
earlier book: Business Model Ontology. It outlines several prescriptions which form the
building blocks for the activities. It enables both new and existing businesses to focus
on operational as well as strategic management and marketing plans.

The Lean Canvas, on the other hand, has been proposed by Ash Maurya as a
development of the Business Model Generation. It outlines a more problem-focused
approach and it majorly targets entrepreneurs and startup businesses (Canvanizer 2019).

Ash Maurya’s main objective with Lean Canvas was making it as actionable as
possible while staying entrepreneur-focused. The metaphor he had in mind was that of
a grounds-up tactical plan or blueprint that guided the entrepreneur as they navigated
their way from ideation to building a successful startup.
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He had already been working with Lean Startup principles which had a big
influence on the design. His approach to making the canvas actionable was capturing
what was most uncertain, or more accurately, what was most risky (Maurya 2015).

Unlike Business Model Canvas, the Lean Canvas focuses on: Problem under-
standing (avoiding working on the wrong problem), Solution (purposefully within a
small box to avoid spending time and resources), Key metrics (just a very few that
matter), and Unfair Advantage (another name for competitive advantage or barriers to
entry) (Fig. 3).

Problem Solution Unique value pi iti Unfair g Customer Segments
All cases saved in
one place, with 5
current status and [ Help Become an Small Businesses
Sipporcases uet history. Desk software. authority on (REALLY Need a
L '?0 g Help your support niche. vertical!)
oot Add/remove customers in Blog?
agents to case via record time.
web interface Alternatives:
imi S - Shared inbox
Support cases are ﬁilll;ns' n;::yg::; Help desk - Autotask, Zendesk,
hard to share and sh'ortcuts. software that's Assistly, Support
delegate. Optimiz6/speed] ﬁ;:;pﬂ;ml- Bee, Help Scout, etc
etcetc
Key metrics make happy Channels - Open source
customers. ticketing systems
Help desk
software is SEO (competitive)
complicated and Tickets created + Sales Website <
Slow. per day Primary User:
Help Desk Agent
— Create Customer
These UVPs are bad. Service Blog for
Are these really top Need to get a better THIS vertical o
custon_'lel problems? Tickets updated handle on what really Sear;?:rrzsl;{:er.
3 r :
Doubt it. Need to test per day matters to customers.
big time. Add-on for customer
existing product?
Early Adopters: ——
Cost Structure Revenue Streams Some vertical that
has specific needs
not addressed by
Hosting + Billing People Costs: $0 Braak Even. 45 30-day Free Trial most help desk
Gateway Costs: Usability Testing: $800 st @ $24.95/month software
$304/month (840 x 20 people) per company
Dolidoble

Fig. 3. Lean Canvas (Keylime example) — source Steve Mullen

“Going through the nine steps on Lean Canvas helped me to understand what
information really matters in creating a start-up. I feel that identifying the problem and
the solution are the most important steps in the Lean Canvas process. They are the sole
purpose of your product and you must ensure that a problem does exist in order for
your product to be successful.” (Nancyaviles 2012).

The Lean Canvas is a one-page strategic tool, in the Lean Startup spirit, that defines
a startup or product and helps document and validate an inventive business plan
(Table 1).

How to help entrepreneurs and start-ups’stakeholders in accelerating their «serial
innovation» capability while keeping the control of the Lean process?

If identifying the problem and the solution are the most important steps, what about
the ability of the formal TRIZ approach to contribute to the feasibility of this ambitious
and crucial objective?
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Table 1. Lean Canvas details and suggested order — source: Ash Maurya

Product Market

2-Problem 4-Solution 3-Unique Value Prop | 9-Unfair 1-Customer
Top 3 problems Top 3 features Advantage Segments
2b-Existing 8-Key Metrics | 3b-High level 5-Channels to | /b-Early
Alternatives Key activities | Concept Customers Adopters
7-Cost structure (fixed, 6-Revenue streams
variable) (sources)

4 TRIZ Helps Filling the Lean Canvas

According to authors (Maia et al. 2012), “Lean and TRIZ share a main idea: design and
delivery products to the clients that they really want. In order to achieve this, both use
principles and tools having in mind reducing the waste or minimizing the usage of new
resources and both uses a procedure of continuous improvement”.

