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Abstract

Today a number of industries resent the lack of sustainable growth through innovation. Although most
of the aspects of innovation have been analyzed and studied, the upstream phase of its process poses a
major cause for concern, since this phase imposes a significant fall on the total performance index. This
problem derives from the nature of activities in the earlier steps of innovation process which are known
as the fuzzy front end phase including problem-solving, creative activities, and idea generation. In this
regard, the performance measurement of R&D departments has often been the subject of research
activities, particularly in the economy and management sector. So the answers are therefore mostly of
financial and managerial levels that lead toward monitoring profitability with significan
recommendations for the attention of managers. In this context, the absence of a system that measures
and monitors the performance of inventive activities in engineering level is obvious. Indeed defining
inventive performance metrics allows managers to take the best strategy during problem-solving, and
adopt corrective technics. A preliminary state of the art revealed that a few researches have already
contributed to this problem for the financial, managerial and organizational dimensions but with mixed
results. However, the contribution of this research provides a methodological and technical answer for
engineers and design practices to enhance creativity and/or obviously inventions. Just because of this
new research perspective, the project DEFT (definition of inventive efficiency) was defined and targeted
in 2008, to establish the metrics of inventive-design efficiency by which the earlier stages of innovation
process exit from their absolute uncertainty for being a relative uncertain phase.

This thesis was defined in the DEFI project to characterize the notion of efficiency in Inventive Design,
and develop the metrics of inventive-design. The objective of this proposal is to define inventive
performance indicators to enhance the creative capacity in the automotive industry. The research is
focused on the NPD projects of R&D department, which are known as the responsible of technological
evolutions. In this respect, the main elements of design performance, and the main criteria of
inventiveness are studied and merged together. The inventive performance of a R&D team is concerned
with the efficiency of their activities to create inventive designs when they apply existing knowledge,
and/or use creative resources. This analyzes the relationship between what is received and what is
applied or consumed to achieve higher inventiveness degree. The measures of inventiveness are based on
the evaluation of novelty, resourcefulness, and usefulness of what comes out from design activities. All
the evaluation methods developed in this work are integrated into a concrete system as IDPMS
(Inventive Design Performance Measurement System), and an initial version of the IDPMS application
is developed, by which R&D and project managers can observe the inventive performance of their NPD
projects. So this work is categorized in Engineering Science for specifying performance indicators of
inventive design activities.

In recent years, our laboratory (LGeCo) focused on developing theoretical methods, then appropriate
tools to accompany the industrial changes from the era of quality to the era of innovation. In this regard,
this thesis provides the missing link of this effort by evaluating the main characteristics of inventions in

engineering level to help companies enter into a logic performance along their innovation projects.
Keywords: inventive-design performance, inventive-design efficiency, inventive design effectiveness,

R&D assessment, product data representation, design resourcefulness, ideality evaluation, novelty
evaluation, usefulness evaluation, technological evolution;
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Résumé

De nos jours, un grand nombre d’industries n’ont pas mis en place des processus fiables associés a
Pinnovation, s’exposant ainsi a de grands risques quant a leur croissance et leur pérennité. Bien que la
plupart des étapes et des aspects du processus d’innovation soient objet d’études, les phases amont de
ce dernier sont souvent mise en cause et sont rendues responsables de la chute de sa performance globale.
Ce probleme provient de la nature des étapes amont du processus d’innovation car elles présentent une
grande incertitude, notamment concernant les activités créatives, la résolution de problémes, et la
génération d’idées. Pourtant, la mesure de la performance en R&D a souvent fait 'objet d’activités de
recherche, notamment en économie et en gestion. Les réponses apportées sont donc, pour la plupart,
d’ordre financieres et managériales. Elles aboutissent souvent, suite a la mise en place d’éléments de
veille et d’audit, & un contrdle de rentabilité pouvant se traduire, apres rédaction d'un rapport
d'étonnement, par des recommandations a l'attention des dirigeants. Dans ce contexte, on constate
I’absence évidente de systémes de mesure quantitative et de robustesse des décisions qui incombent aux
managers. Ces dernieres sont souvent aléatoires et intuitives et peinent a améliorer les performances
inventives de 'entreprise. Un état de 1'art préliminaire nous a révélé que de nombreuses recherches ont
déja contribué a cette problématique mais avec des résultats mitigés. Dans les travaux de recherche
présentés dans ce mémoire, nos contributions apportent des réponses méthodologiques et technologiques
aux décideurs quant a leurs performances associées a leurs pratiques en conception inventive. Nos
métriques concernent essentiellement les ingénieurs en R&D et leurs pratiques car ils sont souvent au
ceeur de la naissance d’innovations lorsqu'ils inventent de nouveaux produits. C'est sous cet angle
nouveau qu’est né le projet DEFI (Définition de I'EFficience Inventive) qui se propose de contribuer &
la métrique de l'efficience inventive en Conception.

Le sujet de cette these intervient dans le cadre du projet DEFT et vise a caractériser la notion d'Efficience
Inventive en Conception afin d'élaborer des moyens de mesure de cette derniére. L’objectif étant a terme
d’aboutir & l'adoption d’indicateurs aidant les entreprises a situer leurs capacités inventives en R&D.
Par la suite, les entreprises ayant adopté ces indicateurs pourront, le cas échéant, entamer des actions
d'évolution de leurs pratiques afin que la valeur de ces indicateurs évolue dans le sens recherché. Aux
vues de la diversité des typologies d’entreprises et ’ampleur d’un tel sujet, notre recherche est focalisée
sur les projets de conception de produits au sein des départements R&D de I'industrie automobile. Afin
de mener cette recherche et définir les indicateurs de 'efficience inventive, nous avons étudié dans un
premier temps les critéres inhérents a la conception inventive. Selon nos travaux, la mesure de la
performance inventive est corrélée a lefficience inventive et doit considérer son efficacité par des
caractéristiques ciblées, I’étude des connaissances impliquées et des ressources consommeées. Notre mesure
de Pefficience inventive est aussi basée sur I’analyse des flux des connaissances en jeu tout au long du
processus d’innovation technologique, et particulierement dans la phase de pré-développement. Elle
analyse la relation entre ce qui est regu et ce qui est appliqué ou consommé par rapport a l'inventivité.
La mesure de I'inventivité est alors basée sur ’évaluation de I'idéalité, la nouveauté et I'utilité de ce qui
sort du processus de conception de produit. L’ensemble des méthodes d’évaluation développées dans ce
travail pour chaque critere d’inventivité, et lefficience inventive, sont intégrés dans un systeme
d’évaluation concret nommé IDPMS (Inventive Design Performance Measurement System) destiné &
aider les directeurs des projets de la conception de produit et R&D a observer la performance inventive
des équipes projet, et tenter d’améliorer les activités inventives. Donc, ce travail se catégorise dans le
domain des sciences de 'ingénieur. Depuis plus de deux décennies, notre laboratoire (le LGéCo) travaille
a la construction, d’abord théorique, puis déclinée en méthodes et outils, de nouvelles approches destinées
a accompagner les mutations industrielles de I’ére de la qualité vers ’ére de 'innovation. A cet égard,
cette these fournira un chainon manquant : celui qui concerne I’évaluation, et la mesure de ce qui
caractérise 'amont de l'innovation afin d’aider les entreprises a entrer, par rapport a ces derniéres, en
logique de performance.
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Chapter I: Introduction

The chapter I introduces the research background, motivation, objective, problem, areas,
questions, audience, methodology, and the structure of the dissertation. This research is a
contribution to construct total innovation management through defining the key performance
indicators of inventive design. The research seeks to find those indicators that monitor and
enhance inventive performance of design activities at the fuzzy front-end phase of innovation
process. The research objective is summarized in two research questions, and followed by a
literature review, a survey of R&D managers, modeling, and developments. This work is
especially significant for R&D managers who are the responsible of innovation management in

their companies.

1. Research Background and Motivation

[\)

. Objective, Overall Problem, and Research Question

3. Research Area and Assumption of Research Questions
4. Research Audience

5. Research Methodology

6. Thesis Structure

I. 1. Research Background and Motivation

During the industrial revolutions from the 18th to 20th centuries, manufacturing shifted from
homes to the factories with special-purpose machineries and the emergence of mass production.
The first industrial revolution (1790s-1840) started with the mechanization of the textile
industries and the development of iron-making. It was a period with a profound effect on
socioeconomic and cultural condition [Mokyr 1985] [Deane 1979]. The period between 1850 and
1914 is known as the second industrial revolution [Mokyr 1998]. It started in 1860 when a
patent on cheaply mass-produce steel called the Bessemer steel process (1856) emerged and
was developed [Bugayev 2001]. Although a number of technological inventions are registered
before the 1850s — such as spinning jenny (1764 by James Hargreaves), steam engine (1776 by
James Watt), art lamp (1802 by Humphry Davy), railway steam locomotive (1804 by Richard
Trevithick), principle of electromagnetic generators (1832 by Michael Faraday), Morse code

(1838 by Samuel Morse) — a considerable number of them occurred in the second industrial
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revolution. This is why Mowery and Rosenberg [Mowery 1991] characterize the second period

as one of the most fruitful and dense during the innovation history. This period was marked

by the development of railways and the growth of chemical and electrical industries [Tab.1].

Joel Mokyr [Mokyr 1998] describes the second industrial revolution as a great breakthrough

that emerged from human genius having not only a huge impact on production, but also

increasing the effectiveness of research and development in inventive activities. In fact,

engineering, medical technology and agriculture until 1850 were pragmatic bodies of applied

knowledge without clear theoretical understanding behind them. And this wasted enormous

amount of energy and ingenuity [Mokyr 1998].

Tab. 1. Some considerable inventions during the first and the second industrial revolutions. Source [Roy 2005];

Date

1764

1776

1802

1804

1822

1826

1838

1839

1855

1853

1856

1868

1876

1877

1878

1879

1886

1886

1888

Inventor
James Hargreaves
James Watt
Humphry Davy
Richard Trevithinck
Thomas Blanchard
John Walker
Samuel Morse
James Nasmyth
Henry Bessemer & William Kelly
Elisha Otis
James Harrison
George Westinghouse
Alexander Graham Bell
Thomas Edison
Henry Fleuss
Thomas Edison (and Joseph Swan)

Charles Martin Hall

George Westinghouse and Nikola Tesla

Charles F. Brush

Process or Machine
Spinning jenny
Steam engine
Arc lamp
Railway steam locomotive
Pattern tracing lathe
Friction match
Morse code
Steam hammer
Bessemer steel process
Mechanized passenger elevator
Refrigeration
Compressed-air brake
Telephone
Phonograph
Rebreather
Light bulb
Producing aluminum economically
High voltage alternating electric current

Wind turbines for grid electricity
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1893 Charles and Frank Duryea First practical gasoline-powered motorcar
1903 Orville and Wilbur Wright First motorized aircraft

1915 Emest Swinton The tank

Before the industrial revolutions most productions were done in small workshops with
employing a few skilled labors [Chandler 1977]. By changing the production technologies, most
important economies turned to the manufacturing and this changed the nature of production
and industrial organization [Mokyr 1998]. The management of manufacturing was established
in the second half of the 18th century when Adam Smith in his book “The Wealth of Nations”
[Smith 1776] proposed the specialization of labors according to their tasks for enhancing
efficiency. Some other scholars, such as Eli Whitney (1799) and Charles Babbage [Babbage
1832] took some new steps in this direction [Roy 2005] by proposing the concept of cost
accounting, division of labors, skills-based job allocation, and time study [Tab.2]. Frederick.
W. Taylor in the early 20th century (1911) was the first one who based the principles of
scientific time management, planning and industrial efficiency improvement on his efficiency
technices [Taylor 1911]. The importance of these studies — between 1930s to 1980s — was to
reduce cost and time as the prosperity factors of production units. And nowadays, the
production and operation management (POM) is known as the key science to enhance the flow

work efficiency and productivity [Roy 2005].

Tab. 2. Some considerable studies on the production and operation management. Source: [Roy 2005];

Date Author Method
1776 Adam Smith Specialization of labors and jobs breaking down
1799  Eli Whitney and others Interchangeable parts, cost accounting

Division of labor and assignment of jobs by skill, basic of time
1832  Charles Babbage

study
1900  Frederick W. Taylor Scientific management of time and tasks
1900 Frank B. Gilbreth Motion study in manufacturing
1901  Henry L. Gantt Scheduling technics of production line
1915 F. W. Harris Inventory control and lot sizes
1927  Elton Mayo Human relations and Hawthorne studies
1940 P. M. Blacker and others Operations research applications in World War II
1946  J. Mauclly & J. P. Eckert Digital computer
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1947  G. B. Dantzing, Williams and others  Linear programming

Mathematical programming, on-linear and stochastic
1950  A. Charnes, W.W. Cooper and others
processes

Commercial digital computer: large-scale computations
1951 S. Univac
available.

1960 L. Cummings, L. Porter Organizational behavior: continued study of people at work

Integrating operations into overall strategy and policy, W.

Skinner J. Orlicky and Computer applications to
1970  W. Skinner J. Orlicky and G. Wright
manufacturing, Scheduling G. Wright and control, Material

requirement planning (MRP)

1980 W.E. Deming and J. M. Juran Quality and productivity applications, Robotics, CAD-CAM

In the meantime of developing the POM, the quality became a new critical component for
reducing time and cost. Walter Shewhart in 1920s [Shewhart 1926] proposed the quality control
and inspection based on a statistical process control of products. Later Joseph M. Juran, W.
Edwards Deming, Armand V. Feigenbaum, and some Japanese practitioners with some other
researchers developed the quality control. They focused on the improvement of organizational
processes to achieve quality assurance, quality improvement system, total quality control, and
total quality management (TQM). The results of all these studies prepared the quality
revolution in 1984 [Brocka 1992]. These studies emphasized not only on the statistical analyses
but also on the approaches that embraced an entire organization. By the last decade of the
20th century new quality systems evolved from the foundations of the TQM and were proposed
[Tab.3].

Tab. 3. Some considerable works on the quality management. Source: [Roy 2005];

Date Author Method

1920s  W. Shewhart Statistical process control (SPC), Quality control charts

1926 J. M. Juran Top management and quality, Projects improvement, Pareto
principle

1935  H. F. Dodge & H. G. Roming Sampling plans for quality control inspection

1947  W. E. Deming Management responsibility and variations

1949  T. Ohno Toyota production quality, Kaizen team, JI'T inventory, cycle time
reduction

1950  G. Taguchi Robust design
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1951  A. V. Figenbaum Total quality control (TQC)

1962 K. Ishikawa Quality control circles

1979  Ph. B. Crosby Quality and pay of the cost

1984  U.S. Navy Total quality management (TQM)

1986  Bill Smith Six sigma

1988 J. Krafcik Lean; triumph of the lean production system
2002 M. George, P. Vincent Lean Six Sigma

Increasing the use of the term globalization — since 1985 —, and defining its basis by the
international monetary fund (IMF), 2000, [IMF 2000], drew the attention of industries to
business competitions [O'Regan 2006]. The promotion of economic efficiency became a rivalry
among companies to increase profit, market share, and sales volume. In this regard, the
capability of industries to benefit from each one of the POM (Production and Operations
Management), the TQM (Total Quality Management), and the NPD (New Product
Development) were known as the strategic advantage of industries [Ward 1998] [Powell 1995]
[Kessler 2000] to stay ahead of their competitors. However, the advancement of industries
regarding each of these sciences (POM, TQM, and/or PDM) makes the competition more
difficult. J. Mick-lethwait and A. Wooldridge in their book “The Witch Doctors”, 1997,
expressed that the greatest source of competitive advantages is creativity but no longer cost
or quality [Micklethwait 1997]. Bellon et al. 1994 [Bellon 1994], and Copper 1999 [Copper 1999
affirmed that companies without developing new products and innovation disappear inevitably.
Zahra and Covin 1993, [Zahra 1993] found that the competitive marketing intensity is
positively correlated with the NPD. Also Griffin and Page 1996, [Griffin 1996] observed a
positive relationship between innovativeness and differentiation. In this regard, gradually, new
product development (NPD) and innovation became the main competitive advantage and grew
into an important aspect of differentiation [Vazquez 2001]. Thus, companies needed to
accelerate the pace and the rhythm of developing new products and services to remain
competitive. From the 20th century onward, innovation began to be valorized. However,
innovation was not a new topic, Schumpeter, 1934, was the first economist who emphasized
the importance of NPD more than marginal changes in the price of existing products for

economic growth [Schumpeter 1939] [Schumpeter 1934] [Schumpeter 1955].

I. 1. 1. Innovation as a Sustainable Competitive Advantage

At the beginning of the 21st century, innovation as the key challenge became an indispensable

condition of survival [Benghozi 2000], or the key driver to achieve sustainable competitive
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advantage of companies [O’Regan 2006]. The role of technology and innovation was explicitly
recognized in the most prevalent business strategy frameworks as the manner in which a firm
decides to compete [Vazquez 2001] [Walker 1987]. Dert 1997 [Dert 1997], and Lundin and
Midler 1998 [Midler 1998] were the first who considered innovation as a substantial factor of
competitive management to enhance economic efficiency. Indeed, the sustainable advantage of
innovation appears when it passes the competition frontiers by unveiling a new successful idea
implementation [Dert 19971] [Midler 1998]. The term successful in this definition refers to the
generation of profits, the improvement of competitiveness, and overall, the increase of benefits
for firms [Martins 2011]. Innovation as a competitive advantage allows companies to obtain
their private rate of returns [Arrow 1962] with higher sales, firm growth, and indirect financial
and non-financial spillover effects, [Avlonitis 2001] [Pauwels 2004] e.g. on brand, image and
reputation, and transform their capabilities [Bayus 2003]. The advantages of the innovation
put it besides the triptych of time, cost, and quality, as the fourth necessary competitive
element to conduct business, keep market position, and create wealth [Ben Rejeb 2008]. The
figure 1 illustrates innovation as the strategic factor at the top of the pyramid of the sustainable

competitive advantages in companies [Fig.1].

Time Cost

Fig. 1. The position of innovation on the pyramid of the sustainable competitive advantages in companies

[Crubleau 2002].
I. 1. 2. Innovation Management and Standardization
Recognizing innovation as a sustainable competitive advantage stimulated companies to

enhance their innovation capabilities. In the last decades of 1900s, the innovation management

became an increasingly covered topic in scientific and management literature [Fig.2].
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Fig. 2. The number of papers and books about innovation management over the years in Science Direct.

Companies nurtured and invested in innovation capabilities from which they execute and lead
effective innovation processes with superior business performance results [Lawson 2001].
However, generating innovative results and be the leader of sector is not easy. Even huge
companies that once were the forerunners and creators of whole markets have failed to stay
competitive when changes occurred [Utterback 1994] [Hamel 1994] [Christensen 2003]. In this
regard, over the time, the focus of many innovation researches shifted from macro to micro
analysis, i.e. understanding innovation management and contributing to the success of the
firms in various aspects of innovation [Xu 2007]. Up until the 21st century, the theory of
innovation management has developed through four stages: individual innovation 1940s-1950s,
organization-driven innovation 1960s-1970s, external-source based innovation and outsider
involvements 1970s, innovation portfolio, integrated and systematic innovation 1980s—1990s
[Von Hippel 2007] [Qingrui 2000] [Xu 2007]. With the beginning of 21st century, it had been
admitted that innovation management needs a totally new paradigm to improve innovation
performance [Xu 2007]. Something like the destiny of the total quality management (TQM)
that is led to ISO series quality standards in the last decades of 1900s, but so different from
the quality management standards that always use the existing situation of organizations as
the departure point, and assume to manage everything from within firms [Griffin 1997].

In November 2009, the European Committee for Standardization (CEN), which consists of 31
countries, launched a project named “CEN/TC389 Innovation Management” to encourage a
pervasive standard for supporting innovation culture in Europe. CEN/TC389 project consisted
of five workgroup, as; Collaboration and Creativity Management, Innovation Management
System, Innovation Management Assessment, Intellectual Property Management, and
Strategic Intelligence Management. In fact, the total innovation management as a catalyst
supports companies to be not out of line too far from the early adopters of new ideas.

Nowadays, although several surveys rank innovative companies by their own assessment
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methods, at the same time, rarely the business world agrees unanimously on a company as the
most innovative company. Thus, the lack of a standard to assess innovations is the major
barrier for future efforts by industries regarding sustainable business strategy. In this regard,
the following sections of this chapter describe the research objective, problem statement,

research question, research areas, research methodology, and the structure of this dissertation.

I. 2. Objective, Overall problem, and Research Questions

Although Schumpeter in 1911 [Schumpeter 1934] described the characteristics and the influence
of innovation on economic development, there is not yet any admitted standard to say what
the creativity should produce when the innovation is a priority. In sync with the CEN/TC389
project, — in the context of the workgroup 5 (Innovation Management Assessment) —, this
research was defined in the perspective of taking inventive activities in a logic performance. A
Ph.D thesis to define the "key performance indicators of inventive activities for characterizing
technological design in R&D departments". The objective was gathering a set of performance
indicators regarding inventive activities to characterize inventive-design. This research
direction was held to characterize design activities in perspective of enhancing inventive
activities and contributing toward total innovation management (TIM). Thus, we look for the
performance indicators of inventive capability in the midst of innovation process. Since the
R&D (Research and Development) departments are the responsible of innovation management
in companies, the research is focused on R&D activities. So this project is more specifically
directed to the attention of R&D managers whose concerns include decision makings during
inventive-design projects. The study is adapted to automotive industries that possess a
remarkable diversity of technological products on both constructor and subcontractor levels.

The overall research problem is to define inventive performance indicators to be adapted for
evolving inventive approaches and even conventional optimization approaches. This refers to
equip the engineering level of innovation processes with a practicable method. In this regard,

in order to achieve the research objective, the overall research questions were defined as:

1. What are the limitations of existing approaches/guidelines regarding creative
performance?
2. What are the key performance indicators of inventive-design activities in R&D

departments?

I. 3. Research Areas and Assumptions

This research is involved in several research areas including Technological Design, Design
Performance, Innovation Management, Knowledge-Based Engineering (KBE), and Standard

practices of R&D department [Fig.3].
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Fig. 3. The research areas of the thesis.

This work is regrouped in the engineering sector of technological innovation assessment, and
concentrated on R&D departments (department of Research and Development) that is
dedicated to innovation management in any company [Burns 1961]. A R&D department is in
relation with the Corporate Managements about comany policy, the Marketing and Sales

department about requirements, and the Production System and Manufacturing [ISA 2000]
[Fig.4].
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Fig. 4. The relationships of a R&D department in a company.

I. 4. Research Audience

The result of this research is significant to four active groups in engineering design and
innovation management [Tab.4]. Firstly, to managers of R&D departments and consultants —
specifically in automotive industries — whose task is involved in monitoring and enhancing
inventive design performance and innovation. Because the study supplies a package of inventive
performance indicators with an integrated measurement system for monitoring the activities
in fuzzy front-end phase along new product development process. Secondly, to the intellectual
property offices and/or the standard organizations that scheduled constructing a
comprehensive protocol for R&D departments and inventive activities for standardizing
innovation assessment and classifying companies by more appropriate metrics. Thirdly, the
research is significant to academic researchers on innovation management and our colleagues
in design engineering laboratories, since it expands existing perception of inventive-design
performance, and contributes to the enrichment of total innovation management. Fourthly, to
the practitioners in the midst of inventive-design projects, who has to know how to enhance

inventive activities and needs a new viewpoint on their job.

Tab. 4. The specified audience of this work;

Research Audience
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Managers of R&D Intellectual property offices
department and Innovative and
projects Standard Organizations

Academic researcher on

engineering design and

I. 5. Research Methodology

innovation management

Practitioners in the midst of

design projects

Taking an appropriate research strategy is one of the first challenges faced in any research. In

this case, nine major tasks have been considered within four phases [Fig.5] [Fig.6]:

« First phase: Literature reviewing;

¢ Second phase: Collecting information from industries;

o Third phase: Development and proposition;

« Fourth phase: Development of application;

Literature Reviewing

Collecting information
from industries

Development and

Theoretical Propositions

Correction

uo9aLI0Y

Demonstration

Fig. 5. Research strategy.

The research starts by seeking and reviewing existing guidelines/standards regarding

innovation, R&D department, and inventive activities. The second step includes a large

literature review on the research areas. The third step is concerned with clarifying research

objectives, constructing problem graph, and posing research questions. The fourth step aims

to build a survey for R&D departments in order to collect real data about their activities,

perceptions and the meaning of current issues. The fifth step is dedicated to decomposition

and adaptation of theoretical definitions, and the sixth step looks for developing and proposing

solutions. The seventh step is concerned with the demonstration of propositions. The step eight

shares result (demonstrator) with research partners and industries, and collects feedbacks. And

the ninth step implements received feedback and improves propositions.
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Step 1 Reviewing existing standards

Step 2 Literature reviewing

Step 3 éCIarifyirlg research objectives, constructing prablem graph, proposing
Step 4 Building a survey for R&D departments and making a real perception
Step 5 Decomposing and adapting theoretical definition

Step 6 Developing and proposing the first proper method

Step 7 Building a demonstrator according to the propositions

Step 8 Offering the demonstrator to our partners and taking feedbacks

Step9  Improving what have been proposed

Fig. 6. Global research plan.
I. 6. Thesis Structure

This dissertation is structured in four chapters and a complete conclusion in chapter 5 [Fig.7].
Chapter 1 is the departure point by giving an introduction about research background,
motivation, and objective. Chapter 2 presents a literature review and the state of the art as
the basis of research development looking for clarifying research problematic. Chapter 3
presents theoretical modeling, developments, and propositions including indicators and
definitive results of the research. Chapter 4 presents an initial application (demonstration) of
theoretical method proposed in chapter 3. Chapter 4 includes the specification of product
model, data collection, and the data bases of proposal method. Chapter 5 presents a complete
conclusion including a discussion about proposed methods, the contributions of this work, and
the perspectives of future researches based on this work. The survey that was built for studying
design project within R&Ds, according to the task 4 of this research [Fig.6], is given in
Appendix C [Appendix.C.].
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Fig. 7. The structure of the dissertation.
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Chapter II: State of the Art

This chapter provides an insight into the design performance and inventive activities along the
innovation processes by dissecting the concepts of research areas. It highlights the problematic
of research by identifying the key issues for defining inventive-design performance indicators.
Moreover, it illustrates the position of inventive-design activities within innovation
management by a literature review including the acquisition, analysis and synthesis of related
sciences. The contents are taken from more disposal adequate works of the scientific data-
bases. This chapter is considered as the basis or the key requirement of what has been proposed

in the next chapter for modeling and defining the performance indicators of inventive design.
1. The Nature of Inventive-Design Performance
2. Dissection of the Innovation in Search of Inventive Activity
2. 2. Technological Innovation Management

2. 3. Technological Innovation Process

2. 4. Engineering Design

II. 1. The Nature of Inventive-Design Performance

From the perspective of innovation, a high rate of new ideas fails while the development phase
imposes a heavy burden of cost upon the firms [Weitz 2002]. For every seven new ideas at the
beginning of innovation projects, four are sent to development phase, and one and a half are
launched to the markets. Furthermore, only one-seventh of generated ideas is known as

innovation [Jaruzelski 2006] [Kumar 2013] [Fig.8].
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Fig. 8. The succeed rate of each step along the innovation projects. Source: [Kumar 2013].

The proof of this fact is when Henry Ford and the Ford Motor as a known leader in the
automobile market, in 1950s, lost more than $100 million, despite introducing the Edsel (an
automobile marque) as a new smart car for the younger executives and professional families
[Weitz 2002] [McCarthy 2007]. Another example is an automatic seat belt for the cars that was
developed in 1990s. Although the idea passed the development phase and had been launched
on the market, it is known risky by governors’ safety associations in some particular situations
and so was not allowed to be used. Just slightly later, the development of the airbags finished
the moot points of automatic seat belts. In another case, in 1962, Chrysler made the first gas-
turbine-powered car that idled at 22000 rpm, sounded like a jet engine, and required no warm-
up time. But when Chrysler decided to introduce its new idea on the market by producing
fifty-five samples of this car, the project failed because of destroying about forty-six samples
after usage, and the company lost about $350,000 [Huebner 1964] [Lehto 2010] [Chrysler 1963].
These examples and hundreds of others confirm this understanding that the pre-development
phase suffer from a sharp drop of the performance rate. However, it is a fact that the failure

rates are substantial, and depend on projects’ goals.

II. 1. 1. Performance Analysis

The innovation performance is one of the hottest and most interested topics for managers of
companies (from highest to lowest organizational hierarchy). They look for identifying how
much is the performance rate of their innovation projects to manage and improve the
weaknesses along the process. The performance management needs both assessment and
improvement activities to eliminate the flaws, and also to strengthen the effective factors
properly [Neely 1999] [Pritchard 1990] [Kaplan 1996] [Mehra 1998] [Sinclair 1995]. Performance
assessment, as the first step, encompasses measurement and evaluation tasks in order to
recognize critical points, analyses, and remedial actions for an existing condition. The sequence

of executing each of these tasks of performance management arises from the signification of the
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terms assessment, evaluation and measurement, their capabilities, and their prerequisites
[Tab.5].

Tab. 5. The signification of the terms Assessment, Evaluation, Measurement in performance management;

Signification, Capability and Prerequisites of the terms Assessment, Fvaluation, Measurement

o Assessment is achieved through a systematic process for collecting, analyzing and interpreting
information. It is realized in a macro-view decision-making and used to guide toward an appropriate
decision for improving actions or planning the future. Assessment gives a global judgement using
evaluations of qualitative and quantitative measurements. It is a judgement with considering what
was spent, what was intended, and what was obtained. The tests are a form of assessments that
made under contrived circumstances [Kizlik 2011]. A test enlists the whole process — i.e.

measurement and evaluation — for assessing some known objectives or goals.

o Fvaluation is the definition of value by gathering the information of measurements for judgment in
micro-level [Bachman 1990] [Weiss 1972] [Lynch 2001]. It is a superordinate term regarding to
measurement and sometimes used interchangeably for assessment [Bachman 1990] [Lynch 2001].
Evaluation is the classification of measurement results in relation with people, objects, methods or
conditions (according to defined criteria of quality) [Kizlik 2011]. Any evaluation is based on the

results of an accurate and relevant measurement.

o Measurement is the process of determining attributes or dimensions of physical objects [Kizlik 2011].
It needs the standard instruments to determine how degree is a property of an object — such as

weight, length, volume, temperature, or speed — according to a conventional metric.

Assessment as the outermost layer of a performance management provides a baseline from
which an innovation manager needs for analyzing, planning and implementing to improve
performance [Lynch 2001] [Fig.9]. However, this work at the first step prepares a technical
evaluation, and consequently raises the awareness of designers about inventive performance

and technological evolution road map.
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Innovative performance analyses are done with various purposes. An empirical research
summarizes the interest of firms to measure innovation performance as [Pritchard 1990] [Chiesa

1999] [Kerssens-van 1999] [Kald 2000]:

» Motivating experts — researcher, designers, and engineers — in order to improve the
individual performance during innovative projects;

o Monitoring the progress of innovation projects with respecting resource consumption,
quality targets, and technical requirements;

o Evaluating the economic value and profitability of innovation projects;

« Supporting the selection, planning, controlling, and decision-making to initiate, continue,

or discontinue a project;

Considering the benefits of assessment reliability [Pritchard 1990] [Chiesa 1999] [Kerssens-van
1999] [Kald 2000], turned innovation performance measurement into an important concern of
the firms in the last decades [Kerssens-van 2000] [Bilderbeek 1999]. Although the measurement
of innovation performance as a fundamental task could not still be entirely committed to the
innovation management [Brown 1998], the interest of researchers and practitioners has been
raised for all should be hindered by proper metrics of the creative capability [Brown 1998]
[Pappas 1985] [Sivathanu 1996] [Hauser 1998] [Driva 1999] [Driva 2000] [Poh 2001] [Loch 2002]
[Godener 2004] [Ojanen 2006].

II. 1. 2. Uncertainty and Risk Management

Scientific researches and several experiences have proven that innovation is an uncertain and
risky process. Managers in order to bypass these features allocate considerable time and money.
Technological innovation is not exempt from this condition when there is no guarantee for an

idea to become commercially viable [Weitz 2002]. The sensitivity about the innovation
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performance refers to the uncertainty feature of innovative activities [Dosi 1988] [Funtowicz
1994]. The uncertainty feature of the innovation beside considering the crucial role of
innovation for the viability of companies compels them to a large investment for performing
their innovation projects [Tsai 2009]. Although several methods have been developed and used
to increase the business performance of innovation, most of them stress on the financial
dimension [Hauschildt 2011] [Zahra 1993] [Cooper 1987]. Griffin 1996, and Hauschild 2004
confirmed that the innovation is a multidimensional process and its performance should be
measured in different senses [Griffin 1996] [Hauschildt 2011]. Furthermore, reducing the risk
and the uncertainty is an urgent matter for any organization. In this endeavor, all admit that
among the different factors that foment uncertainty within the innovation projects (creative
uncertainty, technological uncertainty, market uncertainty, regulatory uncertainty, social and
political uncertainty, acceptance and legitimacy uncertainty, managerial uncertainty, timing
uncertainty, consequence uncertainty), the greatest role belongs to the creativity and inventive
activities [Jalonen 2011]. Moenart et al. 1995 conclusively expressed that the prosperity of
innovation projects in the midst of R&D departments are based on the ability of reducing
uncertainty during planning phase, i.e., the early stages of projects [Moenaert 1995].
Uncertainty belongs to the risky cases in which there are not ability to assign the probability

value to occurrences [Knight 1921]. This argues that [Fig.10]:

o Firstly, innovation managers need to eliminate wuncertainty before setting the
management of risk [Matthews 2009];

« Secondly, the elimination of uncertainty needs the ability of measuring the probability
value of occurrences during innovation projects.

o Thirdly, the measurement and the evaluation of occurrences leads to calculate the
probability values and to identify the indicators as the leverages in the hands of

managers for decreasing risks.

Uncertainty situation

Elimination of uncertainty

Risk management

Inherent uncertainty
of the creativity and
inventive activities

Measuring
the probability value
of inventive prosperity

Defining the indicators
of inventive design

Fig. 10. The relationships between uncertainty, performance measurement, and risk management.

In this regard, 1) for knowing the inherent uncertainty of the creativity in inventive design, 2)
in order to step toward eliminating the uncertainty in technological innovation, 3) and
moreover to remove the indigence of the innovation management to identify and rank the
innovation products, innovation projects, and innovation companies — in a national or
international scope —, this research is consecrated to measure the performance of inventive

design activities, and to define relevant indicators.

43 | Page



62% of respondents to our survey declared that they evaluate their design

projects (c.f. Appendiz C.).

I1. 1. 3. Inventive Performance Metrics

Nowadays “performance metrics” is a scientific concept used for process improvements. “The
performance of organizations”, is a well-known research topic since the 20th century [Neely
1999] [Kaplan 1996]. In this regard, performance, per se, had been defined differently according
to what is used, as a generic term depending on the context of use [Pritchard 1990]. In the folk
culture, performance signifies the action or process of performing a task or function [Oxford
2014]. In business management, the performance is about the current share value, and in the
production management, the performance refers to the number of products that are produced
in a given time and an expected quality. Despite numerous publications on performance issue
— as keyword or in titles [Neely 1995] [Meyer 1994] [De Haas 1999] [Eccles 1991] [Bititci 2000]
[Dixon 1966] [Lockamy 1998] [Montoya-Weiss 1994] [Shafer 2000] [Peters 2008] [Schmeisser
2010] [Suomala 2003] [Behn 2003], — the clear definitions of performance do not exceed more
than the fingers of one hand [Cordero 1990] [Dwight 1999] [Neely 1996]. By these definitions,
authors have studied and burnished the dimensions of performance and its related terms [Clark
1991] [Doz 1996] [Moseng 1993] such as efficiency, effectiveness, quality, productivity,
adaptability, flexibility, and profitability [Doz 1996] [McDonough 1997]. However, the existing
performance metrics are varied and mostly concentrated on economic dimension and financial
elements [Chiesa 1998]. Efficiency and effectiveness are the common points of most definitions
or characterization of performance in literature [Tab.6]. In some cases, they have been
considered as the necessary and sufficient components of investigating performance [Mentzer
1991] [Grimshaw 2004] [Ostroff 1993]. In general, efficiency depends on the use of resources,
and effectiveness is the attainment of objectives or goals [O’Donnell 2005]. Whereas the
definitions of both terms — efficiency and effectiveness — may have various meaning in various
disciplines [Pritchard 1990], here there — in design — their definitions are clarified. Gilbert 1980
[Gibert 1980], is the one who considered the pertinence as the third factor of the performance.
In his definition, the performance is a core concept of the efficiency, the effectiveness, and the
pertinence which describes the relationships between goals, methods, and results [Fig.11]
[Gibert 1980] [O’Donnell 2005].

o Effectiveness is the degree to which the obtained results meet a desired goal (objective);
o Efficiency is the relationship between material gain and resources used;
o Pertinence verifies the appropriateness of tools, methods and other resources used to attain

the goals;
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Tab. 6. Different definitions of performance in literature;

Definitions of performance

Effectiveness (measuring output to determine if they help
accomplish objectives) and efficiency (measuring resources to
determine whether minimum amounts are used in the

production of these outputs).
The level to which a goal is attained.
Efficiency and effectiveness of purposeful action.

A complex interrelationship between seven performance
criteria; effectiveness, efficiency, quality, productivity,
quality, productivity, quality of work life, innovation,

profitability and budget ability.

Total product quality, Lead time and productivity (level of

resources used).

Focus in development, speed of development and R&D
efficiency.
Measuring; Development time, development productivity

(use of resources) and total design quality.

Performance cossets of efficiency, effectiveness, and

adaptability.
Performance is consists of time, cost, quality, and flexibility.

The acquisition and analysis of information about the actual
arraignment of company objectives and plans, and about

factors that may influence this attainment.

Authors

Cordero, 1989

Dwight, 1999

Neely et al., 1996

Rolstadas, 1998

Clark et al., 1991

Doz, 1996

Emmanuelides, 1993

Moseng et al., 1993

Neely et al., 1995

Van Drongelen, 1997

Scientific context

R&D organization

General

Business

Organizational

system

Product

development

Product

development

Product

development

Manufacturing

Manufacturing

General
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The process of determining how successful organizations or

Sinclair et al., 1995 Organization
individuals have been in attaining their objectives.
Ratio of clarification, risk reduction, detail, and Product
Andeasen et al., 1987
documentation to costs. development
A measure of how well resources are combined and used to
Griffin et al. 1982 General
accomplish specific, desirable results.
A combination of efficiency and effectiveness. Duffy, 1998 Engineering design
A combination of efficiency and effectiveness. Goldschmit. 1983 Engineering design

Measuring the influence of all that contributes to achieve the Torino, Demeestere et al.

Ma %
objective. 1997 anagemen

Efficiency, effectiveness, and pertinence. Gilbert, 1980 Engineering

The investigation on the performance metrics of inventive design is the aim of this contribution.
Performance metrics generally derive from a process model for analyzing what has been done
through process activities [O’Donnell 2005]. Thus, modelizing inventive performance along
design process, needs to investigate the creative and inventive activities. These activities are
realized from an initial expression of needs to reach a solution model by which can support
initial requirements [O’Donnell 2005]. Therefore, this study focus on what happens during

inventive activities.
« What is inventive design activity? What is its nature? How can measure them?

Among the definitions of performance, Andreasen et al. [Andreasen 1987] are the only ones
who explicitly linked design performance to the knowledge-based characteristics of design
activities. Concerning the necessity for an alignment between design performance and the
overall performance of innovation process, the following sections provide an overview of
innovation, its concepts, inventive design, the relationships, and inventive activities, in order
to give an understanding of research area, and pave the way for developing a method to

measure inventive activities.

II. 2. Dissection of Innovation in Search of Inventive
Activity

In this section, innovation is dissected with the aim of clarifying the characteristics of inventive
design and activities along innovation process. This section highlights research problematic by
providing an image of innovation management, product development, design and creativity,
with their structure, applied systems, and methods in literature.

II. 2. 1. Innovation
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In the present days, innovation is known as a competitive success key of high-technology firms
[Lengnick-Hall 1992] [Brown 1995]. It is considered as the central core of the economic growth
[OECD, 2005], or as a powerful weapon to ensure sustainable survival of any firm against high-
frequency market changes and the short fast-cycle markets [Damanpour 1991] [Dougherty 1992]
[Eisenhardt 1995]. The term innovation stems from the latin innovatus with the meaning of
renewing and changing [OED 2015]. According to Schumpeter 1934, innovation is the
implementation of new combinations with the sense of creating a new to be distinguishable
from previous ones, or to break a monopoly position [Schumpeter 1934] [Hauschildt 2004]. It
is the success of a challenge to put a different idea against the older ones in place [Van de Ven
1986]. The successful challenge means the successful exploitation of a new idea [Pryce 2005].
With the passage of time, the term innovation used in different sectors and turned into a
catchall term for different activities in economy, technology, biology, policy, administration,
art, etc. [Barnett 1953] [Damanpour 1991] [Dewar 1986] [Von Hippel 1995] [Piller 2004]
[Utterback 2006] [Van de Ven 1986]. This widespread usage causes various definitions,
interpretations and assessment methods depending on the contexts and the nature of activities
[Garcia 2002] [Tab.7]. Perhaps this can explain why the related concepts to innovation were
never defined in a standard way precisely [Eris 2006].