4.1 TRIZ and Systematic Business Model Innovation

As early as 2010, Valeri Souchkov presented at the TRIZ Future Conference in
Bergamo an approach to Business Model Innovation based on a combination of key
TRIZ principles and tools and a new approach to business modeling which introduces
building blocks to describe and represent business models.

Developing a competitive business model is essential for any business organization
since the model defines the company strategy and future on the market. However in the
modern times of accelerated innovation business models might not remain static: ever
changing business environment requires continuous innovation of both technology and
the ways of doing business. The traditional way of innovation which relies on random
methods of idea generation does not seem fitting the picture any longer. Instead, new
systematic and structured methods supporting continuous process of new business
ideas generation are emerging.

Application of key TRIZ tools and concepts such as Ideality, Contradictions,
Resources and Trends of Business Systems Evolution within the context of business
models was discussed. Such a combination helps to:

e represent business models in terms of building blocks and describe business models
clearly and in a structured way without overloading it with numerous details;

e systematically assess and analyse business models with TRIZ analytical tools;
locate and define problems, contradictions and areas with high evolution potential;

e apply the TRIZ tools for business and management problem solving and ideas
generation to innovatively modify existing business models or to design new,
innovative business models for a specific market or industry (Souchkov 2010).

As an example was shown a contradiction mapping revealed with RCA+ to rele-
vant building blocks of a business model.
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4.2 TRIZ Method Aligns with Organizational Practices for Innovation

At TFC 2012, Helena Navas studied the TRIZ-Lean Environment: “The Lean approach
is to find the best compromise between contradictions, whereas the TRIZ approach is to
eliminate contradictions avoiding the compromise or trade off. TRIZ can be seen as a
Lean tool. There are many Lean techniques and concepts where TRIZ might be
applied.” (Navas 2015).

As an example, in “8 Discipline” (8D), one of the Lean problem solving tools,
TRIZ may help in the 8D problem solving process: in D2 step (Describing the Prob-
lem) to identify contradictions and to define and to valuate problems, in D5 step
(Choosing Corrective Actions) with many and varied generic solutions available with
several TRIZ tools, etc. The TRIZ tools would help to 8D become more systematic,
effective and successful method of problem solving. Also, TRIZ might help with waste
reduction, the TRIZ concept of ideal system presents similarities with the Lean search
for systems without cost or harm (without waste), etc.

According to Paul Hobcraft, the use of the Lean management as above have shown
“a consistent change over the years to move towards a more inventive engineering and
discovery mindset within our innovation approaches.” (Hobcraft 2017). It started in
manufacturing, continued in logistics and supply chain and evolved in labs and
thinking to keep advancing processes, thinking and growth inside our organizations.
Far more outside is now looked to connect into the customer’s specific needs.

“The Lean Startup movement has been a significant part of the fusing of internal
learning becoming more agile and understanding of what customers really want. It
takes agility as central to this evolving through learning and constant discovery.”, he
says (Hobcraft 2017). Minimum viable propositions are now built into problem-solving
thinking, extending prototyping into discovery process, and learning to pivot on the go.

Designing the Business Model through the Canvas has appealed to those that
believe they are visionaries, game changers, and challengers striving to defy outmoded
business models and design tomorrow’s enterprises. This has spawned a variety of
visual tools, different canvases as strategic and operational ideas and tools, and makes
them easy to implement in any organization.

“TRIZ is a problem solving method based on logic and data, not intuition, which
accelerates the project team’s ability to solve these problems creatively. TRIZ also
provides repeatability, predictability, and reliability due to its structure and algorithmic
approach. New TRIZ tools are being developed, with active groups working on this.
These are more advanced tools applied to help in: functional oriented search (FOS),
main parameters of value (MPV) analysis, Voice of the Product (VOP), etc.” (Hobcraft
2017).