Tab. 7. The definitions of innovation in different perspectives;
Definition of innovation Authors / Protocol Context

Innovation is to do things differently in the realm of

o Schumpeter, 1934 Business
economic life.
An innovation is accompanied with the first commercial
transaction involving the new product, process, system or .
) ) ) Freeman, 1982 Business
device, although the word is used to describe the whole
process.
Innovation involves the creation and marketing of the new
technologies singly and in combination with a high Kline and Rosenberg, 1986 Business
uncertain process.
Innovation is the generation of creative ideas within a Product
. ) Amabile, 1996
process for successfully implementing ideas. development
Innovation is a new way of doing things that is
Porter, 1990 Business
commercialized.
Innovation is the generation of new combinations from
Kogut and Zander, 1992 Business
existing knowledge.
Innovation is something that is new or improved done by
) Product
an enterprise to create significantly added value either Carnegie and Butlin, 1993
. . development
directly for the enterprise or directly for its customer.
Innovation is the application of knowledge to produce new
Drucker, 1993 Business

knowledge.
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Innovation is an activity geared towards the generation - Product
o i Kalthoff et al., 1997
and application of new knowledge. development

Innovation is new products or processes that increase

value, including anything from patents and newly Product
o Livingstone et al., 1998

developed products to creative uses of information and development

effective human resource management systems.

Organizational innovation has been described as an idea, Organizational
Rogers, 2003

practice or object that is perceived as new. management

Innovation is the process of finding, making, and Product
Tidd et al. 2005

commercializing something new. development

Innovation is the implementation of a new or significantly
improved product (good or service), or process, a new
marketing method, or a new organizational method in OECD, 2005 Business

business practices, workplace organization or external

relations.

Innovation is not a single action but a total process of Product

) Trott, 2005

interrelated sub-processes. development

Innovation is a complex problem due to the incomplete

Product
information, diversity of required expertise, complexity of Chapman and Magnusson, 2006
‘ development
technologies and customer interfaces.
Innovation is the creation of new products, processes,
knowledge or services by using new or existing scientific
] Product
or technological knowledge, which provides a degree of Galanakis, 2006
development

novelty either to the developer, the industrial sector, the

nation or the world and succeed in the marketplace.

I1. 2. 1. 1. Innovation Modes

Schumpeter 1934, divided innovations into five groups — new goods, new production methods,
new markets, new resources, new organizations —, and consequently some others began to
recognize innovation modes. Evan 1966, distinguished and defined technological and
administrative innovations [Evan 1966], and further Utterback 1978, defined innovation as a
product or process [Utterback 1978]. Edquist et al 2001, integrated these viewpoints and defined
four modes for innovations [Tab.8]. They putted technological innovation of products and
processes vis-a-vis the administrative innovation in services and organizations [Edquist 2001]
[Edquist 2006]. The Administrative innovations are concerned with non-technological
innovations for organizing social systems including services and organizational processes such
as recruitment, tasks structuring, resources allocation, authority and rewards. Indeed the
administrative innovations are about the coordination of human resources in services and
organizational processes, without considering the technological components [Meeus 2006].
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Tab. 8. Innovation modes according to Edquist et al., [Edquist 2001] [Edquist 2006];

Typology of Evan, 1966
Innovation Modes

Technological Administrative
Typology of Utterback, Product Product innovation Service innovation
1978
[Utterback 1978] Process Process innovation Organizational innovation

On the other hand, technological innovations for products and processes are defined as:

o “A technological product innovation is the implementation and commercialization of a
product with improved performance characteristics such as to deliver objectively new or
improved services to the consumers” [OECD 2005].

o “A technological process innovation is the implementation and adoption of new or
significantly improve production or delivery methods. It may involve changes in equipment,
human resources, working methods or a combination of these” [OECD 2005].

Boly 2004, described innovations with different visions as for economist, operating, knowledge
engineering (cogniticien), systemic, sociologist, and biologist [Boly 2004]:

« Innovation in the economist vision is the introduction of a new product, process or service
on markets successfully. The success in this definition is the sustainability in the economy
of a company where the value creation is the capital, and the notion of market is to be
used by client. New products should present a difference — more or less — in relation to
existing products in term of price, functionality, usage, security, ergonomic, estimated

value, etc. perceptible by user.

 Innovation with the operative vision is a transformation process of an idea to a new object.
This transformation is realized along a linear or iterative (nonlinear) succession of stages.

o Innovation in the knowledge engineering is an integrated process of value creation when
the determining factor is the restructuring of cognitive dimension of the individuals during
the process. Here innovation is a rupture in production methods, mode of reasoning, or
organizations for adopting a new practice.

o Innovation by the systemic vision is considered as a complex object. This vision is based
on the systemic theory [Le Moigne 1990] that defines a complex object as a structure which
is composed of several elements in multiple categories hierarchically. All these elements are
in relation with different interaction types, and multiple variables of these interactions. By

this innovation appears complex.

« Innovation with the sociologist vision implies inducing new — less or more — conflicted

interrelationship between the concerned individuals of an innovation process in a company.

« Innovation in the biologist vision is an analogy between the alive world and the innovation

world within industrial systems, economic activities, and environment.
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What takes place in the scope of this research is the innovation of technological products and
processes (TP/P) at the individual firms, with taking into account the economist, operative
and systemic visions.

II. 2. 1. 2. Innovation Typology

The innovation typology is concerned with the qualification of innovation outputs. In most
literature innovations have been identified in two major classes; incremental, and radical
(disruptive) innovations [Fig.12] [Dewar 1986] [Freeman 1991] [Chakrabarti 1999] [Schilling
2005]. The incremental innovation is achieved through the modest improvement of an existing
product or process (existing TP/P). This improvement includes a minor change of existing
TP/P about their applied technology, performance, and price [subramaniam 2005]. An
incremental innovation possesses a narrow technological progress on the same growth
trajectory of existing technologies [Fig.12]. The radical or disruptive innovation signifies a
major technological advancement of TP/P [Tushman 1986] [Ettlie 2006]. A radical innovation
refers to those outputs that cause a major change on usage behavior [Boly 2004] [Leifer 2000]
[Green 1995] [Dewar 1986]. A radical innovation appears by one or some design changes that
differ largely a TP/P from the existing (older) TP/Ps (on a technological growth trajectory)
[Fig.12]. A radical innovation may be a breakthrough in accordance to the change occurring in
technical characteristics, and appears on a new growth trajectory (new generation). Identifying
the breakthrough innovations are not clear in literature. However, the both innovation types
are based on inventive activities but in different levels.

>
L

Technological progress

>
L

Timeline

Fig. 12. The innovation typology on technological growth trajectories. Source: [Ait-El-Hadj 1989].

II. 2. 2. Technological Innovation Management

Schumpeter in 1930s was one of the first researchers who developed innovation management
as a key factor of economic growth [Carroll 2006]. The innovation management has been
developed to capacitate a firm for creating, inventing, and introducing new ideas industriously
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[Kelly 1978]. Innovation management commonly refers to the planning and the organization of
innovation process from idea to market launch [Bullinger 2008]. It includes the attempts of an
organization to control and execute proper activities that lead to have innovation [Birkinshaw
2007] [Hamidizadeh 2013]. The management of technological innovation endeavors to reinforce
and deploy creative capabilities in the organizations for promoting new TP /Ps [Clark 1980].
The mission of technological innovation management is also to cultivate a suitable environment
for encouraging innovation through inventive activities [Godin 2008] [Boutellier 2008]. An
effective management of innovation appears as competitive advantage in the markets
[Tuominen 1999]. Innovation management in the literature is discussed within strategic,
normative, and operational perspectives [Bullinger 2008] [Fig.13].

Normative

Value Innovation

Strategic
Business Model Innovation

Operational
Instruments of Innovation

Fig. 13. Innovation management in three perspectives from external (on top) to internal (at bottom) layers.

o The normative aspect of innovation management is “to ensure the surviving of a firm
through the preservation of its identity” [Bleicher 1994]. It helps a firm to explain its value,
vision, mission, and strategic goals to communicate and stabilize firm’s identity [Breuer
2014]. The normative level of an innovative company is concerned with the mission
statement, principles and the values assessment of the innovations or innovation projects
[Bleicher 1994]. It functions as the foundation of activities [Bleicher 1994]. The installation
of a corporate policy, a proper leadership style (governance), and an innovative culture are
the central issues of this level that helps to promote a positive influence on the innovative
activities and results [Getz 2003] [Breuer 2014]. This enhances the creativity and
consequently the innovation capability particularly [Leonard-Barton 1998] [Takeuchi 1996].
The normative management tends to establish an organization for innovation through
supplying a suitable standard for innovative, creative, and inventive activities, behaviors,

communications, and interactions.

« Innovation strategy is the foundation of the innovation management [Van der Panne 2003].
It provides a global guidance for innovation projects, which has a strong relationship with
the business model innovation (BMI) [Casadesus 2010]. The strategic level of innovation

management is concerned with future orientation of companies about what should be
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developed as new TP /P, seize market share, and compete with rivals [Khurana 1998]. It
aims to direct inventive activities in accordance with the normative level by providing a
suitable integration of target-market with an original (new) TP/P [Chesbrough 2003].
Organizational structures, strategic programs, problem-solving, and learning capability are
developed in this level [Breuer 2014]. The strategic perspective deals with three
management criteria [Tab.9] [Bullinger 2008]:

Market orientation: Market orientation is the fundamental strategic criteria of
innovation management. The success of an innovation project depends on the added

value to what has been done by projects.

Resource orientation: The strategic innovation considers new TP /P development as the
departure point of the innovation processes. It is fed by knowledge, staff capabilities,

methods and tools through an innovative organization.

Integration: The success of innovation projects depends on the integration of resource-
based with market-based viewpoints. The integration of these perspectives gives a

holistic and strategic innovation management to the firms.

Tab. 9. The strategic criteria of innovation management;

Strategic criteria of the
Elements of the strategic innovation management
innovation management
+ Customers (target market)
o Suppliers
Market orientation
» Partners

o Competitors

« New Technological Products/Processes
Resource orientation « Core competences: Methods, Tools, Techniques, Know how to do

» Knowledge and Capabilities of human resources:

o Market-based
Integration
« Resource-based

o Operational perspective of innovation management includes planning, organizing and
controlling innovation process in the lowest layers [Bullinger 2008]. In this level of
management, the objectives of normative and strategic perspectives are implemented
through the innovation funnel from the idea generation until the concept development

during the pre-development phase [Abernathy 1978] [Clark 1992] [Fig.14].
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Fig. 14. The operational funnel of innovation for implementing normative and strategic objectives. Source: [Clark

1992).

This research is an effort to enrich the normative perspective of innovation management to
provide the performance metrics of inventive activities along innovation projects.

The management of technological innovation is involved with research and development
activities. Thus, it has been delimited with R&D management and technology management.
Although recognizing the boundaries between them are blurred, Brockhoff 1999, discussed and
illustrated the relationship and their common borders in his book [Brockhoff 1999] [Fig.15].
Technology management consists of storage, acquisition (external and internal), and creation
of knowledge to dynamize the firsts stages of innovation process including research and

development activities.

External acquisition of
technological knowledge .
Innovation management
Storage, Acquisition, and Manufacturing Diffusion,
Creation of Knowledge and Production Market introduction

R&D management

L 4

External acquisition of
technological knowledge

Technology management

Fig. 15. Innovation management is involved with technology, research and development management. Source:

[Brockoff, 1999].

57% of respondents to our survey have a specific department for RED and

others declared a technical office (c.f. Appendiz C.).
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II. 2. 2. 1. R&D Management

The dynamism of business needs a continuous research and development (R&D) to renew and
refresh technological competencies [Chiesa, 2001]. In the present-day, R&D is known as a key
source of the innovation [Gupta 2007). The importance of R&D management is caused by the
increase of competition intensity for changing and creating rapidly [Rosenbloom 1996]. The
dependency of companies' cost to R&D expenditures is another reason of highlighting R&D
management. As a result, in general, R&D management is compelled to achieve innovations in
a high-performance way. It aims to maintain and extend technological competitiveness of the
firms [Bullinger 2008]. Historically, R&D management emerged 50 years after establishing the
first R&D centers around 1900 [Brockhoff 1997]. An R&D is a specific unit, department, or
center, belonging to a firm or an external organization — e.g. universities or consultants — that
have to implement and manage the research and the development activities. R&D departments
are on duty to drive business growth through performing innovative activities and develop new
TP/P [Ettlie 2006].

I1. 2. 2. 1. 1. R&D Activities

The R&D departments comprise any technologically related activities for extending present
businesses or generating new ones, including competency development, and innovation
[Matheson 1998]. R&D management is the responsible point of planning, designing and leading
the innovation processes, where the tasks of innovation management meet the tasks of
technology management [Chiesa 2001]. The R&D management in the technological firms
includes a specific group of activities for developing new TP /P (new product developments).
In the purpose of developing new TP/P, R&D is occupied by discovering and the creation
activities to produce new scientific or technological knowledge. Planning, scheduling, research,
execution, management, control, invention, and development are the R&D activities.
According to Ettlie 2006, the term research and development, per se, includes three uncertain
activity types [Ettlie 2006]:

» Basic research that signifies the investigation on scientific knowledge without commercial
objectives;

o Applied research that signifies the investigation on scientific knowledge with commercial
objectives;

o Development that signifies product development based on existing knowledge;

Brockhoff 1999, summarized the joint activities between R&D management and technology
management in the storage, acquisition, and creation of knowledge [Brockhoff 1999]. In
different industries, although the emphasis on the development activities is more than research
activities (an estimated 70 to 90% of the R&D budget), there is not a hierarchic importance
regarding their contributions to innovations [Jaruzelski 2005]. In fact, they are seen as one unit
to facilitate the access of the whole R&D process to data and information [Roussel 1991].

II. 2. 2. 1. 2. R&D Management Models
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Numerous researches has been done on the R&D departments — between 1950 and 1990 — to
find best practices of R&D and innovation management [Hamidizadeh 2013]. Although the
models derived from these efforts gradually have become more complex, more interdisciplinary
and more integrated [Eveleens 2010], none of them could claim as the perfect model with
considering all the aspect of innovation management. Since the relative importance of these
models have been varied over different periods of time [Miller 2000] (due to the difference of
business needs over the time), Rothwell 1994, categorized all the suggested practice in five
generation types [Rothwell 1994] [Tab.10]:

o First generation is technology-push mode with the assumption that technology is the
propellant of innovation [Rothwell 1994]. Here, the innovation projects focus on scientific
discoveries and inventions. Thus, technology expansion has become the first priority of
these models. Models of the first generation are based on this ideology that “coming more
research and development in” results “more successful new TP /P out”. The models are a
simple linear sequential process including research, engineering, manufacturing, and
marketing [Rothwell 1992] [Rothwell 1993].

« Second generation is market-pull mode with the orientation for market needs [Nobelius
2004]. These models include a simple linear sequential process that emphasizes on market
investigation. In other word, market is the motivation of new idea generations, which
directs R&D trajectory. They need to a market research continuously for identifying market
demand based on customer needs, and competitors [Rothwell 1992] [Rothwell 1993].

o Third generation is a coupling mode through the combination of market-pull and
technology-push modes, which includes the advantages of both the first generation models.
This signifies research, development, and marketing are more in balance. These models are
sequential with considering feedback loops from later to earlier stages. They need the
interfaces to integrate research, development, and marketing well. What is new in the third
generation unlike the previous generations is the decision-making, which was tacit in the
previous models [Rosenberg 1979] [Rothwell 1992] [Rothwell 1993].

o Fourth generation as interactive mode, considers the integration of R&D activities with
organizational innovation. The models are equipped with an interactive approach for
considering innovation process as parallel activity across organizational function [Nobelius
2004]. In fact, the emphasis is on the integration of R&D activities and manufacturing.
These models attempt to capture high degree of crow-functional integration within R&D
departments. The integrated or parallel models are used firstly in Japanese automobile
companies [Rothwell 1992] [Rothwell 1993].

« Fifth generation as network mode, includes those models that characterize a network R&D.
The models of this generation emphasize on the influence of external environment to ensure
an effective communication. Indeed, innovation occurs within a network of internal and
external stakeholders’ activities. The horizontal linkages in these models are joint venture,
collaborative research groupings, collaborative marketing arrangements, and etc. So what
is important is the flexibility and the speed of development activities [Cooper 2001]
[Nobelius 2004] [Davenport 2013].
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Tab. 10. The categorization of R&D management models in five generation types by Rothwell 1994 [Rothwell 1994];

R&D Management

Prevalent throughout Related context Characteristic
Mode

First generation 1950 to Mid-1960s Black hole demand Technology-push oriented
Second generation Mid-1960s to Early-1970s Market shares battle Marker-pull oriented

Coupling technology and
Third generation Mid-1970s to Mid-1980s Rationalization efforts

market orientation
Interactive with

Fourth generation Barly-1980s to Mid-1990s Time-based struggle

organizational innovation
Fifth generation Mid-1990 onward Systems integration Involving in a network

II. 2. 2. 2. Technology Management

Technology management is to understand the value of a certain technology for organizations
[Phaal 2004]. Technology comes from téxvn — techne — in Greek, that means art, skill, or
cunning of hand [EIEG 1986]. In 19th century the term technology is referred to the description
or the study of the useful arts, i.e. technical education [Constable 2003] [George 1948]. By the
second industrial revolution 1950s, it was not only used for learning industrial arts, but also
used for developing TP /P [Crabb 1833]. Despite existing numerous definitions for technology
in literature, all agree that the technology is a specific type of knowledge. The key characteristic
of this specific knowledge is applied regarding to the know-how in the organizations [Phaal
2004]. With this perception, technology refers to the tools or the machines that use for solving
real-world problems. Technology is the knowledge of how to combine resources to produce —
virtual or physical — desired TP /P, for fulfilling needs, solving problems, and satisfying human
wants. According to these definitions, technology management is defined as the effective
identification, selection, acquisition, development, exploitation and protection of technologies
[EITM 2014]. The technology management is relevant to strategy development, innovation,
new product development (NPD), and operation management [Phaal 2004]. The emergence of
a new technology (TP /P, innovation, or knowledge) is managed by R&D activities along the
innovation processes [Brockhoff 1999]. Thus, it can be expressed that R&D management is a
part of technology management. Typical concepts of technology management are technology

strategy, technology forecasting, and technology roadmap;

o Technology strategy is about the identification, selection and application of technological
resources into business strategy [Matthews 1992]. It should be considered as an integral
part of business planning [Manning 1997] [Dussauge 1992].

e Technology forecasting is for studying 1) the changes occurring in new technologies, and
2) technology market demand. In other words, as the first function it helps to present the
value of — incremental or radical — changes appearing in new technologies. As the second
function, it helps to verify the value of investment and innovation level according to market
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potential [Bower 1996]. Studying the technology forecasting gives an evolutionary
reconfiguration analysis in three socio-technical views [Rip 1998] [Rip 2001]:

- Macro: evolving socio-technical landscapes;
= Meso: a patchwork of regimes;

= Micro: novel configurations;

These studies are illustrated and presented in term of the technology S-curves. Top of the
S-curves represents the technologies compete in a turbulent environment until emerging a

new dominant design [Fig.16].

.
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Adoption / Value Added / TP/P Performance Improvement
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Fig. 16. The S-curve of technology forecasting as for market demand, and performance improvement of a TP/P.

o Technology road-mapping explores the relationship and dynamism of linkages between
resources, objectives, and the changes of environment for supporting technology
management [Phaal 2004]. A technology roadmap plans R&D vision on a time-based chart
[Martinich 2008].

II. 2. 3. Technological Innovation Process

Innovation process is the main element of innovation management. It is used to expatiate
activities, and to standardize their sequential ordering [Verworn 2002]. The process of
technological innovation, in literature, is often illustrated as a transition funnel for transforming
new ideas into marketable TP /P at the end of the process [Draghici 2000] [David 2004] [Fig.14].
The innovation process commonly depends on different expertise workgroup because of
including various activities; market research, industrial design, Ré&D, engineering,
manufacturing, production, marketing and sale [Cooper 1983]. Technological innovations are
realized along a linear or iterative process with a succession of activities. The main limit of
innovation processes is time [Loilier 1999] [Perrin 2001] [Le Masson 2006] [Boly 2004]
[Utterback 1975]. The OECD 1991 defined the technological innovation as “an iterative process
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initiated by the perception of a new market and/or new service opportunity for a technology-
based intervention which leads to development, production, and marketing tasks striving for
the commercial success of the invention” [OECD 1991]. This definition implies the exigency of
invention along innovation process. Freeman 1973, described innovation process through
technical, industrial, and commercial phases [Freeman 1971]. The technological innovation is
interpreted as the new product development (NPD) projects for mentioning design and
development activities along the process. Accordingly, it can be said that a successful
technological innovation is based on the capability of NPD to bring rapidly a new TP/P to
the market and satisfy user expectations [Clark 1992]. Kahn et al., 2005 defined the NPD as
“a disciplined and defined set of tasks and steps that describes the normal means by which a
company repetitively converts embryonic ideas into salable products or services.” [Kahn 2005].
However, it’s true that NPD succeeding depends on the achievement of predetermined goals
successfully by introducing and adopting a new TP /P in the marketplaces (c.f. 11.2.1.1).

In order to improve a process, it is wise to break the whole process into smaller stage of
activities. This gives a focus on activities to conduct well by ensuring an effective control on
time and cost wasting and achieving an expected quality [Du Preez 2008] [Hamilton 1982]. The
quality of technological innovations strongly depends on the quality of NPD process and how
to order the process stages for developing ideas [Du Preez 2008]. NASA in the 1960s developed
“Phase-review-processes” as the first multi-stage process model for NPD [Hughes 1996]. In this
process model, marketing activities were neglected and the objective was based to ensure task
accomplishment, and to reduce uncertainty during the process [Verworn 2002] [Fig.17].

Concept Definition Implementation Manufacturing
Phase 0 Phase 1 Phase 2 Phase 3 Phase

4 4 4

¥ v v
Management Management Management
Review Review Review
Go-No-Go Go-No-Go Go-No-Go

Fig. 17. The Phase-review-process model for NPD. Source: [Hughes 1996].

Later Myers et al. 1969, Rothwell et al 1974, and Cooper 1979, continued the NPD multi-stage
characterization except that for describing the process they focused on the success factors of
the NPD process and so completed the process statement up to the commercialization phase
[Myers 1969] [Rothwell 1974] [Cooper 1979] [Cooper 1983] [Tab.11]. Although several models
with a various number of stages had been developed and proposed to prepare a best practice
along NPD process [Kuczmarski 1992] [Rosenau 1996] [Ulrich 2003] [Crawford 1994] [Hughes
1996], the logic of all of them were similar according to the nature and the progression of

activities over the course of the process [Urban 1993] [Crawford 1994] [Veryzer 1998] [Tab.11].

Tab. 11. Different models of NPD process;

Author / Institution NPD Process Model
Booz et al., 1968 New product strategy —» Idea generation —» Screening evaluation —» Business
analysis —» Development —» Testing —» Commercialization
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Meyers et al., 1969

RIBA, 1973

Urban and Hauser,

1980

Hubka and Eder,

1982

Cooper, 1983

Freeman, 1983

Crawford, 1984

Cooper, 1986

Andeasen and Hein,

1987

Cooper et al, 1990

Pugh, 1990

Henry & Walker,

1991

Thom, 1992

Elbert et al., 1992

Hales, 1993

Fox, 1993

Clausing, 1994

Rozenburg and

Eekels, 1995

Recognition —» Idea formulation —» Problem-solving —» Solution (Invention) —»

Utilization and diffusion

Inception —» Feasibility —» Outline proposals —» Scheme design —» Detail design

production information

Opportunity identification —» Design —» Testing —» Launch —» Life cycle

management

Elaboration of assigned problem —» Conceptual design —» Layout design —» Detailed

design

Idea —» Preliminary assessment —» Concept —» Development —» Testing —» Trial

—» Launch

Need —» Analysis of problem —» Conceptual design —» Embodiment design —»

Detailing

Strategic planning —» Conceptual design —» Pre-technical evaluation —»Technical

development —» Commercialization

Ideation —» Preliminary investigation —» Detailed investigation —» Development —»

Testing and validation —» Full production and market launch

Recognition of need —» Investigation of need —» Product principle —» Product

design —» Product preparation —» Execution

Idea —» Gatel —» Preliminary assessment —» Gate2 —» Definition —» Gate3 —»
Development —» Gate4 —» Validation —» Gated —» Commercialization

Market —» Specification —» Concept design —» Detail design —» Manufacture
Conception —» Invention —» Exploitation

Idea generation —» Idea acceptance —» Idea implementation

Problem analysis —» Idea generation —» Idea assessment and selection —»

Development —» Transfer and launch

Idea —» Need —» Proposa —» Brief —» Task clarification —» Concept design —»
Embodiment design —» Detailed design
Pre-concept —» Concept —» Design —» Demonstration —» Production

Concept —» Design —» Prepare —» Produce

Analysis —» Concept —» Materialization
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Baxter, 1995

Ulrich et al., 1995

Ford, GM, Chrysler,

1995

BAA plc, 1995

Pahl and Beitz, 1996

Pleschak et al., 1996

McGrath, 1996

Hugher et al., 1996

Ullman, 2002

Blanchard, 2004

Cooper, 2005

Calantone, 1988

Industrial innovation

process, 2006

Design council, 2007

Cross, 2008

Assess innovation opportunity —» Possible products —» Possible concepts —» Possible

embodiments —» Possible details —» New product

Concept development —» System-level design —» Detail design —» Testing and

Refinement —» Product ramp-up

Plan with program definition —» Product design & development —» Process design &

development —» Validation —» Launch

Inception —» Feasibility —» Concept design —» Co-ordinated design —» Production

information

Clarification of task —» Conceptual design —» Embodiment design —» Detail design

Idea generation —» Idea assessment —» Development —» Rollout to production —»

Launch

Concept evaluation —» Planning and specification —» Development —» Test —»

Release

Concept phase —» Definition phase —» Implementation phase —» Manufacturing

phase

Identify needs —» Plan for design process —» Develop engineering specifications —»

Develop concept —» Develop product

Detailed design and development —» Construction —» Production

Scoping —» Build business case —» Development —» Testing and validation —»

Launch

Theoretical design —» Technical innovation —» Commercial exploitation

Mission statement —» Market research —» Idea phase —» Concept phase —» Feasibility

phase —» Pre-production

Discover —» Define —» Develop —» Deliver

Clarifying objectives —» Establishing functions —» setting requirements —» determining

characteristics —» Evaluating and generating alternative —» Improving detail

In 1990, Cooper promoted his primary NPD process model and proposed the stage-gate model
with considering practical conditions — called “game plan” — unlike the existing conceptual
models at that time [Cooper 1990] [Fig.18]. Considering the evaluation gates between process
stages in the stage-gate model convinced some others to accept the stage-gate as a generic
model for describing NPD process [Rosenau 1996] [Connor 1994] [Fig.18].
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Gate1 Gate2 Gate3 Gated Gates
Idea ” — Stagei [— H —| Stage2 [— ||— Stage3 — H — Staged [— ” — Stage5 Review

Go to Go to Go to

Idea screening  2nd screening Development Testing Launch

Fig. 18. Typical 2nd generation of the Stage-gate process. Source: [Cooper 1990].

The stage-gate model was considered as a standard to model innovative activities for facilitating
the analysis and organizing project interactions as a robust ideas-to-launch system. An
empirical study in the industries illustrates that the implementation of the stage-gate based
models helps to systematize, clarify and define all functions that are involved with technological
innovation processes [Verworn 2002] [Cooper 2014]. The stage-gate model as a conceptual-
operational map describes the process in a multi-stage form with the evaluation gates [Cooper
2014] [Fig.18]. Cooper explains the stage-gate model as a tool for managing and improving the
efficiency and the effectiveness of innovation process [Cooper 2014]. Generally, the stage-gate
framework helps to ensure the quality of innovation by enforcing decision-making in its
reviewer gates [Du Preez 2008]. The stages are composed of a set of required or recommended
— best-practice — activities needed to progress a project to a next gate. A stage is where project
team undertakes the work, obtains needed information, does a data analysis and integration,
and prepares deliverables for sending to the related gates [Cooper 2014]. In following each stage,
there is a gate that behaves as a go/kill decision point. The gates make decision to continue
the process advancement or sending back delivered results. Also they can decide to kill projects.
The gates serve quality-check, and prioritize decisions. A gate is the examination point with a
composition of pre-defined quality criteria waiting to be fulfilled [Du Preez 2008]. All gates’

structures are similar that consist of [Cooper 2014]:

o Deliverables: What a gate receives from the last stage — as the result of a set of completed
activities — for decision-making. The deliverables should be in accordance with the

predetermined menu of project gates.

o Criteria: What a gate considers to judge the deliverables for decision-making. Cooper
categorized the gate criteria in Must-Meet — those that the lack of them weeds out misfit
deliverables (project) quickly — and Should-Meet — those that as desirable factors prioritizes

deliverables (projects) — types.

o Qutputs: What a gate decides — to Go, Kill, Hold, or Replace — for deliverables with an

approved action-plan to the next stage (forward or backward sequentially).

Equally, a NPD model starts by concept generation, continues through pre-technical and
technical developments, and be finished by commercialization [Crawford 1994] [Griffin 1996].
Common definitions of different stages and gates along a NPD process are [Cooper 2011]

[Fig.18]:
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« Stage zero: or the ideation stage is the main feedstock of NPD process [Cooper 2011]. The
idea generation is the trigger source of blowing new ideas along the process. It undertakes
the generation through inventive methods with considering strategic plan, user needs, and
opportunities. Sometimes it is called discovery stage because of its uncovering and
revelation features [Cooper 2011]. New ideas are generated by internal (project team) or
external (customer or supplier in open innovations) sources. In some cases, new ideas are
generated by chance without considerable concentrated research, and in some others they
occur by the allocation of a certain creative (inventive) thinking times, problem-solving
activities, and brainstorming [Du Preez 2008]. This signifies that the ideation strongly relies
on team’s knowledge that needs a formalized knowledge supply chain to support this stage.

Some crucial knowledge groups for the idea generation are [Du Preez 2008]:

Understanding current problem and problem area in business;
Competitor analysis;

Recognition of user, consumer, client;

Information about new technologies;

Knowing project strategy:;

o Gate 1: or the idea screening gate is the first decision point that includes the criteria for
verifying strategic alignment, idea advantage, project feasibility, market attractiveness
(magnitude of opportunity), market growth forecasts, available resources, and company
policies. Removing unsound concepts before devoting firm’s resources is the first purpose
of the screening gates. Financial criteria are not verified in this evaluation point [Cooper

2011].

o Stage 1: or the concept definition stage aims to prepare a quick scope definition of new
ideas. The focus is to transform generated ideas into a workable concept [Du Preez 2008].
The stagel includes primary activities for ideas assessment with technical, marketing and
business criteria. Here, technical feasibility analysis of selected ideas in gatel are more
important than financial feasibility analysis. Normally it is the first stage of the process

that needs to spend more [Cooper 2011].

o Gate 2: the concept screening gate is a repeat of gatel except that gate2 considers technical
and financial criteria briefly — e.g. technical feasibility and payback period — for removing
unsound concepts before starting the next expensive stages. This gate makes a more precise

decision in compare of the analysis of the deliverable information in gatel [Cooper 2011].

o Stage 2: or building the business case or concept testing stage is the step before the
development stage. It concentrates to prepare activities on a detailed investigation in which
the final TP /Ps are clearly defined. This stage justifies projects through a feasibility study

and a detailed planning. Because of the final analysis by this stage, it has also been known
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as the concept feasibility and refinement stage [Du Preez 2008]. The keyword of this stage
is taking additional information before starting the development phase. The key activities

of this stage are [Cooper 2011]:

A detailed technical appraisal on the technical feasibility of concepts;

= A concept testing to give an elementary validation on the product concept;

A manufacturing appraisal including resources and operations estimation;

A market research with a competitive or strategic analysis, and target market
definition;

= A business and financial analysis with the sensitivity on possible downside risks;

o Gate 3: This gate is the last decision point before going to development or production stage.
The gate3d repeats the evaluation by the criteria of gate2, much more rigor, and according
to more solid information. The development stage normally is the most expensive stage of
the process and this highlights the importance of gate3. Development, manufacturing,
production, and marketing are what will start by the permission of gate3 to Go [Cooper
2011].

« Stage 3: or the development stage is where the development plan is implemented. It includes
the actual detailed design and development of new concepts. Generally development stage
is the most expensive stage of NPD process. It can be comprised of numerous milestones

or periodic sub-projects [Cooper 2011].

o Gate 4: or Go to testing gate as a post-development reviewer checks the deliverables, the
progress and the attractiveness to continue NPD projects. The deliverable is internally-
tested prototype of a selected concept after the development and engineering. Logically the
criteria of gated are consistent with the definitions that specified at gate3. The decision-
making in this gate is for going to verification and validation in the next step that
commands immediately for the industrialization and launch to the marketplaces [Cooper

2011].

o Stage 4: or testing and validation stage includes the tests and trials in lab, industry, plant
or marketplace, to verify what has been developed in the development stage. The
verification should lead to validation of new TP /P for exploitation (industrialization), and

marketing [Cooper 2011].

o Gate 5: or Go to launch gate is the final gate of NPD process, which permits for full
commercialization process. It is the last point to kill project before starting the
industrialization, marketing, and selling the developed concepts. According to the focus of
staged on the quality of verification and validation, the gateb focuses on the expected

financial return and appropriateness for starting next stage [Cooper 2011].
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« Stage b: or launch stage is the commercialization step of the process. This stage considers
full operation of exploitation (industrial), production (industrialization that may be
implemented as a one-off, batch or mass production), operational marketing, and selling.

It is executed by a well throughout plan of action.

After the commercialization (launch) stage, NPD projects are deemed to be terminated, and
R&D management is involved with the post-launch review step for verifying project
performance by taking the latest project data such as revenues, costs, expenditures, profits,
timing, consumed resources, and human resources. These data are compared with project goals,
firms strategy, and the criteria of the gates 2 and 3 [Cooper 2011] [Fig.18].

Nowadays, a number of firms benefit from such NPD models adapted to their activities’ nature.
In this circumstance what has preoccupied firms’ managers is around two interdependent

questions:

« How to measure the performance of NPD projects?

+ How to enhance the performance of NPD project?

Since TP/P life cycles has been shortened and competitive markets are changing fast, the
technology-based companies have to convert new technologies into innovative TP /P as quickly
as possible [Verworn 2001]. In most studies, time reduction, cost reduction, and increasing
quality have been introduced as the advantages of adopting NPD models [Hamilton 1982]
[Cooper 1986]. However, the lack of focus on the quality, and a detailed market study, has
been diagnosed as the main issues that suffer innovation projects. Some studies on innovation,
inappropriately, tried to implement the operational management and/or the quality
management methods — such as the siz-sigma or the lean manufacturing — for innovation
process, however they were bootless for such idea fertilization process [Hindo 2007]. On the
other hand, some others tried to conduct problem-solving activities. The most significant
weakness of these studies is the failure to observe NPD process as a robust idea-to-launch
process. They had been developed to take a problem and converge upon a solution, regardless
of the fact that problem-solving activities are divergent based on the right brain behavior and
the creativity [Hindo 2007].

By the time, the early stages of innovation process obviously were found to be of a great
particular importance compared with the next stages. The influence of early stages — including
all the early stuffs before development — is not negligible at all on all the rest steps of NPD
process [Bullinger 2008] [Cooper 2014] [Fig.19].
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Fig. 19. Total influence, the cost of changes, and the volume of information along NPD process. Source: [Bullinger

2008].

Several researchers unanimously acclaimed the importance of the early stages of innovation
process. High failure rate of innovation projects is referred to insufficient managerial attention,
low performance, and poor financial support during the early stages of innovation process
[Cooper 1988] [Verworn 2001]. 80 percent of total project costs are influenced by the early
stages or the first 20 percent of the NPD processes [Bullinger 2008]. The lack of a reliable
assessment to make proper decisions during the early stages also is a dilemma facing to risk
reduction of the whole project [Koen 2001] [Fig.20] [Fig.21]. It’s why the early stages are known
as pre-development stages [Cooper 1993], pre-project [Verganti 1997], and/or pre-phase
[Khurana 1997] [Khurana 1998] along NPD process.
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Fig. 20. New ideas mortality curve along NPD projects. Source: [Griffin 1997].
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Fig. 21. New ideas mortality curves along NPD projects: the best versus the rest practices. Source: [Griffin 1997].

For maximizing the performance of NPD process, scientific efforts should concentrate on the
early stages [Cooper 2001]. In this regard, Wheelwright and Clark (1992) expressed that more
successful innovative companies in a universal and dynamic competition are those that [Clark
1992]:

1. profit from a structured NPD process;
2. emphasize on the early stages of NPD process;

Systematically structuring the earlier stages is one of the success factors of industries [Cooper
1992] [Montoya-Weiss 1994]. Enhancing the performance at the early stages allows better
allocation of resources which consequently reduces project costs [Cooper, 2001]. In recognition
of this fact, an extensive empirical study by Cooper et al. 1994, shows that the greatest
differences between winners and losers is the execution quality of pre-development phase
[Cooper 1993]. In other words, having more proper ideas promises more successful future for
companies. In this regard, although several efforts tried to prepare a sustainable flow of ideas
along the early stages [Boeddrich 2004], the low performance still is the greatest weakness of
pre-development phase [Khurana 1997].

A technological innovation process is fed by ideas, scientific discoveries and inventions that are
the results of creative, inventive or rational thinking process [Ferney-Walch 2006] [Gartiser
1999]. Dealing with the creativity, cognition, thinking and generally psychological sciences
causes a limited scientific attention on the early stages. This leads to have an unstructured
phase at the beginning of NPD models. Despite the exigency of a good idea generation for
making successful projects, the pre-development phase including ideation, concept definition
and selection lacks a well-defined structure, reliable information, and proven decision-rules
[Schulze 2008] [Goldenberg 1999]. Smith et al 1991, used the term fuzzy front end for the pre-
development phase, which emphasizes on the fuzziness feature of this phase [Smith 1991] [Dahl
2002].
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II. 2. 3. 1. Fuzzy Front End Phase

The fuzzy front end (FFE) phase is the messy period at the beginning of innovation process.
A pre-phase for planning the development phase [Koen 2001] [Verworn 2001]. It’s where new
ideas are generated and new concepts are formulated as the inventions [Moenaert 1995]
[Wilemon 2002]. The term fuzziness illustrates the uncertainty feature of this phase that implies
an ambiguity about the performance, required resources, the quality of activities, and idea
generation. Whatever the subsequent phases of NPD process are structured, predictable, and
formal, with a prescribed set of activities, the FFE activities are often chaotic, unpredictable,
and unstructured [Kahn 2005] [Boeddrich 2004] [Tab.12]. By taking approval decisions at the
end of FFE phase and starting development phase, the fuzziness level of activities descend
significantly [Fig.22]. The fuzziness of earlier stages refers to the nature of their activities.

Tab. 12. The characteristics of the FFE phase and the development phase. Source: [Wilemon 2002];

Characteristic
NPD factors
at the FFE phase at the development phase
State of an idea probable, fuzzy, ease to change clear, specific, difficult to change
Feature of information for qualitative, informal and approximate quantitative, formal and precise
decision-making
Outcome blueprint technological product or process
Width and depth of the focus broad but thin narrow but detailed
Ease of rejecting an idea easy more difficult
Degree of formalization low high
Personnel involvement individual or small project team a full development team
Budget small /none large designated
Management methods unstructured, experimental, creativity structured, systematic
needed

Visible damage if abandoned  usually small substantial
Commitment of the CEO none or small usually high

High 4

Fuzziness level

Low

- » NPD process
FFE phase " Development phase

Fig. 22. The fuzziness level along NPD process. Source: [Wilemon 2002];
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II. 2. 4. Engineering Design

The engineering design is one of the historical phrase to differentiate technological design from
design in art, architecture, or briefly non-technological design. The word design per se, is not
a very clear term in meaning and its contents. In the American heritage dictionary it has
defined as “to conceive of fashion in the mind; invent” or “to formulate a plan” [AHD 2014].
The juxtaposition of this translation and the term engineering — as “the application of scientific
and mathematical principles to practical ends such as the design, manufacturing, and operation
of efficient and commercial structures, machines, processes, and systems” [AHD 2014] — may
complete the definition of engineering design. In many definitions, the engineering design is
considered as a set of sequential activities within one or a set of processes. A design is done by
design activities based on the knowledge of actors. Design activities are realized by designers
from a preliminary definition of TP /P toward a detailed definition step by step [AFNOR 2002].
In design studies, various models has been developed with different purpose to precise what
are design activities. Some models propose a classification of activities in an organizational
process. Some of them focus on the nature of activities. And some others explain the design
thinking with considering technical characteristics of TP/P in a minor way [Lonchampt 2004].
Overall, the approach of design models can be categorized as descriptive and/or instructive
models.

II. 2. 4. 1. Instructive Design Models

Pahl and Beitz 1996, Ulrich an Eppinger 2000, Ullman 2002, Pugh 1990 have described and
modeled design process through multiple successive stages [Pahl 2013] [Ulrich 2000] [Ullman
1992] [Pugh 1990]. These models are known as the organizational models to carry forward
design projects. Although the instructive models are different in relation to their structure and
terminology, their logic are very similar. In general, a design process consists of four instructive
stages as; the clarification of the tasks, conceptual design, embodiment design, and detailed
design. Among these four stages, two front end stages belong to the FFE phase and two back
end stages belong to the development phase [Fig.23]. The FFE stages are:

e Planning and clarifying the task consists of a market analysis, firm situation analysis,
finding and selecting ideas, formulating generated ideas, clarifying the task, and elaborating
a requirement list (design specification) as the output of the stage. It gives a definition of
idea for establishing technical and economic specifications of project.

o Conceptual design is a stage for developing the principle solution. The formulation of a
solution concept from an idea is carried out in this stage. The activities consist of identifying
essential problems, establishing functional structures, search for working principles and
working structures, combination and firm up into concept variants, and evaluation against
technical and economic criteria. This stage uses problem-solving, functional analysis, and
other sub-processes to define an idea as a solution concept. The output of this stage is the
concept or principal solution.
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Fig. 23. Typical FFE activities along the instructive design models. Source: [Pahl 2013].