4.3 Lean Canvas with TRIZ Tools

At TFC 2014, Teemu Toivonen proposed forming a hybrid “continuous innovation”
model by combining Toyota Kata with TRIZ techniques. He said: “It is only one
possible solution and there is a lot of room for different approached due to the large
amount and flexibility of TRIZ techniques available”.
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A guiding principle for the author has been to try to evaluate not only how well an
individual technique works, but how well it fits together with the other techniques. The
idea has not been to map all possible TRIZ techniques to Toyota Kata, but rather to
give examples of how that mapping can be done (Toivonen 2014).

With such a spirit, the authors would like to share an easy to use, quick and efficient
way to fill the Lean Canvas boxes using some of the well-known Classical TRIZ tools.
This was done several times, within incubators for a few start-ups at early stage, and
within a worldwide-class SMB wanting to take advantage of the “start-up spirit”
(Table 2).

Table 2. Lean Canvas boxes and an example of TRIZ toolkit — source: authors

Lean Canvas boxes Example of TRIZ toolkit

1. Problem — Thinking in Time and Space
2. Customer Segments — Trends of Technical Evolution
3. Unique Value Proposition — Contradictions

4. Solution — Resources

5. Channels — Ideality

6. Revenue Streams — Functional Analysis

7. Cost Structure — 40 Inventive Principles

8. Key Metrics — 76 Standard Solutions

9. Unfair Advantage — Size-Time-Cost, etc.

Among the many possibilities of cross-linkage, the Fig. 4 proposes one case,
without content in the Lean Canvas boxes due to IP reasons (Prevost et al. 2014).
For example, to be discussed during the TFC presentation, some suggestions:

— first step in to get a textual explanation of the customer issues using the TRIZ
contradiction schema to summarize the owner’s vision of the problem to solve;

— filling the box 2 “Customer segments” using the TRIZ Time & Operational zones;

— filling the box 3 “Unique Value Proposition” thanks to the TRIZ ideality;

— filling the box 4 “Solution” is quite easy with TRIZ as problem-solver;

— etc.

Last but not least, Fig. 5 show resonance from startups (Prevost et al. 2014). For
example: the start-ups’ owners discovered the power of the Evolution Laws to imagine
the next innovation after their first one, they were confortable with the Time zone and
Operational zone to focus on when and where do the customer pains occur, the multi-
screen was appreciated to understand the different layers of systems and times around
their innovative product or service, also ideality and S-Curve, etc.
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5 Conclusion

In this paper aims, we demonstrated the ability of the formal TRIZ approach to con-
tribute to the feasibility of the next step: helping entrepreneurs and start-
ups’stakeholders in accelerating their «serial innovation» capability while keeping
the control of the Lean process.
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To achieve this ambitious and crucial objective, the authors shared their best
practices of TRIZ expertise aiming at fostering the Lean canvas in-depth analysis
thanks to the powerful TRIZ appropriate tools in order to dramatically reinforce and
secure the pioneer spirit.

Next step would be to carry over other real-life case studies. Does the TRIZ
community have such examples or experiences to share and learn from?
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Abstract. The industry has quickly realized the importance of bringing cre-
ativity into product design. The industrial context requires robust and efficient
methods and tools to access untapped sources of ideas.

Furthermore, Additive Manufacturing (AM) offers a large potential of cre-
ativity for product design. This potential is particularly significant at the level of
Intermediate Objects. Previous works have demonstrated the interest of AM
Intermediate Objects (Rias, 2017) in creativity phases. This new manufacturing
process is revolutionizing the value chain associated with product design, from
the ideation to the industrialization.

The purpose of this paper is to describe the bases for proposing a method-
ology of technical creativity based on TRIZ and Additive Manufacturing.

Keywords: TRIZ - Creativity - Design for Additive Manufacturing (DFAM) -
Intermediate objects

1 Introduction

In recent years, Additive Manufacturing (AM) has become a major technology in
modern manufacturing. It includes all manufacturing processes from an object designed
in digital format (CAD) to a physical object; this manufacturing is done layer by layer
by adding material. The gradual shift from prototyping to manufacturing of functional
parts manufacturing is revolutionizing product design in all areas of industry, partic-
ularly in the automotive, aeronautics, aerospace and medical industries.