However, Altshuller 1988, Purcell 1994, Girod 2000, and some others developed their models
in accordance with the nature of design activities [Purcell 1994] [Girod 2000]. These models are
also known more instructive than a descriptive formalization for guiding design teams [Tab.13].
Altshuller among them is who focused especially on the art of inventive problem-solving and
on the criteria of creativity in his method or theory under the name of TRIZ (theory of

inventive problem-solving).

o TRIZ is a method that aims to guid problem-solvers to gain a good solution. This solution
in TRIZ is defined as ideal final result (IFR). TRIZ encapsulates a set of principles and
standards for good inventive practices into a generic problem-solving framework [Fig.27].
TRIZ is based on the fact that any problem derives from a contradiction and accordingly
prepared different tools to help designers. In this regard, the most commonly applied tool
is the Contradiction Matrix — a 39 x 39 matrix — including three or four most likely
strategies for solving similar design problems. During solving contradictions, TRIZ suggests
nine engineering evolution laws to designer for deciding about global strategy of
technological evolution (system completeness, conductivity, harmonization, ideality,
irregularity of evolution, integration with super-systems, integration with micro-level,
dynamization, and substance-field interaction) [Altsuller 1999] [Salamatove 1999]. Among
these laws, ideality is the basis when designers look for IFR. The simple definition of IFR

is that “the solution contains all of the benefits and none of the costs or harms
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(environmental impacts, adverse side-effects, etc.)” [Mann 2001]. Concerning the
functionality, TRIZ states that any idea as a system possesses a main useful function
(MUF), and that any system component which does not contribute to achieve of this
function is ultimately harmful [Mann 2001]. In TRIZ, the resources used for designing a
system are energy and substance by which system operates. Thus, technical analysis in the
physical level is based on analyzing the relationships between substances by defining (or
identifying) energy type (energy field) [Altsuller 1999] [Salamatove 1999]. Accordingly,
Altshuller et al. have defined a modeling way and 76 standard solutions of substance-field

interactions [Fig. 28] [Altsuller 1999] [Salamatove 1999].

TRIZ TRIZ
GENERIC GENERIC
PROBLEM SOLUTION
SPECIFIC SPECIFIC
PROBLEM SOLUTION

Fig. 24. The TRIZ process. Source: [Mann 2001].

F

5 —— §;

Fig. 25. Substance-Field formalization for modeling physical interactions by TRIZ. Source: [Salamatove 1999].

Nowadays, in addition of these models and on the basis of them, certain protocols and
guidelines have been prepared and used for enhancing creative activities, innovation, and the

management of R&D departments [Appendix.A].

Tab. 13. Design models based on the nature of activities;

Process models based on the nature of design activities Author
Programming —» Collection —» Analysis —» Synthesis —» Development —» Archer, 1965
Communication
Analysis —» Synthesis —» Evaluation —» Dissemination Markus et al., 1973
Recognize and formalize —» Functional requirements’ constrains —» Ideate and create Wilson, 1980

—» Analyze and test —» Prototyping —» Producing

Observation —» Reflection —» Action —» Re-observation Schon, 1983
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Recognize problem —» Elaboration of problem —» Define problem —» Search for Ray, 1985
alternative proposals —» Predict outcome —» Test feasible alternatives —» Judge

feasible alternatives —» Specity solution —» Implement

Initial situation —» Problem modeling —» Ideal solution —» Physical solution —» Altshuller, 1988

Engineering solution
Analyzing problem —» Proposing solution —» Analyzing solution —» Explicit strategies Purcell 1994,

Define problem —» Understand problem —» Think about problem —» Ideation and Cooper et al., 1995

enrichment —» Idea screening —» Concept definition —» Concept assessment

Decomposition —» Analysis of an existing solution —» Problem formulation —» Tate et al., 1996

Decoupling —» Concept generation and selection —» Trade-off —» Implementation
Analysis —» Synthesis —» Evaluation Lawson, 1997

Concept —» Review of state of art —» Synthesis —» Inspiration —» Experimentation Black, 1999

—» Analysis/Reflect —» Synthesis —» Decisions to constraints —» Output
Exploration —» Generation —» Evaluation —» Communication Cross, 2000

Divergence —» Transformation —» Convergence Hsiao et al., 2004

II. 2. 4. 2. Descriptive Design Models

On the other hand, Suh 1990, 2001, Gero 1990, Hubka and Eder 1988, 1992, and Hatchuel
2003, proposed their models to describe design process [Suh 1990] [Suh 2001] [Gero 1994]
[Hubka 2012] [Eder 2012] [Hatchuel 2010]. Their models are the more famous descriptive design
models that try to explain what happens between designer, problem, and solution, during
carrying out design tasks [Fig.14]. However, step by step, these models include some
prescriptions for design teams. In general, the descriptive models verify user requirements
(problem), and design process in regard with what are the sequential activities of creating a
solution. These models help to understand designers, how they thinks, and how they act for
generating a new idea during FFE phase. In other words, design activity is the main object of
their contribution, which needs to be understood and recognized well.

Tab. 14. Descriptive design models based on designing technical characteristics of a solution;
Design methodology Authors Description

Zig-Zag among the functional, Structural, and behavioral
Axiomatic design Suh, 1990
characteristics

i Function —» Expected behavior —» Structure —» Behavior
FBS framework Gero et al., 2004 i
derived from structure —» Structure —» Design description
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C-K theory

K-C disjunction —» C-C expansion —» K-K expansion —»

Hatchuel et al, 2003
C-K Conjunction

o Aziomatic Design is known as a general design framework that can describe all design

activities. The intention of providing this method was to identify a set of fundamental

principles for engineering design. Axiomatic design describes design as a process with

different steps in generating design concepts [Suh 1990] [Suh 2001] [Fig.24].

domain. CAs are the consumer needs that must be fulfilled by new design;

space. These variables describe the behavior of new design;

space;

(manufacturing);

Consumer attributes (CAs): Variables that characterize the design in the consumer

Functional requirements (FRs): Variables that characterize new design in the functional

Design parameters (DPs): Variables that describe new design in the physical solution

Process variables (PVs): Variables that characterize new design in the process domain

Suh based his model on two conceptually design axioms; 1) the independence that can be

stated in number of ways, but the most importants are a) an optimal design always

maintains the independence of the FRs, and b) in an acceptable design the DPs and FRs

are related in such a way that a specific DP can be adjusted to satisty its corresponding

FR without affecting other functional requirements. 2) the information that says the best

design is a functionally uncoupled design that has the minimum information content.

Four Domains of the Design Process

Concept Product Process
design —=_ design ~—=_ design /,

»

Consumer Functional Design Process
Attributes Requirements Parameters Variables

Mapping Q In Axiomatic Design,
Process _~a the same design
is represented in each space by
a vector of different variables.

Fig. 26. The design process in the Axiomatic Design. Source: [Suh 2001].
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o FBS framework is proposed as a basis for developing an agent-based design system in
artificial intelligence (AI). FBS framework gives a dynamic view of design process when all
the requirements are not known at the outset of a design task, and design activities involve
finding what is needed again for modifying in a repetitive cycle [Gero 2004]. The basis of
this framework is formed by classes of variables is a design object as function (for describing
the teleology of the object), behavior (for describing the attributes that derived from the
structure of design object), and structure (for describing the components of the object and
their relationships). In this respect, it has been supposed that “a designer constructs
connections between the function, behavior and structure of a design object through
experience” [Gero 2004]. According to this perception, Gero et al. defined a set of processes
linking function, behavior, and structure together. These processes are supposed as the
different states of designing an object, and claimed as the fundamentals of design process
[Gero 1996] [Gero 2004] [Fig.25]. The eight principal processes that by defining different
worlds of designer regarding design activities is expanded to twenty processes as [Fig.25]
(where, X means external representation, X' means interpreted representation, and X.

means expected representation):

= Process 1: uses R to produce F variables;
= Process 2: uses R to produce B variables;
= Process 3: uses R to produce S' variables;
- Process 4: uses constructive memory to produce further F' variables. The F' variables

result from the history of all F' variables that have been constructed in current and

previous design experiences;
. i . i .
- Process 5: uses constructive memory to produce further B variables. The B variables

result from the history of all B' variables that have been constructed in current and

previous design experiences;
. i . i .
- Process 6: uses constructive memory to produce further S variables. The S variables

result from the history of all S' variables that have been constructed in current and

previous design experiences;
= Process 7: focuses on a subset (Fe/CFi) of F' to produce an initial function state space;
- Process 8: focuses on a subset (BeiEBi) of B to produce an initial behavior state space;
= Process 9: focuses on a subset (SeiESj) of §' to produce an initial structure state space;
- Process 10: transforms Foi into Boi;
- Process 11: transforms B‘,i into S(,i;
- Process 12: transforms S, into S’

- Process 13: uses S’ as well as the current analysis goals to produce Si;
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Process 14:

Process 15:

variable;

Process 16:

process12;

process12;

Process 19:

Process 20:

Process 17:

Process 18:

transforms S into B' ;

compares the interpreted and the expected value of a particular behaviour

. i i
ascribes new F to B;

transforms Be into B' to be added in the design description produced by
transforms Fe' into F* to be added in the design description produced by

i e
constructs new B from B;

i e
constructs new F from F;

External
World

Expected
World
(within
Interpreted World)

Interpreted
World

——= = trnsformation; =——= = comparison; «——> =focussing; ——= = push-pull process

Fig. 27. The original and the situated FBS framework by considering the interactions between designer’s worlds.

Source: [Gero 2004].

o C-K theory models design activities as an interplay between two independent spaces; the

space of concept (C), and the space of knowledge (K). C-K theory explains the generation

of new objects and new knowledge as the distinctive feature of design. It has been proposed

with the aim of providing a rigorous, unified formal framework for design [Hatchuel 2010].

In the right hand [Fig.26], the knowledge space includes a set of propositions with a logical

status, according to the available knowledge for designer. The knowledge space describes

all objects and truths that are established from the point of view of designer. Then K-Space

is expandable as new truths that may appear by research and this imposes a major influence

on design process [Hatchuel 2010]. In the other hand [Fig.26], a concept presents a

proposition without logical status in the K-Space. Concepts can be partitioned or included,

but not searched nor explored [Hatchuel 2010]. In this regard, all design activities are

defined by four operators as: C—C, C—K, K—C, and K—K [Fig.26].
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Concept Space (C) Knowledge Space (K)

No logical status (nor true or untrue) Proposition with a logical status

~N

K1: Existing knowledge

CONCEPT disjunction 4{ KNOWLEDGE
I !

expansion expansion

CONCEPT |* conjunction 4—( KNOWLEDGE i

K2: Added Knowiedge from concept
exploration

K3: Added Knowledge from
turther exploration

Final concept
becomes new
knowledge

Fig. 28. C-K operators. Source: [Hatchuel 2010].

Based on our survey (c.f. Appendiz C.), about 16% of respondents use TRIZ,
2% Aziomatic Design, 4% C-K theory, 18% Engineering/Systematic Design,
and 13% nothing in particular during their design projects (c.f. Appendiz
C.).

II. 2. 4. 3. Organization of Design Activities

Design activities within design projects are carried out individually and collaboratively. The
organization of design activities in groups seems more critical than working individually. The
critical point is to build a proper flow of information between designers, or regarding an
extended study, between internal and external stakeholders. In this perspective, such terms as
sequential design, integrated design (concurrent engineering) [Fig.24], communication,
coordination, cooperation, and collaborative design are considered, studied, modeled and
discussed by different authors [Lonchampt 2004] [Darses 1997] [Prasad 1996] [Sohlenius 1992]
[Larsson 2002] [Tab.15].

Time
Sequt?ntlal il Task 1 Task2 [ — —*| Task n-1 Task n
design
Integrated J Task 1
design
$ 1 (]
Task 2
t t t
4 4 4
Task n-1
L L '
Task n
—
parallel tasks time-saving
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Fig. 29. The sequential and the integrated design models. Source: [Lonchampt 2004].

Tab. 15. Interactive characteristics of design activities in group;
Design activities in group

Interactive
Description
characteristic
Communication Communication is an interaction between stakeholders in order to exchange ideas and
combine different perspectives. In this interaction there is knowledge acquisition and
sequentially knowledge creation [Bouzon 2003]. It can be done in various forms by
writing (note), drawing (sketch), gesturing (gestures), posturing (postures), to express

unambiguously knowledge [Soubie 1996] [Eckert 2001].

Coordination Coordination is a set of rules or procedures in order to function effectively. As a concept
in the task management, it defines the orders and structures to maximize the efficiency
of group work [Dameron 2003]. The task management and functioning of group are

two dimension of coordination.

Cooperation Cooperation is the contribution or the participation in a public action. The public
action signifies a collective action by which stakeholders contribute for a same goal [De
Terssac 1996]. Often it’s used for the contribution between at least two design groups

belonged to different projects or enterprises [Huet 2004] [Froehlicher 2000].

Collaboration Collaboration in design is providing a community with the maximum adherence by a
strong commitment to increase trust between participants (stakeholders) [Kvan 2000].
In collaboration, as for solving a problem, the participants have one or some specific

spaces to store and share information, and exchange knowledge [Caillaud 2004].

II. 2. 4. 4. Design Activities

Design activities derive from the cognitive science. Cognition includes all mental abilities and
processes related to knowledge by attention, memorizing, judgement, evaluation, reasoning,
problem-solving, decision-making, comprehension, learning and etc. Design activities as a
specific cognitive process aims to generate new knowledge [Blomberg 2011]. Newell 1982 [Newell
1982] defined design activities as problem solving in knowledge level that delimits design studies
in cognitive science [Lester 2009]. Verifying design studies including design process models and
all the concepts involved in technological design, illustrate that all design activities at the
cognition level can be categorized into the generation and the assessment activities [Tab.16].
However, design activities regarding the cognitive science can be presented in different terms

or different forms.

Tab. 16. Different activities mentioned in design studies regarding the cognitive science;
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Principal design activities in the FFE

Knowledge forms related activities to Generation related activities to Assessment
= Problem = Definition = Observation - Screening
= Need/Requirement - Problem-solving -~ Invention - Analyzing
- Existing solution = Understanding = Decomposition - Decision-making
- Idea/Pre-concept = Thinking - Identification - Evaluation
© Solution = Analyzing - Specification - Testing
- Concept - Formulation - Conception - Selection
= Recognition - Expansion - Collection
= Decoupling - Conjunction - Experimentation
- Modeling - Disjunction - Judge
- Elaboration - Exploration
- Enrichment - Divergence
= Analyzing - Synthesizing
- Ideation = Designing
= Creation - Discovering
= Formulation - Establishment
= Prediction - Inspiration
= Proposition - Determination
= Searching = Clarification
- Programming - Action
- Modeling - Reflection

I1. 2. 4. 4. 1. Generation in the FFE

In design, the idea generation activities are summarized in problem analysis, problem modeling,
solution modeling, idea generation, research and development. Thus, the appearance of an idea
depends on thought when it can be expressed explicitly in a visual, concert, or abstract way
[Géanshirt 2007] [Jonson 2005]. The idea generation or the ideation in the FFE is based on the
creativity as the indispensable notion of design [Amabile 1996] [Thompson 2003] [Roozenburg
1995] [Eppinger 1995]. On other words, design is a thinking act that is powered by the creativity
to generate new ideas [Jungpyo 2007].

II. 2. 4. 4. 1. 1. Creativity as the Principle

It is long time that the creativity has been as an interesting topic in scientific researches.
Consequently, it has been adopted in different domains, sectors and approaches. During these
researches, the creativity has been studied from different perspectives — such as psychoanalytic,
psychometric, cognitive, other social-psychological, and neurobiological — and obtained a wide
range of definitions [Batey 2012]. In general, creativity is considered as the power of creation
that emerges through divergent thinking and such behaviors and defies existing norms
[Sternberg 2006]. Creativity is the ability to produce a valuable new form or combination of
elements [Amabile 1988] through a dynamic intuitive anticipation, imagination and
unconscious [Cortes Robles 2006]. Encyclopedia of Creativity defines it as a creative ability,
artistic or intellectual inventiveness [Balon 1999], and Wallisch 2003, defined it as giving a new
meaning to the facts which are already known [Wallisch 2003]. The main factors for configuring

77 | Page



the creativity are thus the intelligence, knowledge, thinking style, personality, motivation, and
context [Sternberg 2006] [Amabile 1996]. However, the creative leaps occur with retrospection
[Dorst 1997] [Cross 2008]. The definitions of creativity in literature essentially refer to the
personal thinking (inspiration) (cognitive process in a person), and moreover it has also used
for the environmental press (environmental influence), process (methodological processes to
achieve creative products), and products (results of creative activities) [Rhodes 1987] [Batey
2012] [Mayer 1992] [Csikszentmihalyi 1997].

o Creative-thinking: The creative-thinking comes from Eastern view as personal truth or self-
growth [Sternberg 1999]. Creativity, little by little, was interpreted as the ability and the
disposition of individuals, and studied as the heredity genius [Batey 2012]. Nowadays,
individual creativity is investigated as intellectual trait with considering other individual
traits such as personality, motivation, values, and interests [Batey 2012].

Based on our survey (c.f. Appendiz C.), more than 89% of design teams are
composed of less than 10 experts and 42% of design activities are collaborative
(c.f. Appendiz C.).

o Creative-product: The earliest perception of creativity was the creation in Genesis. It was
exactly where the concept of creation originally was affected the interpretation of creating
TP /Ps. This viewpoint almost exclusively defined the creativity as the novelty and the
utility properties of outputs by an individual [Mumford 2003]. Most authors have adopted
the definitions of “new” and “useful” for creative results [Mumford 2003] [Batey 2012]
[Tab.17].

Tab. 17. Some definitions of creative-product. Source: [Batey 2012];

Definition of Creative-product Author

“Creativity is the interaction among aptitude, process and environment by which an Plucker, Beghetto, and
individual or group produces a perceptible product that is both novel and useful as Dow 2004

defined within a social context.”

“Over the course of the last decade, however, we seem to have reached a general Mumford 2003

agreement that creativity involves the production of novel, useful products”

“Creativity is the ability to produce work that is both novel (i.e., original, unexpected) Sternberg and Lubart

and appropriate (i.e., useful, adaptive concerning task constraints)” 1999

“Creativity must entail the following two separate components. First a creative idea or Simonton 1999
product must be original . . . However, to provide a meaningful criterion, originality
must be defined with respect to a particular sociocultural group. What may be original
with respect to one culture may be old news to the members of some other culture . .
. Second, the original idea or product must prove adaptive in some sense. The exact

nature of this criterion depends on the type of creativity being displayed”

“Creative thought or behavior must be both novel-original and useful-adaptive” Feist 1998
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“Bringing something into being that is Original (new, unusual, novel, unexpected) and Ochse 1990

also Valuable (useful, good, adaptive, appropriate)”
“Creativity refers to as the production of new or novel ideas that are useful" Amabile 1988

“The word creativity is a noun naming the phenomenon in which a person Rhodes 1961

communicates a new concept (which is the product)”

“It a response is to be called original . . . it must be to some extent adaptive to reality” Barron 1955

o Creative-process: The creative-process refers to this viewpoint that the creativity is an
applied art, and acquired by teaching and learning. This includes those methods that cause
individuals to strive for original answers despite having the routine ones. The term creative-
process applies to inspiration, preparation, learning, or problem-solving methods that

motivate or stimulate individuals to be creative [Rhodes 1987] [Mayer 1992].

o Creative-environment: The creative-environment — or creative-press — is based on this
principle that a person receives sensations and perceptions from both external and internal
sources [Rhodes 1987]. The information of these two source area is applied by memorizing
and synthesizing intellectual functions for proposing ideas. A creative-environment seeks
to construct a sufficient advanced stage of creativity culture to foster idea generation for

inventions [Rhodes 1987] [Csikszentmihalyi 1997] [Moss 2002] [Dodds 2002].

These four concepts of creativity cover all factors involved in a design process through inputs,
outputs, treatments, and environment, to ensure the existence of creativity and accomplish
design activities. In inventive design, the creativity is considered as the departure point to
generate inventions [Amabile 1996] [Cropley 2012]. Accordingly, some authors such as Modesto
1980, Roberts 1988, Schulz 2001, Henry & Walker 1991, and Cavallucci et al. 2009, named the
FFE as the invention phase [Schulze 2001] [Modesto 1980] [Coates 2014] [Henry 1991]
[Cavallucci 2009] [Cropley 2012] [Bledow 2009]. Indeed for them, invention is a definition for
describing design activities and design outputs (design goals) [Fig. 25].

Idea generation

l Opportunity

recognition
r 3
I_. Development
A 4
Idea evaluation l_> Commercialization
Invention Exploitation

Fig. 30. The invention phase along NPD process. Source: [Luecke 2003].
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63% of respondents to our survey declared that they specify those NPD

projects that have been determined to obtain an invention (c.f. Appendiz C.).

I1. 2. 4. 4. 1. 2. Invention and Inventive Activities

Design is the process of identifying problems — of incompleteness, inconsistency, imprecision,
ambiguity and impossibly in requirement statements — for modifying and refining in a well-
formed problem statement and from which generating solution [Logan 1993]. Design in
literature is defined as a problem-solving process that occurs in knowledge level of inventors
[Duffy 2003]. Simon 1969, said that “anyone who attempts to transform an existing situation
into a desired new situation performs a design activity” [Simon 1996]. All these descriptions
are consistent with the definition of design activities as a knowledge process by Hubka and
Eder [Hubka 2012], and Gero [Gero 2004], where they interpret design activities as the rational
actions of designer to achieve design goals [Logan 1993] [Hubka 2012]. On the other hand,
design is on a continuum with invention. It occurs in a joint effort with art, science, and
inventive activities [Weber 1992]. Here, the term invention refers to the action of creating or
designing something new (original) that has not existed before (virtually and physically)
[Oxford 2014], contrary to the discovery that signifies finding something existent [Perrin 2001]
[Orloff 2003]. An invention emerges from inventive design activities [Luecke 2003] [Perrin 2001]
during FFE phase. Weber 1992, defined invention as the applied knowledge with dash of art
added [Weber 1992]. Moreover, Micaelli 2003, and Simon 2004, considered the term invention
equivalent to the artifact which points out a designed entity by human in order to satisfy
requirements [Micaelli 2003] [Simon 1996]. These statements mean that inventive activities can
include scientific researches and art, because they look for the solutions that apply new technics
to support specified problems. Indeed, they emerge from an imagination to construct a material
or immaterial object [Perrin 2001]. Inventive activities look for combining available knowledge
in a new way from a mental performance beyond the average [Kuznets 1962] (“a new
combination of available knowledge concerning properties of the material universe”). Having
an invention is much simpler than expanding science [Weber 1992]. Now it is more intelligible
why invention is younger than art, and art has a much longer appearance and history than
science [Weber 1992]. The science expansion starts with complexity [Weber 1992]. The
complexity during inventive design derive from the complexity of expanding science. It appears
when the process goes deeper for understanding scientific phenomena, and interfere with the
basic research. However, invention consists of efforts to do — required functions — with fewer
parts and less resources [Weber 1992]. An invention must be useful, and be produced through
a mental effort [Kuznets 1962]. So inventors deal with the complications of real world, where
the current sciences ruling on it. Likewise, scientists often deal with the conceptualizations in
ideal conditions. And artists try to communicate with customer by a sensible form.

Since the distance between an invention to an innovation is the passage from an idea to a
profitable TP/P [Dal Pont 2007], inventions are known as the basic structure of innovation
[Salamatov 1999] [Byrd 2003]. An invention can be introduced by idea sketches, concept
models, concept definition, and/or concept specification, for being patented and/or starting
the development phase [Rosenberg 1986] [Freeman 1982]. According to Altshuller 1999, an
invention is a partial or total passage from some contradictions [Altshuller 1999]. Here, the
term contradiction is equivalent to problem [Savransky 2000] [Piaget 2012], and means that an
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invention is the first (the latest) different technical solution for a problem [Brockhoff, 1999]
[Bullinger 2008].

II. 2. 4. 4. 2. Assessment in the FFE

The assessments along FFE phase is a readiness control for convincing process gates (c.f. 11.2.3).
The assessment activities include measurement, evaluation, and decision-making for idea
selection at the gatesl, 2, and 3 (c.f. 11.2.3). Although decision-making in the FFE is an
“uncertain fumble at minimal sight” [Bullinger 2008], it has a strong impact on the performance
of the whole innovation process [Bullinger 2008]|. The idea selection still is an intuitive and
unreliable activity of the FFE phase. Moreover, although some approaches such as the stage-
gate model or TRL (technology readiness level) [Mankins 1995] have been made and proposed
to ensure task accomplishments, verifying the inventiveness level of results is not their main
objective.

Assessing design projects needs to recognize their typology. In general, all design projects are
categorized by four major characteristics [Deneux 2002] [Micaélli 2003]:

e Routine design refers to use the same concept (specification) that has been designed before

without any change.

o Re-design is when the design processes try to modify, improve, or optimize an existing
TP /P for satisfying a requirement or increasing the TP /P performance. Re-designs occur
in two types; variant design, and adaptive design [Pahl 2013].

- Variant design includes the changes of existing TP /P concerning variants (attributes

of properties) such as color, size, volume, and etc.

- Adaptive design includes the changes of existing TP/P concerning adaptivity of the
embodiment according to requirements and constraints. These changes don’t include

principal solutions.

o Creative or inventive design is when the design process is activated to propose a new
concept. It establishes a new principal solution without any similarity to existing ones.

o Innovative design is when a design emerges by synthesizing existing concepts or solutions
[Gero 1990].

More than 70% of respondents to our survey (c.f. Appendiz.C) differentiate
inventive design projects from routine projects by measuring the volume of

consumption of time, cost and human-resource.

The difficulties of measuring the rate of inventive though have been discussed by Kuznets 1962
[Kuznets 1962]. Kuznets et al. [Kuznets 1962], at the first step, emphasized on patentability as
the basis of inventive distinction and focused on patent statistics as a possible measure of
inventiveness. They considered patents as invention units that are accepted by Patent Law of

United States. However, today, intellectual property offices do not distinguish the level of
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inventions. In this respect, patentability is considered as a useful point for continuing this

research.

II. 2. 4. 4. 2. 1. Patent registration

The term patent comes from the Latin litterae patentes, meaning open letters [Nard 2008].
Historically, the letter patents were specific grants of privilege by the monarchs to
manufacturers and traders [Nard 2008]. These letter patents including patents for inventions,
enabled recipient to exercise monopolies — such as soap, saltpeter, alum, leather, salt, glass,
lives, sailcloth, sulphur, starch, iron and paper —, manufacture, and sale particular goods or
particular services [Nard 2008]. Later, the issued patents for particular commodities became
the subject to abuse and revoked, while the issued patents on inventions were strengthened,
valued, and developed through the work of lawyers and judges in the courts [Nard 2008]. The
patents on inventions were to provide legal protection of new inventions against potential
infringers [Deazley 2010]. Nowadays, industrial patents are considered as a category of
intellectual properties to protect all creations of human mind legally. The intellectual property
is defined as the “rights related to all intellectual activities in the industrial, scientific, literary,
or artistic fields” [WIPO 2004]:

« Literary, artistic and scientific works;

« Performances of performing artists, phonograms and broadcasts, inventions in all fields of
human endeavor;

« Scientific discoveries;

o Industrial designs;

o Trademarks, service marks and commercial names and designations, protection against

unfair competition;

Today in law, the term industrial property covers related rights about inventions, industrial
design and trademarks [WIPO 2004]. Patent laws, in general, grants inventors the right to
exclude their works for a limited period of time (usually 20 years) from making, selling, offering
to sell, and importing by anyone else in exchange for the public disclosure. A patent gives
inventors the right to sue any useful act without their permission on their invention. In return
of the protection law, the patentee must reveal his invention in writing. Inventors describe and
ascertain the nature of the invention, and moreover the manner in which the invention will be
performed or applied. This document is known as specification [Nard 2008]. The intellectual
property offices in countries define and control; the requirements of patentability, how
inventors’ descriptions should be implemented, what degree of description required, and how
the exclusive right protects inventions. However, among them, the requirements of
patentability is the concern of this work.

At last, by defining research zone and boundaries, difficulties, and limits, it can be said that

this research looks for:

The generic metrics of inventiveness in order to find the global aptitude of inventive activities

during the fuzzy front end phase of technological innovation process.
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Chapter 3: Theoretical Modeling and
Propositions

The third chapter presents theoretical contributions of this work. It has been devoted to report
our propositions, modeling, and the related developments for establishing invention metrics.
The chapter is comprised of studying the fundamental principles of performance measurement,
defining the equivalents in inventive design, developing related measurement systems, and
defining the key performance indicators. In addition, all the obtained measures of inventive
performance will be presented as an integrated measurement system that allows classifying
design projects and inventive companies. The implementation of the propositions is clarified

by a number of examples.

1. Inventive-Design Performance Metrics
1. 1. Development of Performance Metrics
1. 2. Modeling Inventive-Design Activities
2. Measuring Inventive-Design Performance
2. 1. Modeling Inventive-Design Effectiveness
2. 2. Modeling Inventive-Design Efficiency

3. A Platform for Measuring Inventive-Design Performance

III. 1. Inventive-Design Performance Metrics

As mentioned in the previous chapters, the lack of an effective measurement regarding
inventive-design performance is the missing link in the chain of innovation management.
Developing the metrics of inventive-design performance can demonstrate the value of NPD
projects from the perspective of innovation. Having the metrics of inventive-design performance
makes managers capable of analyzing and improving the weaknesses. In general, any
measurement system is based on a set of appropriate metrics in relation to the criteria and the
characteristics of their objects. Concerning inventive-design performance, creativity and
inventiveness are the particular criteria that need to be considered and studied.

II1. 1.1. Development of Performance Metrics

Any metric is developed to express the attributes of entities in numerical terms [Fenton 2014].
They found disciplines to facilitate measurements, comparisons, and predictions of objects or
events [Bashir1999]. The development of a measurement system at the first step, generally,
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needs to define the level of measurement, dimensions, and uncertainty. Hence, any

measurement system can be judged through these meta-measurement criteria [VIM 2004];

o Level or scale of measurement refers to the types of data for representing the magnitude

of an object. In inventive design, the term idea (invention) is placed instead of object,

same as the United States Supreme Court for naming inventive results [Schulze 2008].

Steven 1946 [Stevens 1946] classified all the variables in four data types as nominal, ordinal,

interval, and ratio [Tab.18]. All these four scale types are used in this work, however the

final measures of inventive-design performance are expressed in terms of ratio and interval

scales. Different scales are used according to the nature of objects and the objectives of

measurement methods. Selecting the scale of measurements requires a particular attention

regarding the kind of values and their heterogeneity.

Tab. 18. Different data types can be used for representing the magnitude of an object;

Scales of

measurement

Nominal

Ordinal

Interval

Ratio

Description

It includes the qualitative scales of measurements for differentiating between items (subjects) by
classifying their characteristics, categories, and what they belong to. The nominal scale type
constructs a classification with the aim of explaining sensory measurements. Regarding this scale
type, a nominal measurement is based on the modeling of the qualitative data. [Schofield 2007]

[Crotty 1998].

In an ordinal scale of measurement, the data can be sorted in a rank order without giving a
relative degree of difference between them. e.g. in particular, IQ scores reflect an ordinal scale in
which all score are meaningful and a 10-point difference may carry different meaning at ditferent
points of the scale [Sheskin 2003] [Bartholomew 2004]. The ordinal types can include both
dichotomous as truth values (sick vs. healthy) and non-dichotomous data as opinion (completely

agree, mostly disagree, and completely disagree).

The interval scales allow measuring the degree of difference between subjects, but not the ratio

between them; e.g. the Celsius temperature scale possesses an arbitrary-defined zero point.

In a ratio scale, the measurement is carried out by estimation of the relationship between a
continuous numerical magnitude and a unit numerical magnitude of the same kind [Wentworth
1922]. The ratio scales possess a non-arbitrary zero point; e.g. the Kelvin temperature scale is a

ratio scale. Most measurement in the physical sciences and engineering is done on ratio scales.

e Dimension of a measurement system refers to the units of measurement. A unit of

measurement is the definite magnitude of a property that is used for measuring object with

the same property. Indeed units of measurements are the standards for expressing measures

in the term of units (one and/or multiple units) [VIM 2004]. A unit of measurement consists
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of three elements; its related property, its standard magnitude and its symbol [Tab.19] [VIM
2004].

Tab. 19. The constituent elements of the dimensions in measurement systems;

Dimension of
Description
measurement
Property is what belongs to the objects of measurement. Any property possesses an

Property attribute that is expressed as a relative value of the chosen unit for measurement; e.g.

considering length as a physical property.

Units are the standard magnitudes for measuring properties. The unit in a measurement
system is defined as a constant value that allows expressing different quantity of
] measurements, i.e. multiple-values of the unit value; e.g. in the SI (the international
Uit system of units) the unit of measuring length is one ten-millionth of the distance from
the earth’s equator to the North Pole (at see level), which is known as meter (unit

symbol).
The unit is what a measurement use for expressing the value of a property; e.g. meter

Unit symbol _
(m) that expresses SI based measurements of length.

o Uncertainty refers to the consequences of measurement. Measurements cause reducing
uncertainty by expressing the certain value of properties. It gives the possibility to manage,
forecast and control risks (c.f. 11.1.2).

III. 1. 2. Modeling Inventive-Design Activities

The performance of design activities can be measured in different organizational levels. In
literature, four levels have been considered as the focal points for analyzing the performance of
NPD projects; activity level, process level, project level, and firm level [Schainblatt 1982]
[Cooper 1995] [Wilson 1994] [Loch 1996] [Werner 1997] [Cordero 1990] [Kim 2002] [Fig.26]. But
the question is:

« Which organizational level is more appropriate for analyzing design performance?
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Fig. 31. The organizational levels of analyzing design performance in the literature (a hierarchical view in SADT).

o Activity level is the fundamental level of design projects. An inventive-design activity is
associated with the cognition and the creative acts of a person to accomplish design tasks
[Nijstad 2006]. Although Duffy et al. [O’Donnell 2005], based their performance analysis on
this level, they have not clarified the definition and the boundaries of a design activity, let

alone specifying the boundaries of an individual’s act.

o Process level presents particular processes that are defined, scheduled and executed along a
design project. Any process includes a certain number of activities to be carried out,
individually or collaboratively. Using the term particular for processes [Fig.26] refers to the
methods and/or the technics of enhancing the cognition during design projects. Considering
the process level as an intermediate analysis level of design performance imposes less

complexity rather than the activity level.

o Project level as the upper level of particular processes incorporates activities and processes
for a same purpose. The performance analysis at this level covers analyzing all the activities,
processes, entries and exits (tools, resources, knowledge, results), and their relationships.
Thus, since the project level ensures both detailed and comprehensive analyses, it is the most

prevalent level for analyzing organizational performance.
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o Fiirm level refers to the performance analysis in a global view. In technological companies,
the R&D departments are the official responsible of launching NPD projects. The R&D
departments aside from design activities include several other activities such as planning,
research and development for supporting the sustainability in different competitive

advantages. This diversity of activities makes hard inventive performance analysis.

Observing the advantages and disadvantages of each organizational level confirms that the
project level is the most appropriate level for analyzing inventive-design performance. So in
this work, the project level have been chosen as the focal point for developing inventive-design
performance measurement. However Duffy et al. used the activity level for developing their
method of design performance measurement [O’Donnell 2005]. Considering the activity level by
Duffy et al. [O’Donnell 2005] emanated from the fact that design activities are fed by
individuals’ creativity. Although focusing on the activity level — as a micro-analysis — gives a
well recognition on the nature of activities and their relationships, it leads to a large difficulty
with identifying the performance metrics of different activities [Tab.20]. The diversity of
activities raises a large amount of information that complicates performance measurement. The
impracticability of design performance measurement method by Duffy et al. [O’Donnell 2005]
is proven when they never gave a practical example for their model. Analyzing design
performance at the process level is also complicated as well as the activity level. Contrariwise,
choosing the project level not only increases the accuracy of measurement, but even ensures
that a detailed consideration are taken into account. This means that the performance analysis
based on the overall resultant of entries and exits at the project level, considers all actions and
performances in the lower levels (the activity and the process levels). Choosing the project level
as the focal point of performance analysis, decreases the complexity of measurement. Moreover,
focusing on the project level limits the performance analysis to the projects’ goal as a clear
entry. This causes disregarding most of partial goals in the lower levels (the activity and the
process levels), and reducing the intricacy of performance analysis. On the other hand, projects’
goals derive from specifying strategic goals at the firm level. They are the precise and detailed
definitions of global objectives.

Furthermore, according to the literature on psychology and creativity, the germination and
the growing period of an idea are not the proper moments for analyzing performance. Along
the NPD process, design activities commonly are finished by the stage2 [Fig.27] and the
admitted ideas appear in the gate3 before starting the development phase [Hindo 2007] [Fig.27].

Gatel Gate2 Gate3 Gate4 Gate5

Idea || —| Stagel [— | | —| Stage2 |— || —| Stage3|— ‘ ‘ —| Stage4 [— ‘ ‘ — Stage5

>
>

Go to' Go to’ Go tor

ldea screening  2nd screening Development Testing Launch

Fig. 32. The analysis area of design performance at the project level.
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Tab. 20. The consequences of choosing each organizational level for design performance analysis;

Advantages (+) and disadvantages (—) of considering each level as the focal point of performance analysis;

Activity level

— Lack of the definition of activity

boundaries;

— Taking into account all partial

interactions;

— Inability to provide a practicable

measurement;

— Emerging an immense data base
for analyzing, measuring and

integrating;

+ Make a detailed analysis, but not

necessarily accurate;

Project level

+ Avoid to make a complex

analysis;

+ Avoid to an ambiguous analysis

by considering strategic objectives;

+ Taking into account the
resultants of all interactions in the

lower levels;

+ Comprising all the factors’

influences in deal with activities;

+ Provide a practicable and

accurate measurement;

Firm level

— So far to observe the interactions

of lower levels;

— Difficulties of detecting inventive

activities among other activities;

— Inventive performance analyses

are based on the project levels;

+ Providing a practicable

measurement is possible;

— The measurement is less accurate

than analysis of the project level;

As the departure point of performance analysis in the project level there needs to be understood
what happens in the activity level as the elementary component. Analyzing design activities
individually helps to perceive the nature of activities, and trace the relationships up to the
project level with a reasonable accuracy. Apart from the modality of inventive-design, a design
activity is described through its five operations; processing, importation, exportation, entitling,
and supporting [Fig.28]. These operations are applied for transferring entries and exits during

design projects.

Entitling
Design y Activity
Importation Exportation
—_— Processing —
Supporting

Fig. 33. The five operations of any design activity.

III. 1. 2. 1. Processing (¥)
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In literature, design activities are considered as the rational cognitive activities that occur in
the knowledge level [Newell 1982] [Hubka 2012]. From this perspective, a design activity is a
knowledge processing for knowledge creation [O’Donnell 2005] [Popadiuk 2006] [Helfat 2000]
[Pitt 1999] [McAdam 2006] [Von Krogh 2006]. According to the cognitive science, design is
known as a cognitive process for generating new knowledge [Blomberg 2011]. So design activity
is categorized as an interdisciplinary science of the mind and its processes [Blomberg 2011]
[Fig.29]. The literature on how knowledge processing and knowledge creation (idea generation)
are carried out during a design activity is extremely limited [Nonaka 1994]. C-K theory is the
only description that gives a comprehensive portrayal of what actually happens during design
activities [Hatchuel 2009] [Fig.29]. Indeed, design as the knowledge processing implies an
imputation process to attribute a combination of knowledge without logical status (concept)
for possessing logical status. During this imputation process — that is known as the knowledge
creation, — activities are supported by knowledge acquisition and scientific researches [McAdam
2006].

Disjunction
| Conceptx | Knowledgey

Knowledge
Processing

Y L J

Expansion Expansion

Conceptx1 Knowledgey.

Conjunction

new design

Fig. 34. The design square or the design loop according C-K theory.

Normally, both tacit and explicit kinds of knowledge deal with design activities. Furthermore,
the knowledge processing can occur by one or a set of activities. This signifies that each unit
of knowledge processing (design activity) can be enlarged to the process or the project levels
[Equ.1]. Hence, the resultants of all entries and exits — of all activities — appear at the upper
levels (the process and/or the project levels) [O’Donnell 2005] [Fig.26].

|‘1!,; : Knowledge processing of design activity ¢, { ¥i : May be a set of activities};

Equ. 1.

III. 1. 2. 2. Importation and Exportation

The importation and the exportation of a design activity refer respectively to the inputs and
the outputs of the activity. Since the task of a design activity is knowledge processing, the
nature of inputs and outputs is knowledge that may appear in various forms [Tab.16]. The
inputs and the outputs respectively present the initial and the final states of knowledge before
and after processing between the concept space and the knowledge space [Fig.29]. However,
both the inputs and the outputs of design activities are in explicit knowledge form [Equ.2].