This technology is totally different from traditional manufacturing processes.
Today, however, design teams rely on traditional processes to idealize, design and
manufacture a product. A designer has cognitive barriers that will prevent him from
innovating with AM processes. The challenge is therefore: how to structure a
methodology that will make it possible to overcome these cognitive barriers? The issue
is also: which design tools has to be integrated in the methodology?
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Thus, in this article, we will present the structure of a methodology of innovation
and creativity by additive manufacturing, using the tool and the way of thinking of
TRIZ.

The first part will focus on the literature on additive manufacturing, on Design for
Additive Manufacturing (DfAM) and on TRIZ. In the second part, the methodological
approach will be presented according to the findings of the work presented in the first
part. Then in a last part, we will develop a tool based on the 40 principles of TRIZ and
on the capabilities of additive manufacturing.

2 State of the Art

2.1 Design and Manufacturing

This part will help to define additive manufacturing and understand the difference and
links between additive manufacturing and other manufacturing processes.

Design

Manufacturing is a technique of transforming or modifying raw materials or basic
products into a finished product. This technique is therefore the tool that makes it
possible to satisfy product design; that is, to complete and validate the design process.
Indeed, design is the process from the identification of the problem to the manufac-
turing of the product, going through generation of concepts, analysis and evaluation
(technical, economic, ergonomic, aesthetic, etc.) [1, 2].

In the literature, there are several design characterizations. Some studies distinguish
four types of design from creative design to routine design, with innovative design and
redesign in between [1, 3, 4]. The differentiation between creative and innovative
design is characterized by the distinction between designs coming from innovative
concepts and designs coming from concepts based on knowledge without existing
conceptual development. Some authors group these two types into innovative design,
but distinguish within this notion, breakthrough innovation and continuity innovation
[5]. The definition of redesign is rather vague because it is only a question of making an
improvement to the product; therefore, it is not possible to say with this definition if the
improvement is an innovative function or not.

In our study, we will work with two types of designs and not with a scale of four
designs. These two types of design are [6]:

e Innovative design. It is the set of designs that provides a solution to a problem that
has never been solved. It can be a redesign with a new function, as well as a
fundamentally new product.

e Routine design. It is the set of designs that is based on solutions already known.
Often a routine design is an improvement in response to a competitor’s innovative
design.

This bipolar distinction will allow us not to differentiate between innovative design
and creative design. We will talk about innovative design based on the result of the
finished product, and we will talk about a creative approach for the process from
problem to solution.
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Manufacturing
In the context of a physical product design, manufacturing is a tool for developing the
product. There are several types of manufacturing processes (Fig. 1).

Formative manufacturing

N

& [N ]

Subtractive manufacturlng

<
15
X

Additive manufacturing

Fig. 1. The three types of manufacturing [6]

Additive manufacturing is a layer-by-layer manufacturing process by adding
material; it is a generative manufacturing process. This technology is often referred to
with other terms, considered reductive such as 3D printing or layered manufacturing.

Additive manufacturing disrupts traditional manufacturing techniques such as:

e Formative manufacturing: the material is brought into a liquid or viscous state, then
the shaping is carried out by flowing this material into a mold (ex: foundry).

e Subtractive manufacturing: The product is made from a raw part on which the
material will be removed in order to obtain the desired final shape(ex: machining).
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2.2 Design for Additive Manufacturing (DfAM)

In order to operate and leverage additive manufacturing for product innovation, it has
become imperative to structure and develop design tools and methods through additive
manufacturing for design teams. In order to stimulate creativity through additive
manufacturing, the designer needs a tool-based methodology to take into account the
specificities of these new manufacturing processes in order to overcome the cognitive
barriers printed in the customs and practices of design teams. To this end, several
studies are focusing on Design for Additive Manufacturing so as to develop method-
ological supports that meet the needs of promoting the potential of additive
manufacturing.