I; : Inputs or imported knowledge of design activity 7, { Vi : May be a set of activities};

O; : Outputs or exported knowledge of design activity ¢, { Vi : May be a set of activities}
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Equ. 2.

Since design projects look for generating new solutions and presenting them at the output of
the process, the lack of admitted solutions at the gate3 signifies the failure of projects. The
resultant of all inputs and outputs at the project level derives from inputs and outputs at the
activity level without mentioning partial solutions and partial problems in detail [Fig.30].

ITI. 1. 2. 3. Entitling an Activity (G)

Entitling design activities refers to the intention of fulfilling them. Indeed, any activity of a
design project possesses a set of goals that derive from overall project goal (original goals). In
other words, a project goal is distributed over the lower levels among activities when the project
management defines and schedules the tasks of activities along particular processes. This
implies the preference of the project level for measuring the performance of design activities
[Fig.30] [Equ.3].

|G,; : Goals or intentions of carrying out design activity 4, { ¥i : May be a set of activities};

Equ. 3.

The goals of design projects make up the specification of final results (outputs). The goals are
a knowledge-entry of the knowledge processing. They direct the knowledge processing to be
implemented for generating what has been expected as the output [O’Donnell 2005].

ITI. 1. 2. 4. Supporting an Activity (R)

Supporting design activities refers to what the knowledge processing utilizes as resource to be
carried out. Human-resources, methods, particular processes, tools, environment, and all
munition used for carrying out design tasks are considered as the usable resources of knowledge
processing [Equ.4].

R, : Resources used for carrying out design activity ¢, { Vi : May be a set of activities}

Equ. 4.

However, the human-resource is known as the main resource of design activities and its absence
cripples whole knowledge processing [Frankenberger 2012]. In addition, all resources used for
carrying out design activities can appear and be taken into account at the project levels
[Fig.30].
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Fig. 35. A set of design activities at the project level and their operations.

III. 2. Measuring Inventive-Design Performance

Reviewing existing researches reveals that measuring design performance depends on the
constituent elements of performance; the efficiency of activities, the effectiveness of carrying
out design tasks, and the pertinence of entries. Although the performance of design activities
takes great effects from the pertinence of their entries (Goals, Inputs, and Resources), the
effectiveness and the efficiency are sufficient to approximate the size of design performance
[Fig.31]. Indeed, the pertinence looks for the influence of entries on the effectiveness and the
efficiency of design activities. It leads to recommend and/or recognize pertinent entries. Thus,
studying the pertinence of entries is not done in this work because of the prerequisite role of
metrics development. Furthermore, studying pertinent entries needs empirical researches to
confirm the pertinence or the competency level of entries. The effectiveness and the efficiency
are the main indicators of performance [Goldschmidt 1995] [Duffy 2012] [Wilemon 2002], which
cover different aspects of performance measurement and give a comprehensive analysis.

Design Efficiency ::]: Effectiveness

Performance of processes of outputs

Fig. 36. The constituent elements of measuring design performance.

The next sections of this chapter give an adaptive understanding of effectiveness and efficiency
according to inventive-design performance. Moreover they present metrics development.

III. 2. 1. Modeling Inventive-Design Effectiveness

In general, effectiveness is defined as the capability of producing desired results [O’Donnell
2005] [LLC 2011]. Effectiveness is the capability of implementing (realizing) an intention
exactly as it is imagined or specified. The intention is interpreted as what has been expected
to be achieved in a deep and vivid impression [LLC 2011]. The effectiveness in design signifies
“the degree to which design result (output) meets project goals” [O’Donnell 2005]. Design
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effectiveness focuses on the quality aspect of design outputs [Shah 2003]. In other words, design
effectiveness expresses how much an output has been conformed to project goals. Thus, the
measures of a design effectiveness determine how far has the outputs in real world been
approached to the expected or worthy output. Although attaining a full effectiveness is not
possible now, the value of effectiveness can be measured through comparing outputs and goals
[Equ.5] [Fig.32].

H (\Ifl) . Ol' == GZ

[T (W) : The effectiveness value ([]) of design activity ¢

¥, : Knowledge processing by design activity ¢

O; == G;: Comparison between the outputs and the goals of design activity ¢
Gi: Goals of design activity ¢

O;: Outputs of design activity ¢

Equ. 5.
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Fig. 37. The comparative relationship between goals and outputs for measuring effectiveness.

The goals of design activities are the references of comparison while outputs must tend toward
them. Concerning inventive-design, although the project goals are apparently different from
one another, they all seek to generate and put out inventive results. The term inventive as an
adjective that adds up to design introduces inventiveness as the common goal of all projects
(activities) with inventive prefix. Subjoining the term inventiveness to the specification of

design goals poses the following question regarding the effectiveness metrics:
o What are the criteria of inventiveness-based effectiveness?

Regardless of considering client-user satisfaction or economic competitive advantage in the
markets, the inventiveness is a subjective goal to obtain by the activities of design projects.
The emphasis of inventiveness-based effectiveness is on the accomplishment of design activities

in a creative manner, however it is demonstrated by evaluating the quality of outputs. In the
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literature on issues of design measurement, commonly, the inventiveness is used with the same
meaning of the creativity [Wunsch-Vincent 2011] [Demirkan 2012] [Shah 2003] [Sarkar 2011]
[Dean 2006] [Shah 2000]. Among the characteristics of inventiveness discussed in literature
[Tab.21], novelty and usefulness seem as the essential characteristics required for admitting an
inventive output [Sarkar 2011]. Although the signification of most related characteristics to the
inventiveness [Tab.21] — such as the appropriateness, valuable, adaptivity, or unexpected — are
covered by novelty and usefulness, some of them — such as fluency, and elaboration — remain

ambiguous even by defining them again.

Tab. 21. The characteristics of inventiveness-based effectiveness in the literature;

Criteria of inventive effectiveness in the literature Author
Originality; Stein, 1953

Novelty; Guilford, 1950

Originality, Usefulness, Valuable; Barron, 1955

Novelty, Solution, Elaboration and Synthesis; Bessemer and Treffinger, 1981
Novelty, Appropriateness, Amabile, 1983

Originality, Utility; Runco, 1988, 2012
Originality; Redmond et al., 1993
Originality, Usefulness; Woodman et al., 1993
Novel, Valuable; Weisberg, 1993

Rarity; Eisenberger and Selbst, 1994

Novelty, Non-obviousness, Relevance, Workability, Thoroughness; MacCrimmon and Wagner, 1994

Originality, Purpose, Implementation; Wagner, 1996

Novel (Unexpected, Original), Appropriate (Useful, Adaptive); Sternberg and Lubart, 1999
Originality, Appropriateness (Usefulness) Reiter-Palmon & Illies, 2004
Novelty, Non-obviousness, Relevance, Workability, Specificity; Dean et al., 2006

Novel, Valuable (Technical, Engineered), Utility (Usefulness); Sarkar and Chakrabarti, 2008
Originality, Fluency, Flexibility, Elaboration; Torrance, 2010

Novelty, Utility; Batey, 2012

In addition of novelty and usefulness, Altshuller et al. [Altshuller 1984] [Altshuller 1988], in
TRIZ (Theory of inventive problem-solving), discussed the evolution of technological systems

(TP/P) and defined nine engineering laws for conducting technological evolutions [Tab.22].
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Among these laws, ideality is the most significant notion. The importance of ideality is
emanated from the fact that ideality is the extract of implementing the other technological
evolution laws. In other words, it seems that all the other evolution laws are defined to lead
design activities toward generating ideal outputs (c.f. the definition of ideality and usefulness
in I11.2.1.2 and III.2.1.3 respectively). The laws 2, 3, and 8, directly, and the laws 1, 5, 6, 7,
and 9, indirectly affect the ideality improvement of technological systems [Tab.22] [Cavallucci
2009]. The influence of TRIZ evolution laws for enhancing ideality is so obvious that the theory
of inventive problem-solving (TRIZ) [Altshuller 1988] is known as a holistic method for
generating the portrait of ideal systems [Cavallucci 2011] [Cavallucci 2010]. According to this
perception, ideality alongside novelty and usefulness has been considered as the principal

criteria of inventiveness.

Tab. 22. The evolution laws of technological systems by Altshuller et al. [Altshuller 1988];

TRIZ evolution laws of
Description
engineering design
1. Completeness of systems This law defines a minimum required of a technological system.
Accordingly, a working system must have four parts (i.e. engine,
transmission, worker, and control) which the lack of each one destroys the
signification of systems. Hence, these parts are necessary for birth of a

technological system.

2. Energy conductivity This law is about the energy flow that must pass through all of the main
parts (components) of a system. i.e. the completeness of a system is verified
by optimizing the flow of energy through different parts in order to

maximize the ratio between transmitted energy and consumed energy.

3. Harmonization This law looks for maximizing the performance of technological systems

regarding the coordination of the main parts.

4. Ideality This law is concerned with the ideality value of technological systems.
During technological evolutions, systems tend to improve the ratio between
the system performance and the system cost required to perform jobs. The
ideality of a system refers to the consumption of energy and substance along

system operation.

5. Irregularity of evolution This law describes that the main parts (components) of a technological

system evolve irregularly.

6. Integration with super-systems  This law implies the tendency of new designs to be integrated with their
super systems. i.e. technological systems tend to merge with their super-

systems.

7. Integration with micro-level This law describes the transitions from macro-level to micro-level. This law
refers to the advantage of using properties of dispersed martial (e.g. tools)

and particles of physical fields within a technological system.
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8. Dynamization This law describes the dynamic growth by technological evolution, when
technological systems in order to obtain more performance tends to be more
flexible, adaptable (regarding to change working conditions and

requirements), and rapidly changing structure.

9. Substance-field interactions This law is concerned with the improvement of technical performance of
systems by using the elementary rules (including physical effects) of
inventive standards (70 standards of TRIZ). Considering physical effects

(substance-field interactions) helps a system be more controllable.

Furthermore, inventiveness is analyzed by the intellectual property (IP) offices officially. The
IP offices undertake the evaluation and the registration of inventive outputs without ranking
them. However, it is evident that the quality of outputs are not same regarding inventiveness
[Griliches 1990] [Nuvolari 2006]. Moreover, all the outputs of inventive projects are not
patentable, neither are patented. As mentioned before (c.f. II1.2), although the IP offices are
established nationally, multi-nationally, and internationally, the criteria of evaluating
industrial properties to grant patent agreements are almost similar [Tab.23]. In most industrial
patent laws, the patentability refers on the substantive conditions with certain criteria that
must be met by the outputs [Robertson 2009] [Mishra 2014] [Kunets 1962]. The link between
the patent laws [Tab.23] and inventive activities provide a basis for developing inventiveness
metrics [Nuvolari 2006]. In general, the criteria of patentability in different laws are based on

verifying novelty, usefulness and non-obviousness [Tab.23].

e Novelty: An invention (patent) must be novel (new);

e Usefulness (Utility): An invention (patent) must be capable of being used for performing

industrial jobs that can be extended to personal and social jobs;

e Non-obuviousness: An invention (patent) must be different from what a skilled-user might

expect since hearing the story;

Among these three criteria, non-obviousness seems a little ambiguous and needs to be clarified.
The term non-obviousness as a patenting criterion refers to the consideration of an inventive
step during design phase. The interpretations of non-obuviousness are not evident in the
literature because of its non-clear definitions in the law. This ambiguity poses difficulties to
recognize non-obviousness within design projects. In general, non-obviousness implies the idea
generation with a level beyond the expectation of skilled users [CFT 2003]. The question that

arises here is:

« What is the expectation of skilled user regarding the evolution of technology?
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User expectations are not the same as decision-makers’ anticipations for a hedonic future
[Kahneman 1990]. The expectations of a skilled user are in relation with the term ezpected
world by Gero et al. [Gero 2004] in order to predict what has been expected to be generated.
Indeed, the expected world of Gero [Gero 2004] encompasses the predicted outputs by skilled
users. The intuitive predictions are typically non-regressive, i.e. an expert with both singular
or distributional information often makes the extreme predictions on the basis of information
whose reliability and predictive validity are known to be low [Kahneman 1977]. The lack of
reliability or predictive validity in the expected world refers to the generation of concepts
without logical status, in C-K theory. C-K theory [Hatchuel 2010] explains that the credibility
gap between the expected world and the real world fills with associating existing knowledge
even after knowledge expansion (generating new science by research) [Fig.29]. Since using the
term mon-obviousness aims to highlight non-obvious visions of outputs in the real world, the
credibility gap must fill by knowledge expansion and the achievement of new knowledge
(research and/or discovery). However, existing knowledge (the knowledge of skilled use) may
be limited to certain science or sectors of industry. Furthermore, non-obviousness refers to
obtain an inventive step (activity) during design phase [Barton 2003]. This means that non-
obuviousness can be defined as a different manner of problem-solving same as the definition of
inventive problem-solving in TRIZ [Altshuller 1984] [Altshuller 1988] [Altshuller 1999] [Denis].
According to Altshuller et al. [Altshuller 1984], the inventive step occurs by considering
technical contradictions during problem-solving [Salamatov 1999]. The existence of a
contradiction despite reviewing existing solutions during a problem-solving proves the necessity
of knowledge expansion at least by the combination.

Taking into account all these viewpoints let us define non-obviousness as the generation of a
solution beyond existing solutions (the generation of a new solution) for an unresolved
contradiction. Here, considering an unresolved contradiction is the necessary condition, and
generating a new solution is the sufficient condition of non-obviousness. Hence, the
consideration of unresolved contradictions implies obtaining inventive steps or inventive
activities during design phase (inventive problem-solving), and the generation of new solutions
implies generating a level beyond existing solutions (the knowledge of skilled user). Indeed,
non-obviousness is the principal characteristic of inventive-design projects that eventuates in
inventiveness-based evolution (i.e. for achieving novelty, usefulness, and ideality within new
systems). Defining non-obviousness as a manner of problem-solving that looks for generating
new solutions eliminates the risk of ignoring small changes occurring by design project. Ignoring
the small changes runs the risk of missing the entire value chain of inventive-design

performance during evaluation [Nuvolari 2006].

Tab. 23. The patentability criteria of industrial properties in different IP offices;

Intellectual . .
. Prescribed criteria (tests) for validity of the patentability
property office
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Furope

USA

Japan

India

WIPO

Nowelty: inventions must be new strictly. They must not be found at a previous date in

any matter (TP/P);

Inventiveness: inventions must involve an inventive step, i.e. an ordinary brain with

experiences in the art should not be able to derive the claims;

Industrial application: inventions must have an industrial application, or be susceptible of

industrial application;

Novelty: inventions must be new;

Utility: inventions should be useful;

Non-obviousness: inventions must not be obvious to anybody having ordinary intelligence
and knowledge on the subject matter;

Novelty: inventions must not be publicly known, publicly used, and publicly available

through an electric telecommunication line;

Inventive step: inventions at the time of the application should not have been easy make

for a person ordinarily skilled in the field of art to which the invention belongs;

Industrial application: inventions must be specified for a concrete application use;

Novelty: inventions must be new TP /Ps during the examination procedure, i.e. inventions

are disqualified by any indication of prior use;
Non-obvious: inventions as new TP/Ps involve an inventive step;
Useful: inventions even though obtaining novelty and non-obvious features cannot be

patented unless and until have some use to the mankind;

Nowelty: inventions must be new (novel);

Inventive step (be non-obvious): inventions should not have been obvious to a person

skilled in the art at the time the patent application was filed;

Industrial application: inventions must he useful;

According to these studies and arguments, the value of inventiveness-based effectiveness in the
engineering design is based on an association of novelty, ideality, and usefulness values. By
recognizing the principal criteria of inventiveness, the development of inventiveness metrics

goes to a next step that needs to:

Understand the basic criteria of inventiveness-based effectiveness (nowvelty, ideality, and

usefulness);
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2. Develop an integrated measurement system for evaluating the inventiveness-based

effectiveness;

3. Define the evaluation methods and the indicators;

In this manuscript, the term ‘system’ is used for any technological
product or process (TP/P) that is designed as a complete system (c.f.
Tab.22; Completeness of system) to support one or some functions
for satisfying user requirements.

III. 2. 1. 1. Technological Novelty

Novelty is one of the key metrics to evaluate the inventiveness of design outputs. Novelty
measurement is the step before defining novelty indicators and characterizing inventive
activities. In the literature on creativity, novelty is considered as the first fact of the creativity
[Sternberg 1999] [MacCrimmon 1994]. It is known as the minimum required characteristic of
technological innovations [OECD 2005] that come from inventions [Schumpeter 1934]. Novelty
derives from Latin words “novus” and defined as the quality or state of being new, striking,
different, original or unusual [Merriam-Webster 2014]. Novelty attaches a design to the
newness, i.e. the design has not been experienced before, because it has been created recently
[Cambridge 2008]. MacCrimmon et al, [MacCrimmon 1994] defined novelty as the unique ideas
that had not been previously expressed. The uniqueness is the main characteristic of novel
ideas that tend to migrate from the most unique idea to the most usual idea over time, i.e.
becoming common, frequent or prevalent [MacCrimmon 1994].

III. 2. 1. 1. 1. An Overview of Novelty Measurement Methods

The industrial property laws do not determine how can evaluate novelty degree [Sarkar 2011].
Although the IP offices are interested to evaluate or identify novel systems, their evaluations
are relied on the text mining of claims and descriptions [Sarkar 2011] [Schlicher 2003]. On other
hand, there are a few researches that have been devoted to understand and evaluate cognitive
activities during the idea generation [Jannson 1991] [Gero 1996] [Finke 1992] [Ward 1994]
[Dugosh 2000] [Nelson 2009], [Shah 2000]. However, most of the existing methods verify novelty
quantitatively and not qualitatively [Chakrabarti 2003] [Saunders 2002] [Shah 2003]. Shah et
al. 2000 [Shah 2000] introduced the engineering design metrics through four separate
effectiveness measures as novelty, variety, quantity, and quality. Further, these four measures
are discussed and completed by some recent works with the perspective of providing
comprehensive design metrics [Dean 2006] [Nelson 2009] [Verhaegen 2013]. Despite an obvious
inconsistency between the terms and the definitions of this categorization, Verhaengen et al.
[Verhaegen 2013] considered it as a high-level guideline for mapping design metrics. In fact,
Shah et al.’s categorization presents a tangled relationship, in which different metrics interfere
with each other. In the words of Shah et al., novelty is a measure of unexpected ideas or
counting the number of unique concepts. A concept is known unique when a different designer
(an individual or a design team) apply a different solution to support the function of existing
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solutions [Shah 2003]. Here, the term nowvelty is used for detecting the differences regarding
physical principles. Accordingly, they defined wvariety as the degree to which the concepts
(solutions) that come from a designer are dissimilar from his other concepts (solutions) [Nelson
2009]. Variety is for quantifying the differences at the detail level of an idea when it has only
slight differences from existing ideas [Shah 2003] [Verhaegen 2013] [Dean 2006]. The term
quantity is for stating the total number of different concepts generated by a designer. The term
quality is the verification of the feasibility, and the achievement of design specifications. The
measurement of novelty, variety, and quantity by Shah et al. is based on this assumption that
generating more improves the quality of concepts [Osborn 1963] [MacCrimmon 1994] [Shah
2003]. So, different procedures have been developed for quantifying the number of unique
concepts [Verhaegen 2013]. In the meantime, Shah et al. 2000 [Shah 2000], proposed two
approaches for estimating the novelty degree of new concepts. First, by considering a universal
comparison including all preconceived ideas generated by all participant from different teams.
And second, by considering a comparison with the set of all ideas generated by the same team
[Shah 2003] [Equ.6]. Although the first approach seems impracticable because of the need to
aggregate a big data, the second approach might be practicable by the method for dissecting
(encoding) ideas on a genealogy tree [Fig.33] [Shah 2003].

Mi=3f S pe: {j=[1,m],k=[1,n]}

M; : Overall novelty score of system1 with m functions (j);

f;: Assigned weight according to the importance of function j of systeml;

px: Assigned weight according to the importance of level k on the genealogy tree;

Siji: Assigned weight according to the chosen approach of comparing the applied solution of

function j at level &;

If the comparison is done according to the first approach:

Sljk - ((lek - Cljk) /lek) 10
T Total number of ideas produced for function j at level &;
Cij: The count of current solution for function j at level £;

If the comparison is done according to the second approach:

A novelty score (S:) is assigned to each idea according to the function and levels of the
genealogy tree [Fig.33]. A closest match is found on the tree and the score S; noted (S, of a

prior knowledge).

Equ. 6. The generic calculation formulas of novelty measurement by Shah et al. Source: [Shah 2003].

The genealogical characterization by Shah et al. consists of four levels including physical
principles at the highest level, working principles at the second level, embodiment at the third
level, and detail characteristics at the lowest level. Each characterization level on their tree has
been weighted [Fig.33]. The nodes in each level illustrate different solutions applied for
supporting functions of that level [Shah 2003]. The number of branches on the genealogy tree
of Shah et al. is considered as the indicator of variety [Shah 2003] [Fig.33].

100 | Page




Value, Sk

Total # ideas

Physical S0

principles

Working
principles

S3=3
Embodiment

Detail

Fig. 38. Dissecting a set of outputs by a design team on the genealogy tree of Shah et al. Source: [Shah 2003].

Saunder 2002 [Saunder 2002] based his novelty measurement method on three questions; first,
how often similar patterns have been experienced? Second, how similar these pattern have
been? And three, how recently these patterns have been experienced? Further, Chakarbarti
and Khadikar 2003 [Chakarbarti 2003] for assessing novelty defined two axes as; vertical
criteria including the need, task, sub-system structure, technology, sub-technology, and
implementation levels, and horizontal criteria including the main supplementary and additional
levels. This novelty measurement was done in four steps respectively by; comparing new system
with references, identifying differences at each level, calculating novelty value of any difference
— with considering assigned weights on the horizontal axis —, and then aggregating the novelty
values. Lopez-Mesa and Vidal 2006 [Vidal 2006] proposed almost the same method. The main
difference of their method was that they did not consider the sequence of idea generation over
the timeline and this had caused a high novelty value for the systems with more unusual
solutions. Function, structure, and detail structure are the vertical levels of system
characterization by this method. Verhaegen 2012 [Verhaegen 2013], after an overview on the
existing methods of novelty measurement concluded that the main shortcoming of existing
methods is the assignment of weights to the characterization levels arbitrarily. The weakness
that is confirmed by Chakarbarti et al. [Sarkar 2011].

III. 2. 1. 1. 2. A New Framework for Measuring Novelty

The development of a new framework for measuring novelty values is an effort to complete
existing methods, and eliminate their weaknesses. The new framework by this work measures
technological novelty degree (TND) of the outputs in an abstract way. So the development
started by asking two questions:

« What is the relation between novelty and technological evolution?

« How can estimate the novelty degree of a technological system?

III. 2. 1. 1. 2. 1. Technological Evolution and Novelty

The main feature of detecting design creativity is novelty (newness) [Batey 2012] [Fryer 2012]
[Runco 2012]. Technological design (engineering design) obeys a technological evolution theory
(TET) similar to Darwin’s theory of evolution in biological population. Since the technology is
defined as the practical application of existing knowledge [Merriam-Webster 2014],
technological evolution is concerned with the process by which the changes happen in new
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designs over time [Merriam-Webster 2014], i.e. technological evolutions are based on the
changes occurring in technical characteristics of existing systems. With this perception,
although technological evolutions are done by different projects for different targets, the novelty
appears as the first categorical, pervasive dimension of technological evolutions. Technological
novelty should be evaluated in an abstract way, without considering the positivity or the
negativity of evolutions. According to the definitions of novelty in the literature (c.f. I11.2.1.1),
and by considering novelty as a criterion of inventive effectiveness, it is understood that novelty
evaluation is comprised of the comparisons between outputs and goals of a design project. In
regard with the proposed definition of non-obviousness (c.f. 1I1.2.1), novelty comparisons are
made between outputs in the real world and the expectations based on the knowledge of skilled
users. So new systems (solutions) must be different (dissimilar) from existing systems
(solutions) that are known as the references of novelty comparisons. In this work, creating
dissimilarity from existing solutions during design projects by design activities are known as
the changes occurring in technical characteristics of systems.

The measurement of technological novelty consists of three dimensions (properties) [Fig.34]:

« Time of occurrence of the changes occurring in technical characteristics of systems;
« Amplitude of the changes occurring in technical characteristics of systems;
« Magnitude of the changes occurring in technical characteristics of systems;

In this regard, technical characteristics of technological systems are the first and prominent
issue to be studied in construing the changes through the three principal dimensions of novelty.
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Fig. 39. The principal dimensions of technological novelty measurement.

III. 2. 1. 1. 2. 2. Technical Characteristics of a System

Technical characteristics of a system is defined by the applied knowledge during design phase.
Bobrow 1984 [Bobrow 1984], is one of the first authors who studied technical characteristics of
technological systems. He described technical characteristics by three viewpoints including
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functional, behavioral, and structural characteristics. Later, some other authors such as Gero
[Gero 2004], Suh [Suh 2001], Hatchuel [Hatchuel 2010], developed their own models based on
Bobrow’s technical characterization that allowed them to establish some systematic analyses
(c.f. I1.2.1.1) for verifying systems at the macro and the micro layers. Arthur 2007 [Arthur
2007] also expressed that any technological system is made for a particular purpose. He said
any system is an architectural combination of its components through embedding scientific
principles and phenomena [Arthur 2007]. A system during its operation exhibits its own
behaviors by a set of entities that are connected in a meaningful way [Zhang 2011]. System
operations are done by transferring certain input objects and/or energies into certain output
objects and/or energies by which the specified functions are carried out [Fig.35]. In addition of
considering functional, behavioral, and structural aspects for characterizing technological
systems, in this work, some information of operational environment (super-
system /environment of technological systems) are also taken into account as the fourth aspect
of the characterization [Tab.24].

Technological system

behavior | System operation | Structure

1
1 | ]
' [ ]
' [ ]
1 [ ]

1
' System .
. function '
[ ]
! 7'y 1
! 3 :
] © % '
, Energy —> § e —— Energy '
' 3 '

1
Input object — = Output object "
! put oot System |_ | system put object |
: :
' [ ]
' [ ]

Fig. 40. A schema of the relationship between functional, behavioral, structural, and environmental aspects within

a system.

Tab. 24. The four aspects of system characterization;

No. The characterization aspects of a technological system
1 Functional characteristics
2 Behavioral characteristics
3 Structural characteristics
4 Environmental characteristics

As mentioned above, at the first, for characterizing each aspect of a technological system, we
need to identify related properties (property objects) and their values (property attributes)
[Fig.36]. Studying technical characteristics of technological systems allows identifying the

changes occurring by new designs, and consequently developing novelty metrics.
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Fig. 41. The characterization of technical aspects within any system is involved with identitying related

properties.

From this section of the manuscript, the term ‘system’ is used for
addressing mono-functional systems, i.e. the systems with only one
function for delivering. Hence, the systems with more than one
function are covered by the term ‘'multi-functional systems'. The
difference between both system types are clarified in the next section;

'System Function'.

III. 2. 1. 1. 2. 2. 1. System Function

Any system exists for supporting its specified function through the behavior of its structure. A
system function is the interface between the system behaviors and the system usages (in
relation with user requirements) [Bobrow 1984]. In other words, a system function is what has
been designed for satisfying a user requirement. Among different typologies for describing
system functions, the typology of Tassinari 1997 [Tassinari 1992] has been one of the most
authentic and popular categorizations. Tassinari in his method [Tassinari 1992] — functional
analysis — categorized all system functions into principal, constraint, and complementary types.
The principals cover those functions of a system that are designed to satisfy user requirements.
The constraint functions are those that limit designers to design according to a given condition.
So the constraint functions deal with operational conditions of systems that must be strictly
considered during problem-solving. The operational conditions can be related to operational
environment, technology, company’s strategy or the markets. The complementarie functions
are those that facilitate, improve, or complete principal functions [Tassinari 1992].

On this basis, in order to accurate the measurement of novelty (TND), in this work, all
functionality within a system — from technical to physical layers — are defined in seven
categories:

1. Main Useful Function (MUF);

2. Main Complementary Function (MCF);
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3. Loading/Discharging Function (LDF);

4. Environmental Constraint Function (ECF);
5. Control-Command Function (CCF);

6. Indicating Complementary Function (ICF);
7. Discrete Supplementary Function (DSF);

. Main Useful Function (MUF): this function type is the basic function of a system.
All other function types within a system are in relation with the MUF, and/or exist for
supporting this function type directly or indirectly. Eliminating the MUF of a system
frustrates the main objective of its design, and the other function types (except DSF).
Indeed, the MUF justifies the existence of the other function types on a system. The
systems with more than one MUF are defined as multi-functional system. Two MUF's within
a system (multi-functional system) work separately without interfering each other like their
relationships with other function types. Identifying any function within a system is done
by verifying three elements; its main function (MF), its useful objects (UO), and its main
criteria (MC). Concerning the MUF, the two latest elements (UO and MC) are named as
the main useful objects (MUO), and the main useful criteria (MUC). Identifying the MUF
within technological systems allows regrouping systems into different product families
[Tab.25].

= Main Useful Function (MUF) is the related task to the main useful function (MUF).

= Main Useful Object (MUQO) refers to the objects of a MUF. A MUQO appears as the
specified input/output of a system. MUQOs are not the components of a system. A MUO
can be a substance (water), an energy (electricity), a feature of substances or energies
(heavy water/extra-low voltage), space, or time that is received and delivered by
technological systems.

= Main Useful Criteria (MUC) refers to the related criteria that deal directly with the
main useful functions (MUF).
Tab. 25. Example of the MUF within a system;

Example: Main Useful Function (MUF) Case study: Tumbler stainless steel cup for car

- Main Useful Function (MUF): Containing edible liquid;
= Main Useful Object (MUO): Edible liquid as the input and the output;
= Main Useful Criteria (MUC): Volume;

Description: Containing edible liquid is the main function of the system. This means

that without containing edible liquid, the system is useless. The elimination of ‘
containing function frustrates other function types within the system, even those

functions that don’t need edible liquid for operating (constraint functions). Because
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the system is a mono-functional system. The volume is the main criterion (MUC) of

containing.

. Main Complementary Function (MCF): this function type includes the
complementary functions regarding the MUF. It refers to those functions of a system that
interact directly with the main useful objects (MUQ) in order to enrich the main useful
function (MUF). A MCF becomes useless without its MUF [Tab.26]. The main object (UO)
of a MCF is same as the MUO of its MUF. A MCF also may be a feature of its MUO

which is considered for system operation.

Tab. 26. Example of the MCF within a system;

Example: Main Complementary Function (MCF) Case study: Tumbler stainless steel cup for car

MCF:: Maintaining initial temperature of edible liquid;
MCF2: Securing liquid transfer via cup lid and its valve;
= UO of MCF:: Liquid temperature;

= UO of MCFa: Liquid transfer;

= MC of MCFi: Temperature, Pressure, Time;

= MC of MCF2: Gravity, Pressure;

Description: Maintaining initial temperature of liquid (MCF) makes sense if the ‘
system can contain some liquid (MUF). In addition, maintaining temperature »
(MCF) has a direct interaction with liguid as the MUO of the MUF. i.e. the main
object of the MCF is liquid temperature (Liquid temperature is a feature of liquid).

The main criteria of this function are the external temperature, pressure and time.

. Loading/Discharging Function (LDF): this function type refers to those functions
that are defined to put MUO (or its features) in (loading) or out (discharging) of a system
[Tab.27]. This may include the UO of MCF.

Tab. 27. Example of the LDF within a system;

Example: Loading/Discharging Function (LDF) Case study: Tumbler stainless steel cup for car

LDFi: Transferring edible liquid in the cup via the mouth of cup;

LDF2: Transferring edible liquid out of the cup via the mouth of cup;

LDF;: Transferring edible liquid out of the cup via the mouthpieces on the cup lid;
- UO of LDF123: Edible liquid;

= MC of LDFi23: Flow rate, Gravity;

Description: Loading and discharging are done via the mouth of the cup when taking liquid

position up. However, a cap — with different mouthpieces — is designed to manage the
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LDF. In this case, edible liquid is the UO of the LDF. Also the main criterion (MC) is the

flow rate.

o« Environmental Constraint Function (ECF): this function type refers to those
functions of a system that undertake unavoidable interactions with system environment
(the super-system of systems). The ECFs are the functions that derive from the
environmental condition when a system is in use. An ECF prepares the necessary condition
according to system environment for carrying out other functions within a system. Hence,
designers are usually obliged to consider this function type within systems to obtain MUFs,
MCFs, LDFs, and the others (ICFs and CCFs). Indeed, the ECFs are the ancillaries of the
other function types for obtaining them by preparing adaptive actions. In this manuscript,
the objects of system environments — including substances, phenomena, and energies — are
named Super-System Objects (SSO) [Tab.28]. The identification of an ECF is done by
verifying the indispensability of considering it to achieve other functions, and its ancillary

role regarding other functions.

Tab. 28. Example of the ECF within a system;

Example: Environmental Constraint Function Case study: Tumbler stainless steel cup for car

(ECF)

ECF:: Holding cup via the cup’s handle;

ECF2: Holding cup via the seating area at bottom of body-shell;

ECFs3: Holding cup via the wrapped area around the body-shell;

UO of ECFi23: The mass and the position of tumbler and liquid;
MC of ECF 23 Wight, gravity, dimension of seating area;

Description: Holding cup is an unavoidable function for providing the system
operation or using the MUF of the tumbler cup. Holding the tumbler cup in a
static position is an ancillary role to benefit from containing edible liquid (MUF).
In this case, holding function has been supported by three sub-systems as for three
holding ways. In fact, the need to consider some operational conditions for
exploiting the MUF (containing edible liguid) imposed holding cup. However
specifying car as the system environment limits system interactions with

environmental objects (SSO) including cup car tray, deriver’s hand claws (human

hand claws), and the shakes of taking ride in car. The main criteria (MC) of this

case are; weight, gravity or the center of mass, dimension of seating area, and etc.

. Indicating Complementary Function (ICF): this function type refers to those
functions of a system that are considered to indicate its behavioral and/or structural states.

An ICF has a duty to express the operational state of related components regarding energy
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flows and/or input objects (MUO/UO). Any sub-system — related to MUF, MCF, LDF,
ECF, CCF, and even ICF — within a system may be equipped with the indicating
instruments (ICF) [Tab.29]. So the identification of an ICF is done by verifying the
specified indicators of systems, the objects of indicators (its UO), and the criteria of

indicators (its MC).

Tab. 29. Example of the ICF within a system;

Example: Indicating Complementary Function (ICF) Case study: Tumbler stainless steel cup for car

ICF1: Digital liquid-level indicator via the LED screen;

ICF2: Digital temperature indicator via the LED screen;

= UO of ICF: Liquid-level within the tumbler cup;

= UO of ICF2: Liquid temperature within the tumbler cup;

= MC of ICFi: The sensitivity of sensor to detect an upper free surface and repose to a
peak;

= MC of ICF2: The sensitivity of sensor to exhibit temperature and alarm a large;

Description: The indication of liquid-level and/or liquid-temperature via the LED screen

imply the ICF type embedded on the tumbler cup. However, the temperature indicator
is for the MCF (maintaining initial temperature), and the liquid-level indicator is
concerned with the MUF (containing) of the system. The UO of both indicators are
liquid-level and liquid-temperature. Also, the MC of the both indicators are the

sensitivity of related sensors to detect and repose to a peak.

. Control-Command Function (CCF): this function type refers to those functions
of a system that allow signaling and/or commanding actions along system operation by a
foreign agent. Commonly this function type is known as control-command interfaces that
are designed for operators and/or consumers. A CCF within a technological system is used
for controlling system operation according to user decisions [Tab.30]. Any sub-system —
related to MUF, MCF, LDF, ECF, ICF, and even CCF — within a system may be equipped
with the control-command interfaces (CCF) [Tab.30]. So the identification of a CCF is
done by verifying the specified control-command interfaces of systems, the objects of

control-command interfaces (its UO), and the criteria of control-command interfaces (its

MC).

Tab. 30. Example of the CCF within a system;

Example: Control-Command Function (CCF)  Case study: Tumbler stainless steel cup for car
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= CCF: The buttons of turning on/off heating system on the tumbler cup;
= UO of CCF: Turning on/off heating system;
= MC of CCEF': Electronic signal, Signal transmission, Current, Voltage;

Description: In this case, heating system of the tumbler cup is under control via

a button on the control-command box (below the indicating instruments).

However, the heating system embedded on the tumbler cup is a MCF type. The
button of turning on/off on the black box imply the CCF embedded within the
tumbler cup. The UO of controlling-commanding is turning on/off heating
system. The MC of controlling-commanding are the current and the voltage of

signals.

. Discrete Supplementary Function (DSF): this function type refers to those
functions that don’t have any relation with the other function types embedded within a
system. Detecting a DSF within a system means that the system is a multi-functional
system. However, a DSF is less important than the MUF for user and/or designer. A DSF
is a foreign function that has been attached to a system and turned it into a multi-
functional system. In other words, a DSF is another MUF that serves users separately out
of the specified scenarios for the premier MUF and its related function types. A DSF may
have its own users, because the manipulation of a DSF is independent without taking the
premier MUF into operation. So a DSF can be used by anyone including user, consumer,

operator and even those who has no deal with the other system functions [Tab.31].

Tab. 31. Example of the DSF within a system;

Example: Discrete Supplementary Function (DSF) Case study: Tumbler stainless steel cup for car

- DSF: Embedded watch on the shell body;

- UO of DSF: Time; Sy
= MC of DSF: Battery life, Voltage;
Description: The LED watch on the body-shell of a mug can serve any user who reads ‘ g

it (make interaction with it). In this case, it is sufficient to be located in the same

environment for using the LED watch (reading clock or the LED lighted branches).

III. 2. 1. 1. 2. 2. 2. System Structure

Any complete system for supporting its function uses substances (matter) and energies,
however some energy types don’t need any substance for transferring. The structural aspect of
technological systems refers to the physical and also the architectural properties of these
matters that are known as system components. So characterizing the system structure is
involved with the properties such as assembled piece, connection type, chemical element,
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material structure, formation, dimension, size, color, density and etc. Since the term component
is used for both monolith and assembled parts in some literature [Brimble 2000] [Fenves 2008]
[Labrousse 2008], in this work, any monolith part is known as entity. Hence, the term system
structure refers to a set of integrated entities. The changes occurring in this characterization-
level (structural) have been known by different authors as wvariety [Shah 2003] [Shah 2000]
[Verhaegen 2013], because the novelty comparison needs the systems (references) with same
mechanism (same functions and same behavior). The characterization of structural entities is
based on the identification of physical-architectural properties and their values [Fig.36]
[Tab.32]:

. System Structural Properties (SSP): the physical-architectural properties of a
structural entity within a system.

e  Structural Property Attributes (SPA): the values (attributes) of physical-
architectural (structural) properties within a system.

Tab. 32. Example of the SSP and the SPA within a system;

Example: Body-shell as an structural Case study: Tumbler stainless steel cup for car
entity
System Structural Properties (SSP) Structural Property Attribute (SPA)

Material Stainless steel, SST-304

Chemical element The alloy of:
Carbon 0.08 max. 0.03 max.
Manganese 2.00 max. 2.00 max.
Phosphorus 0.045 max. 0.045 max.
Sulfur 0.030 max. 0.030
max.
Silicon 0.75 max. 0.75 max.
Chromium 18.00-20.00 18.0-20.0
Nickel 8.00-12.00 8.0-12.0
Nitrogen 0.10 max. 0.10 max.
[ron Balance Balance

Geometry Code CAD according to ISO 10303-203 (AP203)

Dimension 63.5mm high by 44.5mm diameter

Weight approximately130 grams

Color Silver gray body

Assembled pieces « Top edge as the provider for Mouthpiece

» Bottom edge as provider for Heater body-shell
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« Height 58.3mm to 53.2mm as consumer for
Knob
« Height 58.3mm to 49.5mm, as provider for

Control-command box

III. 2. 1. 1. 2. 2. 3. System Behavior

The behavior of a technological system refers to the mechanism of supporting its function
through its structural components [Zhang 2011]. Any system consists of certain entities by
which it illustrates its behaviors to achieve its functions. Each structural entity within a
technological system has its own specific behavioral role during system operation [Zhang 2011]
[Bobrow 1984]. So the characterization of behavioral aspects of any technological system is
based on identifying the structural entities and verifying their operational mechanism:

. System Structural Entities (SSE): the structural entities that are involved with
accomplishing a system function.

o Operational Property Attributes (OPA): the values (attributes) of operational
properties along system operation.

The behavioral characteristics within a system derives from the state-changing of structural
entities during system operations. Since just the passage of energy across structural entities
causes their state-changing physically, chemically, and geometrically [Bobrow 1984] [Altshuller
1988], characterizing system behaviors lies on verifying the determinant moments of this
passage. Any structural entity of technological systems exposes its behavior — or takes a
different state — when receives, conducts, and/or transmits energy flows [Tab.33] [Fig.37].
Receiving energy, transiting (conducting) energy, and transmitting energy to another
contiguous entity are the three phenomenal actions that occur for any structural entity during
system operation. Indeed, this process with a certain repetition accomplishes system operation
and consequently system function [Fig.38]. In this regard, if the existence of energy and entity
(substance) is considered as the necessary condition of system behaviors by the energy
reception, transition, and transmission, it can be said that scientific and engineering
phenomena (physical effects) are the sufficient condition of these actions [Fig.39].

Tab. 33. The phenomenal actions of energy flow across structural entities;

Phenomenal action between
No. Description
substance and energy

1 Reception When a structural entity receives a flow of energy from the outside;

When a structural entity conducts a flow of energy access itself as an
2 Transition
energy-carrier;

3 Transmission When a structural entity transmits a flow of energy outside of itself;
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Reception Transmission
of energy of energy

Structural Entity

Input energy ———» W —— Output energy

Transition
of energy

Fig. 42. The behavioral condition of a structural entity within a system.

System
Energy Reception Reception Reception Reception Energy
| Entity 1 — »| Entity2 [—p nmn Entity i — #| Entity i+1 nmm ——pl Entity n £
Receptipn Transmission Transmission Transmission Transmission Transmission
Transition Transition Transition Transition Transition

Fig. 43. Tracing energy-flow path along the chain of structural entities within a system.

Energy reception Energy transmission
through Sc. phenomena through Sc. phenomena

Structural Entity

Input energy —————» W—P Output energy

Substance

Energy transition
through Sc. phenomena

Fig. 44. The reception, the transition and the transmission of energy by a structural entity through scientific

phenomena.

Therefore, the awareness about establishing scientific effects helps to identify the mechanism
(solutions) applied for ensuring system behaviors. Accordingly, identifying the reception-
transition-transmission of energy across any structural entity is based on verifying three

elements:

1. Type of energy (input and output): Verifying the type of input/output energy of a
structural entity during system operation. Different forms of energy are categorized in

seven main types [Tab.34] [Tab.38].
Tab. 34. Different energy types;
No. Type of energy

1 Mechanical

(Kinematic/Potential /Gravitational)

2 Electrical
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3 Electromagnetic

(Radiation/Light)
4 Electrochemical
5 Thermal
6 Acoustic
7 Nuclear

2. Fundamental State of Matter (FSM): Verifying the fundamental state of the structural
entities during system operation. All structural entities (substances) can be regrouped

in four fundamental states [Tab.35] [Tab.38].

Tab. 35. Different states of matter;

No. Fundamental States of Matter (FSM)
1 Solid
2 Liquid
3 Gas
4 Plasma

3. Scientific phenomenon (Physical effects): Verifying the scientific phenomena that cause
the receptions, the transitions and the fransmissions of energies anlog system entities

during system operations [Tab.36] [Tab.38].

Tab. 36. Some scientific phenomena occurring through receptions, transitions and transmissions of energy;
Scientific phenomena Description

Convection The movement caused within a fluid by the tendency of hotter and therefore less
dense material to rise, and colder, denser material to sink under the influence of
gravity, which consequently results in transfer of heat. [Oxford 2014] [Bergman

2011].

Condensation Condensation is the change of physical state of matter from gas phase to liquid

phase and is the reverse of evaporation [Calvert 1990].

Nuclear fusion Nuclear fusion is a nuclear reaction in which two or more atomic nuclei collide at
a very high speed and join to form a new type of atomic nucleus. During this

process, matter is not conserved because some of the matter of the fusing nuclei is
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converted to photons (energy). Fusion is the process that powers active or "main

sequence" stars [Shultis 2002].

Tonization Tonization is the process by which an atom or a molecule acquires a negative or

positive charge by gaining or losing electrons to form ions, often in conjunction

with other chemical changes [McNaught 1997].

Verifying these three elements of behavioral characteristics within technological systems gives

a comprehensive identification of applied mechanisms, as well as facilitating the inspection of

system behaviors in a common level [Tab.37].

Tab. 37. The reasons of choosing energy, scientific effects, and the state of matters for identifying the mechanism

applied in a system;

No.

The reasons for choosing Energy, Scientific phenomena, and FSM
To reduce the complexity of the identification.
To avoid from a complicate verification.

To decrease the verification level to a common level regarding the diversity of auto equipment (auto

parts).

To make a comprehensive verification. These three elements are the basis of all combinations (solutions).

Tab. 38. Example of the SSE and the OPA within a system;

Example: Behavior of the related Case study: Holding tumbler cup via its handle

structure to hold cup (function) via the

cup’s handle

System Structural Entities (SSE) Operational Property Attributes (OPA)

SSEi: Handle of cup as a monolith piece

Input energy: Mechanical-Kinematic by human

Output energy: Mechanical-Gravitational-

Potential

FSM: Solid

Physical effect: Mechanical torque/force

transmission

SSEs: Bolt and nut Input energy: Mechanical-Kinematic by handle
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Output energy: Mechanical-Gravitational-

Potential
FSM: Solid

Physical effect: Mechanical torque/force

transmission

Input energy: Mechanical-Kinematic by bolt and

nut

Output energy: Mechanical-Gravitational-

SSEs: Main body-shell Potential *

FSM: Solid

Physical effect: Mechanical torque/force

transmission

III. 2. 1. 1. 2. 2. 4. System Environment

Any technological system becomes operational in a specific condition. The term system
environment refers to the operational condition beyond system boundaries. Generally, the
environmental conditions required for system operation are defined during design phase about
what should be considered or supported to operate a system. Thus, characterizing system
environments depends on identifying the environmental objects that deal with system entities
during system operation. The characterization of system environments is based on verifying
[Fig.40]:

. Main Specific Consumer (MSC): The MSC refers to the systems or the persons
that /who are specifically defined to be directly served by the output objects and/or

behavior of a system.

. Main Specific Operator (MSO): The MSO refers to the systems or the persons
that/who are specifically defined to provide directly a system to operate.

. Super-System Objects (SSO): The SSO refers to environmental objects that
interact with system entities. Reciprocally, a system needs to interact with the
environmental objects — beyond its entities — for carrying out well its function. In this
study, the MUOs and the UOs (useful objects of different function types), the MSC (main
specific consumers), and the MSO (main specific operators) have not been considered as

the environmental objects of systems.
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Fig. 45. The relationships between a system and its environmental objects (SSO), its MSC, and its MSO.

III. 2. 1. 1. 2. 2. 5. A Model of Technological Systems

As mentioned above, any technological system exists for supporting one or some functions by
which user requirements are satisfied. Different studies on this issue [Suh 2001] [Gero 2004]
[Altshuller 1988] [Kaplan 1996] [Kerssens-van 1999] imply that the response to a user
requirement needs to design a system by functional, behavioral, and structural engineering.
Indeed, designing a system of supporting a requirement needs to design at least a functionality,
a behavioral support (energy flows), and an appropriate structural support. The chain of
designing a function, and its mechanism within a system, in this work, is named fbs-chain. In
construing the term fbs-chain, can say that any technological system is made of one or several
fbs-chains (according to the number of integrated functions within a system). Each fbs-chain
within a system is identified by only one function. Each of them utilizes one, some, or the
whole structural entities of system to achieved required (designed) behaviors (energy flows) in
a given specified condition (environment). The fbs-chains within a system are detectable
[Fig.41]. However, an entity may belongs to different fbs-chains and be shared during their
operations [Fig.42].
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Fig. 46. A set of integrated fbs-chains within a system.
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Fig. 47. The related ths-chain of the function 2 in the figure 41.

III. 2. 1. 1. 2. 3. Detection, Identification and Valorization of New
Changes

Basically, measuring the TND of any system needs to respectively detect, identify, and valorize
new outputs of inventive-design projects. So the development of novelty evaluation system
depends on clarifying how to detect, identify, and valorize new changes occurring in technical
characteristics. So dissecting technological systems on a pedigree chart as well as formulating
technical characteristics is the proposed method for evaluation technological novelty.
Valorization is the next step that allows taking into account the intensity of originalities within
new systems.

III. 2. 1. 1. 2. 3. 1. Definition of Novelty References

Boden 1999 [Boden 1999] described the dependence of novelty on the references. He stated that
the novelty of a system has a strong relationship with psychological and historical creativity
[Boden 1999]. This relates the notion of novelty to a number of references through comparison.
Since here novelty is dedicated to technological systems, the measurement refers to compare
technical characteristics of different systems. Any existing system that is generated before the
system under study, may be considered as the reference of novelty comparison. However,
considering a large number of references to compare is not easy and moreover is not rational.
Thus, identifying appropriate references limits the scope of comparisons. This guarantees the
practicability of evaluations as well as the logic of comparison. Therefore, the question is:

« What are the appropriate references for measuring novelty?

In this work, the term novelty references includes the appropriate references of a novelty
comparison. The novelty references are identified through the inspection of technical
characteristics. Focusing more on the technical characteristics implies that functional
characteristics are the critical points for selecting novelty references. Indeed, the semblance of

117 | Page



functionalities is the necessary and sufficient condition of comparing two systems. In other
words, the semblance of functional characteristics is the basis of comparing behavioral
characteristics, and the semblance of behavioral characteristics is the basis of comparing
structural characteristics. Thus, the novelty references, at the first step, are limited to those
existing systems that are designed for supporting the same function of a new system. According
to the technical characterization of technological systems (c.f. 111.2.1.1.2.2), although all
functional, behavioral, structural, and environmental aspects are considered for comparing two
systems, the MUF as the point of departure allows us clustering technological systems into
product families. The product family of a new system is the first scope of the comparisons for
evaluating novelty. Among the population of all existing systems, more appropriate references
are those that possess the same or compatible MUF of new system (system under evaluation).
Considering the MUF as the stem of defining product families leads to identify existing systems
as familial and non-familial [Fig.43]. Consequently, the dissection and the comparison of
familial systems are done by establishing a product pedigree chart (PPC) with consistent
formulation at each characterization layer [Fig.43]. A PPC, on the vertical axis, consists of

four major-layers and their sub-layers, and on the horizontal axis, demonstrates time (c.f.
111.2.1.1.2.2) [Tab.39] [Fig.43].
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Fig. 48. The dissection of a new system on the product pedigree chart (PPC).

Tab. 39. The characterization layers on the product pedigree chart (PPC);
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Product Pedigree Chart (PPC)
Major-Layer Sub-Layer Description
This layer is assigned to verify the main function of a TP/P, by which other

functions find meaning;
Main identity of

MUF
product family MUO: The main useful objects of the main useful function;
MUC: The main useful criteria of the main useful function;
This layer is assigned to verify the main specific consumers that have been
MSC
defined to consume system outputs;
Environmental This layer is assigned to verify the main specific operators that have been defined
MSO
characteristics to provide system operation;
This layer is assigned to verify the environmental objects required to system
SSO

operation;
MCF This layer is assigned to verify the main complementary functions of a MUF;

This layer is assigned to verify the constraint functions that are imposed to other

ECF
functions by environment;
This layer is assigned to wverify the loading and discharging functions of
LDF
Functional transferring objects in/out a TP /P;
characteristics This layer is assigned to verify the indicating functions of operating other
ICF
functions;
This layer is assigned to verify the control-command functions of operating other
CCF
functions;
DSF This layer is assigned to verify the discrete functions from a MUF;
Behavioral OPA This layer is assigned to verify the operational properties by function;
characteristics SSE This layer is assigned to verify all the structural entities by function;
Structural SSP This layer is assigned to verify the structural properties by entity;
characteristics SPA This layer is assigned to verify the attributes of structural properties by entity;

II1. 2. 1. 1. 2. 3. 2. Formulation of Technical Characteristics

The product pedigree chart (PPC) verifies technical characteristics of a TP /P through fourteen
layers on its y-axis. The arrangement of characterization layers on the y-axis is based on certain
criteria such as the importance of layers for a mutual recognition, the frequency and the
amplitude of new changes, and the contingency of new changes in each layer [Tab.40]. Since
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the functional layers are the critical points of comparing system mechanisms, they are verified
before behavioral and structural characteristics [Fig.43]. The x-axis of PPC is assigned to the
timeline, which gives a historical view of generating systems, emerging and/or considering
functions, and applying solutions within a family.

Tab. 40. The main criteria of arranging the characterization layers on the y-axis of PPC;
The criteria of ordering the characterization layers of PPC:

To identify a system or the purpose of a solution;

The frequency of changes occurring in each layer;

The amplitude of changes occurring in each layer;

The possible contingency in each layer;

The requisite relationship

Dissecting technical characteristics into each layer of PPC needs to follow a standard for
formulating data and presenting information. In fact, having a syntactic standard helps to
make more precise comparisons and ensure measurement accuracy. Therefore, a proper formula
with a generic syntax rule is defined for each characterization layer of PPC [Tab.41] [Tab.42]
[Tab.43] [Tab.44] [Tab.45].

Tab. 41. The standard formulas of defining/identifying a MUF;

Main identity of product family Formula

Main Useful Function (MUF) <werb to be>

Main Useful Criteria (MUC) {criterion; unit; (mazx, min)}
Main Useful Object (MUO) <input object>+<output object>

Example of defining a product

family:
MUF: <to contain>

MUC: {volume; liter; (5, 0.2)}
MUO: <edible liquid> A product family includes all the systems in the range of its defined MUF.

Tab. 42. The standard formulas of the environmental characterization layers;

Environmental characterization layers Formula
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Main Specific Consumer (MSC) v TP/Pj: { <consumers type>+<particular name of consumer>}

Main Specific Operator (MSO) v TP/Pj: { <operator type>+<particular name of operator>}
Super-System Object (SSO) v TP/P;: <environmental objects or/and phenomenon>
Description:

« At the SSO layer; the set of environmental objects of system j will be compared with the set of

environmental objects of others systems.

Example: System A MSC: {<human, driver and co-driver>}
MSO: {<human, driver and co-driver>}
SSO: <the air pressure/temperature inside couch-builder, car cup

tray, cigar lighter socket>

Tab. 43. The standard formula of functional characterization layers;

Functional characterization layers Formula

« Main Useful Function (MUF)

« Main Complementary Function
(MCF)

« Environmental Constraint Function
(ECF)

« Loading/Discharging Function (LDF)

V fi: { <verb to be>+<object>+[preposition+<engaging
piece/part>|, {criteria; unit; (mazx, min)}, {<input

objects>} { <output objects>}}
o Indicating Complementary Function

(ICF)
« Control-Command Function (CCF)
 Discrete Supplementary Function

(DSF)

Description:
o The brackets ([]) within formulas will be used only if there were more than one function with a same means,
for a same function type, e.g. transferring and holding the tumbler cup.
Example: System A
MUF:

fis- <to contain edible liquid>,{volume; cm? (350 , 0)};
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MCF:
foa- <to heat up edible liquid via heating element>,{temperature;
Celsius; (29,4 , 71)},{electric current; V=IR; (12v , -)};
fa- <to maintain liquid temperature via double-

wall>, {temperature; Celsius; (100 , -4)};

ECF:

fia- <to hold tumbler cup via cup-handle> {weight; kg; (0.55 ,
0.2)};

foa- <to hold tumbler cup via the exterior bottom side of main
body>,{weight; kg; (0.55 , 0.2)};

foa- <to plug-in/out heating system to electricity via cigar lighter
plug>, {volt; V; (12)}, {cord length; cm; (50)};

LDF:
fra- <to transfer edible liquid into the container> {volumetric
flow rate; cm?®/s; (56 , 5)};
fia- <to transfer edible liquid from container via
mouthpiece>,{volumetric flow rate; cm?®/s; (56 , 5)};
foa- <to transfer edible liquid from container via the hole of

cap>,{volumetric flow rate; cm?/s; (12, 1)};

ICF:

fioa- <to indicate liquid temperature via LED>,{power; W; (1.6 ,
1.1)}, {volt; V; (4.5,1.6)};

fiia- <to indicate operation mode via LED>,{power; W; (0.9,
0.5)}, {volt; V; (4.5,1.6)};

CCF:
fiza- <to turn-on/off heating system via manual system>,{power;
W; (1.6, 1.1)}, {volt; V; (5,2)};
fisa- <to turn-on/off heating system via automatic
system> {power; W; (2.5 , 1.8)}, {volt; V; (5,2)};
fuua- <to adjust operation mode>,{power; W; (0.9, 0.5)}, {volt;
Vi (5,2)};

DSF:

fisa- <to show time via a LED watch>,{power; W; (7 , 0.5)},
{volt; V; (21,16)};

Tab. 44. The standard formulas of behavioral characterization layers;
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Behavioral characterization layers Formula

14 flj { <€nt7:tyu, ftj>l,.,n}
System Structural Entities (SSE) or

V fi: <enginem>+ <transmitterm>+<workers;>

V fi: {(<input energy> + <reception scientific phenomena>) +
(<transition scientific phenomena> + <fundamental state of
Operational Property Attributes (OPA)
matter>) + (<output energy> + <transmission scientific

phenomena>)}

Description:

« At the SSE layer; there are two methods for listing structural entities. 1) listing all monolithic entities that
support function i of system j, 2) listing the name of parts/pieces that play the roles of <engine>,
<transmitter>, and <worker>.

« At the OPA layer; the chain of operational properties will be presented in order of listed entities at the SSE

layer.
Example: System A fia:

SSE: <interior wall>, <mouth part>, <exterior wall>, <ring>,

<heater body-shell>

OPA <interior wall, mouth part, exterior wall, ring, heater body-shell> * <mechanical,
gravity>, <pressure>, <solid>, <intermolecular force>,

<mechanical, gravity>, <pressure>

P
SSE: <plug-in fiche>,<electricity cord>,<heating element>;

OPA <pugin, cord>: <electricity>, <conductivity>, <solid>,

<conductivity>, <electricity>, <conductivity>;

OP A <heating oloment>: <electricity>, <conductivity>, <solid>,

<electrical resistance>, <thermal>, <convection>;

Tab. 45. The standard formulas of structural characterization layers;
Structural layers Formula
System Entity Properties (SEP)

{<related structural properties to entitys siyf1.n>, <attributes (values)

System Entity Attributes (SEA) of structural properties>}
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Example: System A foa:

{SEP, SEA }pugin ficne: {geometrical dimension, AP203-
STEP},{material, ABS}, {color, black};

{SEP, SEA }cora: {length, 0.9m},{material, copper+PLA}, {color,
black}, {dimeter wire, 3mm}, {geometry of section, AP203-STEP},
{conductivity level, 5.96x 107 S/m at 20°};

{SEP, SEA }eating clement: {length, 0.5m},{material, aluminum}, {color,
silvern}, {dimeter, 9mm}, {geometry of section, AP203-STEP},
{conductivity level, 3.50x10”S/m at 20°};

During the characterization of a new technological system on its related PPC, emerging any
new node in each characterization layer signifies the dissimilarity — or difference — at that layer
vis-a-vis existing familial systems. Generalizing the comparison to a universal scope including
all existing systems means comparing new systems with all existing systems even beyond their
familial systems.

III. 2. 1. 1. 2. 3. 3. Valorization of New Changes

Among the existing measurement methods of novelty, few ones have considered the importance
of new changes occurring by a new design [Shah 2003] [Howard 2008] [Sarkar 2011]. The
common point of all these methods is that they assigned different scores (weights) to the
different layers of technical characterization layers qualitatively or quantitatively. Shah et al.
[Shah 2003] assigned the scores 10, 7, 3, 1 respectively to physical, working, embodiment and
detail layers, and some others like Howard et al. [Howard 2008] used the terms original,
adaptive, variant to indicate respectively the importance of changes in behavioral, functional,
and structural characteristics. By the way, it is obvious that the value of changes regarding

different characterization layers is not same, and raises this issue:

« What is the impact of changes occurring at each characterization layer on the intensity of
novelty?

According to the studies of Howard et al. [Howard 2008] and Sarkar 2011 [Sarkar 2011], who
considered the changes occurring in behavioral characteristics more important than the changes
occurring in functional and structural characteristics, in this work, the behavioral, functional,
and structural changes are evaluated respectively as high, medium, and low factors for affecting
novelty magnitude [Tab.46].

Tab. 46. The importance of changes occurring in each major-layer to intensity TND;

New changes occurring in technical characteristics Affecting TND
Functional characteristics Medium
Behavioral characteristics High
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Structural characteristics Low

In addition of Howard’s classification, Sarkar et al. [Sarkar 2011] argued that functional
changes may be evaluated more important than behavioral changes if a new system is designed
to fulfill a new function. In fact, this situation emerge when a new system proposes a new
function to industrial processes or social/personal lives for the first time, e.g. watching
television in 1928. On the other hand, Althsuller et al. 1999 [Altshuller 1999, classified new
systems according to the applied knowledge for designing them. This classification was based
on the field and the history of solutions that are used to fulfill functions. Accordingly, reusing
those knowledge that have been used already to design a system — or solution — intensifies

novelty degree less than using new scientific discoveries [Tab.47].

Tab. 47. The classification of new solutions according to the applied knowledge. Source: [Altshuller 1999];
New changes (solution) occurring within a new system Classification

Level one
The applied change (solution) is well known within the specialty
(non-significant)

The applied change (solution) is well known within the industry, i.e. new solution was
Level two
applied already in the same technology.

The applied change (solution) is well known outside the industry, i.e. new solution was
Level three
applied already in other sectors (technologies).

The applied change (solution) is well known as a new principle (science) that not used )
. . Level four
within any system, i.e. new solution emerge for the first time by applying new science.

The applied change (solution) comes from a recent scientific discovery, i.e. new solution is Level five

based on a recent scientific (principle) discovery. (most significant)

By studying these classification methods, a combination of them was considered and developed
for valorizing different changes occurring within technological systems. Looking in more detail
at these classification methods gives three conceptions for developing the valorization of new

changes:

1. The impact factor of each characterization layer can be defined in relation to the other
layers;

2. The impact factor of technical changes can be defined differently in familial and non-
familial scope of the comparison;

3. The impact factor of technical changes can be defined differently in different industrial
technology sectors, e.g. electronic, chemical, metallurgic, petrochemical, leathery,

medical, and etc.;
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In this regard, according to the generic classification [Tab.48] — as mentioned above — the

changes occurring in behavioral characteristics of systems intensify technological novelty more

than the changes occurring in functional and structural characteristics respectively.

Remembering the argument of Sarkar et al. [Sarkar 2011] about the creation of new functions

limits this generic classification to the comparisons in familial scope. The assigned scores to

this generic/major classification (8) respectively are defined as |1.x10", |1.x10?|, and |1.x107|.

e B;: The generic value of new changes occurring in the functional characteristics of a new

system in a familial scope;

e 8 : The generic value of new changes occurring in the behavioral characteristics of a new

system in a familial scope;

e B85: The generic value of new changes occurring in the structural characteristics of a new

system in a familial scope;

o Familial scope: the scope of novelty comparison when the comparison is limited to the

familial products of a new system, i.e. there are similarities in universal scope and not in

familial scope;

o Universal scope: the scope of novelty comparison when the comparison is extended to the

existing systems beyond product family, i.e. there is not any similarity in familial scope,

nor in universal scope;

Tab. 48. The classification of new changes occurring at the major layers in a familial scope;

New changes occurring in Generic classification in The assigned score to the generic values of new
technical characteristics familial scope changes (B)

Functional characteristics Medium Br = 1.x10°

Behavioral characteristics High Br = 1.x10*

Structural characteristics Low Bs = 1.x10°

The generic classification is considered as the basis of classifying different conditions that

emerge by taking into account both; the changes occurring in different aspects (functional,

behavioral, structural), and the scopes of novelty comparison. These conditions are defined for

a fbs-chain, and listed in ascending order of importance to intensify novelty [Tab.49]:

1. New fbs-chain is designed to fulfill a function that has already been considered in

familial scope, by applying a mechanism that has already been applied in familial scope,

and by changing a structural attribute that does not influence system mechanism;
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10.

11.

12.

13.

New fbs-chain is designed to fulfill a new function in familial scope, by applying a
mechanism that has already been applied in familial scope, without changing any

structural attributes;

New fbs-chain is designed to fulfill a new function in universal scope, by applying a
mechanism that has already been applied in familial scope, without changing any

structural attributes;

New fbs-chain is designed to fulfill a new function in familial scope, by applying a
mechanism that has already been applied in familial scope, and by changing a structural

attribute that does not influence system mechanism;

New fhs-chain is designed to fulfill a new function in universal scope, by applying a
mechanism that has already been applied in familial scope, and by changing a structural

attribute that does not influence system mechanism;

New fbs-chain is designed to fulfill a function that has already been considered in
familial scope, by applying a new mechanism in familial scope, without changing any

structural attributes;

New fbs-chain is designed to fulfill a new function in familial scope, by applying a new

mechanism in familial scope, without changing any structural attributes;

New fbs-chain is designed to fulfill a new function in universal scope, by applying a new

mechanism in familial scope, without changing any structural attributes;

New fbs-chain is designed to fulfill a function that has already been considered in
familial scope, by applying a new mechanism in familial scope, and by changing a

structural attribute that does not influence system mechanism;

New fbs-chain is designed to fulfill a new function in familial scope, by applying a new
mechanism in familial scope, and by changing a structural attribute that does not

influence system mechanism;

New fbs-chain is designed to fulfill a new function in universal scope, by applying a new
mechanism in familial scope, and by changing a structural attribute that does not

influence system mechanism;

New fbs-chain is designed to fulfill a function that has already been considered in

familial scope, by applying a new mechanism in universal scope;

New fbs-chain is designed to fulfill a new function in familial scope, by applying a new

mechanism in universal scope;
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14. New fbs-chain is designed to fulfill a new function in universal scope, by applying a new

mechanism in universal scope;

Tab. 49. The ranking of different conditions that emerge by new changes occurring in a fhs-chain;

The ranking of different Function Function Function
conditions regarding novelty  is not new in is new in is new in
of a fbs-chain familial scope familial scope universal scope
- 2 3 Structure is not changed

Mechanism is not new

in familial scope . A Structure is changed without

[

influencing mechanism

6 7 8 Structure is not changed
Mechanism is new

B ] o Structure is changed without
in familial scope 9 10 11

influencing mechanism

Mechanism is new
12 13 14
in universal scope

Assigning the scores to the major-layers, and classifying different conditions that emerge by
the changes occurring in new systems, facilitate the classification of sub-layers.

Concerning the functional aspect of technological systems, the function types are classified
among each other in a generic way. However each one may be evaluated differently in
accordance with the purpose of their usage within a system. Since the MUF is defined as the
identity of systems or the blazon of families, it is known as the high important function type
that intensifies novelty (with a score of puy, = 1597). Further, the MCF because of its special
relationships with the MUF is ranked as the second high important function type to intensify
novelty (with a score of up = 8). The ECF (with a score of uys = 7) is placed after the MCF,
and the LDF (with a score of uy; = 5) is ranked as the fourth booster of novelty value. The
ICF (with a score of pps = 3) and the CCF (with a score of pps = 3) are ranked in the fifth
place together. The DSF (with a score of uy = 1.5) is known as the lowest important function

type within technological systems [Tab.50].

Tab. 50. The classification of the function types according to their general importance within a system;

o Assigned score in Assigned score in
The ranking of function type (i) )
familial scope (W)  universal scope (pu)

1 Main Useful Function (MUF) p = 1597
Functional
2  Main Complementary Function (MCF) pe = 8 Mo = Mr. 107
characteristics
3  Environmental Constraint Function (ECF) My =7
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4 Loading/Discharging Function (LDF) W=5

5 Indication Complementary Function (ICF) M =3
6 Control-Command Function (CCF) Mo = 3
7 Discrete Supplementary Function (DSF) pwr = 1.5

By extending the scope of comparison from familial (u;) to universal (u.), the score of each

function type increases a hundred times (u, = py . 100) [Tab.50] [Equ.7].

Hu = M¢. 100
W, : The value of considering/defining a new function in universal scope;

H¢: The value of considering/defining a new function in familial scope;

Equ. 7.

Concerning the behavioral characteristics, since they makes sense with tracing energy flow
along physical components, the changes occurring in behavioral characteristics are valorized
by verifying the applied solution for receiving, transiting, and transmitting energy by each
physical part (the smallest physical part is named structural entities, i.e. monolithic parts) (c.f.
111.2.1.1.2.2) (c.f. . 111.2.1.1.2.2.2). In this regard, the behavioral elements (E, FMS, ScPh.) (c.f.
111.2.1.1.2.2.3) are the first objects of classifying new mechanisms (solutions). The change of
one of the behavioral elements often is sufficient to say that the method of flowing energy is
changed, i.e. a new mechanism has been applied for transferring energy. However, in most
cases, changing one of these behavioral elements changes the other behavioral elements. In
addition, in some cases, changing structural properties and their attributes (SPA) affects
energy flows, without changing any behavioral elements [Tab.51]. So the comparison of
behavioral newness needs to count how many changes are applied for proposing a new
mechanism regarding the energy type (E), the states of matter (FSM), the scientific phenomena
(physical effects) (ScPh.), and the structural properties/attributes (SSP and SPA) (c.f.
111.2.1.1.2.2.3).

Tab. 51. The change occurring in structural property (SPA) affects system behavior without changing any of the

other behavioral elements (E, FMS, ScPh.);

Example: Changing structural properties with affecting energy flow Case study: Windshield wiper blade

along system operation
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Description:

The change occurring in the number and the 3D shapes (dimension) of entities affects the flow of energy. This

causes a difference in regard to the distribution of energy on the blade and consequently on the windshield.

Concerning the winter blades, the beam structure distributes the arm pressure to an infinitive number of points

to optimize the windshield contact and pressure, whiles for the summer blades, excessive potential is being

exerted to specific pressure points.

Summer blades

~

¥ : Flow of energy

Winter blades

0¢¢00‘¢00c0;¢““'

The classification of the behavioral elements among each other in relation to their influence on

novelty is not evident. Therefore, the values of changing each behavioral element (E, FMS,

ScPh.) is considered equal (with a score of Ay = 2), and the value of changing structural

properties and their attributes (SPA) is considered lower than the behavioral elements (with

a score of Ay = 1.5) [Tab.52]. Moreover, according to Althsuller et al. 1999 [Altshuller 1999],

the proposed mechanisms (solution) for supporting a function are evaluated in three scopes:

1. New mechanism is the same of a dissimilar function;

2. New mechanism is an application of existing sciences (existing knowledge);

3. New mechanism is an application of existing sciences that are discovered and developed

by same design team (project, enterprise).

Tab. 52. The classification of the hehavioral elements according to their influence on novelty;

Applying new

mechanism

FSM

There is a new
solution to use instead
of an existing solution

for supporting a

function

Score in familial scope

(3N)
A= 2
A = 2

New solution has
already been
applied for
supporting another

function

}\113 == E}\t .2

New solution is
obtained by
developing non-
applied but existing

sciences

Score in universal scope

(A)

}\116 = E}\f .4

New solution is
obtained by
discovering and
developing non-
applied and non-

existing sciences

}\117 = EN 6
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Behavioral  Sc¢Ph. Az = 2

characteristics
SPA At = 1.5

F -h entit,
.or .eac sl o — (<input E> + <reception ScPh> + <transition ScPh> + <FSM> + <SPA>)
within a system

Concerning the structural characteristics, since changing them refers to the changes occurring
in the structural properties and their attributes without affecting mechanism [Tab.53], we need
to count how many changes have been applied in a new design regarding the SPA and the SPP
(c.f. 111.2.1.1.2.2.2) of an existing mechanism. This definition includes all the changes about
physical properties without affecting system behavior. In most cases, the structural changes
include changing the attributes (values) of structural properties, because changing a structural
property often results a new mechanism. The assigned scores to a structural change is defined
in relation to the scores of functional and behavioral characteristics regarding the influence on
novelty (with a score of 8 = 2) [Tab.54]. Changing structural attributes is known variety in

this work.

Tab. 53. New structural characteristics refers to those changes occurring in structural properties (SPA) without

affecting system behavior;

Example: Changing structural properties without affecting energy flow Case study: Steering column switch

along system operation

Description:

The changes occurring in 3D shape (dimension and geometry) of the entity A (as new design) vis-a-vis B (as
existing design), and/or the entity C (as new design) vis-a-vis D (as existing design) do not affect the flow of
energies and consequently their system operations. In both cases, the ascii code (attribute of geometry), and the

size (attribute of dimension) are changed.

Tab. 54. The importance of changing structural attributes regarding their influence on novelty;
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A structural property of an existing system (existing fbs-chain)

Applying new structure has taken a new attribute (value).
(6)
Structural
SPA 6=2
characteristics

Furthermore, since the required effort to generate new ideas in different technology sectors are
not same, the novelty value (TND) of new systems regarding their technology sectors should
be normalized. The coefficient of normalizing each novelty score, in this work, is named
creativity roughness index (CRI) (1) and its calculation is based on the number of the registered
patents in different well-known technology sectors [Equ.8] [Appendix.B|.

e Creativity Roughness Indexr (CRI) indicates the difficulty or the speed of idea generation
in an industrial technology sector. This coefficient is different for different sectors and
depends on the average probability of the idea generation (inventing) in each technology
sector. Since the research advancement and discoveries are used to invent, the nature of
the major science used in a technology sector is one of the main factors for determining its
CRI. On this subject, the international, multinational, and /or national standards — such as
ISO, CEN, NF — are the secondary factor for determining the CRI of each technology
sector.

xi= (Pi/ p)

T= (Xi‘ Xmiu) / (Xnmx‘ Xmin)

T : The creativity roughness index (CRI) of sector i;

x; : The creativity roughness of sector i before normalization;

Pi: The average of registered patents in the related section of sector i;

pi: The registered patents in sector i according to the international patent classification
(IPC);

Section : A section in the international patent classification (IPC), e.g. A;

Sector : A group in the international patent classification (IPC), e.g. B60 that refers to
vehicles in general;

Equ. 8

Clarifying the classification of changes occurring in different characterization layers allows
estimating the novelty value of new designs. The scores given to each technical characteristic
are based on deductive reasoning. In addition, they have been chosen so that they can visualize
the variations at the major layers relative to each other more specifically [Tab.48].

ITI. 2. 1. 1. 2. 4. Calculation of Technological Novelty Degree (TND)

The calculation formula of measuring TND takes into account respectively the score of
functional novelty, the score of behavioral novelty, and the score of structural novelty [Equ.9].
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TNDa =T ((Bf Zil ul) —l_ (Bb ij )\uj-p-fj) —|_ (Bs an ek))

TND, : Technological novelty degree of system a;

T. : Creativity roughness index of the related technology sector to design system a;

B¢ : The assigned score to any new change occurring in the functional characteristics;

B, : The assigned score to any new change occurring in the behavioral characteristics;

Bs: The assigned score to any new change occurring in the structural characteristics;

Wi : The assigned score to a new function (i) applied in system a, {new functions : [i , 1]};

Ay - W@ The assigned score to a new behavior applied for supporting a function (j) of system
a, {functlons with new mechanism : [j , m|};

Ox : The assigned score to a new attribute of structural property k applied in system a,

{structural properties with new attributes : [k , n]};

Equ. 9. Technological novelty degree of system a.

Consequently, the outputs of TND calculation formula [Equ.9] is studied by a numerical
simulation. The TND of 300 examplairs (systems) (repetition) has been simulated by
considering the possibility of maximum 10 new changes for each functional and behavioral
characteristic, and 1000 new changes in structural aspect of a system [Fig.44] (each examplair
is a repetition of the simulation code). This numerical study illustrates that according to the
scores given to different characteristics, the novelty value at each major layer varies total TND
in accordance with deductive reasoning between them [Fig.44].
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Fig. 49. The range of variation of TND at each major characterization layer and totally obtained from a
numerical simulation with 300 repetitions.

For example, by considering a new principal function (MUF) in universal scope within system
i, the TND records a jump of 159.7 degrees. The TND of 300 cases with a new MUF in universal
scope has varied between [159.79, 259.973] units [Tab.55]. The changes occurring in the
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behavioral aspect of system i is changed between [2.4, 125.1], and the changes occurring in the
structural aspect of system i is changed between [0.001, 0.993] [Fig.44] [Tab.55].

Tab. 55. The statistical data of measuring the TND of 300 samples by a numerical simulation;

TND at TND at TND at TND of systems with
TND
Statistical data functional behavioral structural | a new MUF
tota
aspect aspect aspect in universal scope
Min
0.3 2.4 0.001 0.108 159.702
(new system)
Max 172.5 125.1 0.993 259.973 259.973
Mean 47.182 23.276 0.503 70.961 184.913
Variance 5066.618 909.466 0.085 5833.849 749.612
Standard
71.1802 30.1573 0.2921 76.3796 27.379
deviation

The means and the standard deviations of novelty values in each technical aspect show well
the novelty ranking by assigned scores according to the mentioned deductive reasoning of
technical change in each technical aspect [Fig.44] [Tab.55].

IT1. 2. 1. 1. 3. Procedure of TND Measurement

The technological novelty degree (TND) of a system is evaluated in five steps [Fig.45]:

1. Data collection;

2. Reference selection;
3. Comparison;

4. Scoring;

5. Calculation;

6.

Ranking regarding other systems;
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Fig. 50. The procedure of measuring the TND of a system.

. Data Collection: At the first step, the technical data applied on the system under
evaluation (new system) must be collected. According to the classic approach, these data
are collected by dissecting new systems on a PPC, in accordance with the characterization
layers and their syntax rules, layer by layer (c.f. 111.2.1.1.2.2). According to the second
approach, instead of verifying comprehensively all technical characteristics of a new system
and collecting data, the data collection is limited to the claims of changes occuring in a
new systems. However, the classic approach is more appropriate to make a reference
database of technical characteristics of existing systems, the second approach shortens the

length of evaluation as well.

. Reference Selection: Reference selection as the second step of the procedure looks
for identifying comparable systems with the system under evaluation. The comparable
systems with a new system, in this work, is named nowvelty references that are selected on
the basis of their similarities with with the new system. Detecting functional similarity
between systems is the main issue of reference selection. Accordingly, comparing structural
characteristics needs to the similarity of functional and behavioral characteristics. The main

activities of this step are respectively:

= Defining the MUF of product family (the MUF of PPC);

Detecting the novelty references of each characterization layer;

. Comparison: Detecting and identifying any similarity between two systems needs to
compare and highlight their differences. The lack of similarity with novelty references in

each characterization layer is the desire condition of novelty comparison.
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. Scoring: By identifying technical differences of a new system with its novelty
references, new changes occurring in each layer should be scored [Tab.48] [Tab.50] [Tab.52]

[Tab.54] and putted into the calculation formula [Equ.9].

. Calculation: Applying the calculation formula [Equ.9] to estimate the total novelty
value of a new system is the last step of TND measurement procedure. Since the calculation
formula is an accumulation of defined scores according the changes occurring by new
designs, the final scores builds up strong credibility for ranking familial systems against

each others.

. Ranking: The calculation formula of the TND gives the possibility of ranking familial
systems against each other regarding their novelty degrees. Since the MUF is considered
as the identity of a product family, defining the MUF of a family have a strong impact on
the TND measurement. Thus, ranking of a system against others in the universal scope is
not always credible. The incredibility of universal ranking can be eliminated by

standardizing the definition of product families.
III. 2. 1. 1. 4. Case Study of TND Measurement

For clarifying the measurement method of TND, this section provides some examples of
different changes occurring within technological systems. For facilitating the measurement, the
structural entities are analyzed through considering the three generic parts of any complete

system (engine, transmitter, and worker) by Altshuller [Altshuller 1988].

Tab. 56. Two case studies of the TND measurement;

Case study of

MUF of Functional Behavioral Structural CRI
No. TND TND
related PPC  characteristics  characteristics characteristics (¥
measurement
Penltis same as There is not any
to detect proximity familial
sensor on a ICF in car
b distance Sensors reference to
umper car
- . ] B62
(US 4855736 A, 1959) (electronic) measure variety
9606.10
Novelty proximity new in familial new in familial 0.02
References Sensors scope scope
1
TND = 103, (u(;) 107 (16).( u(;) -

Description:

Since the distance detection has been
considered already by existing systems
from other product families, the car
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parking sensor is known as a new function
in familial scope.
e TND: = 10%. (ps) = 0.003

Since the parking function already was
carried out by driver him/herself, there is
a behavioral novelty at least in familial
scope. In addition, since the distance
detection by electronic signal is used by
some other existing system in universal
scope, the behavioral novelty is considered
in category: Ay
1. The engine part: Transferring data to
deriver’s senses;
YA = (24+24+2+0+0) =6
2. The transmitter part: Transferring data
from bumper car to the automatic
announcing device;
YN = (04+0424040) = 2
3. The worker part: Verifying the distance
of bumper to obstacle;
YN = (242424040) = 6

o TNDy = 10, (8).(2).( us) = 4.8

Since the system mechanism is new, there

is not any reference to verify structural

changes.
Pneumatic -
& a MCF in a car
LS comfortable

(US 5104 A, 1847)

Rubber tire

Novelty
on wooden not new
References
rim
TND - 0
Description:

Since the comfortable movement has heen
considered already by existing systems in
familial scope (by rubber tire), the system
function is not new.

e TNDr =0

Since the comfortable movement already
was supported by rubber tires, but
through a different mechanism, the system
mechanism is new. In addition, since the
pneumatic tire was developed for the first

time through using the pneumatic science

 surface must be vertical

0.5-0.7m

three sensors T

ik %

03-04m

There is not any
same as air-
familial
supported
reference to
structure (1970)
measure variety B6O

88.107
new in universal 0.005

scope
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and air pressure by Robert William
Thomason himself, during this inventive
project, the behavioral novelty is
considered in category: Ay
1. The engine part: Connection point
between tire and wooden rim;
YN = (04+04+04+040) =0
2. The transmitter part: Transition of
force to the tread area;
YA = (04+0+2+2+1.5) = 5.5

3. The worker part: Connection point

between tire and ground;
YA = (04+04+0+0+0) =0

o TNDy = 10, (5.5).(4).( w2) = 17.6

Since the system mechanism is new, there
is not any reference to verify structural
changes or variety.

III. 2. 1. 1. 5. Technological Novelty Indicators

On the basis of all the studies, modeling, and developments for measuring technological novelty
degree, eighteen indicators have been defined to be considered by design teams in order to
enhance their creative activities, and so intensify the TND of outputs [Tab.57].