DfAM is “the set of methodology and tools that help the designer to take into
account the specificities of additive manufacturing (technological, geometrical, pre/post
processing ...) during the design stage” [7]. Despite this definition, which highlights
the design phases, many studies are working more particularly on product redesign, i.e.
on designing with additive manufacturing an existing product usually build in tradi-
tional manufacturing.

Depending on the different approaches of Design for Additive Manufacturing,
some authors will propose tools for analysing design problems, while others will rather
propose tools for generating ideas.

Works on tools for analysing design problems are based on parametric optimization
[8] or axiomatic design [9]. Studies oriented towards tools for generating ideas will
instead use databases of additive manufacturing functionalities [10] or associations
with intermediate objects during creativity sessions [11].

But current Design for Additive Manufacturing methods have certain limits
because they do not take advantage of the potential of additive manufacturing, on
creativity and innovation as early as possible in the design and innovation process of a
product, at the ideation level. In order to really overcome cognitive barriers, the need to
bring a methodology is found at the earliest stage in the design phase, during the phase
of creativity and of intermediate object design [11].

2.3 Design with Additive Manufacturing (DWAM)

Laverne et al. propose a methodology adapted from Design with X (DWX): Design
With Additive Manufacturing [12]. DWX objective is “to inspire designers and sup-
ports them in creating product because DWX focuses on innovations so the product
design solutions have always an innovative character” [13]. The purpose of this
methodology is therefore to provide designers with knowledge during the design
phases and particularly in the upstream phases.

Unlike DfAM, which focuses on additive manufacturing technology, DWAM will
expand the solution space by providing designers with new knowledge on additive
manufacturing elements and characteristics. The DWAM allows the characteristics of
intermediate representations to be linked with characteristics of products designed in
additive manufacturing.
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The advantage of DWAM is that it can be used in the upstream phases. However,
this methodology is not intended to guide designers entirely towards one or more
design solutions.

The approach of an innovative design consists in starting: from a problem, ana-
lysing this problem to arrive at solutions, then deepening the solutions to arrive at a
feasible technical solution. To ensure that a methodology is in the early design phase, it
is necessary to define how to introduce tools to benefit from the potential of additive
manufacturing during the study of the problem, and not only during the study of the
solution. This work on technical problems sends us to the theory of inventive problem
solving (TRIZ).

2.4 Inter-methodological Gateway Between TRIZ and DfAM

The TRIZ invention approach consists in modelling the problem to achieve a solution
through a solution model [14]. The tools used in TRIZ make it possible to go beyond
cognitive limits by directing designers towards research areas to be developed. It is
unlike other creative tools, which rather encourage them to deepen their own research
areas. The 40 innovation principles guide designers towards innovation axes according
to design problems.

Several studies have proposed inter-methodological bridges between TRIZ and
other design methods. The work of Durand et al. presents several applications of
methodologies that mix TRIZ with other design methods, such as Functional Analysis,
FMECA or Quality Function Deployment [15].

In this perspective, it is interesting to look at the literature mixing TRIZ and DfAM.
Gross et al. will propose a new TRIZ matrix, specific to additive manufacturing by
defining the characteristics of additive manufacturing as the criteria for innovation [16].
This study uses the way of working defined by the TRIZ matrix but does not include
any historical notion of the TRIZ theory.

Kretzschmar et al. sought an example for the 40 TRIZ principles in additive
manufacturing, focusing both on the characteristics of a product made of additive
manufacturing, and those of additive manufacturing processes (material extrusion, vat
polymerization, powder bed fusion, material jetting, binder jetting) [17]. The articles
from Kamps et al. focus on the intersection of TRIZ, biomimicry and DfAM. In these
articles, the authors explain that the designers start with the function of the product and
a product with a basic design, then the product is improved through a biomimicry
database. The integration of a biomimetic design into the design is carried out through a
TRIZ invention process [18].

The work mixing TRIZ and DfAM does not meet the need defined above: to have a
methodology at the earliest in the design and innovation phase of a product, at the
ideation level. This need will therefore be the challenge of our model.
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3 Methodological Approach

3.1 Schematization

A TRIZ application associated with additive manufacturing capabilities can be used as
a tool for generating ideas that can then generate innovative solutions to initial design
problems. This methodology will force designers to expand their creativity with the
technical potential of additive manufacturing. The purpose of using the TRIZ method is
to expand this creative potential that designers can exploit.