Tab. 57. The key indicators of novelty in a mono-functional system with monolithic structure;

Impact level

No. Design’s Indicators of Novelty
(degree)
1 Principal (MUF) 1.597
2 Complementary (MCF) 0.008
3 Constrain (ECF) 0.007
Supplying a new function
4 Load/Discharge (LDF) 0.005
in familial scope
5 Indicating (ICF) 0.003
6 Control-command (CCF) 0.003
7 Discrete (DSF) 0.0015
8 Supplying a new function in universal scope multiplies functional novelty by 100 x100
9 Applying a new mechanism, Through changing energy type 0.2
10 Through changing FMS 0.2
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i.e. changing the amount, pattern, Through changing structural
11 0.2
or transfer method of energy flow  property/attribute

Through changing the scientific
12 0.15
phenomenon of energy flow

Applying a mechanism that is used for supporting another function multiplies
13 x2
behavioral novelty by 2

Manipulating an existing science that is developed by another team (project)
14 x4
multiplies behavioral novelty by 4

Manipulating an existing science that is developed by same team (project)
15 x6
multiplies behavioral novelty by 6

Through changing the value of a structural

17 Varying a structural attribute 2.x10%
property
[3, 100]%
18  Technological field of design activity Depends on

technology sector

III. 2. 1. 2. Technological Resourcefulness

Technological resourcefulness, in this work, refers to the concept of ¢deality in the engineering
design. The term resourcefulness expresses the perception of ideality as a principal criterion of
inventiveness-based effectiveness (c.f. II1.2.1). The resourcefulness of a technological system
depends on the ideality of the mechanism (solution) applied for supporting system function
(problem/function) during problem-solving/design phase.

III. 2. 1. 2. 1. An Overview of Ideality in Technological Design

Ideality in design is a concept derived from idealization in philosophy, which possesses a serious
argument in natural sciences. Philosophers since 1980s recognized the importance of
idealization in science [Weisberg 2007]. N. Cartwright, E. McMullin, L. Nowak, Immanuel
Kant, S. A. Kierkegaard, E. A. Singer, Jr., W. Wimsatt and M. Weisberg are those who largely
contributed to this argument. M. Weisberg 2007 [Weisberg 2007], discussed that during this
long quest, despite the enormously disparate characterizations and the lack of convergence,
idealization activities can be clustered around three idealization types; Galilean, Minimalist,
and Multiple-models [Weisberg 2007]. The Galilean idealization describes grasping the real
world from which the idealization takes its origin [McMullin 1985]. The minimalist idealization
includes only the core casual factors that make a difference between the occurrence and the
essential characters of a phenomenon and give rise to the phenomenon. The multiple-models
idealization represents the efforts for idealizing highly complex models that consist of several
minimalist idealizations with different phenomena [Weisberg 2007]. In design, G. Altshuller
1984 [Altshuller 1984], concerning inventive activities and the engineering design, argued that
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all existing technological systems evolve toward ideal systems. He mentioned ideality as one of
the fundamental concepts of his theory of inventive problem-solving (TRIZ). TRIZ model starts
problem-solving through a problem analysis in which the problem-solver should define the ideal
final result (IFR) as the most desirable solution for a given condition. Later, Suh. N. P. 1990
[Suh 1990], in his method; Aziomatic Design, tried to establish a mathematical foundation of
systematic design which is based on matrices [Equ.10]. The objective was to improve the
ideality of systems through analyzing their parameters. In this regard, he defined two axioms
to identify a good design from bad ones. The first axiom states that within a system, each fbs-
chain (c.f. I11.2.1.1.2.2.5) should satisfy its related function without affecting other fbs-chains.
The second axiom is about minimizing the information content of design. So, in axiomatic
design, an ideal design occurs when the number of design parameters is equal to the number
of functional requirements, i.e. when [A] turn into a unit matrix [Suh 1990] [Equ.10].

[FR] = [A].[DP]

[FR]: The matrix of functional requirements which are specified for a system;
[A]: The matrix of design elements matrix;
[DP]: The matrix of design parameters including physical characteristics;

[DP] = [B].[PV]

[B]: The matrix of behavioral characteristics;

[PV]: The matrix of process variables;

Equ. 10. The matrix model of design formalization in axiomatic design. Source: [Suh 2001]

Overall, in view of these perceptions, it can be concluded that in the engineering design, firstly,
the idealization means reducing the gap between a current system and the ideal expectations
[Haag 2007]. Secondly, the idealization activities are involved with all three idealization types
in natural sciences. And thirdly, design parameters are the main factors of technological

evolution toward ideal systems. In order to get deeper into this issue, three questions are raised:

« What does ideality signify in technological design?
o What does design parameter mean?
« What is the role of design parameters to evaluat ideality?

Clarifying these questions paves the way of developing ideality metrics. Since the inventiveness
is interpreted as the significant evolution toward ideal ones, inventive design is inferred by an
ideal selection. The ideal selection is the main dominant law of the stages and the gates during
design phase (c.f. 11.2.3). It implies the tendency of technological evolution to emerge inventive
systems. The ideal selection helps to understand and guide idea generations and further idea
selections at the invention phase. It justifies new designs and illuminates the path of
technological evolution. Equipping the ideal selection with the forecasting methods makes it
easier to find the right direction for evolutions. Technological evolutions emerge gradually by
the changes — encompassing both incremental and radical improvements — in order to approach
ideal systems. Logically, the ideality values of familial systems (different solutions of a same
problem /function) should be increased over the timeline [Fig.46]. Therefore, measuring ideality

ensures relevant evolutions of new systems.
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Fig. 51. The ideality of familial systems should be improved by inventive design.

In the literature, an ideal system is defined as an ultimate objective or the aim of performance
arisen from a mental image that exists only in a fantasy world or imagination [Blosiu 2000].
An ideal system fulfills its specified functions at the right time and at the right place without
applying any substance and/or consuming energy [Petrov 2005]. In real world, the idealization
activities seek to fulfill requirements with the least dependency on materials and energy. This
effort focuses on decreasing the dependency of existing systems for approaching ideal ones. So
the ideality of a system is perceived as the success rate of idealization activities during design
phase. Furthermore, ideality measurement in the engineering literature is based on a generic
formula; the ratio of useful functions to harmful functions [Equ.11] [Altshuller 1984] [Petrov
2005].

Ideality = SUF/yHF

Ideality: The success rate of idealization activities during design phase {Ideality — oco};
UF: The useful function of a system, {S;UF — the maximum possible};
HF: The harmful function of a system, {SUF — 0};

Equ. 11. The generic formula of evaluating ideality in engineering.

This signification of ideality in engineering aligns ¢deality with the concept of ‘easy to use’ or
‘ease of use’ (EOU). Davis 1989 [Davis 1989], defined EOU as the degree to which a person
believes that using a particular system would be free from efforts. The tendency of ideality for
increasing useful functions versus decreasing harmful functions illustrates well the willingness
to supply functional requirements freely, i.e. a new system without any harmful effect or
resource consumption. Here, the term harmful function (HF) includes all expenditures and
losses by the existence of a system to accomplish specified requirements. In contrast, the term
useful function (UF) signifies all the acquirable benefits from a system. Despite the same
perception in the literature on ideality, there are few methods that allow measuring ideality in
a practicable way [Regazzoni 2008] [Shephard 1990] [Petrov 2005] [Blosiu 2000] [Ionescu 2008]
[Adams 2009] [Livotov 2008]. Blosiu et al. 2000 [Blosiu 2000], by the same definition of ideality
suggested an approach to quantify and measure evolution level. According to their method,
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the degree of approaching an imaginary ideal system is estimated by dividing the sum of all
useful functions by the sum of energy, the sum of weight, the sum of resources — including
incurred cost —, the sum of volume, the sum of time, and the sum of effects [Blosiu 2000].
However, Blosiu et al. did not describe the denominator elements, it is evident that their
selection brings some bugs, especially regarding volume, weight, and time. One of the good
points of their method is the suggestion to establish a road map from the current states — of a
system for supporting a function — to the art and the imaginary ideal states (systems). This
proposition leads to develop technologies’ road map by forecasting the characteristics of future
systems.

Adams et al. 2009 [Adams 2009], discussed a computer-aided approach which was based on
text mining for extracting patent data. Their computer-aided approach had been prepared to
generate hierarchical, functional and physical models of patents with an estimation of ideality
degree. The remarkable thing about their novelty evaluation is that they used the number of
functions and structural components within a patent to estimate ideality degree, i.e. dividing
the number of functions by the number of components at each functional and physical
hierarchical level [Adams 2009).

Petrov et al. 2005 [Petrov 2005] enumerated the ways of increasing ideality by a logical
argument regarding the numerators and the denominators of the ideality formula. Their
objective was to ensure approaching the ideal objects (ideal substance, ideal form, and ideal
process) that do not exist physically, but their functionalities are carried out completely. The
functionality in their argument refers to the physical properties such as solidity, density,
impenetrability, elasticity, corrosion, electro-conductivity, and chemical resistance, that all
were highlighted for the substances, without giving some other examples in relation to the
forms and/or the processes.

III. 2. 1. 2. 2. A New Framework for Measuring Resourcefulness

Based on the existing researches and the meaning of ideality in engineering design, a new
measurement framework is developed by this work. This effort aims to clarify the measurement
of ideality, put in place a practicable method, and adapt the metrics of resourcefulness to the
other measurement frameworks of this work (novelty, usefulness). The measurement of
resourcefulness relies on the analysis of design parameters, and uses the generic formula of
ideality in engineering [Equ.11]. The design parameters in this argument refers to the technical
and physical parameters that have arisen from the interactions between substances and
energies. Since inventive design is concerned with improving ideality (resourcefulness level) of
new systems, design activities endeavor to approximate design parameters to their ideal values
[Fig.47].
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Fig. 52. The design parameters as the principal factor of measuring technological resourcefulness.

III. 2. 1. 2. 2. 1. Parameters of a Technological System

The request of a function flows energy and starts the operation of related fbs-chain within a
system (c.f. [11.2.1.1.2.2.5) [Fig.41]. The flow of energy within a system causes the interactions
between structural entities (substances) to each other and to system environment
(environmental objects) [Tab.58]. Although a designed interaction within a technological
system (interior and exterior) will be useful to achieve a specified function, it may be harmful
simultaneously for achieving some other system functions. For example, the fraction as an
interaction of pneumatic tires with asphalt plays a useful role for decelerating cars, however it
has a harmful effect on fuel consumption and/or acceleration. Furthermore, a technical
interaction in real world does not operate with the highest efficiency as well as the expectations
in ideal conditions, e.g. the standard conditions for temperature and pressure. Thus, the
implication of a technical interaction is far from free (ideal) operation in real world. According
to this feature, Cavallucci et al. 2007 [Cavallucci 2007] used the concept of partial solution in
their problem-graph analysis to consider both useful and harmful sides of existing mechanisms
[Tab.59]. They also, in their inventive design method which is based on TRIZ (IDM-TRIZ),
described technical interactions by defining two parameter types; action parameters (AP) and
evaluation parameters (EP) [Cavallucci 2007].

o Action parameters (AP) derive from functional requirements and includes the acts that
designers desire to support them.

e Evaluation parameters (EP) derive from the action parameters and covers all physical-
chemical and/or even phenomenal parameters that are in relation to action parameters.

EPs disclose physical characteristics and the measurement unit of an AP [Cavallucci 2007].
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Tab. 58. Technical interactions between substances by energy flows and scientific phenomena;

An interaction between two substances

An interaction between two substances

Two interactions between two substances

Substance!

S

A multi-interaction between substances

Schematic description

EnergyField 1

Interaction
Ph. effect

g, 3,
5E %%
&/ %%
S/ A
Substancel Flow of energy Substance2
S1 Interaction Sz
Ph. effect
EnergyField 2
EnergyField 1 EnergyField 3
1 =
3 fy
2, 58 %,
2% 3% %
»\e 55 2%
Flow of energy Substancez Flow of energy Substanced Flow of energy Substanced
Interaction Sz Interaction 3 Interaction 4
Ph. effect Ph. effect Ph. effect
= -
2,
X o
%% 2%
RACY %
EnergyField 2 EnergyField 4

Cavallucci et al. in IDM-TRIZ [Cavallucci 2007] tried to formalize both useful and harmful

effects of an AP. They proposed multi-contradictions — based on the contradiction matrix of

Altshuller [Altshuller 1999] [Altshuller 1984] — and illustrated the paradoxical condition of all
related EPs to each value orientation (Va' / Va’) of an AP within a system [Fig.47] [Tab.59].

Indeed, taking each orientation of an AP into account may affect certain physical parameters,

physical effects/phenomena and/or some other interactions positively or negatively [Fig.47].

Since detecting the ideal orientation of an EP is the first step of measuring resourcefulness,

this formalization was considered as the basis of our evaluation method. In this regard, it can

be concluded that the satisfaction of an EP at each value orientation (Va®/ Va’) of an AP

implies the ideal orientation of the EP regarding the AP.
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Fig. 53. The formalization of conflicts between the interactions of a substance by Cavallucci et al [Cavallucci

2011].

Tab. 59. The definitions of AP and EP in IDM-TRIZ. Source: [Cavallucci 2007];

Technical-Physical

Parameters

Action Parameter (AP)

Evaluation Parameter

(EP)

Description

The functional requirements and/or the
partial solutions that are considered for
designing a tbs-chain within a system. The
action parameters can take two opposite
orientations (Va' and Va) that affect other
interactions, and

physical phenomena,

physical parameters.

All the interactions, physical phenomena,
and physical parameters that are affected by
an AP are known as EP in the related
contradiction. The EPs derive from APs.
They are related to the opposite orientations
of APs due to their satisfaction and/or

dissatisfaction.

Example:
Coil spring tool for GM cars and light
truck doors (It is used to remove and

install door hinge springs)

Changing the stiffness of the spring is
considered as an action parameter (AP)
that can take two opposite orientations
as being soft (Va') or hard (Va).

The physical parameters of keeping the
hinge of doors are known as the
(EPs)

stiffness  of

evaluation parameters for

changing the spring
including the force and the pressure of
spring. The force of keeping the hinge
ensures installation and uninstallation,
and the pressure on the hinge should
not damage the hinge spring by deep

claw marks.
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II1. 2. 1. 2. 2. 2. Ideality of System Parameters

After clarifying the definition of system parameters, it is necessary to detect and measure
beneficial and detrimental aspects of technical interactions in accordance with the classical
formula of ideality measurement [Equ.11]. Any interaction within a generated system could
have been an AP of IDM-TRIZ during design phase. Thus, in general, being a beneficial or
detrimental interaction depends on three factors:

» Quality of interactions;
o Amount of benefits from interactions;
o Amount of resources used or expenditures by interactions;

The quality of an interaction refers to the validation level of a designed interaction. However,
the verification and the validation of a new design is possible only by implementing conceptual
specification. Indeed, the validation level indicates the degree of compliance after implementing
conceptual design in real world. Therefore, the validation level depends on:

o The implementation of design specification;
« The achievement of specified function/task completely;
« The satisfaction of designer’s expectation/imagination;

Although the verification and the validation of the two first criteria (the implementation of
conceptual design, and the achievement of specified function) are possible, the tacit aspect and
the variety of imagination (expectation) from one designer to another one impedes the
validation of the third criterion (designer’s imaginations). In order to overcome this problem,
the quality of an interaction is limited to the validation of implementation and task
achievement. So the quality of an interaction is defined in a Boolean logic with two-elements;
0 and 1 (incomplete and complete) (or false and true) [Equ.12] that express respectively non-
operational and operational states after implementing design specification.
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o A designed interaction/system W have quality (W=1) if all n sub-interactions/systems of

system operation (w;and w;j) are accomplished completely (wi=1) and (w;=1), {1 <i < n},

{1 <j<n}

e A designed interaction/system W does not have quality (W=0) if one of n sub-
interactions/systems of system operation (w;or w;) is accomplished incompletely (wi=0) or

(wi=0) {1 <i<n}, {l <j<n}

o Complete accomplishment means a system/interaction in the operational state, i.e. system

can be operated and accomplishe specified function without any disruption;

o Incomplete accomplishment means a system/interaction in the non-operational state, i.e.

system cannot be operated and accomplish specified function;

Equ. 12. The quality of implementing a technical interaction/technological system in this work.

The amount of benefits from an interaction is defined as all the benefits of a fbs-chain from an
interaction. On the other hand, the amount of resources used and/or expenditures incurred by
an interaction is defined as its detriments to related fbs-chains. Measuring these amounts lies
on analyzing the ideal figures of EPs. Moreover, the satisfaction and the dissatisfaction of an
EP in relation to each contradictory orientation of an AP is defined respectively as the

consistent and inconsistent tendencies of EPs [Fig.49].

o Consistent tendency of an EP leads to a positive evolution on technology roadmap, which

amplifies the ideality of accomplishing an AP;

o Inconstant tendency of an EP leads to a negative evolution on technology roadmap, which

weakens the ideality of accomplishing an AP;
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Fig. 54. The consistent and inconstant tendencies of EPs regarding the opposite orientations of an AP.

So, as mentioned before, the ideal figures of EPs are defined according to their consistent
tendency with an AP. Accordingly, the ideal figure of different EPs is presented in two

categories; maz-ideal and min-ideal [Fig.50].

e Maz-ideal category refers to those EPs that are targeted to be increased (— o0o) by
idealization activities, and evolve toward a more profitable (less costly) EPs for their related
APs.

e Min-ideal category refers to those EPs that are targeted to be decreased (— 0) by
idealization activities, and evolve toward a more profitable (less costly) EPs for their related
APs.

Indeed, both maz-ideal and min-ideal EPs tend to their ultimate ideal value (UIV). The UIV
of an EP is known as the roadmap of technological evolution. The UIVs of several EPs in a
fantasy world tend to infinity and/or zero. However, applying these values are not possible in
real world and seem as an oversimplification to attribute technological evolution roadmap. In
this regard, the estimation of UIVs in real world is based on the technological forecasting.
Learning about the ultimate ideal value (UIV), the actual value (AV), and the initial value
(IV) of an EP allows calculating beneficial and detrimental amounts regarding an AP [Fig.50].

o Ultimate ideal value (UIV): the ultimate value of an EP is its ultimate ideal figure that can

be imagined (estimated) by forecasting methods for new next evolutions. The UIV is the

less costly value of an EP during evolution trajectory;
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o Actual value (AV): the actual value of an EP is a factual value that derive from the most

inventive solutions applied for an AP (an existing EP);

e Initial value (IV): the initial value of an EP is the introductory value of an EP that derive
from the earliest (first) solution applied for an AP (an existing EP). The IV is the most

costly value of an EP during evolution trajectory;

According to these definitions, the benefit amount from an EP is equal to what has been
obtained toward its UIV [Fig.50]. Also, the resource used and/or the expenditures incurred by
an EP is equal to what has not been obtained rather than its UIV [Fig.50]. This approach looks
for measuring how far is the distance from the AV of an EP to its IV and its UIV. The
difference between AV and UIV imposes costs on APs and/or declines the accomplishment of
APs. In other words, the distance between AV and UIV demonstrates the disability of solution
to avoid resource consumptions (substances, energies) and/or harmful effects (failures/declines)
for accomplishing an AP. Whilst the difference between AV and 1V demonstrates the capability
of a new solution to avoid resource consumptions (substances, energies) and/or harmful effects
(failures/declines) for accomplishing an AP. In fact, the difference between AV and IV is what
idealization activities have obtained during problem-solving regarding the elimination of
expenditures to the extent possible. In this argument, despite the distance of IV-AV causes
resource consumptions and expenditures (dissatisfaction side), simultaneously it supports
related APs (satisfaction side). However, applying energy and substances are crucial to carry
out APs, their absence get rid of costs. The failure of proposing solutions with ideal EPs (failure
to reach UIV) (distance of AV-UIV) is considered as detriment amounts. The benefit and the
detriment amounts of an EP are named respectively earned and unearned values in this work
[Fig.50]:

e Earned value (eEP): the earned value is the distance or difference between IV and AV of
an EP,

e Unearned value (UEP): the unearned value is the distance or difference between AV and
UIV of an EP;

IV of EP; AV of EP, UIV of EP,

A max-ideal EP I eEP, ' uEP, I

- »
L >

Consistent tendency to an ideal figure
Minimum value of EPa ¥ 9 Maximum value of EP,

IV of EPy AV of EPy UIV of EPy

A min-ideal EP I eEPy ' uEPy I

& =
L 4

) Consistent tendency to an ideal figure -
Maximum value of EPp Minimum value of EPs

Fig. 55. The typology of evaluation parameters (EPs) and their features regarding technological evolutions.
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III. 2. 1. 2. 2. 3. Calculation of Technological Resourcefulness Degree
(TRD)

On the basis of the definitions given above for useful function, harmful function, and design
parameters, the calculation formula of technological resourcefulness degree (TRD) is developed.
Calculating the TRD of a system starts by learning about the IVs and the AVs of system EPs.
This allows forecasting the UIVs of EPs. Since the EP values possess different units, the uEP
and the eEP values must be normalized. The calculation of the earned value and the unearned
value of EPs is the step before calculating TRD [Equ.13].

For max-ideal EPs:

EP, =1 AV
W= 2T Qo
For a min-ideal EPs:
EP, = ( |AV| )
W= Quv =)

uEP:: The unearned value of evaluation parameter i (EP;)

For both max-ideal and min-ideal EPs:
eEPl- =1- UEPl'

eEP;: The earned value of evaluation parameter i (EP;)

Equ. 13.

The ideality of an EP is calculated by dividing its earned value by its unearned value [Equ.14].

Ideality degree of EP; = eEP; / uEP; |

Equ. 14.

Dividing the sum of all earned values by the sum of all unearned values within a system figures
out the TRD of the system [Equ.15].

TR,D;\ = (ZeEPij / ZUEPI])]_OO

TRD,: Technological resourcefulness degree of system a;
EPj: EP; of function j within system a, {i: [1, m]}, {j: [1, n]};
eEP;: Earned ideality by EPjy;

uEP;: Unearned ideality by EPy;

Equ. 15. Technological resourcefulness degree of system a.

In the meantime, forecasting UIV is the critical point of TRD measurement. Forecasting UIV
plays an important role to have a credible resourcefulness evaluation. Moreover, it helps to
describe relevant growth discipline of variables (logistic growth curves) for studying further
evolutions [Marchetti 1979] [Modis 2007] [Fig.51]. From the early 1960s, S-curves and develop-
curves have been employed for technological forecasting [Ayres 1969] [Kucharavy 2011]
[Kucharavy 2009]. A technological logistic S-curve represents the growth trajectory of future
systems in a product family according to their evolution of performance index [Fig.51]. The
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logistic law of a growth shows that technological evolutions grow exponentially. The growth
trajectory of a product family starts at the moment of launching the earliest system of family,
however the first system may be a continuous succession of other close families (S-Curve
jumping/genetic mutation) according to their MUFs (c.f. 111.2.1.1.2.2.1) [Fig.52]. Concerning
the idealization of familial systems, EPs proceed toward their UIVs by successive generations.
Forecasting the UIV of EPs within an existing system means defining the ultimate range of
EPs that may appear in a most ideal system through redesigning, i.e. defining the EPs of a

most ideal system in familial scope.

X

Rate of growth

Cumulative growth

Natural growth of technical characteristics for a product family

Timeline
Fig. 56. The rate of growth shows a normal distribution and the cumulative growth traces out an S-curve. Source:

[Modis 2007].

Product family j

MUF; is close to MUF;

Natural growth of technological systems

Timeline
Fig. 57. The S-curve jumping by the continuous succession of idea generation in technological evolution. Source:

[Modis 2007].
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In logistic models, the forecasting formula consists of certain variables [Equ.16] [Fig.53].

04)

N = K t—t, ) (0. 1
(t) _E{m[ —eXp(T-lt_tmD]+ }

In a simple form:

K
N(® U Teoh

For N(t)<<k:
N(t) — eat+B

N(t): Growing variable at time t;

k: Asymptotic limit of growth (carry capacity);

At: Duration of evolution growth with evolution wave;
twm: Midpoint time when the curve reaches k/2;

e: A numerical value of approximately 2.71828;

a: Growth rate parameter;

B: Location parameter; (t,,) when the curve reaches k/2;

Equ. 16.

Saturation: a priory unknown
A asymptotic limit of growth

- /-

‘Midpoint: inflection point
(point of symmetry)
T ] ' Growth time: the time

i needed for growing from
10% of K to 90% of Kk

K/2

_ Growth rate function

.
=

Timeline

0 tiv tav tm tuiv

Fig. 58. A simple logistic S-curve. Source: [Kucharavy 2011].

N(t) and k respectively refer to the AV and the UIV. At presents the evolution period that
since it is not same for different technology sectors, there needs to be adapted according to the
growth period in related technology sector. For example, the length of technical revolution in
chemistry, electrotechnical, and machinery according to the study of Scaron is sixty years
[Scaron 2010]. t indicates the date of new generation or AV. tiy and tuw are respectively related

to the date of initial generation, and the date of ideal generation on the growth trajectory of a
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product family. In this work, since it was confirmed by different studies that the major growth
of a technological S-curve emerges from 10% to 90% of «x, IV and UIV are respectively
considered equal to 0.1k to 0.9x. In a simple form of the forecasting formula, a specifies the
width or the steepness of S-curves [Equ.16]. (e.g., a = 0.15 means approximately 15% growth
per time fraction). So a is frequently replaced with a variable that qualifies the time required
for growing from 10% to 90% of limit (0.1k to 0.9k) [Lynch 2001] [Fig.53]. And B specifies the
time (tw) when the curve reaches the midpoint of growth trajectory [Lynch 2001].

I11. 2. 1. 2. 2. 4. Procedure of TRD Measurement

The technological resourcefulness degree of a system is estimated in five steps [Fig.54]:

1. Detection of the fbs-chains within system;
2. Identification of APs and related EPs;
3. Learning about the AV and the IV of EPs;
4. Forecasting the UIV of EPs;
5. Normalization and calculation;
6. Ranking;
APsand EPs | —_—
M S— (
/Ir AVs and IVs
| o
|
| |
| |
/ Starting TRD \ Detection of Identification Learing about Forecastin Calculation of / \ll
} measurement of a - system I APs and b | IVand AV of | ! UV ;1E‘P%‘ | eEPs and = | Ranking —p[ End
\ system j fbs-chains related EPs Eps s uEPs
.l 1) .l 1) L i 1) L 1) L 1 ) U i L
S S \ S N
Technical characteristics \ TRD of technological
of familial systems systems

Fig. 59. The procedure of measuring TRD of a system.

. Detection of the fbs-chains within system: At the first step, the sub-systems of a
system should be detected. Detecting the fbs-chains of a system facilitates identifying APs
and EPs.

. Learning about AV and IV of EPs: AV and IV are the raw materials of TRD
measurement. Although learning about AV is available immediately by verifying the
specification of a system under study, learning about the IV of an EP may take time. The
IV of an EP is the value of a similar EP in the primitive familial system. The term primitive
refers to the earliest system (solution) of on the growth trajectory of related product family.

. Forecasting UIVs of EPs: Forecasting UI'Vs needs to develop its S-curve model in
four steps; a) defining growing variable, b) selecting time series data such as the length of
technological revolution and the time of midpoint on the S-curve, c¢) learning about IVs,

AV and a, and d) estimating the upper limit (ceiling) for growing variable.
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e Calculation: The earned and the unearned values of EPs (eEP and uEP) are
calculated at this step [Equ.13]. This leads the measurement toward final calculation for
presenting TRD [Equ.15].

. Ranking: Ranking is the tailing act after measurement. It makes sense with the TRD
of other systems on a same growth trajectory (product family). Then, it is said that the
familial systems with higher TRD have been designed in a higher resourcefulness capability.

II1. 2. 1. 2. 2. 5. Case Study of TRD Measurement

For clarifying the measurement method of TRD, certain systems of a product family have been

chosen:

« Four models from DVD product family (DVD-5-R, DVD-5-RW, DVD-10-RW, and DVD-
18-R);

o Product family identification: the MUF of DVDs is: <to store binary data
(bits)>,{capacity, GiB, (1.36 , 17.8)}, {read speed, MB/s, (0.83 , 1.39)};

o Other close product families: all digital storage devices including magnetic tapes, hard disc
drives, RAM, flush memories, and above all Compact Disks (CDs).

The DVD-1 is the earliest system of the product family (on the growth trajectory) that causes
an S-curve jumping from Compact Disk family (CDs). In this case, since the major growth of
a technological evolution emerges between 10% and 90% of k during delta t, the EP values of
DVD-1 (AV) are considered as 0.1k that tend toward an ideal value equal to 0.9« as the UIV
of the product family [Tab.60]. The TRD of each DVD demonstrates the ideality and/or
resourcefulness capability of that DVD, and moreover the consistency of each generation with
the inventive evolution road map [Equ.17] [Tab.60]. Considering a same EP for different AP
(function) ensures taking into account the impact of each EP on the resourcefulness of a system,
and the credibility of TRD measurement [Tab.60].

o TRDpvpsrssse = (1.08/8.41).10° = 13

o TRDpvpsrwssst = (1.20/9.30).10° = 13
« TRDpvpaorwpsst = (1.56/8.94).10*> = 17
« TRDpvpasirssse = (2.03/7.46).10° = 27

Equ. 17.

The TRD of the DVD-5-R SS SL and the DVD-5-RW S5 SL are the same value, despite the
DVD-5-RW SS SL possesses two functions more than the DVD-5-R SS SL (rewriting and
erasing). The DVD-10-RW DS SL with the same functions as the DVD-5-R SS SL obtains a
higher TRD because of a good evolution on storage, and reading speed. Concerning the DVD-
18-R DS DL, despite the removal of rewriting function, it obtains a higher TRD vis-a-vis the
DVD-5-RW SS SL and the DVD-10-RW DS SL [Equ.17].

Tab. 60. Technical characteristics of the specified systems for TRD measurement;

Example: TRD measurement Case study: Four DVD models
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System

Interact
DVD function EP type EP AV v UIv ubEPr eEP
with
(AP)
ligital
to store (f_ig"l ! maxideal capacity 4.37 GiB 1.36 GiB 12.24 GiB 0.64 0.36
iles
minideal  weight 13 g 15 g 1.6 g 0.97  0.03
QAr QK Qe
N it N 10935.88 10935.88 1o15 )
to mobilize . minideal  surface ) N o Ty 112 0.12
files mm mm-°
minideal  thickness 1.2 mm 1.2 mm 0.13 mm 1.12  0.12
DVD-5-R
to writ digital ideal linix 77 MB/min 0 414 MB/min 081  0.19
g e axideal spee / / . .
SS SL 0 write filos maxide speed in 1x min MB /min min
ligital 50
to read ;ii ' maxideal speed in 1x 79 MB/min KIB Jmin 450 MB/min ~ 0.82  0.18
to put in driver minideal  weight 13 ¢g 15¢g 1.6 g 0.97 0.03
to rotate in  driver minideal  weight 13 g 15¢g 16 g 0.97  0.03
to bring out . . . .
. driver minideal ~ weight 13 ¢g 15¢g 1.6 g 0.97 0.03
Tom
digital . . . . .
to store f'lr maxideal capacity 4.37 GiB 1.36 GiB 12.24 GiB 0.68 0.36
iles
minideal ~ weight 13 g 15¢g 16 ¢ 0.97  0.03
A5 QY A5 QK
N digital . 10935.88 10935.88 1o1s )
to mobilize . minideal surface ) N O mm 1.12  0.12
files mm mim?
minideal  thickness 1.2 mm 1.2 mm 0.13 mm 1.12 0.12
b ite and  digital 46
DVD-5-RW o w.r1 ¢ ane (“1g,1 ! maxideal speed in 1x 77 MB/min . 414 MB/min 0.81  0.19
rewrite files MB/min
SS SL
to read digital ideal lin1x 79 MB/min 450 MB/min 0.89  0.11
) 28 a Al spee V] V] B .
0 Teac filos maxide speed in 1x min o Jmin 5 min
digital 1792 1792 16128
to erase i axideal speed in 1 0.97  0.03
O crase files tasddeat Speed IMAX T g /min MB/min MB/min
to put in driver minideal = weight 13 g 15¢g 16 g 0.97  0.03
to rotate in  driver minideal  weight 13 g 15¢g 16 g 0.97  0.03
to bring out . L . . .
f driver minideal = weight 13 g 15¢g 16 g 0.96 0.04
Tom
digital
to store f.igl & maxideal capacity 8.75 GiB 1.36 GiB 12.24 GiB 029 0.71
iles
DVD-10- minideal  weight 13g 15¢g 16 g 0.97  0.03
RW
digital 10935.88 10935.88 N
DS SL to mobilize o minideal  surface N N 1215 mm” 112 0.12
files mm-* mm-*
minideal  thickness 1.2 mm 1.2 mm 0.13 mm 1.12  0.12
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to write and  digital 46

maxideal speed in 1x 77 MB/min 414 MB/min ~ 0.81  0.19

rewrite files MB/min
ligital 50
to read ;ii ' maxideal speed in 1x 80 MB/min ;[B/min 450 MB/min ~ 0.89  0.11
ligital 1792 1792 16128
to erase (,_lg"l ! maxideal speed in 1x . X . 0.89 0.11
files MB/min MB/min MB/min
to put in driver minideal  weight 13 g 15g 16 g 0.97  0.03
to rotate in  driver minideal  weight 13 g 15¢g 16 g 0.97  0.03
to bring out . - . .
) driver minideal = weight 13 ¢g 15¢g 16 ¢ 0.97 0.03
from ’ ’ ’
digital . . . . .
to store il maxideal capacity 15.9 GiB 1.36 GiB 12.24 GiB -0.30  1.30
iles
minideal = weight 13 g 15¢g 16 g 0.97  0.03
digital 10935.88 10935.88 )
to mobilize . minideal  surface ) N 1215 mm” 1.12  0.12
files mm* mm®
minideal  thickness 1.2 mm 1.2 mm 0.13 mm 1.12  0.12
DVD-18+R
s to writ digital ideal linix 77 MB/min 0 414 MB/min 081  0.19
o write maxideal speed in 1x IB/min B /min g .
12015 files ¢ pee MB/min
ligital 81 50
to read ;lii’i 2 maxideal speed in 1x min/layer ;IB/min 450 MB/min ~ 0.82  0.18
to put in driver minideal  weight 13 g 15 g 1.6 g 0.97 0.03
to rotate in  driver minideal  weight 13 ¢g 15¢g 16 ¢ 0.97 0.03
to bring out . .. . y . :
i driver minideal  weight 13 g 15¢g 16 g 0.97  0.03

from

III. 2. 1. 2. 2. 6. Technological Resourcefulness Indicators

On the basis of the studies and the propositions for evaluating technological resourcefulness
degree, six indicators have been defined to be considered by design teams (NPD projects) in
order to enhance idealization activities and intensify the TRD of design outputs [Tab.61].

Tab. 61. The key indicators of resourcefulness in engineering design;
No. Design’s Indicators of Resourcefulness
1 The elimination of a technical contradiction between the related EPs of an AP;
2 The improvement of an evaluation parameter (EP) toward its ideal value (AVi- AVi);
3 The forecasted ideal value (UIV) of an evaluation parameter (EP);
4 The actual position (AV) of an evaluation parameter (EP) on the growth trajectory of product family;

5  The initial position (IV) of an evaluation parameter (EP) on the growth trajectory of product family;
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6  The technology sector of a new design that defines the standard evolution period (At)

III. 2. 1. 3. Technological Usefulness

Usefulness is one of the key metrics for evaluating inventiveness (c.f. II1.2.1). Describing
usefulness through the terms wutility, useful, industrial application, industrial exploitation,
relevance, and purpose by different authors [Tab.21] [Tab.23] (c.f. II1.2.1) makes easier the
interpretation of usefulness. In the literature, usefulness is discussed as an adjective for
predicting and/or explaining the usage of a system [Davis 1989] [Keil 1995]. Davis 1989,
supposed that a system is used when user believes the system will help him/her to perform
his/her job better [Davis 1989]. He named this condition as the perceived usefulness from a
system. The perceived usefulness is defined as “the degree to which a person believes that using
a particular system would enhance his or her job performance” [Davis 1989]. In other words,
the perceived usefulness refers to a positive use-performance relationship [Davis 1989]. Davis
by verifying 37 published researches prepared a list of items that deal with the perceived
usefulness [Tab.62]. However, some items overlap and interfere with each other. He ranked
these items regarding their impact on perceived usefulness [Tab.62], and proposed an evaluation
approach based on users’ opinions. However, each detected item can be analyzed as a technical
feature of use-performance relationship [Tab.62].

Tab. 62. The related items to the perceived usefulness from a technological system;

Useful features of a system Positive use-performance item Rank
1 Useful to facilitate difficulties of performing specified job; Less complication 13
2 Useful for controlling job; Greater control on job 9
3 Useful for improving job-performance; Higher job-performance 2
4 Useful for addressing job-related needs; Less job-performance risk 12
5 Useful for saving time; Faster job-performance 11
6  Useful for accomplishing job quickly; Faster job-performance 7
7  Usetul for supporting critical aspects of job; Less job-performance risk %
8  Useful for accomplishing more jobs; Higher efficiency 6
9  Useful for reducing unproductive time; Higher productivity 10
10 Useful for enhancing the effectiveness of job; Higher effectiveness 1
11  Useful for improving the quality of job; Greater quality 3
12 Useful for increasing productivity; Higher productivity 4
13 Useful for making job easier; Less complication 8

III. 2. 1. 3. 1. An Overview of Usefulness in Technological Design
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The same perception of Davis [Davis 1989] about usefulness has been taken into account by
several literature for analyzing the usage of a technological system [Adams 1992] [Sarkar 2011]
[Yannou 2013] [Wang 2013] [Yannou 2015]. Concerning the evaluation of usefulness, there are
few methods that can be employed. Aside from some authors like Shah and Vargas-Hernandez
[Shah 2003] [Shah 2001], who proposed a quality measurement of product regarding design
goals (weighted objective method), most authors focused on an evaluation from user side. In
this respect, the popularity, usage importance, usage scenario coverage, usage segmentation,
usage frequency, usage duration, widespread usage issue, expected performance of a system,
system reliability, failure rate, probability of usage fails, are considered as the key indicators
for assessing usefulness, which in addition of measuring system’s performance, need to test
system usage for an appropriate sample size [Sarkar 2011] [Yannou 2013]. For example, in a
recent work by Yannou et al. [Yannou 2015], although it seems the proposition is notable and
practicable by taking into account different usage scenarios, the method is based on measuring
the technical performance of technological systems. Moreover for measuring the usefulness rate,
there needs a usage survey after manufacturing and diffusion. This means their model is
incapable to measure the usefulness of invention claims or patents at least before prototyping.
Among the few usefulness evaluation methods, Sarkar et al. [Sarkar 2011] did not consider the
technical performance of systems, and their measurement is based on three factors; the rate
(the ratio of the number of user to the total population), the frequency, and the duration of

usage.

IT1. 2. 1. 3. 2. Usefulness Measurement

Since analyzing technical performance of a system has a high consistency of evaluation and
contents in dealing with the usefulness evaluation concepts, in this work, the technical
performance measure (TPM) are considered as the main indicator of technological usefulness
degree (TUD) [Eue.18]. This strategy is based on the fact that in general, the TPM is defined
as “the continuing prediction and demonstration of the degree of anticipated or actual
achievement of selected technical objectives“[Sears 1984]. The technical performance of a
system refers to key technical goals that needed to be met during system operation for
supporting system functions in given condition (system environment). The technical
performance of a system is based on analyzing the technical attributes of system operation to
determine how well it satisfies the specified requirements, functions, or goals [Roedler 2005].
This is a measurement of compliance of the performance required to accomplish specified
functions by system mechanism. However, TPMs can provide the assessments of technological
systems through design, implementation, and test (usage).

TPM;, - TUD;)

TPM., : Technical Performance Measure of system a (in percent);
TUD, : Technological Usefulness Degree of system a;

Equ.18.

Measuring technical performance starts by identifying the fbs-chains within a system. For each
fbs-chain within a system, the related technical performance criteria should be identified and
measured, and finally presented by a single normalized number (in percent). In this respect,

158 | Page




with considering the relative importance of system functions [Tab.63], the average of all
technical performance measures within a system presents the technological usefulness degree
(TUD) of system [Euq.19]. The study of technical performance measurement is not considered
in the scope of this work and, furthermore, there are an extensive research with several
guidelines on this issue [Garvey 2005] [Sears 1984] [Roedler 2005] [Tab.64].

Tab. 63. The classification of function types regarding usefulness;

No. Function type General assigned weight (Hai)
1 Main Useful Function (MUF) 7
2 Main Complementary Function (MCF') 6
3 Loading/Discharging Function (LDF) 5
4 Environmental Constraint Function (ECF) 4
5  Control-Command Function (CCF) 3
6  Indicating Complementary Function (ICF) 2
7  Discrete Supplementary Function (DSF) 1

T(TPM;. U,
TUDa 221( _ 1 ugl)
1Ugi

TPM; : Technical performance of function i in system a, {function i: [1 , n]};
Mg : The relative importance (weight) of function a in system a, {function i: [1 , n]};

TUD, : Technological Usefulness Degree of system a;

Equ.19.

Tab. 64. An example of successive steps of measuring technical performance in a guideline. Source: [Sears 1984];
No. The steps of measuring technical performance
1 Identifying key performance requirement of system. These are candidate of measurement;
2 Specifying requirements with properties and attributes of different fbs-chains;
3 Identifying critical technical parameters;
4 Performing risk analysis;

5  Detecting and establishing upper and lower limits and performance growth values of each mechanism

regarding key performance requirements;
6  Measuring performance values of key interactions;

7  Normalizing and integrating performance values of key interactions;

III. 2. 1. 3. 3. Technological Usefulness Indicators
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On the basis of the proposed model for measuring inventiveness-based efficacy, the indicators
of usefulness are the same as the indicators of technical performance. Thus, a system with a
high technical performance regarding specified jobs (system functions) possesses a high
usefulness.

ITI. 2. 1. 4. Technological Inventiveness Degree (TID)

The technological inventiveness degree (TID) of a system is obtained by integrating its
technological novelty, resourcefulness, and usefulness degree (TND, TRD, and TUD) [Equ.20].

TID, = TND,+TRD.+TUD,

TID, : The technological inventiveness degree of system a;
TND,: The technological novelty degree of system a;
TRD,: The technological resourcefulness degree of system a;

TUD,: The technological usefulness degree of system a;

Equ. 20. Technological inventiveness degree of design (system) a.

Accordingly, the TID of a design project is obtained by integrating the TND, the TRD, and
the TUD of all validated designs (systems) at the gate3 of NPD process (c.f. I1.2.3) [Equ.21].

TID] = ZiTIDij s {1 [1 s D]}

TID; : The technological inventiveness degree of project j;
TID; : The technological inventiveness degree of system i by project j, {i: [1, n]};

Equ. 21. Technological inventiveness degree of project j.
III. 2. 2. Modeling Inventive-Design Efficiency

In general, efficiency refers to the productivity rate of processes [Chiou 1999]. Efficiency
presents the extent to which time, cost, efforts, and in general, all resources are used well for
achieving specified goals, purposes, and functions [Merriam-Webster 2014]. So the efficiency of
any system, process, operation, and organization is defined as “the ratio of useful work
performed to the total resources expended” [Duffy 2003]. According to O’Donnell et al.
[O’Donnell 2005], useful works along design processes appear as material gain (M*) through
performing design activities. Thus, the efficiency of design projects depends on the material
gain (M") and the resources used (R) by design activities [Equ.22] [O’Donnell 2005].
Generalizing efficiency measurement from an activity to a project takes into account all
materials gain (M*) and resources used (R) [Fig.55].

n(¥;) = Mi* / Ri

n(W;) : The efficiency ratio (n) of knowledge processing (design activity) i;

M;* / Ri: The ratio of material gain to resources used during knowledge processing (design
activity) i;

M;*: Material gain by knowledge processing (design activity) i;

Ri : Resources used by knowledge processing (design activity) i;
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Equ. 22.
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Fig. 60. The relationships for measuring efficiency at the project level.

III. 2. 2. 1. Material Gain by Inventive-Design Projects

In inventive design, the efficiency refers to the efficiency of inventive activities. As mentioned
above (c.f. section III.1.2.1), design projects have been considered as the units of knowledge
processing that are putted in place to generate new knowledge [Fig.54]. According to Hatchuel
et al. [Hatchuel 2010] a new idea is designed when it is transformed into knowledge or takes
logical status [Hatchuel 2003]. So, the input and the output materials of knowledge processing
are introduced as the knowledge that their possibility or feasibility are proven (with logic
status). Accordingly, an inventive-design project looks for a new combination of knowledge
with inventive characteristics at output. Thus, the knowledge gain (Kn') by an inventive
project refers to the evolution rate of outputs regarding inventiveness [Equ.23].

KH‘]—F = Oj - Ij

Kn;* : Knowledge gain by design project j including certain activity i (X W);, {i: (1, n)};
I; : The inputs of design project j including certain activity i (XW0);, {i: (1, n)};
O; : The outputs of design project j including certain activity i (XWi);, {i: (1, n)};

Eau. 23. Knowledge gain as the evolution rate of input knowledge.

Since the inventiveness-based effectiveness has been studied and its measures have been
developed at the section 2.1 of this chapter (c.f. III.2), for obtaining the knowledge gain (Kn")
by an inventive-design project, it is sufficient to measure or learn about the TID of project
[Equ.24].

Kanr = TID]

Kn;": Knowledge gain by design project j;
TID; : Technological inventiveness degree of design project j;

Equ. 24.

161 | Page




II1. 2. 2. 2. Resources Used by Inventive-Design Projects

The resources used by design projects refers to the consumption level of resources used for
performing design activities [Duffy 2012]. In this work, all the resources used within a design
project, are summarized into the three principal criteria of resources used, i.e. time, cost, and
human-resource [Tab.64]. As human-resource is the engine of design activities, all other
resoturces are in service to human-resources. In this regard, the combinations of human-resource
with time and cost are also considered for measuring efficiency [Tab.64]. The consideration of
man-hour and man-hour cost for measuring inventive-design efficiency highlights the cerebrate
level of design projects. Measuring inventive-design efficiency takes into account the resources
used at the FFE phase before starting development stage along NPD projects.

Time, Cost and Human-Resource are the main critera of all respondents to

our survey (c.f. Appendiz.C).

Tab. 65. The principal criteria of resources used (R) for performing activities during design projects;
Resources used at FFE phase

in detail in general Sign Unit Description

« Duration of using methods . )

. .. . How much time has been spent for
« Duration of using materials . o . .
Time t Hour accomplishing inventive-design

o Duration of using tools
& activities at FFE phase?

« Duration of using minds

o Cost of methods used

o Cost of materials used How much cost has been spent for
+ Cost of tools used Cost c Euro accomplishing inventive-design
o Cost of team activities at FFE phase?

» Cost of environment

L Brain How many brain has been engaged
« Salary of designers Human-Resource hr o o 1 o .
(minding) for inventive minding at FFE phase?
How much work has been performed
« Duration of using minds Man-Hour mh  Man-Hour . . .
by a designer in one hour?
. How much cost has been spent for a
« Cost of using minds per hour =~ Man-Hour Cost  mhec Euro

man-hour?

III. 2. 2. 3. Inventiveness-based Efficiency (IBE)

The value of inventiveness-based efficiency (IBE) is obtained by calculating the ratio of TID
as knowledge gain to resources used at FFE phase [Equ.25]. The IBE can be presented
differently on the basis of the type of resources used in the denominator [Tab.65].

IBE, = TID, / R,

IBE; : Inventiveness-based efficiency of design project j;

TID;: Technological inventiveness degree of design project j;
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R;: Resources used at the FFE phase of design project j;

Equ. 25. The generic calculation formula of measuring inventiveness-based efficiency.
Tab. 66. The measures of inventiveness-based efficiency (IBE) regarding different resource criteria;

Inventiveness-based efficiency of project j

Eyzzoumee mazdl (L) IBE; Measures of inventiveness-based efficiency (IBE)
TID;
Time = Inventive efficiency by project j (IE;)
j
TID;
Cost = Inventive productivity by project j (IPj)
j
TID;
Human-Resource i Inventive creativity by project j (ICj)
j
TID;
Man-Hour = mh. Inventive frequency by project j (IFj)
j
TID;
Man-Hour Cost = mhe. Net inventive productivity by project j (NIP;)
j

Although all the measures of IBE are important as the indicators that help to interpret and
improve inventive-design processes, the NIP (net inventive productivity) is considered as the

main index for presenting IBE of a design project [Tab.65].

III. 2. 2. 4. Inventiveness-based Efficiency indicators

On the basis of measuring inventiveness-based efficacy, five indicators have been defined to be
considered by design teams (NPD projects). Since having a high IBE needs to use pertinent
materials and resources during design phase, the indicators of IBE are summarized by three
strategies; firstly, using creative resources, secondly, using pertinent method and tools for
interchanging knowledge, and thirdly, concentrating the attention of design activities to the
related indicators of the inventiveness-based effectiveness and enhancing technological

inventiveness degree [Tab.66].
Tab. 67. The key indicators of inventiveness-based efficiency in engineering design;
No. Indicators of inventiveness-based efficiency
1 Using pertinent resources during design phase regarding inventiveness and creativity;

Using pertinent methods and tools during design phase for enhancing collaborative design, interchange of

knowledge, and knowledge-based engineering;

Concentrating the attention of design activities to the technological inventiveness indicators and enhancing
TID;

III. 3. A Platform for Measuring Inventive-Design Performance
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All the proposed models in this chapter are integrated in a framework as IDPMS (inventive-
design performance measurement system) in order to provide a coherent system of monitoring
inventive performance for managers. Since the project level is preferred for measuring design
activities (c.f. I11.1.2), the IDPMS requires the development of a neural system for collecting
required data, and providing a data base from the design phases of all NPD projects within a
R&D. The IDPMS consists of two major parts that undertake inventive performance analysis
[Fig.56];

1. Part 1: The measurement of inventiveness-based effectiveness including the detail

measures of inventiveness;

o Technological Novelty Degree (TND);

o Technological Resourcefulness Degree (TRD);
o Technological Usefulness Degree (TUD);

o Technological Inventiveness Degree (TID);

2. Part 2: The measurement of inventiveness-based efficiency including the detail
measures of different resources used;

o Inventive Efficiency (IE);

o Inventive Productivity (IP);

o Inventive Creativity (IC);

o Inventive Frequency (IF);

o Net Inventive Productivity (NIP);

Among the different indicators of the IDPMS (TND, TRD, TUD, TID, IE, IP, IC, IF, NIP),
NIP (Net Inventive Performance) is introduced as the main gage of inventive-design
performance [Fig.56] [Tab.67].

IDPMS Platform

R&D Department of Enterprise E Measures of Design Project 1 /

Measures of Design Project j

Fig. 61. IDPMS as a neural integrated system for presenting inventive performance of a company.
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Tab. 68. The supplied measures by the IDPMS;

Supplied measures by IDPMS

TND: Technological Novelty Degree

TRD: Technological Resourcefulness

Degree

TUD: Technological Usetulness Degree

TID: Technological Inventiveness Degree

IE: Inventive Efficiency

IP: Inventive Productivity

IC: Inventive Creativity

IF: Inventive Frequency

NIP: Net Inventive Productivity
or Net Inventive Performance

required data

I: Input knowledge;
O: Output knowledge;
The importance of change;

AP: Action Parameter;
EP: Evaluation Parameter;
Technological forecasting of EP;

TP: Technical performance;
The importance of functionality;

TND: Technological novelty degree;
TRD: Technological resourcefulness
degree;

TUD: Technological usefulness degree;

TID: Technological inventiveness degree;
t: Duration of the FFE phase;

TID: Technological inventiveness degree;
¢: Cost of the FFE phase;

TID: Technological inventiveness degree;
hr: Number of designers at the FFE
phase;

TID: Technological inventiveness degree;
mh: Man-hour of the FFE phase;

TID: Technological inventiveness degree;
mhec: Man-hour cost of the FFE phase;

Sub-measurement

system

Inventiveness-based
effectiveness

Inventiveness-based

effectiveness

Inventiveness-based
effectiveness

Inventiveness-based
effectiveness

Inventiveness-based

efficiency

Inventiveness-based

efficiency

Inventiveness-based
efficiency

Inventiveness-based
efficiency

Inventiveness-based
efficiency
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Chapter IV: An Initial Prototype of IDPMS

Keeping in mind that this research aims to help managers for monitoring and enhancing
inventive performance of NPD projects, it is necessary to translate the theoretical propositions
into an applicable tool. In this regard, and in order to demonstrate the results of this work in
a tangible way, and moreover testing our method with industries, the development of a web
application have been considered in the agenda of the thesis. This chapter describes the
implementation of IDPMS (c.f. TI1.3) as a web application available for R&D and NPD
managers. The basis of the IDPMS application is what have been proposed in chapter 3. This
chapter presents the representation model of the IDPMS application that provide a solid data-
base for realizing the evaluation system. The initial prototype of IDPMS has been programed
in Ruby.

1. Product Evolution Exploring Model (PEEM)
1. 1. An Overview of Product Models in Engineering Design
1. 2. PEEM; A Product Model for Exploring Technological Evolution

2. IDPMS Application Platform

IV. 1. Product Evolution Exploring Model (PEEM)

The product evolution exploring model (PEEM) is a product model that allows capturing the
information of technological systems according to the criteria of chapter 3. The PEEM is a
generic model to discern technological evolutions during NPD projects. An initial version of
the PEEM was developed in 2014 to support the TND measurement, and now this version is
more complete from the ancient version. The primary objective of PEEM is to provide a data
base of required information for the IDPMS application.

IV. 1. 1. An Overview of Product Models in Engineering Design

The recognition of new exigencies in design puts in place new research orientations, new tools,
and new adaptions. Nowadays, the product models are the key tools of design engineering
[Cavallucci 2013]. In general, the product models are on a mission to provide product data
regarding specified objectives, creation, erection, operation, structure, manufacturing or
construction, usage, storage and/or recycling. In simpler words, the product models are created
in order to capture the information of different stages of product life cycles. After a large work
in engineering design and manufacturing from 1984 to 2002, the ISO 10303 is accepted as a
standard for product data representation and exchange (STEP). The initial version of the
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STEP applications were considered to use the outcomes of design activities (geometrical design
information) [Kemmerer 1999] [STEP 1994], and the more recent STEP applications have been
developed to support some types of non-geometrical information [Fenves 2008]. In 1999 R.
Brimble et al. [Brimble 2000] proposed the MOKA modeling language (MML) by considering
all product lifecycle data within five viewpoints based on function, behavior, structure,
technical solution, and representation [Brimble 2000]. Further, in October 2002, despite the
emergence of the system modeling language (SysML) in July 2002 to model the earlier stages
of design processes, S. J. Fenves et al. proposed the core product model (CPM) to support the
full range of product lifecycle management (PLM) [Fenves 2001]. They revised CPM in 2004
and 2008 [Fenves 2008]. Later, M. Labrousse et al. 2008 [Labrousse 2008], proposed FBS-PPRE
model to improve and complete the PLM effectiveness. Although MML, CPM and FBS-PPRE
were dedicated to knowledge based engineering (KBE) in order to extract and model the
applied knowledge in technological systems, none of them meet a complete data list in
perspective of detecting the inventive worth of systems. Le Lann et al., 2004, [Le Lann 2004]
proposed a model for capitalizing knowledge based on TRIZ, however their model is not
consider as a product representation model. PEEM is a new product model which has been
developed to supply the related information to technological evolution regarding inventiveness.
It provides a data base for supporting the framework of IDPMS. PEEM can be integrated in
STEP AP 203 (or some other AP of STEP) or uses the complementary models as the open
assembly model (OAM) [Rachuri 2006].

IV. 1. 2. PEEM; A Product Model for Exploring Technological

Evolution

PEEM is a generic model that aims to acquire the required data for the IDPMS. The PEEM
is presented as an abstract model that use a generic semantic policy for gathering product
information. The PEEM explores the required characteristics of technological systems
according to the four major aspect on the PPC (product pedigree chart) (c.f. T11.2.1.1.2.3.1)
[Fig.57].

System

Function

,:
. .
y .
<

Structure Behavior

Environment

Fig. 62. The main characterization areas in PEEM.

Each major characterization area consists of two abstract classes for verifying related objects

and related properties [Fig.58].
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Fig. 63. The abstract classes in PEEM.

IV. 1. 2. 1. Environmental Characteristics

According to the section 2. 1. 1. 2. 2. 4 of chapter 3, the environmental objects of a system is
modeled for verifying following classes [Fig. 59:

o Useful Object: that represents the object of a system function;

o Main Useful Object: that represents the object of the main useful function within a
system;

o Actor: that represents the environmental objects for providing system operation, and/or
consume useful objects;

- Main Specific Consumer;
- Main Specific Operator;

o Super-System Object: that represents the environmental objects of supporting the
environmental constraint functions (ECF).

External system Super-System Object

Main Specific Operators v 1 ."‘
1=

—|'|> Actor 0..* | Environmental Object

le 1"=? Input Object
[ =

Human UsefulObject‘Qf

<]—|_ Qutput Object

Main Useful Object

Main Specific Consumers

Fig. 64. Environmental object classes in PEEM.

169 | Page



IV. 1. 2. 2. Functional Characteristics

According to the section 2. 1. 1. 2. 2. 1. of chapter 3, the functional objects within a system is

modeled for verifying following classes [Fig. 60:
o Main Useful Function (MUF): that represents the primary function of a system;

e Main Complementary Function (MCF): that represents the complementary functions of
the MUF within a system;

o Environmental Constraint Function (ECF): that represents the specified functions for

supporting environmental constraints (conditions);

o Loading/Discharging Function (LDF): that represents the functions of loading and

discharging useful objects in/out a system;

o Control-Command Function (CCF): that represents the specified functions for control-

command system operation;

o Indicating Complementary Function (ICF): that represents the specified functions for

indicating system operation states;

o Discrete Supplementary Function (DSF): that represents those system functions that
don’t have any interaction with the useful objects and the main useful function within

a system;
Control-Command Function Main Useful Function | | Indicating Complementary Function
+ L= +

\ l L+ 1.*

Main Complementary Functions | Function Object Loading /Discharging Finction
- L**
1|| o
1.*  L.F
£ 1.
Discret Supplementary Functions Environmental Constraint Function

Fig. 65. Functional object classes in PEEM.

Accordingly, the functional properties within a system is modeled for verifying following

classes [Fig.61]:
e Action: that represents a system function by using related verb in infinitive form;
o Criterion: that represents related criteria to an action;

e Unit: that represents the measurement unit of criteria;
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e Constraint value: that represents the limit or constraint values of a criterion;
o Useful Object: that represents the input/output object in/out a fbs-chain;

- Main Useful Object: that represents the useful objects of the MUF within a

system;
- Input Object: that represents the input objects of a system function;

- Output Object: that represents the output objects of a system function;

Functional Property

&

Criterion |1, = 1.5 Action
» +verb to be

A

Constraint value Unit Useful Object Main Useful Object

Hlax

- &

Input Object| | Output Object

Fig. 66. Functional property classes in PEEM.

IV. 1. 2. 3. Behavioral Characteristics

According to the section 2. 1. 1. 2. 2. 3 of chapter 3, the behavioral objects of a system is
modeled for verifying following classes regarding energy flow [Fig. 62]:

e Reception: that represents energy importation to a structural entity or a component
(substance);

o Transition: that represents the passage of energy inside a structural entity or a

component;

o Transmission: that represents the energy exportation from a structural entity or a

component;

Reception || = Behavioral Object Y .| Transmission

P

Transition
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Fig. 67. Behavioral object classes in PEEM.

The behavioral properties of a system consists of following classes [Fig.63]:
o Entity: that represents a monolithic structural part;

o Energy: for representing an energy that is received, transited, and transmitted by an

entity;
- Input energy;
- Output energy;

e Scientific phenomenon: that represents the physical effects occurring by any reception,

transition, and transmission of energy within a system;

o Fundamental State of Matter (FSM): that represents the fundamental state of an entity

(solid, liquid, gas, and plasma) during system operation;

o Geometry (ascii point data): that represents the geometrical dimension of an entity in

ascii point data.

e Position in CCS: that represents the local position of an entity according to its initial

position on the Cartesian Coordination System (CCS).

e Substance: that represents the physical-chemical element of an entity within a system;

, =| _ positionin CCS L.®
+H, ¥, Z 1..*
- Source of energy
0..% D..zlln 0.¥ 1..%
Super-System Object Useful Object Entity Behavioral Property 7
0. ?D"t 0. Tl--: 1..% E
i 1.* 1.* P
Substance *SCientiﬁc Phenomenon - Energy
L. 0..% | +Physical-Chemical effect [1..* +Type

h a5

Fundamental State of Matter Geometry Input Energy | | Output Energy
+Type +asdil point data +Type +Type
+STEP-AP 209()

Fig. 68. Behavioral property classes in PEEM.

IV. 1. 2. 4. Structural Characteristics
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According to the section 2. 1. 1. 2. 2. 2. of chapter 3, the structural objects of a system is
modeled for verifying following classes [Fig. 64]:

e Entity: that represents a monolithic structural part. A component can be consists of

several entities;

o Component/Part: that represents a specified structural area of system structure including
one or several entities, e.g. Alshuller [Alshuller 1988] defined a technological system in
three parts as engine, transmitter, and worker;

o Piece: that represents a specified area of an entity, e.g. the bottom side of a body-shell;

- Server: represents those pieces in a connection that serve energy;

- Client: represents those pieces in a connection that receive energy;

o Assembly: that represents the assembling solution of two structural entities within a

system;

o Connection: that represents the conductivity of energy between structural entities or

components;
1 - 1
Structural Object
1
1=
Component/Part |{ Assamblage
Server 1. 0.*
1
| L.”
L— Connection Piece 1..%* Entity
0.1 :
Client

Fig. 69. Structural object classes in PEEM.

The structural properties of a system vary from an entity to another one. Some of them are
[Fig.65]:

o Weight;
e Color;
o Geometry;

o Material;
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Fig. 70. Structural property classes in PEEM.

IV. 2. IDPMS Application Platform

The IDPMS application is designed as a self-arbitrage tool for NPD project managers and/or
R&D managers that allows them to evaluate inventive performance of their design projects.
The IDPMS application is designed to measure with minimum information by asking required
data from an informed person about a new design. In this implementation, any new design
(new system) is registered as a new project belonging to a registered company [Fig.66] [Fig.67]
[Appndix.D]. Today, the IDPMS application is available for any manager who want to know

the inventive performance measures of his team through the address; http://idpms.ideaslab.fr/.
However, it is not still up to dated according to the latest version of IDPMS and covers only

the first segment of this system (novelty evaluation).

1

IDPMS

=

|
<<indude >/
|

i

Registerin
Regstering

Supplyin
Project manager pRving

bserving x
Design project information

1 < <Dependency> >

A

Observing
Invemtive Performance Measures

R&D manager

Fig. 71. The general use case diagram of the IDPMS application.

After signing up and in the application, user has a private dashboard for registering any
company and related design projects [Fig.67]. A project in this application means a new system

that you want to evaluate with the information of its related project. According to the answers
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or data by which user feeds the application, at last he/she finds related degrees of his/her

evaluation.

Inventive Design Performance Measurement System

R — Dashboard

Ell Home

Welcome to Ideas Metric Online.

B My companies
Chose a company and browse existing projects, or create a new one.

%, My projects My companies

Name  Activity Country Options
[ My account

G112 [E Sectors ~ Luxembourg Related projects  + New creative project
E Log-out
DEFI project / IDPMS - based upon Ali Teheri's PhD - INSA Strasbourg

Fig. 72. Private dashboard of the IDPMS application.
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Chapter V: Conclusion

The fifth chapter discusses the critical points of this work, presents a global view of the
research, and gives a summary of contributions. At last, it highlights the perspective of the

research direction.

1. Discussion

[\

. Conclusion

w

. Contributions

.

. Perspective

V. 1. Discussion

Based on the findings, definitions, and proposed methods for evaluating different aspects of
inventive-design performance, we argue that the IDPMS (Inventive Design Performance
Measurement System) including all proposal evaluation metrics, at first, provides a set of
indicators to raise the awareness of designers about the inventiveness level of possible solutions.
It improves designers’ intuition during problem solving about the elements that intensify the
inventive performance of design. The IDPMS was proposed by considering the limitations of
existing evaluation methods, standards, and guidelines in order to reduce uncertainty and risky
condition in the earlier stages of innovation process. The evaluation metrics of the IDPMS
were defined and developed in the technical level that relates this work to engineering science.
Evaluating design projects through IDPMS increases the credibility of decision making and
idea selection regarding technological evolution and inventiveness before passing on the
development phase and the expensive phases of NPD projects. In this respect, it can be said
that considering the defined indicators of this work improves the uncertainty condition in the
earlier stages of innovation process regarding making proper decisions about technological
evolution and road mapping.

As the second advantage, the IDPMS has the potential to acquaint R&D managers, and
particularly NPD project managers about the creativity level of their teams and organization.
The different measures of inventiveness-based efficiency (IBE) give important information
about the performance of applying different resources along design phase, and help managers
to test and know the aptitude of different resources to improve and/or change with pertinent
ones.

The main features of the IDPMS, in comparison with existing evaluation methods of creativity,
are comprehensiveness, data integrity, practicable, and executable method. It considers all the
aspects discussed in the literatures of evaluating creativity and inventive activities. It is backed
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by a logic evaluation, and based on a generic analysis of technical characteristics of systems.
This enable us to introduce the IDPMS as a generic method for evaluating any output by
design activities.

Concerning the numerical studies and validation of the IDPMS, since the technological
inventiveness degree (TID) is an accumulative degree of TND, TRD, and TUD, it may take
any degree because of the variety of applying different design with several combinations.
However, TRD and TUD tend toward 100. Accordingly, providing a precise interpretation on
the values obtained by a design project is not possible and needs the comparisons. The
comparison of TID and IBEs of different projects is based on the similarity of product families.
In this regard, although the basis of identifying and/or defining a product family is described
and formalized by this work, defining product families needs a global standardization. So, our
proposition before having a universal standard for identifying product families, is based on this
fact that any result of evaluation by the IDPMS should be interpreted with the evaluation
results of same product family. Since supplying the required data of evaluation by the IDPMS
needs to have a same perception for characterizing technological systems, a specific syntax has
been prepared and proposed in order to help evaluator (data supplier) for collecting correct

information. So the evaluation by the IDPMS needs a big data-base;

V. 2. Conclusion

In Chapter 1, the interests and the motivations of starting this thesis have been studied. This
work is realized in order to help managers to enhance inventive activities regarding
technological innovations. Since R&D departments are the responsible of innovation projects
and creativity in automotive industries, this work is addressed to R&D managers including
NPD project managers and design teams. In contrast of many researches in engineering design
about innovation assessment, this research focused on the evaluation of fuzzy front end phase
along innovation process, in which inventive activities appear during problem analyses, idea
generations, and conceptual developments. The ultimate goal of this work was to prepare a
monitoring panel of inventive performance, and introduce related indicators of enhancing

inventive activities.

Chapter 2, has presented a literature review on the research areas and existing science. It
includes an investigation about different concepts involved in the research area with a focus
on technological innovation and inventive activities. This section aims to clarify the research
problematic in detail. Moreover, it paves the way for presenting the propositions in the next

chapters.

Chapter 3 presents the methods and theoretical propositions of this work to achieve specified
goals in chapters 1, and 2. It started by studying the basis of performance analysis in design,
and continues by developing and adapting inventive performance metrics. The development of
inventive performance metrics was based on verifying two integrated elements of performance
analysis; effectiveness, and efficiency. Thus, the main criteria of inventiveness have been
studied and the measures of inventiveness-based effectiveness, and consequently inventiveness-
based efficiency have been developed. On the basis of these evaluations, the key performance

indicators of inventive-design activities have been defined.
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Chapter 4 presents the development of a demonstrator of what have been proposed in chapter
3. In order to verify and improve the proposal methods in chapter 3, the IDPMS application
as an initial prototype of this work has been developed. Chapter 4 presents this web application
through some UML diagrams including the presentation of a product representation model as
PEEM (the product evolution exploring model) to support the IDPMS application data-base.

V. 3. Contributions

Firstly, this work tries to reduce the uncertainty and risky condition in the earlier stages of

innovation process by defining the key indicators of inventive performance.

Secondly, the performance metrics of inventive-design activities have been defined and
developed by this work. This contribution includes the development of a new method for
evaluating technological novelty (TND), the development of a new method for evaluating
technological resourcefulness (TRD), studying the evaluation of technological usefulness
(TUD), the development of the efficiency evaluation of inventive activities, and the definition

of key indicators of inventive-design performance.

Thirdly, the identity elements of the product families in engineering design have been defined,
and accordingly, a product pedigree chart (PPC) with 4 major layers and 14 detailed layers
has been modeled to facilitate the dissection of technological systems regarding technical

characteristics.

Fourthly, characterizing technical characteristics of technological system has been described
by the fbs-chain model. This model proposes a generic and comprehensive definition for

detecting and identifying different aspects of a technological system.

For industries, this thesis presents an evaluation method for monitoring and enhancing
inventive design-activities in the earlier stages of their innovation projects. The inventive
indicators spread out a guideline for designers to consider during design activities. Moreover,
the IDPMS methods helps to monitor inventive performance of design teams and NPD projects.

For industrial consultants and intellectual property offices, this thesis provides a new discourse
to guide and classify companies for innovation. This work proposes the evaluation of
technological evolution as one complementary segment of innovation evaluation aside from

financial and management evaluations.

For researchers and our colleagues in the design engineering laboratories, this thesis provides
a preliminary evaluation method of technological evolution. It highlights the departure points

for achieving total innovation management in a creative condition.

V. 4. Perspective

The first perspective of this work is referred to the pertinence as the third side of the
performance triangle [Fig.11]. According to Andreasen et al. 1998 [Andreasen 1998], the
considerable efforts during design processes are those that use the right resources at the right
time to carry out the right activities for the right reasons. Although this thesis listed the
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indicators of inventive performance, it needs to prepare a list of the entries that should be used
along design phase. The inventiveness-based efficiency of a design project depends significantly
on the pertinent choice regarding project goals, resources, input knowledge, and output
knowledge. Identifying inventive characteristics and inventive performance metrics are the
basis of defining pertinent entries. Defining inventive indicators permits to recognize pertinent

entries into design processes.

A second perspective of this work is referred to the standardization of product families.
Although there is a protocol that classifies products for the intellectual property offices, it
seems insufficient to identify any product on its familial pedigree chart and its position on the
growth trajectory of family.

This work needs to be verified through several practices, and applies the feedbacks to improve
itself for being more appropriate regarding the definitions, criteria, technical characterization,

calculation, and evaluation.
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Appendix

Appendix A. The list of existing standards for implementing the creativity, inventive activity, and/or innovation management;

1ISO CEN AFNOR
Qn. Name Price | Qn. Name Price | Qn. Name Price
Innovation CWA 15899:2008 Standardization of FD X50-146 Décembre 2010
an Innovation Capability Rating for Management de I'innovation - 54,70
SMEs Management de la propriété €
intellectuelle
CWA 15899 Décembre 2008 64.45
- Standardization of an Innovation €
- Capability Rating for SMEs
NF EN 12973 Juin 2000 104,55
- Management par la valeur €
FD X50-158 Février 2007
Management par la Valeur - Apports 62,60
du Management par la valeur aux €
0 - - 2 7 processus de I'entreprise
CWA 15847:2008 Innovation, FD X50-550 Octobre 2001
Coordination and Collaboration in Démarche qualité en recherche - 62,60
Service Driven Manufacturing Principes généraux et €
Supply Chains - Reference Model for recommandations
Industrial Services FD X50-190 Septembre 2000
f 62,60
) Outils de management - €
Capitalisation d'expérience
BS 7000-1:2008 Avril 2008
Design management systems. Guide 245 00
to managing innovation - Systeme de €’
gestion de la conception. Guide de
gestion d'innovation
Invention 0 - - - - - 0 - -
Performance de la 1ISO 9699:1994 EN 12811-1:2003 Temporary works NF E60-182 Mai 2002
conception/Design Performance standards in equipment - Part 1: Scaffolds - Moyens de production - Indicateurs
performance building -- Checklist for Performance requirements and de performances - Taux de 54.70
1 briefing -- Contents of brief 86 $ 1 general design - rendement synthétique (TRS) - Taux €
for building design de rendement global (TRG) - Taux de
rendement économique (TRE)
4 1ISO 16818:2008 1;8 0 ) 0 _ _

206 | Page



javascript:__doPostBack('_ctl0','')
http://www.boutique.afnor.org/norme/fd-x50-146/management-de-l-innovation-management-de-la-propriete-intellectuelle/article/765033/fa169016
http://www.boutique.afnor.org/norme/fd-x50-146/management-de-l-innovation-management-de-la-propriete-intellectuelle/article/765033/fa169016
http://www.boutique.afnor.org/norme/fd-x50-146/management-de-l-innovation-management-de-la-propriete-intellectuelle/article/765033/fa169016
http://www.boutique.afnor.org/norme/fd-x50-146/management-de-l-innovation-management-de-la-propriete-intellectuelle/article/765033/fa169016
http://www.boutique.afnor.org/norme/cwa-15899/-/article/742447/fa050879
http://www.boutique.afnor.org/norme/cwa-15899/-/article/742447/fa050879
http://www.boutique.afnor.org/norme/cwa-15899/-/article/742447/fa050879
http://www.boutique.afnor.org/norme/nf-en-12973/management-par-la-valeur/article/710057/fa046657
http://www.boutique.afnor.org/norme/nf-en-12973/management-par-la-valeur/article/710057/fa046657
http://www.boutique.afnor.org/norme/fd-x50-158/management-par-la-valeur-apports-du-management-par-la-valeur-aux-processus-de-l-entreprise/article/633800/fa142630
http://www.boutique.afnor.org/norme/fd-x50-158/management-par-la-valeur-apports-du-management-par-la-valeur-aux-processus-de-l-entreprise/article/633800/fa142630
http://www.boutique.afnor.org/norme/fd-x50-158/management-par-la-valeur-apports-du-management-par-la-valeur-aux-processus-de-l-entreprise/article/633800/fa142630
http://www.boutique.afnor.org/norme/fd-x50-158/management-par-la-valeur-apports-du-management-par-la-valeur-aux-processus-de-l-entreprise/article/633800/fa142630
javascript:__doPostBack('_ctl2','')
http://www.boutique.afnor.org/norme/fd-x50-550/demarche-qualite-en-recherche-principes-generaux-et-recommandations/article/749117/fa118721
http://www.boutique.afnor.org/norme/fd-x50-550/demarche-qualite-en-recherche-principes-generaux-et-recommandations/article/749117/fa118721
http://www.boutique.afnor.org/norme/fd-x50-550/demarche-qualite-en-recherche-principes-generaux-et-recommandations/article/749117/fa118721
http://www.boutique.afnor.org/norme/fd-x50-550/demarche-qualite-en-recherche-principes-generaux-et-recommandations/article/749117/fa118721
http://www.boutique.afnor.org/norme/fd-x50-190/outils-de-management-capitalisation-d-experience/article/658860/fa107046
http://www.boutique.afnor.org/norme/fd-x50-190/outils-de-management-capitalisation-d-experience/article/658860/fa107046
http://www.boutique.afnor.org/norme/fd-x50-190/outils-de-management-capitalisation-d-experience/article/658860/fa107046
http://www.boutique.afnor.org/norme/bs-7000-12008/systeme-de-gestion-de-la-conception-guide-de-gestion-d-innovation/article/719580/eu105660
http://www.boutique.afnor.org/norme/bs-7000-12008/systeme-de-gestion-de-la-conception-guide-de-gestion-d-innovation/article/719580/eu105660
http://www.boutique.afnor.org/norme/bs-7000-12008/systeme-de-gestion-de-la-conception-guide-de-gestion-d-innovation/article/719580/eu105660
http://www.boutique.afnor.org/norme/bs-7000-12008/systeme-de-gestion-de-la-conception-guide-de-gestion-d-innovation/article/719580/eu105660
http://www.boutique.afnor.org/norme/bs-7000-12008/systeme-de-gestion-de-la-conception-guide-de-gestion-d-innovation/article/719580/eu105660
http://www.iso.org/iso/rss.xml?csnumber=17555&rss=detail
javascript:__doPostBack('_ctl2','')

Efficience Building environment design
inventive/inventive -- Energy efficiency --
Efficiency Terminology
ISO 14045:2012
Environmental management
-- Eco-efficiency assessment 140
of product systems -- $
Principles, requirements and
guidelines
ISO 16813:2006
Building environment design
- 86 $
-- Indoor environment --
General principles
ISO/IEC 8326:1996/Amd
1:1998 16 $
Efficiency enhancements
Creativity/Créativité - - - 0 _ .
Brevet/Patent ISO/IEC 10918-1:1994/Cor CEN/CLC Guide 8:2011 CEN-
1:2005 CENELEC Guidelines for
1 Patent information update 0% 1 Implementation of the Common IPR 0 ) )
Policy on Patent (and other statutory
intellectual property rights based on
inventions)
Efficience de la
conception/Design - - - - 0 - -
efficiency
Inventivité/ ) _ ) ) 0 ) )
Inventiveness
Nouveauté/Novelty - - - - - -
Métriques de la ISO 26262-5:2011
conception/Design Road vehicles -- Functional 184
metrics safety -- Part 5: Product $ - - 0 - -
development at the hardware
level
Conception NF EN 61160 Mai 2006 87.00
inventive/lnventive - - - - 1 - Revue de conception €
design
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Appendix B. The creativity roughness index (CRI) of each IPC;

Creativity
International Patent Class IPC section
roughness index ()

A01 0.033 A: HUMAN
NECESSITIES

A21 0.411

A22 0.672

A23 0.071

A24 0.421

Adl 0.251

A42 1.000

A43 0.301

Add 0.385

A45 0.166

A46 0.550

A4T 0.038

A61 0.007

A62 0.317

A63 0.061

Bo1 0.008 B: PERFORMING

OPERATIONS;

B02 0.148 TRANSPORTING
BO3 0.142

BO4 0.236

BO5 0.032

B06 0.351

BO7 0.096

B08 0.103
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B09

B21

B22

B23

B24

B25

B26

B27

B28

B29

B30

B31

B32

B41

B42

B43

B44

B60

B61

B62

B63

B64

B65

B66

Be67

B68

0.270

0.028

0.038

0.014

0.053

0.035

0.069

0.093

0.095

0.011

0.125

0.143

0.028

0.015

0.093

0.196

0.124

0.005

0.078

0.020

0.048

0.047

0.007

0.050

0.109

1.000
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B81

B82

Co1

C02

C03

C04

C05

C06

Co7

C08

C09

C10

Cl11

Cl12

C13

Cl4

C21

C22

23

C25

C30

C40

D01

D02

D03

Do4

0.224

0.033

0.039

0.065

0.046

0.328

0.549

0.005

0.010

0.017

0.041

0.062

0.014

1.000

0.871

0.085

0.054

0.034

0.093

0.168

0.425

0.113

0.448

0.272

0.139

C: CHEMISTRY;
METALLURGY

D: TEXTILES;
PAPER
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D05

D06

D07

D21

EO01

E02

E03

E04

E06

E21

Fo1

Fo2

Fo3

Fo4

F15

F16

F17

F21

F22

F23

F24

F26

F27

F28

0.367

0.063

1.000

0.720

0.664

0.548

1.000

0.216

0.356

0.650

0.316

0.106

0.070

0.467

0.162

0.303

0.540

0.031

0.967

0.259

1.228

0.250

0.157

0.220

1.000

0.685

E: FIXED
CONSTRUCTIONS

F: MECHANICAL
ENGINEERING;
LIGHTING;
HEATING;
WEAPONS;
BLASTING
ENGINES OR
PUMPS

211 | Page



F41

F42

GO1

G02

GO03

G04

GO05

GO06

GO07

GO08

G09

G10

Gl11

Gl12

G21

HoO1

HO2

HO3

Ho4

HO5

0.276

0.431

0.001

0.004

0.004

0.042

0.009

0.001

0.011

0.016

0.007

0.017

0.004

1.000

0.030

0.171

0.780

1.000

0.195

0.824

G: PHYSICS

H: ELECTRICITY
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Appendix C. The questionnaire of the first survey from R&D departments;

QUESTIONNAIRE SUR LA PERFORMANCE DES ACTIVITES
INVENTIVES EN R&D

Depuis deux ans, le laboratoire de Génie de la Conception de I'INSA (le LGéCo) a débuté un
travail de recherche sur I'efficience inventive en conception. La finalité étant d'élaborer (dans
un premier temps de facon théorique) un indicateur d'efficience qui caractériserait I'aptitude a
I'invention d'un service R&D. Aprés avoir fait un état de I'art de la situation et compris les
modeles existants et leurs limites, nous entrons maintenant dans une phase de construction du
portrait théorique d'un tel indicateur. Mais pour que ce portrait soit fondé sur des réalités
industrielles, nous avons besoin de recueillir un certain nombre de données. Pour cela, nous
sollicitons votre participation.

Objectives:
1. Capturer I’essentiel des perceptions concernant les activités inventives

2. Elaborer un indicateur de ’efficience inventive des équipes de R&D

Durée de réponse :
environ 20 minutes
Public concerné :

responsables R&D et bureaux d’études

Confidentialité :

aucune information individuelle ne sera communiquée a des tiers externes a 'INSA de
Strasbourg, sauf accord express de votre part

Résultats du questionnaire :

toute entreprise qui aura répondu a toutes les questions et qui en fera
la demande pourra bénéficier des fruits de I’exploitation des données.

Il'y a 37 questions dans ce questionnaire.
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1[1]

1. Quels sont vos nom et prénoms ?
Veuillez écrire votre (vos) réponse(s) ici:
Nom

Prénoms

2[2]
2. Quelle est votre fonction dans I'entreprise (service/activité) ?
Veuillez écrire votre réponse ici :

313]

3. Depuis combien de temps occupez-vous cette fonction ?

Veuillez écrire votre réponse ici :

Réponse attendue en nombre d’années. Pour les valeurs inférieures @ une année, veuillez indiguer le
chiffre 1.

414]
4. Quel est le nom de votre entreprise ?
Veuillez écrire votre réponse ici :

515]

5. Ou se situe votre entreprise ?
Veuillez écrire votre (vos) réponse(s) ici:
* Ville :

* Pays:

* Code postal / Zip code :

6[6]
6. Dans quels secteurs d’activité votre entreprise est-elle référencée ?
Veuillez écrire votre réponse ici :

7171
7. Combien de salarié-e-s compte votre entreprise (équivalent temps plein) ?
Veuillez écrire votre réponse ici :

8[8]

8. Votre site dispose-t-il d’un département R&D ?

Veuillez sélectionner *une seule* des propositions suivantes :

* Oui

* Non

Un département R&D peut comporter des bureaux d’études spécialisés.