Figure 2 below shows the schematization of our methodology. We can find all the
elements presented in the above parts. The design includes all manufacturing processes,
there is a distinction between traditional manufacturing (formative and subtractive) and
additive manufacturing.

Within the “design” set, we observe a “creativity” set that corresponds to the
innovative design, the rest being the routine design.

In the overall “creativity”, one part represents the creative potential of traditional
manufacturing and the other part represents the creative potential of additive manu-
facturing. Today, due to cognitive barriers, only a small part of this potential is
exploited by designers. That is, a large part of it is not exploited.

The purpose of the TRIZ tool is therefore to guide designers towards solutions
available in this untapped part.

EXPLOITED AM POTENTIAL

Traditional Manufacturing ' Additive Manufacturing CREATIVITY

Potential

Traditional | Additive Manufacturing
Manufacturing

TRIZ NON EXPLOITED AM POTENTIAL

Fig. 2. Schematization of the methodology
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3.2 Structuring the Link Between TRIZ and DfAM

In order to guide designers towards additive manufacturing, a link must be created
between TRIZ and DfAM.

To create this link, we first focused on the capabilities of additive manufacturing.
This technology has unique characteristics (inclusion, cavity, lattice structure...). In
2010, Gibson et al. presented these unique characteristics through four complexities
[19]:

e Shape complexity: With additive manufacturing, it is possible to manufacture any
shape within the constraints of the printing machine.

e Hierarchical complexity: Additive manufacturing makes it possible to design a
product by varying the microscopic structure according to the technical needs of
each part of the product.

e Functional complexity: It is possible to manufacture functional devices in a single
construction, not just simple parts.

e Material complexity: Additive manufacturing makes it possible to build multi-
material parts.

Gibson’s four complexities are used as the basis for all DFAM approaches. We have
therefore chosen to start from these complexities and compare them with one of TRIZ’s
tools, the 40 principles of innovation. For each of the principles, a team of eight people
defined whether an additive manufacturing application did correspond. This team was
composed of complementary profiles: a designer, two ergonomists and five engineers
(a TRIZ specialist, two creativity specialists and two AM specialists). The result
showed us that the complexity scale was too high to do this study. For functional
complexity in particular, the latter includes several capabilities, which it would be more
interesting to distinguish from each other.

To achieve a result, we looked at the capabilities of additive manufacturing; that is,
the level below the level of complexity.

Based on the literature, we have defined 13 capabilities of additive manufacturing
and classified them in relation to Gibson’s complexities (see Table 1).

The work of comparing the TRIZ principles with the above capabilities provided
more interesting results than with the complexities because the capabilities corre-
sponded to fewer principles each. This work resulted in Table 2.

Two levels of links have been created, the “full” level (represented in red and with
“X”) and the “partial” level (represented in orange and with “x”).

The “full” level was chosen when the capability fully corresponds to the TRIZ
principle; i.e. all designs with this characteristic comply with the principle of inno-
vation. When only a part of the designs with a given capability meets a principle, the
level is defined as “partial”. If no design with a given capabilities corresponds to the
principle of innovation, then the box is not checked.

Finally, we note that 10 principles do not correspond to any of the capabilities.
Conversely, some principles correspond to several capabilities. For example, the
principle of local quality corresponds perfectly to 7 capabilities and partially 4 others.
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Table 1. Complexity and capabilities of additive manufacturing

Additive Additive
manufacturing manufacturing
complexities capabilities

Definitions

Shape complexity Free form shapes
Objects from 3D
scans
Microstructure

variation

Hierarchical
complexity
Texture
Monoblock

Topology
optimization

Functional
complexity

Non-assembled
mechanisms
Segmentation

Possibility to build almost any shape
Possibility to manufacture parts
corresponding to scanned objects