9[9]
9. Combien de salarié-e-s font partie de votre département R&D ?
Veuillez écrire votre réponse ici :

10 [10]
10. Quelle est la répartition par type des salarié-e-s de votre département R&D ?
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Veuillez saisir un nombre compris entre 0 et 200 pour chaque élément :

Nombre d'expert-e-s salarié-e-s

Docteur-e

Ingénieur-e

Docteur-e-Ingénieur-e

11[11]

11. Existe-t-il une distinction au sein des activités de votre R&D entre des projets dits « inventifs » et

des projets dits « routiniers » ou « classiques » (cf. ci-dessous) ?

« Projets inventifs » (P1) :

- pouvant impliquer des activités de recherche inédites pour votre entreprise ;

- pouvant déboucher sur une invention ou une innovation ;
- mobilisant parfois une réflexion préalable face a un probléme paraissant insoluble.

« Projets routiniers » ou « classiques » (PR) :
- mobilisant, exclusivement ou presque, des activités bien rodées ;
- dont les méthodes sont connues ;
- dont les résultats sont essentiellement le fruit d'un raisonnement d'optimisation.

Veuillez sélectionner *une seule* des propositions suivantes :

* Oui, cette distinction existe et porte le nom suivant :
* Oui, cette distinction existe mais ne porte pas de nom spécifique.

* Non, on ne distingue pas les projets car : Non, on ne distingue pas les projets car :

Faites le commentaire de votre choix ici :

12 [12]

12. En général quels éléments de comparaison permettent de différencier les projets inventifs (Pl)

des projets routiniers (PR) ?

Choisissez la réponse appropriée pour chague élément :

| Tout a fait
d'accord

D'accord

Plutot
d'accord

Plutot pas
d'accord

Pas
d'accord

Pas du
tout
d'accord

Le budget du projet

La durée accordée au
projet

L'équipe du projet (taille
ou périmeétre)

L'équipe du projet
(composition)

Les priorités affichées par
le management
stratégique
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Le potentiel économique
du projet (parts de marché,
bénéfices escomptés)

13 [13]

13. Si vous estimez que le budget d'un projet inventif est supérieur a celui d'un projet routinier,
quelles raisons peuvent expliquer ce surcout ?

Choisissez la réponse appropriée pour chaque élément :

Tout a
fait
d’accord

D'accord

Plutot
d'accord

Plutot
pas
d'accord

Pas
d'accord

Pas du
tout
d'accord

L'augmentation de la taille de
I'équipe du projet

La gestion des divers modes
d'organisation et de
fonctionnement de I'équipe du
projet

L'équipe du projet (taille ou
périmetre)

L'équipe du projet
{composition)

La nécessité d’entretenir un
environnement/climat créatif

L'emploi d'une méthode d’aide
a la créativité

La formation du personnel aux
méthodes de créativité

Le matériel et la technologie
au service du fonctionnement
de |'équipe du projet

L'augmentation des travaux de
prototypages, calculs,
validations ou simulations

La nécessité d'effectuer des
recherches supplémentaires
durant le projet

Le dépassement des délais
fixés en début de projet

Le déploiement d'un
marketing différent associé au
lancement d'un produit

La mise sur le marché des
résultats

14 [14]

14. Qu’est-ce qu’une invention pour votre entreprise ?

Choisissez la réponse appropriée pour chague élément :
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Tout a fait
d’accord

D'accord

Plutot
d'accord

Plutot pas
d'accord

Pas
d'accord

d'accord

Pas du
tout

Un croquis amélioré d’une
nouvelle idée
techniquement
envisageable

Une solution nouvelle
spécifiée dans un cahier
des charges

Un brevet

L'utilisation et
I'application concréte d'un
nouvel effet
scientifique/technologique

Un produit/service
nouveau mis sur le marché

15 [15]

15. Pourriez-vous dire qu’un projet inventif produit :

Choisissez la réponse appropriée pour chaque élément :

Tout a fait
d’accord

D'accord

Plutot
d'accord

Plutdt pas
d'accord

d'accord

d'accord

Pas du
tout

Un concept radicalement
nouveau

Un ou plusieurs brevets

Une nouvelle application
technique

La mise sur le marché d'un
nouveau produit/service

Un succés commercial

Un nouveau
comportement d'usage

16 [16]

16. Comment caractérisez-vous la dimension inventive et la gestion d’un « Projet Inventif » (Pl) ?

Choisissez la réponse appropriée pour chaque élément :

Tout a fait
d’accord

D'accord

Plutot
d'accord

Plutot pas
d'accord

Pas
d'accord

d'accord

Pas du
tout

La dimension inventive du
projet se révele durant la
phase de définition du
projet

La dimension inventive du
projet se révele au fil du
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déroulement du projet
La dimension inventive du
projet se révele a la fin du
projet
Le Pl implique un
processus spécifique de

| gestion de projet
Le Pl est pris en charge par
une équipe spécifique

17 [17]
17. Est-ce qu'il y a des régles de fonctionnement spécifiques aux projets inventifs (Pl) ?

Choisissez *toutes* les réponses qui conviennent :

* Non, les régles sont les mémes que pour les projets routiniers.

* Oui, les régles sont établies par le/la chef-fe de projet.

* Oui, les regles de fonctionnement sont spécifiques aux séances créatives.
* Oui, les Pl ont moins de contraintes de temps que les projets routiniers.

* Oui, les Pl ont moins de contraintes de résultats que les projets routiniers.

18 [18]
18. Quelle(s) méthode(s) de conception utilisez-vous ?

Choisissez *toutes* les réponses qui conviennent :
* Axiomatic Design Axiomatic Design
* Engineering Design / Systematic Design Engineering Design / Systematic Design
* Quality Function Development (QFD) Quality Function Development (QFD)
* Conception a I'écoute du client & méthode Kano Conception a I'écoute du client & méthode Kano
* Robust Design Robust Design
* Stage — Gate process Stage — Gate process
* Méthode basée sur la théorie C-K Méthode basée sur la théorie C-K
* Méthode basée sur la théorie TRIZ Méthode basée sur la théorie TRIZ
* Analyse de la valeur — Analyse fonctionnelle Analyse de la valeur — Analyse fonctionnelle
* Aucune en particulier
* Autre:

19 [19]

19. Parmi les méthodes de conception utilisées, quelles sont celles (ou en citer d’autres) spécifiques
aux activités inventives ou reliées aux projets inventifs ?

Veuillez écrire votre réponse ici :

20 [20]

20. Quelles dispositions méthodologiques particuliéres avez-vous mises en place pour servir de cadre
aux projets inventifs (gestion des idées : énumération, catégorisation, comptabilisation...), et pour
vous aider a organiser vos activités de R&D ?
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Veuillez écrire votre réponse ici :

21 [21]
21. Si vous avez des dispositions méthodologiques particuliéres servant de cadre aux projets
inventifs, quelle influence ont-elles sur I'efficience de ces projets (Pl) ?

Choisissez la réponse appropriée pour chaque élément :

Tout.a. it Positive Plu.t?t Nulle ‘,,'Ut?t Négative To’ut a.falt
positive positive négative négative
Une
influence :
22 [22]

22. En général, combien d'équipes travaillent en paralléle sur un projet inventif poursuivant les
mémes objectifs ?
Veuillez écrire votre réponse ici :

23 [23]
23. Sur les cinq derniers projets inventifs, quel était le nombre moyen d personnes d'une équipe
travaillant sur un projet ?

Veuillez saisir un nombre compris entre 0 et 200 pour chagque élément :

Projet inventif 1
Projet inventif 2
Projet inventif 3
Projet inventif 4
Projet inventif 5

Si vous avez moins de cing Pl, veuillez indiguer le chiffre 0.

24 [24]
24. Dans l'investissement d'une personne dans un projet inventif, quelle est la proportion de travail
individuel (indiv.) et collaboratif (collab.) (en %) ?

Choisissez la réponse appropriée pour chaque élément :

100% | 80% indiv.- | 60% indiv.- | 50% - | 40% indiv. - | 20% indiv. - 100%
indiv. 20% collab. | 40% collab. 50% | 60% collab. | 80% collab. collab.

Proportion de
travail

Une proportion de travail 100 % indiv. correspond @ une personne ne travaillant que seule et en
autonomie.
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Une proportion de travail 100 % collab. correspond G une personne ne travaillant qu'en situation de

groupe.
25 [25]
25. D'aprés vous, une personne impliquée dans un projet inventif a les caractéristiques personnelles
suivantes :
Choisissez la réponse appropriée pour chague élément :
Tout a fait i Pas Pas du tout
d’accord d’accord d’accord
A la plus grande maitrise, dans |'entreprise, du
domaine concerné
A un haut niveau de connaissances scientifiques
(Master, Doctorat)
A un haut niveau d’expertise technique
(reconnaissance internationale, responsabilité
| de grands projets)
Est impliquée de facon récurrente dans ce type
de projets
A des aptitudes évidentes a la créativité ("Géo
Trouvetout™)
A une ouverture d’esprit
Est spontanée
Remet souvent en question les normes établies
Est tenace, voire pugnace
Est résiliente
Est remplie de certitudes
A une attirance forte pour I'exercice de
responsabilités hiérarchiques
A une nette préférence pour le travail en équipe
Aime planifier, controler les activités
Est économe de son temps
26 [26]
26. La réussite d'un projet inventif est caractérisée par :
Choisissez la réponse appropriée pour chague élément :
Tout a fait > Plutot Plutot pas Pas Pas du
d'accord X ancon] d’accord d’'accord | d’accord o
d"accord

Une validation technique

Une optimisation de la
qualité technique du
produit

Une réduction des délais
de fabrication du nouveau
produit
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Une réduction des coits
de fabrication du nouveau
produit

Un dépot de brevet

Un nouveau
produit/service sur le
marché

Une augmentation des
parts de marché

La commercialisation d'un
nouveau produit

La satisfaction des attentes
des client-e-s

27 [27]
27. Evaluez-vous la qualité des résultats d'un projet inventif ? (Merci de préciser)

Veuillez sélectionner *une seule* des propositions suivantes :
* Oui

* Non, précisez pour quelle(s) raison(s) :

Faites le commentaire de votre choix ici :

28 [28]
28. Si oui, comment évaluez-vous la réussite d'un projet inventif

Veuillez choisir toutes les réponses qui conviennent et laissez un commentaire :
* Par une regle particuliére a I'entreprise (méthode interne formalisée)
* Par une regle particuliére a I'entreprise (méthode externe formalisée)
* Par des échanges informels internes a la R&D
* Par des échanges informels entre la R&D et les autres services de I'entreprise
* Par les avis d'expert-e-s indépendant-e-s
* Par le conseil en recrutement de sociétés d'ingénierie
* Autre(s) méthode(s)

29 [29.1]
29.1 Au sein de votre R&D, sur la totalité des projets finis (A) (/cf./ schéma ci-dessous) :

B: Projets
routiniers A : Totalité des projets finis

* Combien sont routiniers (B) ?
* Combien sont inventifs et non réussis (C) ?
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* Combien sont inventifs et réussis (D) (selon les critéres de |la question précédente) ?
* Combien n'ont pas aboutis (E) ?

Veuillez saisir un nombre compris entre 0 et 100 pour chague élément :
En moyenne ou approximativement pour une année

Total des projets (A)
Projets routiniers (B)
Projets inventifs (C)
Projets inventifs réussis (D)
Projets non aboutis (E)

30[29.2]
29.2. Au sein de votre R&D, au cours de ces quatre derniéres années, sur la totalité des projets finis
(A) (cf. schéma ci-dessus) :

* Combien sont routiniers (B) ?

* Combien sont inventifs et non réussis (C) ?

* Combien sont inventifs et réussis (D) (selon les critéres de |a question précédente) ?

* Combien n'ont pas aboutis (E) ?

Veuillez saisir un nombre compris entre 0 et 100 pour chague élément :
2008 | 2009 | 2010 | 2011

Total des projets (A)
Projets routiniers (B)
Projets inventifs (C)
Projets inventifs réussis (D)
Projets non aboutis (E)

31[30.1]
30.1 En matiére de performance, pouvez-vous estimer les résultats chiffrés des projets inventifs ?

Veuillez saisir un nombre compris entre 0 et 2000 pour chaque élément :

En moyenne ou approximativement

Nombre d’'idées obtenues en séance créative
(brainstorming ou autre) apres filtrage

Nombre de concepts de solutions validés pour
étre prototypés

Nombre de brevets déposés

Nombre de produits (ou services) nouveaux
lancés sur le marché

32 [30.2]
30.2 En matiére de performance, sur les quatre derniéres années, pouvez-vous estimer les résultats
chiffrés des projets inventifs ?

Veuillez saisir un nombre compris entre 0 et 2000 pour chaque élément :

2008 | 2009 | 2010 | 2011

Nombre d’idées obtenues en séance créative (brainstorming ou autre)
apres filtrage

Nombre de concepts de solutions validés pour étre prototypés

Nombre de brevets déposés

Nombre de produits (ou services) nouveaux lancés sur le marché
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33 [31]
31. Sur les quatre derniéres années, quel est le nombre moyen de brevets déposés par votre
département R&D (par année) ?

Veuillez saisir un nombre compris entre 0 et 100 pour chague élément :

En moyenne ou
approximativement

Nombre d’idées obtenues en séance créative (brainstorming ou
autre) apres filtrage

Nombre moyen de brevets déposés

34 [32]
32. Quelle est la part (en %) de votre R&D dans le chiffre d'affaires de votre entreprise ?

Veuillez saisir un nombre compris entre 0 et 100 pour chagque élément :

En moyenne ou approximativement pour

2008 | 2009 | 2010 | 2011 R
| une année

Part annuelle de votre
| R&D

35[33]
33. Nous autorisez-vous a citer votre nom ?

Veuillez sélectionner *une seule* des propositions suivantes :
* Oui
* Non

36 [34]
34. Nous autorisez-vous a citer le nom de votre entreprise ?

Veuillez sélectionner *une seule* des propositions suivantes :
* Oui
* Non

37 [35]
35. Pouvez-vous nous renvoyer un fichier présentant I'organisation de votre département R&D ?

Kindly attach the aforementioned documents along with the survey

*Fin du questionnaire®
*Merci pour votre participation*
*- 02 juillet 2012 -
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Appendix. D. The flowchart of the initial version of the IDPMS application;
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1. Introduction

Au début du 21eme siecle, 1'innovation est devenue une condition indispensable a la
survie des entreprises [Benghozi 2000]. Elle a été présenté comme un défi clé pour
obtenir un avantage concurrentiel durable [O'Regan 2006]. Au cours de cette derniére
décennie, le management de l'innovation est devenu un sujet de plus en plus couvert
par la littérature scientifique et de gestion pour aider les entreprises a accélérer le

rythme de développement de nouveaux produits et de nouveaux services. Cette
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accélération requiert la recherche d’un nouveau paradigme. L’absence d’une norme
admise a été identifiée comme la raison pour laquelle un grand nombre d’industries
n’ont pas mis en place des processus fiables associés a I'innovation, s’exposant ainsi a
des risques quant a leur croissance et leur pérennité. Bien que la plupart des étapes et
des aspects du processus d’innovation soient 1’objet d’études, les phases amont de ce
dernier sont souvent mises en cause et sont rendues responsables de la chute de sa
performance globale. Les étapes amont du processus d’innovation présentent une
grande incertitude, notamment celles relatives aux activités créatives, a la résolution
de problemes et la génération d’idées. La présence de ces risques nous a conduit a
considérer les activités de la conception inventive dans une logique de performance.
L'objectif de notre recherche est la définition d'un ensemble d'indicateurs de
performance des activités inventives. La finalité recherchée est la réduction du risque
de contre-performance. Car le département R&D (Recherche et Développement) est
responsable de la gestion de l'innovation dans l'entreprise. L'étude que nous avons
réalisée interroge les entreprises industrielles du secteur de l'automobile ayant une
diversité de génération des idées technologiques. Notre recherche commence par
I'examen des normes existantes sur l'innovation, le département R&D et les activités
créatives. Dans un deuxieme temps, elle comprend une revue de littérature dans les
domaines concernés nous conduisant a poser la problématique et les questions détaillées
de la recherche. Enfin, nous proposons un instrument de mesure de la performance des
activités de conception inventive intégrées au processus d'innovation en partant des

concepts reliés aux domaines concernés.

2. Propositions
En général, tout systéme de mesure est basé sur un ensemble de mesures appropriées

en ce qui concerne les critéres et les caractéristiques de leurs objets. En ce qui concerne
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la performance inventive, la créativité et 1'inventivité sont les critéres particuliers qui
doivent étre pris en compte et étudiés. La performance des activités de la conception
inventive peut étre évaluée selon le niveau hiérarchique organisationnel. Dans la
littérature, quatre niveaux ont été considérés comme les points focaux d'analyse de la
performance des projets de conception de nouveaux produits (NPD); le niveau de
'activité, le niveau du processus, le niveau du projet et le niveau de 1'entreprise
[Schainblatt 1,982] [Cooper 1,995] [Wilson 1,994] [Loch 1996] [Werner 1997] [Cordero
1990] [Kim 2002].

Apres en avoir examiné les avantages et les inconvénients, le niveau de projet a été
reconnu comme le niveau le plus approprié pour analyser la performance de la
conception inventive. Cependant Duffy et al. ont utilisé le niveau de l'activité pour
'évaluation de la performance inventive [O'Donnell 2005]. Le choix du niveau de
lactivité par Duffy et al. [O'Donnell 2005] émanait du fait que les activités de
conception sont alimentées par la créativité des individus. Bien que le choix du niveau
de l'activité donne une reconnaissance a la nature des activités et a leurs relations, il
conduit a une grande difficulté a identifier les indicateurs de performance d’une série
d’activités. En effet, la diversité des activités pendant un projet de conception mobilise
un grand nombre d'informations qui ne peuvent étre toutes mobilisées pour la mesure
du rendement. L'analyse de la performance au niveau du projet est basée sur la
résultante globale des entrées et sorties, en considérant toutes les ressources
consommeées et toutes les actions réalisées aux niveaux de l'activité et du processus.
En dehors de la modalité de l'inventivité, une activité de conception est décrite a
travers cing opérations : les opérations de traitement, d’importation, d’exportation,
d’obtention des autorisations juridiques et de soutien matériel et humain. Ces
opérations sont appliquées au cours d'un projet de conception pour transformer les

intrants en extrants.

229 | Page



Par ailleurs, les recherches effectuées révelent que la mesure de la performance en
science de la conception est basée sur trois éléments constitutifs : 1'efficience,
l'efficacité, et la pertinence. Bien que la performance des activités de la conception
dépende de la pertinence des intrants, 'analyse de l'efficience et de l'efficacité est
suffisante pour estimer le niveau de la performance d’un projet de conception. En effet,
la pertinence cherche a prendre en compte l'influence des intrants sur 1'efficacité et
l'efficience des activités de la conception. L'étude de la pertinence des intrants ne se
fait pas dans ce travail qui vise a définir les métriques de la performance comme une

condition préalable.

2.1. Efficacité Inventive
L'efficacité de la conception signifie "la mesure dans laquelle la suite de conception
(sortie) répond aux objectifs du projet" [O'Donnell 2005]. L'efficacité de la conception
se concentre sur 1'aspect qualitatif des sorties du processus la conception [Shah 2003].
En d'autres termes, l'efficacité de la conception exprime combien une sortie a été
conforme aux objectifs prévus. Ainsi, le niveau de l'efficacité peut étre mesuré en
comparant les sorties et les objectifs. Ici, le terme inventive qui, comme ’adjectif, est
imposé aux activités de la conception pour avoir les sorties inventives, induit la question
suivante : Quels sont les critéres de I'inventivité d’efficacité ? Dans la littérature en
science de la créativité, communément, l'inventivité a été utilisée dans le méme sens
que la créativité [Wunsh Vincent 2011] [Demirkan 2012] [Shah 2003, p] [Sarkar 2011]
[Dean 2006] [Shah 2000]. Parmi les caractéristiques de l'inventivité discutée dans la
littérature, la nouveauté et 1'utilité sont les caractéristiques essentielles requises pour
I'admission d'une sortie inventive [Sarkar 2011]. En plus de la nouveauté et de 1'utilité,
Altshuller et al. [Altshuller 1984] [Altshuller 1988], dans la TRIZ (la théorie de

résolution inventive des problémes), ont défini neuf lois d'ingénierie pour expliquer les
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évolutions technologiques. L’une d’elles, 1'idéalité est considérée comme un critére
d’évaluation de l'inventivité. L'importance de 1'idéalité émane du fait que l'idéalité est
le ferment de la mise en ceuvre des autres lois d’Altshuller. L'influence des autres lois
d'évolution pour améliorer 1'idéalité est tellement évidente que TRIZ est connu comme
une méthode holistique pour générer le portrait des systémes idéaux [Cavallucci 2011]
[Cavallucci 2010]. Selon cette approche, 1'idéalité a été considérée comme un indicateur
clé de I'inventivité a coté de la nouveauté et de l'utilité.

Dans la plupart des pays, les droits de la propriété intellectuelle et de la brevetabilité
se rapportent aux conditions de fond avec certains criteres qui doivent étre respectés
par les sorties [Robertson 2009] [Mishra 2014] [Kunets 1,962]. Le lien entre les lois sur
les brevets et les activités inventives fournit une base d'élaboration des parameétres de
'inventivité [2006] Nuvolari. En général, les critéres principaux de brevetabilité sont
fondés sur la vérification de la nouveauté, V'utilité, et la non-évidence [Tab.23]. La non-
évidence est la caractéristique principale de de la conception inventive qui considére les

contradictions au moment de la résolution.

« Nouveauté: Une invention (un brevet) doit étre nouvelle (nouveau);

« Utilité (Utility): Une invention (brevet) doit pouvoir étre utilisée dans les activités

industrielles, personnelles et sociales;

« Non-évidence: Une invention (brevet) doit étre différente de ce qu’un homme-

utilisateur peut attendre.

2.1.1. Nouveauté
La nouveauté est une dérivation du mot latin «novus» pour exprimer la qualité ou

I'état d'étre nouvelle, différent, original ou inhabituel [Merriam-Webster 2014]. Elle
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signifie qu’il y a des changements qui n'auraient pas été connus auparavant, parce
qu'ils ont été créé récemment [Cambridge 2008]. L'unicité est la caractéristique

principale de la nouveauté [MacCrimmon 1,994].

La mesure de la nouveauté technologique se compose de trois dimensions (propriétés)

» Le temps d'apparition des changements;

« L’amplitude des changements;

« L'ampleur des changements;

Bobrow 1984 [Bobrow 1984] est 1'un des premiers auteurs qui ont étudié les
caractéristiques techniques des systemes technologiques. Il décrit les caractéristiques
techniques des systemes technologiques selon trois points de vue, y compris
fonctionnels, comportementaux, et structurels. Dans ce travail, en plus de considérer
les aspects fonctionnels, comportementaux et structurels, certaines données de
l'environnement  opérationnel  (super-systéme/environnement  des  systémes
technologiques) sont également prises en compte pour caractériser les systémes
technologiques.

Toutes les fonctionnalités qui s’appliquent a un systeme technologique sont définies

dans sept catégories :

o La Main Useful Function (MUF) sert a vérifier la fonction principale d'un systéme,

par laquelle d'autres fonctions trouver un sens ;

« La Main Complementary Function (MCF) vérifie les fonctionnalités qui complétent

la fonction principale (MUF) ;
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« La Loading/Discharging Function (LDF) vérifie les fonctionnalités qui s’appliquent

aux chargements/déchargements des objets extérieurs dans/en dehors d’un systéme;

« La Environmental Constraint Function (ECF) vérifie les fonctionnalités contraintes

par ’environement ;

« La Control-Command Function (CCF) vérifie les fonctionnalités qui s’appliquent

pour indiquer 1'exploitation d'autres fonctions ;

« La Indicating Complementary Function (ICF) vérifie les fonctionnalités qui

s’appliquent pour controler 1'exploitation d'autres fonctions ;

« Discrete Supplementary Function (DSF) vérifie les fonctionnalités qui s’appliquent

pour faire des fonctions discrétes de la fonctionnalité principale (MUF) ;

La caractérisation des entités structurelles est basée sur 1l'identification des propriétés

physico-architecturales et leurs valeurs :

« Le System Structural Properties (SSP) : les propriétés physiques et d'architecture

d'une entité structurelle dans un systeme.

« Le Structural Property Attributes (SPA) : les valeurs des propriétés physiques et

d'architecture d'une entité structurelle dans un systeme.

Le comportement d'un systeme technologique se réfere au mécanisme de soutenir sa
fonction a travers ses composantes physiques (structurelles) [Zhang 2011]. Tout
systeme se compose de certaines entités structurelles par laquelle il illustre ses
comportements pour atteindre ses fonctions. Chaque entité structurelle dans un
systeme technologique a son propre role comportemental spécifique pendant le

fonctionnement du systeme [Zhang 2011] [Bobrow 1984]. Donc, la caractérisation des
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aspects comportementaux de tout systeme technologique est basée sur 1'identification

des entités structurelles et la vérification de leur mécanisme opérationnel:

« Le System Structural Entities (SSE) : les entités structurelles qui sont impliquées

pour réaliser une fonction d'un systeme technologique.

« Le Operational Property Attributes (OPA) : les valeurs des propriétés opérationnelles

au long du fonctionnement d’un systeme technologique.

Toute entité structurelle des systemes technologiques expose son comportement - ou
prend un état différent - quand regoit, meéne, et/ou transmet les flux d'énergie. Recevoir
de 1'énergie, transférer (conduire) de 1'énergie, et transmettre de 1'énergie & une autre
entité contigué, sont les trois actions phénoménales qui se produisent pendant le
fonctionnement d’'un systeme pour toute entité structurelle reliée a la fonctionnalité.
En effet, ce procédé avec une certaine répétition accomplit le fonctionnement d’un
systeme.. A cet égard, 1'énergie et 1'entité (substance) sont considérées comme la
condition nécessaire et les phénomenes scientifiques pendant la réception, la transition,
et la transmission d'énergie, sont la condition suffisante du fonctionnement d’un
systeme technologique. Ainsi, 'identification du mécanisme de servir une fonctionnalité

dans un systéme technologique est basée sur la vérification de trois éléments :
o Type d'énergie (entrée et sortie): les sept formes d'énergie.

o Ttat fondamental de la matiére (FSM): l'état gazeux, 1’état liquide, 1’état solide,

létat plasma (gaz ionisé).

o Phénomene scientifique (effets physiques) : les phénomeénes scientifiques qui
causent les réceptions, les transitions et les transmissions d'énergies au cours de

fonctionnement d’un systeme.
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Chaque systeme technologique est cong¢u pour fonctionner dans une condition spécifique
(Penvironnement de systeme). Ainsi, la caractérisation des environnements
opérationnels repose sur l'identification des objets de 'environnement qui traitent avec

des entités structurelles des systémes pendant le fonctionnement [Fig.40]:

« Main Specific Consumer (MSC): Le MSC se réféere aux systémes ou aux personnes
qui sont spécifiés pour étre desservi par les objets de sortie et/ou le comportement

de systeme.

« Main Specific Operator (MSO): L'MSO se référe aux systémes ou aux personnes qui

sont spécifiés pour prévoir directement le fonctionnement du systeme.

« Super-System Objects (SSO): Le SSO se référe aux objets environnementaux qui

interagissent avec des entités structurelles de systeme.

Boden [Boden 1999] a déclaré que la nouveauté d'un systeme a une relation forte avec
la créativité psychologique et historique [Boden 1999]. La notion de la nouveauté a un
certain nombre de références pour faire des comparaisons.

Selon la méthode proposée dans ce travail, le degré de la nouveauté technologique

(TND) d'un systéme technologique est estimé en cinq étapes [Fig.45]:

1. Collection des données : la premiere étape recoit les données techniques appliquées
sur les systémes technologiques (un nouveau systéme en cours de mesure ou un
systéme qui est la référence de la comparaison). Comme une approche classique,
ces données sont obtenues en décomposant les systemes technologiques sur le PPC
(Parbre généalogique proposé). Cette approche fournit une base de données des

caractéristiques techniques appliquées aux systemes technologiques. Cette étape
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peut étre utilisée a plusieurs reprises comme D’étape suivante (sélection des

références). En effet, elle alimente les données nécessaires a 1'étape de comparaison.

2. Sélection des références : Cette étape est doit identifier les systémes comparables
(référentiels) avec le nouveau systéme. Les principales activités de cette étape sont

respectivement :

Définition de la fonctionnalité principale pour définir la famille de produit (MUF

et la famille en PPC) ;

e Détection des références dans chaque couche de PPC ;

3. Comparaison : Cette étape sert a identifier toute similitude et dissimilitude familiale
et non-familiale. L'absence de similitude entre le nouveau systeme et les références
de la nouveauté, dans chaque couche de caractérisation, est la condition de désir

de cette comparaison.

4. Notation : En identifiant les différences techniques d'un nouveau systeme vis-a-vis
ses références de la nouveauté, chaque changement prend un poids spécifique selon

son importance et se met dans la formule de calcul proposé.

5. Calcul : L'application de la formule de calcul proposée aide a estimer le score total

de la nouveauté d'un nouveau systeme (TND).

2.1.2. Idéalité
La conception inventive est un support a I’évolution technologique des systemes
techniques en recherche d’idéalité. Ce postulat relie I'inventivité a I'idéalité. En effet,
la poursuite de I'idéal est un principe de base de la conception inventive qui guide la

génération d'idées. Il justifie les directions de conceptions entreprises, et balise le
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chemin de 1'évolution technologique. Les évolutions technologiques émergent
progressivement par des changements - des améliorations radicales et/ou incrémentales
de caractéristiques techniques - afin de se rapprocher de systémes idéaux. A cet égard,
I’évaluation de I'idéalité de nouveaux systémes nous assure un choix idéal et sous-tends
une évolution légitime. Dans la littérature, un systeme idéal est défini comme un
objectif ultime ot le but de la performance qui y est envisagée intervient dans un monde
de fantaisiste [Blosiu 2000]. Un systéme idéal remplit ses fonctions spécifiées au bon
moment et au bon endroit sans implication de substances et sans consommation
d'énergie [Petrov 2005]. Dans le monde réel, l'idéalisation cherche a remplir des
exigences fonctionnelles en minimisant les dépendances aux matériaux et a 1'énergie.
En résumé, 1'idéalité d'un systeme doit étre percue comme son taux de rapprochement
de 1'idéal durant la phase de conception. L’évaluation de l'idéalité dans la littérature
en sciences de l'ingénieur est basé sur une formule générique; le ratio des fonctions
utiles aux fonctions nuisibles [Altshuller 1984] [Petrov 2005]. Ici, la fonction nuisible
(HF) comprend toutes les dépenses et les pertes induites par 1'existence du systéme
pour accomplir les exigences spécifiées. En revanche, le terme de fonction utile (UF)
signifie tous les aspects fonctionnels accomplis par le systeme. Les parametres d'action
(AP) découlent de besoins fonctionnels et impliquent des décisions que les concepteurs

souhaitent entreprendre.

La mesure du degré d'ingéniosité technologique d'un systeme est réalisée en cinq étapes:

1. Détection de la chaine FBS du systéeme (FBS- chaine);

2. Identification des leviers d'action et EPs connexes;

3. Enregistrer les valeurs actuelles (AV) et les valeurs initiales (IV) des EPs;
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4. Prévision des valeurs ultimes (UIV) des EPs;

5. Calcul;

2.1.3. Utilité

L’utilité est 1'un des indicateurs clés de I’évaluation de l'inventivité. Dans la littérature,
1'utilité est discutée comme un adjectif pour prédire et/ou expliquer 1'utilisation d'un
systeme [Davis 1989] [Keil, 1995]. Davis 1989, a supposé qu'un systéme est utile lorsque
l'utilisateur croit que le systeme va 1'aider a mieux accomplir son travail [Davis 1989].
Il a nommé cette condition comme 1'utilité percue d'un systeme. La perception de
I'utilité est définie comme «la mesure dans laquelle une personne croit que 1'utilisation
d'un systéme particulier serait d'améliorer son rendement au travail" [Davis 1989]. En
d'autres termes, 1'utilité percue réfere a la relation d'usage et sa performance positive
[Davis 1989]. Davis, en vérifiant 37 recherches publiées, a préparé une liste des articles
qui traitent de l'utilité percue. Cependant, certains éléments se chevauchent et
interferent les uns avec les autres. Il a classé ces éléments en ce qui concerne leur impact
sur 1'utilité percue [Tab.62], et a proposé une approche d'évaluation fondée sur les
opinions des utilisateurs. Cependant, chaque élément détecté peut étre analysé comme
une caractéristique technique de relation d’usage et sa performance.

La méme perception de Davis [Davis 1989] & propos de 1'utilité a été prise en compte
par plusieurs littératures pour analyser 1'usage associée a un systéme technique [Adams
1992] [Sarkar 2011] [Yannou 2013] [Wang 2013] [Yannou 2015]. En ce qui concerne
I'évaluation de 1'utilité, il existe peu de méthodes de calcul. Hormis certains auteurs
comme Shah et Vargas-Hernandez [Shah 2003, p] [Shah 2001] qui proposent une mesure
de la qualité du produit en ce qui concerne les objectifs de conception (méthode

objective pondérée), la plupart des auteurs se sont concentrés sur 1'évaluation coté
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utilisateur. A cet égard, la popularité, 1'utilisation d'importance, la couverture de
scénario d'utilisation, la segmentation d'utilisation, la fréquence d'utilisation, la durée
d'utilisation, la question de 1'usage répandu, la performance attendue d'un systéme, la
fiabilité du systeme, le taux d'échec, la probabilité que I'utilisation échoue, sont
considérés comme les principaux indicateurs pour évaluer l'utilité, qui, en plus de
mesurer la performance de systeme, nécessite de tester 1'utilisation du systeme pour
une taille d'échantillon appropriée [Sarkar 2011] [Yannou 2013]. Par exemple, dans un
ouvrage récent [Yannou 2015], propose une méthode réaliste qui prend en compte les
différents scénarios d'utilisation. Cette méthode est basée sur la mesure de la
performance technique des systéemes techniques. En outre, pour mesurer le taux
d'utilité, il faut une enquéte d'usage apres la fabrication et la diffusion. Cela a pour
conséquence notamment de rendre délicat la mesure de 1'utilité des revendications de
brevets d’invention voire tout ce qui a lieu avant les phases de prototypage. Parmi les
quelques méthodes d'évaluation de 'utilité, Sarkar et al. [Sarkar 2011] ne tient pas
compte de la performance technique des systémes. Leur évaluation est basée sur trois
facteurs; le taux (le rapport entre le nombre d'utilisateurs de la population totale), la
fréquence et la durée d’utilisation.

Une telle analyse de la performance technique d'un systeme évalue avec précision le
concept d’utilité. Dans ce travail, la mesure de la performance technique (TPM) est
considérée comme le principal indicateur de l'utilité technologique (TUD). La
performance technique d'un systeme se réfere aux objectifs techniques clés qui devaient
étre respectés pendant le fonctionnement du systeme pour supporter les fonctions du
systéme dans un état donné (systéme d'exploitation). La performance technique d'un
systeme est basée sur 1'analyse des caractéristiques techniques du fonctionnement de

ce systéme afin de déterminer comment il satisfait aux exigences spécifiées [Roedler
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2005]. Ceci est une mesure de la conformité de la performance requise pour accomplir
les fonctions spécifiées des systemes technologiques.

Sur la base du modeéle proposé pour la mesure de l'efficacité inventive, les indicateurs
de I'utilité sont les mémes que les indicateurs de la performance technique. Ainsi, un
systeme avec une haute performance technique posséde une grande utilité aux vues des

travaux susmentionnés.

2.2. Efficience Inventive
Le degré d'inventivité technologique (TID) d'un systéme est obtenu en intégrant le
degré de la nouveauté technologique, le degré d'idéalité, et le degré d'utilité (TND,
TRD, et TUD) du systeme [Equ.20].
En conséquence, le TID d'un projet de conception est obtenue en intégrant TND, TRD,

et TUD de tous les modéles validés (systémes) a la porte 3 du processus d’innovation.

En général, 'efficacité se réfere a la productivité des procédés [Chiou 1999]. L’efficacité
présente la mesure dans laquelle le temps, le cotit, les efforts, et en général, toutes les
ressources sont bien utilisées pour atteindre les objectifs, les finalités précises et les
fonctions [Merriam-Webster 2014]. Donc, l'efficacité de tout systéme, processus, ou
fonctionnement est défini comme «le rapport de travail utile effectué au total des
ressources dépensées" [Duffy 2003]. Selon O'Donnell et al. [O'Donnell 2005], des ceuvres
utiles au long du processus de conception semble les matieéres gagnées (M+) en
effectuant des activités de la conception. Ainsi, 'efficacité des projets de conception
dépend des matieres gagnées (M+) et des ressources utilisées (R) par les activités de
conception [Equ.22] [O'Donnell 2005].

Dans la conception inventive, 1'efficacité se réfere a 1'efficacité des activités inventives.

Comme mentionné ci-dessus, les projets de conception ont été considérés comme les
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unités de traitement des connaissances qui sont en place pour générer de nouvelles
connaissances. Selon Hatchuel et al. [Hatchuel 2010] une nouvelle idée est congue quand
il se transforme en connaissance ou prend un statut logique [Hatchuel 2003]. Ainsi,
I'entrée et la sortie des matériaux de traitement sont introduits comme une
connaissance des lors que leur possibilité ou la faisabilité sont prouvés. En conséquence,
un projet de la conception inventive ressemble a une nouvelle combinaison de
connaissances avec des caractéristiques inventives en sortie. Ainsi, les connaissances
gagnées (Kn+) par un projet inventif se réferent au taux d'évolution des résultats en
ce qui concerne l'inventivité.

Depuis, 'efficacité inventive a été étudié et ses mesures ont été développés, pour obtenir
les connaissances gagnées (Kn+) par un projet inventif. Il suffit de mesurer ou
d’apprendre davantage sur le TID du projet. Dans ce travail, toutes les ressources
utilisées dans un projet de conception, sont résumées dans les trois principaux criteres
de ressources utilisées; le temps, le colt, et les ressources humaines. Comme les
ressources humaines sont le moteur des activités inventives, toutes les autres ressources
sont au service des ressources humaines. La valeur de 'efficience inventive (IBE) est
obtenue en calculant le rapport des TID comme une connaissance gagnée aux ressources

utilisées lors des phases amont.

3. Conclusion

Tous les modeles proposés dans ce chapitre sont intégrés dans un cadre comme IDPMS
(Inventive Design Performance Measurement System) afin de fournir un systéme
cohérent de suivi de la performance inventive. L.e niveau « projet » est préférable pour
mesurer les activités de conception. L'TDPMS nécessite le développement d'un systéme
neuronal pour la collecte des données et de fournir une base de données a partir des

phases amont du processus d'innovation. L’IDPMS se compose de deux grandes parties
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relatives a la mesure de la performance inventive. La premiére partie mesure 1'efficacité

inventive et la seconde mesure 'efficience inventive.

Ce travail tente de réduire l'incertitude dans les premiéres étapes du processus
d'innovation en définissant les indicateurs clés de la performance inventive.

Les indicateurs de la performance des activités inventives ont été définis et mis au
point par ce travail. Notre contribution comprend le développement d'une nouvelle
méthode d'évaluation de la nouveauté technologique, le développement d'une nouvelle
méthode pour évaluer l'ingéniosité technologique (1'idéalité), 1'étude de 1'évaluation de
1'utilité technologique, le développement d'une nouvelle méthode pour évaluer
l'efficience des activités inventives, et la définition des indicateurs clés de la
performance inventive.

Pour les industries, cette thése présente une méthode d'évaluation pour le suivi et
I'amélioration des activités de conception inventive dans les premiers stades de leurs
projets d'innovation. Les indicateurs inventifs étalent une ligne directrice pour les
concepteurs a prendre en considération au cours des activités de conception. Pour les
consultants industriels et les bureaux de la propriété intellectuelle, cette these fournit
un nouvel indicateur pour guider et classer les entreprises en matiere d’innovation.
Notre travail propose 1'évaluation de 1'évolution technologique comme un segment
complémentaire de l'évaluation de I'innovation. Pour les chercheurs et nos collegues
dans les laboratoires d'ingénierie de la conception, cette thése propose une méthode
d'évaluation préliminaire de 1'évolution technologique. Elle met en évidence les points

de départ pour parvenir a une gestion totale de l'innovation dans un état créatif.
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4. Perspectives

La premiere perspective de ce travail nous renvoie a la pertinence pour la mesure de la
performance du systeme de conception. , Les processus de conception nécessitent des
efforts considérables [Andreasen 1998] pour sélectionner les ressources dans un temps
donné afin de réaliser de facon efficace, efficiente et pertinente les activités. Bien que
cette these ait énuméré les indicateurs de performance inventive, il faut préparer une
liste des entrées qui devrait étre utilisée tout au long de la phase de conception. La
valeur de l'efficacité d'un projet inventif dépend de maniere significative du choix
pertinent des objectifs du projet, des ressources, des connaissances des entrées et des
sorties. L’identification des caractéristiques de l'invention et des indicateurs de la
performance inventive sont la base de la définition des entrées pertinentes. Définir des
indicateurs de l'inventivité permet de reconnaitre les entrées pertinentes dans les
processus de conception.

Ce travail doit étre éprouvé au travers de plusieurs expériences. Il doit aussi tenir
compte des évaluations externes afin d’améliorer les définitions, les criteres, la

caractérisation technique, le calcul et 1'évaluation.
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