The density of the parts can vary according to
the porosity choices

Possibility to create variant surfaces

AM reduces the number of parts of a product

With finite element analysis, it is possible to
integrate it into the AM

Possibility of making kinematic joints

Possibility to manufacture the parts
separately to create a kit

Embedded
components
Internal channels
Infilling

Auxetics structure

Material complexity Material choices

Possibility to trap an element in the part
during manufacturing

Possibility to design an internal network
during manufacturing

The shapes of the inside of the structure can
be adjusted according to the need
Possibility to vary the Poison module of a
room thanks to the structure

Wide choice of AM materials

Multi-materials

Possibility to design multi-material parts

3.3 Methodology Integration

We have seen the structure of the methodology through its schematization and the link
between TRIZ and DfAM through the correspondence table between the 40 principles
of innovation and the 13 capabilities of additive manufacturing.

The challenge now is to integrate this work into creative sessions to observe the
results and see if designers will exploit the potential of additive manufacturing and if
this method will overcome cognitive barriers.

The use of the TRIZ matrix, during modelling a problem, allows us to guide the
designer towards one or more innovation principles. Once the principle(s) have been
defined, the TRIZ/DfAM correspondence table will guide the designer towards char-
acteristics specific to additive manufacturing.
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Table 2. Table of correspondences between the 40 principles of TRIZ and the capabilities of
additive manufacturing

Shape |Hierarchical Functional Material
Complexity| Complexity Complexity Complexity
2
o s = g o
mn = E 'g é 2’ 5 >
08 |8 S |8 92|23 |5 |3
o | & | 2 2 |8 /3 |&® || % 3 |78 | &
S|z |5 |d|S ||z |3 |88 = -
The 40 TRIZ Principles S |S|E|2|8|2|28|32|8]|2e e |23
Flsls|® |85 |2 8|32 |¢8 512 |8
s |2 | = |58 |5 |% |3 g la | =
2 |8 | & g | g 3|2 518 |5
2 |8 s | 2 S
2
Segmentation X X X X X X
Extraction X
Local quality X X }'e
Asymmetry X X }'s X
Combination X X X X
Universality X X X
Nesting X X X
Counterweight X X X X
Prior counteraction
Prior action X X X X
Cushion in advance X
Equipotentiality
Inversion b's
Spheroidality X X X
Dynamicity - X -
Partial, overdone or excessive action - X X X
Moving to a new dimension X
Mechanical vibration
Periodic action
Continuity of useful action
Rushing through
Convert harm into benefit X
Feedback
Mediator X X X X
Self-service X
Inexpensive short life X X X X X -
Replacement of a mechanical system
Use pneumatic or hydraulic systems X b'e
Flexible film or thin membranes X - X X X X
Use of porous materials - X
Changing the colour X X X
Homogeneity X }'e
Rejecting and regenerating parts X X X X X
Transforming physical or chemical states X X
Phase transition X
Thermal expansion X X
Use strong oxidisers
Inert environment
Composite materials X X
Keys: HThe AM capability fully corresponds to the TRIZ principle
X |Only a part of the designs with a given AM capability meets a TRIZ principle




A Proposal for a Methodology of Technical Creativity Mixing TRIZ 115

4 Future Work

The aim of this article was to propose a structure of creativity methodology combining
TRIZ and additive manufacturing. Through the literature, we have observed that there
is a real need for a methodology, and that it should stimulate the creativity of designers
as early as possible in the design process. The use of a methodology at the beginning of
the design process best allows designers to overcome cognitive barriers and thus allow
them to innovate with the under-exploited additive manufacturing potential.

The creation of a correspondence between TRIZ’s innovation principles and the
capabilities of additive manufacturing makes it possible to guide the designer towards
solution models specific to additive manufacturing.

To go even further upstream in the design process, it would be interesting to start
from the notion of physical contradiction. The physical contradiction makes it possible
to move more quickly from the problem to the principles of innovation and therefore to
the additive manufacturing capabilities.

In addition, the use of terms for additive manufacturing capabilities may limit the
creativity of designers. It would therefore be interesting to design intermediate objects
beyond the terms that correspond to these capabilities [11]. This would increase the
level of creativity.
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